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Abstract

Osteosarcoma (OS) cancer treatments include systemic chemotherapy and surgical

resection. In the last years, novel treatment approaches have been proposed, which

employ a drug‐delivery system to prevent offside effects and improves treatment

efficacy. Locally delivering anticancer compounds improves on high local concentra-

tions with more efficient tumour‐killing effect, reduced drugs resistance and

confined systemic effects. Here, the synthesis of injectable strontium‐doped calcium

phosphate (SrCPC) scaffold was proposed as drug delivery system to combine bone

tissue regeneration and anticancer treatment by controlled release of methotrexate

(MTX) and doxorubicin (DOX), coded as SrCPC‐MTX and SrCPC‐DOX, respectively.

The drug‐loaded cements were tested in an in vitro model of human OS cell line

SAOS‐2, engineered OS cell line (SAOS‐2‐eGFP) and U2‐OS. The ability of doped

scaffolds to induce OS cell death and apoptosis was assessed analysing cell

proliferation and Caspase‐3/7 activities, respectively. To determine if OS cells grown

on doped‐scaffolds change their migratory ability and invasiveness, a wound‐healing

assay was performed. In addition, the osteogenic potential of SrCPC material was

evaluated using human adipose derived‐mesenchymal stem cells. Osteogenic

markers such as (i) the mineral matrix deposition was analysed by alizarin red

staining; (ii) the osteocalcin (OCN) protein expression was investigated by enzyme‐

linked immunosorbent assay test, and (iii) the osteogenic process was studied by

real‐time polymerase chain reaction array. The delivery system induced cell‐killing

cytotoxic effects and apoptosis in OS cell lines up to Day 7. SrCPC demonstrates a

good cytocompatibility and it induced upregulation of osteogenic genes involved in

the skeletal development pathway, together with OCN protein expression and

mineral matrix deposition. The proposed approach, based on the local, sustained

release of anticancer drugs from nanostructured biomimetic drug‐loaded cements is
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1 | INTRODUCTION

Osteosarcoma (OS) is the most common malignant bone cancer,

which mainly affects children and adolescents (Belayneh et al., 2021;

Jackson et al., 2016). OS represents the cause of 8.9% of cancer‐

related deaths (Ottaviani & Jaffe, 2009). Moreover, OS is 1.4 times

more frequent in males than in females (Ritter & Bielack, 2010) and in

Afro‐Americans and Hispanics than Caucasians (Ottaviani & Jaffe,

2009). It is the most common primary skeletal tumour of childhood

and adolescence, with a yearly incidence of 5.6 cases per million in

children under the age of 15 (Belayneh et al., 2021; Jackson et al.,

2016). OS rarely occurs in children younger than 5 years old and, in

this case, is associated with a cancer susceptibility syndrome, known

as Li‐Fraumeni syndrome (Jackson et al., 2016). OS has a bimodal age

distribution, with the first peak in children and young adults occurring

in patients 10–30 years old and a second peak in the elderly patients

70–80 years old (Mirabello et al., 2009). The first peak corresponds

to the pubertal growth spurt suggesting a relationship between OS

occurrence and bone cell proliferation (Ritter & Bielack, 2010). The

second OS peak is represented by secondary bone lesions, often

related to Paget's disease, different radio‐therapies or a genetic

predisposition to syndromes, including retinoblastoma 1 (Jackson

et al., 2016; Kumar et al., 2018). Recent investigations support the

hypothesis that OS originates from mesenchymal stem/stromal cells

(MSCs) and/or in more committed osteoblastic precursors (Gaebler

et al., 2017; Mutsaers & Walkley, 2014).

OS treatments include systemic chemotherapy and surgical

resection (Jafari et al., 2020). Surgery on growing young patients

with an immature skeleton can create significant limb‐length

discrepancy and gait abnormalities (Lewis, 2005). Surgery is the

primary OS treatment, consisting in the tumour mass removal.

However, often the entire limbs are removed (Beaury et al., 2018).

Therefore, after the tumour mass resection the major problems are:

(i) the regeneration of bone structure to address aesthetic and

functional activities and (ii) the prevention of cancer relapses

(Bischoff et al., 2018). The survival rate is increased by the progress

of destructive systemic chemotherapies. The most commonly

employed chemotherapeutic agents are high‐dose methotrexate

(MTX) and doxorubicin (DOX) (Beaury et al., 2018; Xu et al., 2014).

Since the introduction of chemotherapies to treat OS in late 70s,

patients diagnosed with OS receive a neo‐adjuvant treatment

followed by a post‐surgery adjuvant therapy with a cocktail of

chemotherapies, that is, high‐dose MTX (12 g/m2), etoposide and

ifosfamide for children and young adults (<25 years) or other

protocols, combining DOX, cisplatin and ifosfamide with or without

high‐dose MTX (Bishop et al., 2016). Leucovorin, widely co‐

administered to reduce the toxic effects of MTX, is still a harmful

therapy to patients (Xu et al., 2014). The choice and use of

chemotherapeutic drugs against OS is still controversial. OS

treatments may present complications due to toxicity of chemo-

therapeutic agents, such as alopecia, myelosuppression, mucositis,

nausea, and vomiting, as well as late effects including cardiac toxicity,

acute and chronic nephrotoxicity, neurotoxicity, hearing loss,

infertility and second malignant neoplasms (Janeway & Grier,

2010). In addition, a serious drawback is related to nonspecific killing

effects against cancer and healthy cells elicited by drugs used in

chemotherapy (Bischoff et al., 2018; Harrison & Schwartz, 2017).

Reported therapeutic regimens, the 5‐year survival has reached 78%

for children and young adults with localized bone cancer, but still

remains at only 20% in patients with metastasis at diagnosis or in

relapse (Corre et al., 2020).

In the last years, novel treatment approaches have been

proposed, which employ a drug‐delivery system to prevent offside

effects and improves treatment efficacy. Indeed, locally delivering

anticancer compounds improves on high local concentrations with

more efficient tumour‐killing effect, reduced drugs resistance and

confined systemic effects (Jafari et al., 2020; Liao et al., 2021).

Together with the treatment of cancer cells avoiding side effect for

the patient, there is another important clinical need to take into

consideration in the cancer therapy approach, such as the regenera-

tion of new healthy bone after eradication of diseased tissue.

Hence, the development of bioactive bone substitutes combining

effective regenerative and antitumor features over time is highly

demanded. Bone regrowth, as well as regenerative medicine in

general, has emerged as a multidisciplinary field, which takes

advantage of knowledge in different sciences, such as materials

science, cell biology, tissue engineering, molecular genetics, and

epigenetics (Iaquinta et al., 2019; Oton‐Gonzalez et al., 2022). Bone

tissue in physiological conditions has the ability to regenerate itself,

while bone fractures due to bone cancer may have compromised

healing capacity (Ho‐Shui‐Ling et al., 2018). Several studies in tissue

engineering, combined with regenerative medicine (Mazzoni et al.,

2021b), have previously attempted to develop scaffolds, similar to

bone structure and composition with cytocompatibility and osteoin-

ductivity properties to induce cell proliferation and osteogenic

differentiation in the affected sites (Mazzoni et al., 2021a; Mazzoni

et al., 2023). In previous investigations we employed, as an in vitro

cellular model, primary human adipose derived‐MSCs (hASCs) to
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analyse the cytocompatibility and osteoinductivity properties of

biomaterials (Iaquinta et al., 2021b; Iaquinta et al., 2022; Mazzoni

et al., 2017; Sprio et al., 2020).

Moreover, other studies also demonstrated that various materi-

als could be employed as drug delivery systems for anticancer

therapies (Sobczak & Kędra, 2022; Son & Kim, 2017; Tanzawa et al.,

2011; Wu et al., 2020). It has been reported that Hydroxyapatite

(HA)‐cyclodextrin‐DOX chemotherapeutic strategy, for example, may

enhance the drug‐targeting effect on tumour cells while protecting

the more sensitive healthy cells for a period of time after implantation

(Bischoff et al., 2018). In addition, in the last decades calcium

phosphate bone cements (CPCs) have been proposed as a valuable

type of scaffold for regenerating bone defects, associated with

multiple strategies for effective drug loading and controlled release,

especially for the treatment of bone cancer (Pylostomou et al., 2023).

In this context, Sr‐doped CPCs or bioglasses have attracted

increasing interest in recent years (Cui et al., 2020; Liu et al., 2023;

Schumacher & Gelinsky, 2015). These biomaterials are prepared by

mixing a powder and a liquid, resulting in the formation of a viscous

and injectable paste provided with self‐hardening capacity, due to the

progressive dissolution of the precursor powder and precipitation of

more stable calcium phosphates (e.g., HA). Besides, such injectable

paste comes with the unique benefit to fill complex‐shape bone

defects, while also providing therapeutic ions incorporated into the

biomaterial. It was demonstrated that a small amount of Sr2+ ions

doping resulted effective in enhancing stem cell proliferation and

modulating osteoblast and osteoclast cells fate in vitro, targeting the

re‐equilibration of the natural bone turnover in osteoporosis scenario

(Montesi et al., 2017).

In this study, strontium‐doped apatitic CPCs were prepared to

combine the antiosteoporotic ability of strontium (Marie, 2005; Sprio

et al., 2016) and the well‐established osteointegrative properties of

CPCs to sustain the regeneration of bone tissue. The cement was

designed as effective carrier for MTX or DOX drugs, clinically used

for the treatment of bone cancer patients. Their biological perform-

ance was tested in hASCs and human OS cell lines, that is, SAOS‐2,

SAOS‐2‐eGFP and U2‐OS. The present work aims to combine

anticancer effect with the well‐assessed regenerative potential of

calcium phosphate cements and may represent a valuable approach

against OS.

2 | MATERIALS AND METHODS

2.1 | Preparation and characterization of
strontium‐doped calcium phosphate scaffold (SrCPC)
materials

The SrCPCs tested in this work were prepared as previously reported

(Sprio et al., 2016). Briefly, Sr‐doped α‐tricalcium phosphate (α‐

SrxCa3‐x(PO4)2: Sr‐αTCP) powders according to Sr/(Ca+Sr) ≈ 2mol%

were synthesized by dry mixing proper amount of calcium carbonate

(CaCO3, Sigma Aldrich), dicalcium phosphate dibasic anhydrous

(CaHPO4, Sigma Aldrich) and strontium carbonate (SrCO3, Sigma

Aldrich), followed by thermal treatment at 1400°C for 1 h and rapid

cooling. Then, the powders were milled by planetary mono mill

(Pulverisette 6 classic line, Fritsch) for 50min at 400 rpm using a

zirconia jar with 5mm diameter grinding media. The liquid compo-

nent of the paste was made of aqueous solutions of disodium

hydrogen phosphate dihydrate, 5 wt% (Na2HPO4 ∙ 2H2O, Fluka) and

sodium alginate, 2 wt% (Alginic Acid Sodium Salt from Brown Algae,

Sigma Aldrich). The functionalization of the cements was carried out

by mixing the drug with cement precursor before mixing with cement

liquid phase (e.g., 10 mg of drug were mixed with 3 g of powders)

(Iafisco et al., 2016; Sarda et al., 2018). The cements were finally

prepared according to liquid‐to‐powder ratio equal to 0.6, by high‐

energy shear mixing of powder and liquid phases to improve the

homogeneity of the final cements, as previously observed (Dapporto

et al., 2021). For each sample, disk‐shaped specimens (diameter = 10

mm, height = 2mm, weight ≈ 450mg) were obtained. The drug

release kinetics were investigated upon immersion in 2mL of HEPES

0.01M at pH 7.4 in KCl 0.01M, with daily measurement by UV‐vis

spectrophotometer (LAMBDA™ 750 UV/Vis/NIR spectrophotometer

from PerkinElmer) at 306 and 480 nm. The physical mechanisms

underlying the drug release were further investigated and hypothe-

sized based on previously reported mathematical models. In particu-

lar, the Power Law model (χ Kt=i
n) was identified as semiempirical

model able to describe drug release from polymeric or monolithic

systems (Bruschi, 2015; Fosca et al., 2022; Korsmeyer et al., 1983;

Paarakh et al., 2019). In this model, χi is the fraction of the released

drug by time t, K is a parameter including geometrical and structural

features of the matrix, and n is as a coefficient related to the

mechanism that governs the release kinetic, according to Supporting

Information S1: Material S1–S3. Before the cell seeding, scaffolds

were sterilized with two washes of ethanol 70% (20min/each),

phosphate‐buffered saline (PBS) 1× (10min/each) and ultraviolet

(UV) light (60min/side) and kept in 5mL of medium at 37°C for

3 days, in sterile conditions.

2.2 | Cell cultures

In this study, the in vitro assays were performed using OS cell lines,

that is, U2‐OS, SAOS‐2, and SAOS‐eGFP. SAOS‐2 were originally

purchased from ATTC, Cat. no. HTB‐85 (Morelli et al., 2007). The

engineered SAOS‐eGFP cells were derived from parental SAOS‐2

cells engineered with the enhanced green fluorescent protein (eGFP)‐

expressing gene (Globig et al., 2020; Manfrini et al., 2015; Morelli

et al., 2007). SAOS‐eGFP cell line were expanded in Dulbecco's

Modified Eagle Medium F‐12 (DMEM/F12; Lonza) with 10% fetal

bovine serum (FBS) and 1% of Geneticin (Invitrogen) and kept in a

humidified atmosphere at 37°C with 5% CO2 (Manfrini et al., 2015).

U2‐OS cells were purchased from ATTC, Cat. no. HTB‐96, cultured in

McCoy's (Lonza) with 10% FBS and 1% of P/S, and kept in a

humidified atmosphere at 37°C with 5% CO2. OS cells were seeded

with a concentration of 1.5 × 104 cells per well and grown on
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(i) SrCPC‐MTX, (ii) SrCPC‐DOX and (iii) drug‐free SrCPC, as control,

until the time of the analysis (Manfrini et al., 2015).

The compatibility and osteoinductivity of SrCPC scaffolds was

evaluated using hASC cultures, at Day 14. The hASCs used in this

study were purchased from Lonza, PT‐5006, as cryopreserved frozen

cells at the first passage. The company certified that hASCs are

positive for surface markers CD13, CD29, CD44, CD73, CD90,

CD105 and CD166, while being negative for other markers, such as

CD14, CD31 and CD45. Cells were expanded in α‐MEM (Lonza)

supplemented with 20% FBS, antibiotics and maintained in a

humidified atmosphere at 37°C with 5% CO2 (Mazzoni et al.,

2020). The hASCs were seeded with a concentration of 1.5 × 104

cells per well and were grown on (i) SrCPC scaffold and (ii) the tissue

culture polystyrene (TCPS) vessels, as control, until the analysis.

2.3 | Scanning electron microscopy (SEM) analyses

SEM analysis was carried out to investigate the structure of SrCPC,

SrCPC‐MTX, and SrCPC‐DOX biomaterials and to analyse cell‐

cement interaction. To this purpose, SAOS and U2‐OS cells

(1.5 × 104) were grown on SrCPC‐MTX, SrCPC‐DOX scaffolds and

drug‐free SrCPC, as control, up to Day 7, whereas hASCs (1.5 × 104)

were grown on SrCPC scaffold up to Day 14. After cell culture,

scaffolds were washed with PBS 1× and fixed for 1 h by 2.5%

glutaraldehyde and 4 h by 1% osmium solution in phosphate buffer.

Samples were sputter‐coated with gold and observed SEM (Cam-

bridge, model Stereoscan S‐360) (Mazzoni et al., 2020). The analysis

was performed in triplicate for each experimental group.

2.4 | Alamar Blue assay

The metabolic activity of SAOS and U2‐OS grown on SrCPC‐MTX

and SrCPC‐DOX scaffolds was evaluated using the Alamar Blue assay

(Invitrogen). Cells were incubated in medium with 5% of Alamar Blue

reagent for 3 h at 37°C. A concentration of 1.6 × 105 cells and serial

1:2 dilutions were seeded to generate a calibration curve consisting

of scalar concentration of SAOS and U2‐OS cells up to 5000 cells. In

addition, the metabolic activity rate of hASCs grown on the SrCPC

scaffold and TCPS, as controls, was determined using the Alamar Blue

assay at Day 1, 2 and 7. Supernatant optical density was measured at

a 570 nm wavelength and at a 620 nm reference wavelength using a

spectrophotometer (Thermo Electron Corporation, model Multiskan

EX) (Iaquinta et al., 2022). The analysis was performed in triplicate for

each experimental group. Each experimental group was tested at

different time points, that is, at Day 1, 2 and 7 (Manfrini et al., 2013).

2.5 | SAOS‐eGFP cells fluorescence analysis

Digital images of SAOS‐eGFP cells grown on drug‐free SrCPC,

SrCPC‐MTX and SrCPC‐DOX scaffolds were obtaining using a

confocal microscope (LSM510; Carl Zeiss) with a 10 × 1.4 NA Plan‐

Apochromat oil‐immersion objective and equipped with ZEN micro-

scope imaging software (Carl Zeiss). The SAOS‐eGFP cells fluores-

cence intensity mean for each sample was evaluated using ImageJ

software as previous reported analysis was performed at Day 7.

2.6 | Annexin V/propidium iodide (PI)

The Tali® Apoptosis Kit–Annexin V Alexa Fluor® 488 and Propidium

Iodide (Life Technologies, Cat. no. A10788) was used to determine if

cells grown on (i) SrCPC‐MTX, (ii) SrCPC‐DOX and (iii) drug‐free

SrCPC employed as control are apoptotic/necrotic at Day 4. Cells

grown on scaffolds were trypsinized, washed with 1× PBS and

centrifuged at 8000g for 10min. After discarding the supernatant, OS

cell lines were incubated with 100 µL Annexin‐binding buffer (1×)

and 5 μL of Annexin‐V Alexa Fluor® 488 per sample, for 20min.

Then, cells were incubated for 3 min at room temperature (RT) in 1 μL

of PI. Finally, cells were loaded into aTali® Cellular Analysis Slide and

analysed using the Tali® Image‐Based Cytometer. Data were

collected using the Tali® data acquisition and analysis software

(Life Technologies).

2.7 | Caspase‐3/7 activities

Caspase 3/7 activities were analysed using the CellEvent™ Caspase‐

3/7 Green detection reagent (Life Technologies, cat: C10723)

according to manufacturer's instructions. Briefly, SAOS‐2 and U2‐

OS cells (1 × 105 cells/well) were seeded in 24‐well plate on Sr‐CPC,

SrCPC‐DOX and SrCPC‐MTX materials for 4 days. After incubation,

cells were labelled with 5 μM CellEvent™ Caspase‐3/7 green

detection reagent in PBS 1× and 5% FBS. Stained cells were

observed through fluorescence microscope (LSM510; Carl Zeiss)

using a 10× 1.4 NA Plan‐Apochromat oil‐immersion objective and

equipped with ZEN microscope imaging software (Carl Zeiss). Digital

Images were acquired in z‐stacks at 8 µm. All experiments were

performed independently in triplicate.

2.8 | Enzyme‐linked immunosorbent assay (ELISA)
to semiquantified caspase‐3

Semiquantification of cleaved caspase‐3 protein was detected by

using RayBio® CASP‐3 (D175) ELISA Kit (RayBio® cat: PTE‐CASP3‐

D175‐T). This sandwich ELISA is for measuring cleaved CASP‐3 (Asp‐

175) as well as caspase‐3 in human cell lysates. Briefly, SAOS‐2 cells

and U2‐OS (1 × 105 cells/well) were seeded in 24‐well plate on

SrCPC, SrCPC‐DOX and SrCPC‐MTX biomaterials for 4 days.

Absorbance of the developed chromophore was measured using a

colorimetric ELISA reader (Thermo Electron Corporation, model

Multiskan EX) at a wavelength (λ) of 450 nm. Total caspase 3 and

activated/cleaved caspase‐3 activity were measured as the ratio
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between activated and total caspase 3. The data were reported as

OD median value and SD. Experiments were performed in technical

triplicate for each biological sample (n = 3).

2.9 | Wound‐healing assay

OS cell lines were seeded on the lower surface of the transwell

(Corning, Cat. no. 3450, Merck), whereas the SrCPC, SrCPC‐MTX and

SrCPC‐DOX scaffolds were placed on the upper surface of the

transwell insert. OS cell lines were seeded at a density of 1.0 × 105

cells/well and cultured at 37°C with 5% CO2 until they reached 90%

confluence, which was necessary to initiate the assay. Following the

creation of the scratch using a 1000 μL pipette tip on the bottom

surface of the cell monolayer (two dimension), the effect of SrCPC‐

MTX and SrCPC‐DOX scaffolds on cell migration ability was

observed, compared to the control group (SrCPC). Image acquisition

occurred at different time points, that is, 24, 48, and 72 h, using a

bright‐field microscope (TE2000E Nikon Instruments, Sesto Fiorenti-

no). Digital images were acquired using ACT‐1 and ACT‐2 software

for DXM 1200F digital cameras (Nikon Instruments) at ×4 magnifica-

tion. The experiment was performed in triplicate for each experi-

mental group. Cell migration capacity was measured by comparing

the healed area of the scratch among different experimental

conditions. The scratch areas were measured and analysed using

ImageJ software (National Institutes of Health Bethesda) and results

were expressed as the average percentage of wound closure (%) up

to 72 h.

2.10 | Live/Dead assay

Cytocompatibility of hASCs grown on scaffolds was assessed by

Live/Dead dye and confocal laser scanning microscopy at Day 3, 6

and 14. Live/Dead Cell Double Staining Kit for mammalian cells

(Calbiochem) was employed to analyse the viability of hASCs grown

on biomaterials. Live/Dead assay was performed according to the

manufacturer's instructions. Cell‐permeable green fluorescent Cyto‐

dye (Ex. max.: 488 nm; Em. max.: 518 nm) was used to stain live cells,

whereas PI (Ex. max.: 488 nm; Em. max.: 615 nm) was used to stain

dead cells. Scaffolds were kept in saline solution during analysis with

confocal microscope (LSM510; Carl Zeiss) using a 10× 1.4 NA Plan‐

Apochromat oil‐immersion objective and equipped with ZEN micro-

scope imaging software (Carl Zeiss). Digital Images were acquired in

z‐stacks at 0.5 µm. Moreover, Live/Dead assay was performed in

cells grown on glass slide in contact with SrCPC scaffold and onTCPS,

as control. Digital images were acquired at TE 200‐E fluorescent

microscope though ACT‐1 software for DXM120F digital cameras

(Nikon Instruments) at ×20 magnification and analysed using ImageJ

software (National Institutes of Health Bethesda) (Zhu et al., 2013).

Experiments were performed in technical triplicate for each biological

sample (n = 3).

2.11 | Cytoskeleton architecture

hASCs grown on SrCPC scaffolds were assessed by tetramethyl‐

rhodamine‐iso‐thio‐cyanate (TRITC) conjugated‐Phalloidin (Sigma) to

stain cytoskeleton filaments, binding F‐actin, at Day 14. The cells

were washed with PBS 1× and fixed with formalin 10% for 10min at

RT. Afterwards, cell nuclei were marked with 0.5 mg/mL 4′,6‐

diamidino‐2‐phenylindole (DAPI) (Invitrogen). Cell cytoskeleton anal-

ysis at ×40 magnification were carried out with Olympus Xcellence

multiple wavelength high‐resolution fluorescence microscopy system

(Olympus) and analysed using ImageJ software (National Institutes of

Health Bethesda) (Giorgi et al., 2014).

Moreover, hASC intermediate filaments were studied analysing

the immunofluorescence of the vimentin protein. Briefly, hASCs were

washed with PBS 1× and fixed in methanol\acetone 1:1 for 7 min at

−20°C. After PBS 1× washing, cells were permeabilized with 0.1%

Triton X‐100 in PBS 1× for 10min at RT. Cells were incubated with

rabbit anti‐vimentin (Cat. no. PA5‐27231 Thermo Fisher) primary

antibody 1:100 in PBS 1× containing 3% bovine serum albumin (BSA)

for 1 h at 37°C, washed with PBS 1× and incubated with Alexa Fluor

488‐conjugated secondary antibody (Cat. no. A‐21206, Thermo

Fisher) at a dilution of 1:200 in PBS 1× containing 3% BSA for 1 h

at 37°C. Cell nuclei were stained with DAPI (Thermo Fisher) and

images were acquired with a TE 200‐E fluorescent microscope.

Images were obtained though ACT‐1 software for DXM120F digital

cameras (Nikon Instruments). The analyses were performed in

triplicate for each experimental group.

2.12 | Human extracellular matrix (ECM), adhesion
molecules and osteogenesis RT2 Profiler PCR array

hASCs were grown on tested SrCPC scaffold and TCPS control up to

Day 14. At Days 3, 6 and 14, RNA was isolated using the RNeasy Plus

Micro Kit (Qiagen) following provided protocol. RNA quality and

quantity was evaluated using a Nanodrop spectrophotometer (ND‐

1000, Nanodrop Technologies, Thermo Fischer Scientific) (Manfrini

et al., 2015; Mazzoni et al., 2021a), then reverse‐transcribed to

complementary DNA (cDNA) using the RT2 First Strand cDNA Kit as

recommended (Qiagen). The analysis was performed in triplicate for

each experimental group. The human ECM and adhesion molecules

PCR Array (Qiagen, cat: PAHS‐013Z) was employed to analyse the

genes modulated in hASCs grown on SrCPC scaffold at Day 3, 6 and

14. The RT2 Profiler PCR Array for ECM and adhesion molecules

allowed analysing the expression of 84 genes involved in cell‐to‐cell

adhesion, cells to the ECM adhesion and five housekeeping genes.

Analyses were carried out using SYBR Green method on a CFX96

Touch™ PCR detection system (Bio‐Rad) (Mazzoni et al., 2020). The

human Osteogenesis PCR Array (Qiagen, cat: PAHS‐026Z), per-

formed in triplicate, was assessed to identify genes, which are

involved in osteogenic pathways modulated by SrCPC scaffolds in

hASCs at Day 3, 6 and 14. RT2 Profiler PCR Array for human
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osteogenesis was employed in real‐time polymerase chain reaction

(PCR) to analyse the expression of 84 genes involved in skeletal

development and bone mineral metabolism, as well as cell adhesion

molecules. Analyses were carried out using SYBR Green method on a

CFX96 Touch™ PCR detection system (Bio‐Rad) (Mazzoni

et al., 2020).

2.13 | Alizarin red staining assay in hASCs grown
on SrCPC scaffold

The mineral matrix deposition, employed as osteogenic marker, was

investigated by Alizarin Red staining in hASCs grown on different

experimental conditions represented by (i) the SrCPC biomaterial and

(ii) TCPS, up to Day 14 in basal culture medium constituted by αMEM

(Lonza) supplemented with 20% FBS and antibiotics (Mazzoni et al.,

2020). Human ASCs grown on SrCPC scaffold and TCPS, for 14 days,

were fixed in 4% neutral buffered formalin and stained with a 40mM,

pH 4.2 solution of Alizarin Red (Sigma‐Aldrich) to analyse the mineral

matrix deposition. After extensive washing, to remove unbound

staining, pictures were taken using a standard light microscope

(Nikon Eclipse TE 2000‐E microscope, Nikon Instruments Spa)

equipped with a digital camera (DXM 1200F; Nikon Instruments

Spa). Afterwards, the mineralized substrates were dissolved using

20% methanol and 10% acetic acid in a water solution (Sigma‐

Aldrich), whereas the quantification was carried out, in triplicate,

using a spectrophotometer (Thermo Electron Corp., model Multiskan

EX) at a wavelength (λ) of 450 nm. The analysis was performed in

triplicate for each experimental group.

2.14 | Osteocalcin (OCN) protein expression

The ELISA test was carried out at Day 14 to identify OCN protein

expression in hASCs grown on SrCPC scaffold and on TCPS (control

group). Protein extraction was performed using Cell Extraction Buffer

(Thermo Fisher Scientific) with 1mM of phenylmethylsulfonyl

fluoride and protease inhibitor cocktail. Protein concentration was

evaluated though the bicinchoninic acid (Thermo Fisher Scientific)

according to the provided instructions (Mazzoni et al., 2020). The

OCN protein was quantified using the Human OCN Instant ELISA

(Thermo Fisher Scientific) following the provided protocol (Mazzoni

et al., 2020). The analysis was performed in triplicate for each

experimental group.

2.15 | Statistical analysis

Statistical analyses of experiments, which were performed in

triplicate, were carried out using GraphPad Prism 7.0 software for

Windows. Data obtained from Alamar Blue assay, wound‐healing test

and Annexin V/PI were analysed with two‐way analysis of variance

(ANOVA) and multiple comparison tests. The t test was used to

analyse the OCN protein expression and matrix mineralization,

whereas statistical analysis of fluorescence intensity mean was

carried out using one‐way ANOVA. The activated Caspase 3

expression levels measured by ELISA test was expressed their

media ± SD. A p < 0.05 indicates that the difference is statistically

significant. In terms of data analysis of real‐time PCR, the fold change

(FC) for each gene expression was calculated using the 2−ΔΔCT

method and then normalized by comparing these values with those of

the housekeeping genes, which were used as controls. All reactions

were performed in triplicate; twice fold up‐ or downregulated

expression (Log2 FC > 1 or <−1) compared to controls was considered

significant.

3 | RESULTS

3.1 | Physico‐chemical features of SrCPC,
SrCPC‐MTX and SrCPC‐DOX scaffolds

The DOX or MTX drugs released on self‐hardening apatitic scaffolds

were investigated. In this study, SrCPC‐MTX and SrCPC‐DOX

scaffolds were prepared to achieve release of drugs into these

ranges, in fact we obtained MTX and DOX release of ~48 and

5 µg/mL after 3 days, respectively (Iafisco et al., 2016). The phase

composition of SrCPC was investigated before mixing the precursors

and at 72 h after mixing at 37°C, exhibiting the typical diffraction

patterns of αTCP and apatite, respectively (Figure 1).

To investigate the structure of the materials, SEM analysis is

performed on drug‐free SrCPC and doped biomaterials (SrCPC‐DOX

or SrCPC‐MTX). The Figure 2a shows the typical microstructure of

F IGURE 1 Diffraction patterns of strontium‐doped calcium
phosphate scaffold (SrCPC) precursor before mixing with liquid
component (control). SrCPC‐MTX and SrCPC‐DOX patterns are
investigated at 72 h after mixing. DOX, doxorubicin; MTX,
methotrexate.
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self‐hardening apatitic bone cements featuring elongated interlocking

nanocrystals. The comparison between the SEM images shows that

the loading with DOX (Figure 2b) or MTX (Figure 2c) does not affect

the structural features of the scaffold.

To characterize the materials, the drug release kinetics were

analysed. The drug release profile of SrCPC‐MTX and SrCPC‐DOX

scaffolds was performed up to 7 days (Figure 3 and Supporting

Information S1: Table S1) and fits with the Korsmeyer–Peppas model

(Ahmed et al., 2019; Bruschi, 2015) (Supporting Information S1:

Table S2).

The SrCPC‐MTX was mathematically associated to a process

defined as diffusive regime with hampered release, whereas for

SrCPC‐DOX the release mechanism is governed by anomalous

transport, that is a combination of diffusion and swelling phenomena

(Bruschi, 2015). Such difference is ascribable to several factors,

including the chemical nature of the drug and its interaction with the

superficial end‐groups exposed by the material (Sarda et al., 2018).

In particular, MTX contains a glutamic acid that can interact with the

surface of nanocrystalline HA, in particular with the two carboxylate

end‐groups, resulting in the association with Ca2+ ions (Mukesh et al.,

2009; Sarda et al., 2018). Conversely, DOX is characterized by an

aromatic chemical structure with multiple functional groups and

oxygen atoms. In the typical alkaline environment occurring during

the cement setting reaction, the DOX structure exhibits hydrogen

atoms linked to the –OH groups and amino group with positive

charge (‐NH3
+). In this condition, DOX has high affinity with apatite

nanocrystals forming the cement matrix (Iafisco et al., 2016), thus

resulting in a slower and different release kinetic.

3.2 | Cytotoxic effects of SrCPC‐MTX and SrCPC‐
DOX on SAOS‐2, SAOS‐eGFP and U2‐OS cell lines

The ability of SrCPC scaffolds linked to the anticancer drugs MTX

(SrCPC‐MTX) and DOX (SrCPC‐DOX) to contrast OS cell prolifera-

tion was analysed in vitro up to Day 7. In this study, SrCPC‐MTX

and SrCPC‐DOX scaffolds were prepared to achieve release

~48.73 ± 14.15 and 5.18 ± 0.42 µg/mL after 3 days, respectively. As

regards drug loading concentrations, in literature there are heteroge-

neous data about MTX, which range from 0.1 to 100 µM (Sramek

et al., 2016) to >100 µM in case of primary SAOS cell line (Sramek

et al., 2016). About DOX, the tested concentration range is

10–320 µM for several three‐dimensional (3D) culture, including

OS cell line (U2‐OS) (Baek et al., 2016).

SEM analysis was used to investigate cytotoxic effects of

functionalized cements on SAOS‐2 cells grown on them, up to Day

7. The effects of released drugs were assessed by evaluating cell

numbers and fluorescence intensity rate and metabolic activity

reductions in the engineered SAOS‐eGFP cells grown on the

biomaterials. SEM analysis of SAOS‐2 grown on doped‐scaffods

revealed that at Day 7, SAOS‐2 cells were well spread and completely

covered the SrCPC scaffold surface exhibiting their natural morphol-

ogy and cytoplasmic extensions connecting them with the scaffold

surface and each other. At Day 7, SAOS‐2 cells grew almost

completely on SrCPC‐MTX scaffold surface (Figure 4a). However,

F IGURE 2 Scanning electron microscopic images of (a) drug‐free strontium‐doped calcium phosphate scaffold (SrCPC) (control);
(b) SrCPC‐DOX and (c) SrCPC‐MTX. Scale bar = 1 μm. DOX, doxorubicin; MTX, methotrexate.

F IGURE 3 Drug release profiles for SrCPC‐MTX and SrCPC‐DOX
up to 7 days. DOX, doxorubicin; MTX, methotrexate; SrCPC,
strontium‐doped calcium phosphate scaffold.
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F IGURE 4 (See caption on next page).
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cells growing on the drug‐loaded scaffolds showed an altered

morphology compared to SAOS‐2 cells grown on the control. The

cell culture appeared with an altered morphology evidenced by

cellular swelling and scarce cytoplasmic bridges among cells.

Contrariwise, SrCPC‐DOX did not allow SAOS‐2 cells to cover the

scaffold surface. In this instance, only a few cells with an altered

morphology were visible on the scaffold surface (Figure 4a). These

results indicate that SrCPC‐MTX and SrCPC‐DOX scaffolds displayed

a cell‐killing effect on SAOS‐2 cells compared to SrCPC. Microscopic

analyses verified that the drug‐free SrCPC scaffold surface was

completely covered with SAOS cells, with unaltered morphology.

Contrariwise, SAOS cells in contact with SrCPC‐MTX presented an

altered morphology. Furthermore, only a few SAOS cells were

observed on the SrCPC‐DOX scaffold. U2‐OS cells grown on

scaffolds, visualized on SEM, appear with rounded morphology. U2‐

OS cells completely covered the SrCPC scaffold surface exhibiting

their cytoplasmic extensions connecting them with the scaffold

surface and each other, while U2‐OS cells grown on doped scaffolds

appear to lose their extracellular extrusions (Figure 4a).

We assessed in vitro the ability of drug‐loaded SrCPC scaffolds

to contrast OS cell proliferation using the SAOS‐eGFP cell line, which

represents an appropriate study model, as previously reported

(Manfrini et al., 2015; Morelli et al., 2007). The effects of SrCPC‐

MTX and SrCPC‐DOX scaffolds, on SAOS‐eGFP cells viability, were

investigated by evaluating the fluorescence intensity emitted by the

engineered cell line, at Day 7. Digital images obtained using a

confocal microscope revealed that SrCPC scaffold was completely

covered by SAOS‐eGFP cells (Figure 4b). Indeed, the number of

SAOS‐eGFP cells decreased in SrCPC‐MTX and cells were mostly

absent in SrCPC‐DOX (Figure 4b), confirming the SEM analysis.

Quantification of fluorescence intensity confirmed the data from the

confocal microscope. The fluorescence intensity means of SAOS‐

eGFP cells grown on SrCPC scaffold was higher than cells grown on

SrCPC‐MTX (p < 0.05) and SrCPC‐DOX (p < 0.005). There were no

statistical differences between SrCPC‐MTX and SrCPC‐DOX groups

(Figure 4c). These data were supported by qualitative and quantita-

tive results obtained by fluorescence analysis of engineered SAOS‐

eGFP cells. Indeed, images from confocal microscopy analysis and

measurement of fluorescence intensity revealed a reduced number of

cancer cells grown on SrCPC‐MTX compared to the control (52%)

and a higher decrease of SAOS‐eGFP cells grown on SrCPC‐DOX

scaffold (28%). The effects of SrCPC‐MTX and SrCPC‐DOX scaffolds

on metabolic activity of SAOS‐2 and U2‐OS cells were investigated

using Alamar Blue assay, at Day 1, 2 and 7. Metabolic activity showed

an increasing number of SAOS‐2 cells grown on the control drug‐free

SrCPC, up to Day 7. Contrariwise, SAOS‐2 cells increased their

number in SrCPC‐MTX and SrCPC‐DOX during the first 2 days of

culture, then decreased, at Day 7 (Figure 4d; p > 0.05). At Day 7, the

number of SAOS‐2 cells significantly decreased in MTX/DOX‐

conjugated scaffolds compared to the control (p < 0.005 and

p < 0.001, respectively) (Figure 4d). The SrCPC‐DOX material induced

a complete cytotoxic effect detectable as the absence of cells on the

material, evidenced by the Alamar Blue assay (Figure 4d). U2‐OS cells

increased their number in SrCPC material until Day 7 (°p < 0.05). Cell

proliferation of U2‐OS cells grown on SrCPC‐MTX and SrCPC‐DOX

decreased at Day 2. Then, at Day 7, the number of U2‐OS cells

significantly decreased in MTX/DOX‐conjugated scaffolds compared

to the control (Figure 4d; *p < 0.05).

3.3 | Apoptosis/necrosis process in SAOS‐2 and
U2‐OS cells grown on SrCPC‐DOX and on
SrCPC‐MTX

To test the potential to induce apoptosis of the doped materials on

the SAOS‐2 and U2‐OS culture, three different methods were

employed. Apoptosis is a form of programmed cell death that

initiated by a tightly regulated signalling cascade, which results in

caspase activation. To gain insights into the putative mechanism of

SrCPC‐DOX‐ and SrCPC‐MTX‐induced cell death, OS cell cultures

were grown on scaffolds for 4 days. Activated Caspase‐3/7

expression proteins were visualized in both OS cell lines grown on

SrCPC‐DOX scaffold. Indeed, the Caspase‐3/7‐specific fluorochrome

detection dye revealed significantly higher levels of caspase 3/7‐

positive cells (green) in the OS cells grown on SrCPC‐DOX compared

to SrCPC‐MTX. The expression of Caspase‐3/7 proteins was lower in

F IGURE 4 Cytotoxic effects of SrCPC‐MTX and SrCPC‐DOX on OS cell lines. (a) Scanning electron microscopic (SEM) analysis. SAOS and
U2‐OS cells grown on strontium‐doped calcium phosphate (SrCPC) scaffold exhibiting normal morphology and cytoplasmatic extensions. (A)
Scale bar: 20 μm, ×500, (B) scale bar: 10 μm, ×3.07K, (G) scale bar: 10 μm, ×1.00K, (H) scale bar: 3 μm, ×4.11K. OS cell lines grown on
SrCPC‐MTX scaffold exhibiting a damaged morphology; (C) scale bar: 20 μm, ×507, (D) scale bar: 10 μm, ×2.99K, (I) scale bar: 20 μm, ×500, (j)
scale bar: 2 μm, ×4.23K. In the same way, the few OS cell lines grown on SrCPC‐DOX scaffold showing a impaired morphology; (e) scale bar:
100 μm, ×268, (F) scale bar: 10 μm, 2.26 KX, (K) scale bar: 30 μm, ×500, (L) scale bar: 3 μm, ×4.35K. (b) Images acquired with confocal microscope
of SAOS‐eGFP cells on SrCPC, SrCPC‐MTX, SrCPC‐DOX. Z‐stack images were collected at 0.5 μm slices by confocal microscopy from the
bottom to the top of the cells and were merged into a single frame. (c) Quantification of SAOS‐eGFP cells fluorescence intensity with ImageJ
software, SrCPC versus SrCPC‐MTX, *p < 0.05; SrCPC versus SrCPC‐DOX (**p < 0.005). (d) Graph shows increasing number of SAOS‐2 cells
grown on SrCPC up to Day 7 (p > 0.05). SAOS‐2 cells increased on SrCPC‐MTX and SrCPC‐DOX up to Day 2 (p > 0.05), whereas decreased on
SrCPC‐MTX and SrCPC‐DOX up to Day 7 (p < 0.05). Significant differences were revealed between SrCPC‐MTX scaffold and activated at Day 7
(*p < 0.001). In the same way, U2‐OS cells grown on SrCPC showed an increase of cell proliferation up to Day 7 (°p < 0.05), while U2‐OS grown
on SrCPC‐MTX and SrCPC‐DOX exhibited a significant decrease of cell proliferation at day 7 (°p < 0.05). The doped scaffolds show a statistically
significant decrease, in terms of cell proliferation, at Day 7 compared to the control material (*p < 0.01). DOX, doxorubicin; MTX, methotrexate.
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OS cells grown on drug‐free SrCPC, compared to other experimental

groups (Figure 5a).

The quantification of cleaved caspase‐3 protein reveals the apoptosis

process induced in SAOS‐2 and U2‐OS cells grown on SrCPC‐DOX and

SrCPC‐MTX for 4 days (Figure 5b). The ELISA testing revealed

significantly higher levels of cleaved caspase‐3 protein in SAOS‐2 culture

grown on SrCPC‐MTX, which induced a significant increase of cleaved

caspase‐3 protein expression expressed as (mean ±SD) (0.705 ±0.021),

compared to control represented by SrCPC (0.475 OD±0.021) (p<0.05)

and TCPS (0.163 OD±0.014). The material SrCPC‐DOX, presented a

higher OD level (2.502 OD±0.07 SD) compared to controls, that is,

SrCPC and TCPS (Figure 5b). In U2‐OS cells, quantification of caspase 3

highlighted a statistically significant increase in its activation in cells

cultured on both materials, SrCPC‐MTX and SrCPC‐DOX, compared to

the control. U2‐OS cells, cultured on doped‐scaffolds, showed similar

active caspase 3 protein levels (Figure 5b).

Annexin V‐positive staining was detected in both OS cells grown

on SrCPC‐MTX material compared to SrCPC‐DOX and control

(Figure 5). Conversely, the SrCPC‐DOX material seems to induce a

higher necrotic effect in both OS cell lines highlighted by the IP

positivity compared to SrCPC‐MTX and control (Figure 5c).

3.4 | Cell migration ability in SAOS‐2 and U2‐OS
cells grown on SrCPC‐DOX and SrCPC‐MTX

Both OS cell lines, seeded on SrCPC‐DOX‐ and SrCPC‐MTX‐doped

biomaterials, showed a reduction in migratory capacity and a

significant increase in wound area up to 72 h, compared to the

control (SrCPC). SrCPC‐DOX reduces the migratory capacity more

significantly than SrCPC‐MTX at 48 and 72 h of SAOS‐2, as well as at

24 and 72 h of U2‐OS (Figure 6).

F IGURE 5 Evaluation of induction of apoptosis/necrosis in SAOS‐2 and U2‐OS grown on strontium‐doped calcium phosphate scaffold
(SrCPC), SrCPC‐MTX and SrCPC‐DOX scaffolds. (a) Immunostaining of activated caspase 3/7 in SAOS‐2 and U2‐OS cells grown on SrCPC,
SrCPC‐MTX and SrCPC‐DOX scaffolds. (b) Quantification of protein expression of cleaved Caspase‐3 on SAOS‐2 (°p < 0.05; **p < 0.0001) and
U2‐OS (°p < 0.01; *p < 0.001) compared to control (SrCPC). A statistical increase of cleaved caspase 3 was revealed in SAOS grown on
SrCPC‐DOX scaffolds compared to SrCPC‐MTX (§p < 0.0001). Data are shown as mean ± SD. n = 3. (c) SAOS‐2 and U2‐OS grown on
SrCPC‐MTX and SrCPC‐DOX scaffolds showed a positive for Annexin V/propidium iodide (PI) staining at Day 4, compared to control
(*p < 0.01; **p < 0.0001). DOX, doxorubicin; MTX, methotrexate.
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3.5 | Cytocompatibility proprieties of SrCPC
scaffold

The cytocompatibility of no‐doped scaffold (SrCPC) was analysed

using human ASCs grown on SrCPC scaffold and in TCPS (the

control). Specifically, SEM, metabolic activity, Live/Dead and cyto-

skeleton architecture analyses were carried out in the two experi-

mental groups at different time points, as reported below (Figure 7).

The microstructure and morphology of SrCPC scaffold with and

without hASCs grown on them, up to Day 14, were SEM analysed at

higher magnification (×80–4.00K) (Figure 7a). hASCs grown on the

scaffold showed a normal cell morphology, exhibiting pseudopodium‐

like structures, which connect them to the biomaterial surface

(Figure 7a). Indeed, as indicated by the arrows, human stem cells are

able to adhere to undoped material. The SrCPCs, studied herein,

present a granular structure offering a good microenvironment for

adhesion and proliferation of hASCs, as shown by SEM analysis

where cells grew well on the scaffold surface.

Live/Dead assay was used to analyse the cell viability of hASCs

grown on the scaffold and TCPS, at Day 3, 6 and 14. Cyto‐dye, a

green fluorescent dye, and PI, a red fluorescent dye, were used to

stain live and dead cells, respectively. At each experimental

F IGURE 6 Effects of strontium‐doped calcium phosphate scaffold (SrCPC), SrCPC‐MTX and SrCPC‐DOX on SAOS‐2 and U2‐OS migration
ability. (a) Wound‑healing assay on SAOS‐2 and U2‐OS at 24, 48 and 72 h. The wound closure rate was measured by detecting the closure
distance. Osteosarcoma (OS) cell lines grown on SrCPC were used as a control. Representative micrographs under a phase contrast microscope
are shown. Scale bar, 50 μm. (b) Quantification of wound gap distance. Data are presented as the mean ± SD (n = 3). A statistical significant
difference was revealed between (i) SrCPC versus SrCPC‐DOX and SrCPC versus SrCPC‐MTX (*p < 0.0001) and (ii) SrCPC‐DOX versus
SrCPC‐MTX (°p < 0.001) at each timepoint of analysis. DOX, doxorubicin; MTX, methotrexate.
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F IGURE 7 (See caption on next page).
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time point, carried out on hASCs grown in contact with the scaffold,

digital images showed the presence of live cells, which were

indistinguishable from those grown on the control. Dead cells were

no detected (Figure 7b). In addition, live cells were identified in the

scaffold using confocal microscope in slices (z) of 0.5 µm, at Day 3, 6

and 14 showing a time dependent increase. These data demonstrate

the cytocompatibility of the SrCPC scaffold.

The cytoskeleton architecture of hASCs grown on the SrCPC

scaffold and TCPS, was analysed by performing phalloidin‐TRITC

staining, at Day 14 (Figure 7c). The cytoskeleton showed a well‐

organized structure with actin filaments being distributed uni-

formly in the cell cytoplasm, at Day 14, in hASCs grown on scaffold

and TCPS, demonstrating that the scaffold had not influence on

the cytoskeleton architecture, up to Day 14. In the digital images

at ×40 magnification (Figure 7c), actin filaments appear unaltered,

confirming the cytocompatibility of the SrCPC scaffold. The

cytocompatibility of the undoped‐scaffold was investigated by

highlighting the cytoskeletal protein vimentin in hASC cultures.

The vimentin intermediate filaments appear regular and well

distributed in the cells, thus confirming the cytocompatibility of

the scaffold (Figure 7c).

Alamar Blue assay was carried out to analyse the effects of the

scaffold on hASCs cells viability. Cell metabolic activity of each

time point was converted into the number of viable cells by

calculating the interpolated X value of hASCs calibration curve.

Results showed an increase cell number of hASCs grown on the

SrCPC scaffold and TCPS, up to Day 7 (Figure 7d). At Days 1 and 2,

there were no significant differences between the two experi-

mental groups (Figure 7d; p > 0.05). Contrariwise, there are

statistical differences in hASCs grown on the SrCPC scaffold

compared to hASCs grown on TCPS, at Day 7 (Figure 7d; p < 0.05).

Nevertheless, SrCPC scaffold induced hASCs growth and did not

cause any cytotoxicity.

3.6 | SrCPC scaffold modulate the ECM and
adhesion molecules expression in hASCs

The ECM and adhesion molecules gene expression profiles were

investigated using PCR array technology in hASCs cultured on the

SrCPC scaffold and TCPS to evaluate the scaffold cytocompatibility.

Analyses were carried out at Day 3, 6, and 14 (Figure 7e and

Supporting Information S1: Tables S4–S6). At Day 3, a total of 27

differential expressed genes, including nine upregulated genes (>1

log2 FC; p < 0.05; red) and 18 downregulated genes (<−1 log2 FC;

p < 0.05; green), were identified in hASCs grown on scaffold,

compared to the control, as reported in Supporting Information S1:

Table S2–S4. Cellular biology results were supported by molecular

genetic/biology data, such as gene expression analysis carried out

using a PCR array technique to evaluate the ECM and cell adhesion

molecules profile. In bone, the ECM regulates cell adhesion,

proliferation and differentiation, producing collagen, integrin, fibro-

nectin and connective tissue growth factor (Ren et al., 2011).

Moreover, osteogenic differentiation during the ECM secretion

phase in MSCs induces morphological changes in immature osteo-

blasts, immediately followed by the formation of mature osteoblasts

(Paiva & Granjeiro, 2017). In hASCs, genes encoding cell adhesion

molecules were upregulated in the presence of SrCPC scaffold,

demonstrating the ability of the scaffold to mediate cell–cell and/or

cell–scaffold interactions. Among them, ICAM1, PECAM1, VCAM1,

SELL and CD44 molecule upregulation was observed. SELL is a

calcium‐dependent lectin that mediates cell adhesion by binding to

glycoproteins on neighbouring cells (Wedepohl et al., 2017), whereas

CD44 molecule is responsible for cell‐cell interactions engaging ECM

components, such as hyaluronan, collagen, growth factors, cytokines

or proteases (Midgley et al., 2013). ECM–cell interaction is crucial for

tissue morphogenesis and architecture, thus such actions are

mediated by integrin and cadherin (Di Benedetto et al., 2015).

F IGURE 7 Characterization of vitality and proliferation of human adipose derived‐mesenchymal stem cell (hASC) grown on strontium‐doped
calcium phosphate (SrCPC) scaffold. (a) Scanning electron microscopy analysis of SrCPC scaffold. The biomaterial consists of a nanostructured
calcium‐deficient hydroxyapatite (HA) substituted with strontium. The structure of scaffold was observed at different magnification, Scale
bar: 200 μm, ×80; scale bar: 100 μm, ×211; scale bar: 200 μm, ×651; scale bar: 3 μm, ×4.00K, respectively (A–D). hASCs (white arrows) on the
substrate exhibited cytoplasmic bridges, with a normal morphology; scale bar: 10 μm; ×2.25K; scale bar: 10 μm, ×2.85K, respectively (E, F). (b)
Cell viability analysis of hASCs using Live/Dead assay. Live cells (hASCs) grown in contact with SrCPC at Day 3, 6, 14 (A–C). Dead cells were
no detected (D–F). Live cells (hASCs) grown on tissue culture polystyrene (TCPS) at Day 3, 6, 14 (G‐I). Dead cells were no detected (J–L). Scale
bar: 100 μm. (c) Cytoskeleton analysis of hASCs grown on the SrCPC scaffold. The expression of vimentin protein and actin filaments do not
show alteration in the structural organization in hASCs grown on SrCPC, compared to control (TCPS). Magnification ×20 (A–F) and ×40 (G–L).
Scale bar for each magnification: 50 μm. Cellular nuclei were stained with 0.5 mg/mL 4′,6‐diamidino‐2‐phenylindole (DAPI). (d) hASCs
metabolic activity measured by Alamar Blue assay at Days 1, 2 and 7. Graph shows increasing number of hASCs grown on SrCPC scaffold
(p < 0.05) and on TCPS (p < 0.05) up to Day 7. Significant differences were revealed between SrCPC scaffold and TCPS at Day 7 (p < 0.05). (e)
Extracellular matrix and adhesion molecules genes modulated by SrCPC scaffold in hASCs. (A) At 3 days n = 27 differentially expressed genes,
including nine upregulated genes (>1 log2 fold change [FC]; p < 0.05; red) and 18 downregulated genes (<−1 log2 FC; p < 0.05; green), were
identified in hASCs grown on scaffold compared with control. (B) At Day 6, n = 28 differentially expressed genes, including 12 upregulated
genes (>1 log2 FC; p < 0.05; red) and 16 downregulated genes (<−1 log2 FC; p < 0.05; green), were identified in hASCs grown on scaffold
compared with control (TCPS). (C) At Day 14, 38 differentially expressed genes, including n = 29 upregulated genes (p < 0.05; red) and n = 9
downregulated genes (p < 0.05; green), were identified in hASCs grown on scaffold compared with control. DOX, doxorubicin;
MTX, methotrexate.
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The SrCPC scaffold stimulated the upregulation of genes encoding

integrins and cadherins in hASCs. Early expressed integrins are ITGA2

and ITGB3 followed by ITGA3/4/6/8, which were upregulated up to

Day 14. The gene expression levels of ITGA2 and ITGA3 were in

agreement in the two different PCR‐Array for ECM and Osteogene-

sis, as well as ITGA1, which resulted downregulated in both assays, at

the first time point. Of all, the cadherin CDH1, a calcium‐dependent

cell adhesion protein, resulted upregulated in hASCs grown on the

biomaterial. Integrins and cadherins have an important role in proper

development, function, regeneration of skeletal tissue and MSCs

osteogenic differentiation (Di Benedetto et al., 2015; Docheva et al.,

2014). Collagen is the most abundant constituent of the ECM acting

as a mechanical support for cells (Saito & Marumo, 2015). In vitro

results demonstrated that the SrCPC scaffold promoted the expres-

sion of genes encoding for collagen proteins including COL7/8/11/

14/15A1. The latter is constantly up‐expressed during the experi-

mental time course in both the PCRs assay thus highlighting its

important role in osteogenic differentiation and mineralization (Wu

et al., 2020). Matrix metalloproteinases (MMPs), with the ability to

cleave collagens and proteoglycans, are among the most active

proteases in ECM regulation (Paiva & Granjeiro, 2017). Such

proteinases are involved in wound healing and tissue remodelling

(Milner & Cawston, 2005). MMP1/3/11 gene expression was

promptly induced by SrCPC in hASCs. MMP8/15 were positively

modulated by the scaffold later. Indeed, while MMP15 is a

membrane‐type metalloproteinase (Liang et al., 2016), MMP8 is

expressed in osteoblastic progenitors, differentiated osteoblasts, and

osteocytes (Sasano et al., 2002). Moreover, MMP10, which is

essential for human bone development (Bord et al., 1998) and takes

part in the physiological processes of bone growth (Ortega et al.,

2004), resulted positively modulated by the SrCPC scaffold.

3.7 | SrCPC material induces the osteogenic
differentiation in hASCs

In the second phase of our study, the effect of SrCPC scaffold in the

osteogenic differentiation were assessed employing hASC cultures.

Matrix mineralization, OCN protein expression and osteogenic genes

expression were investigated in hASCs grown on the scaffold, up to

day 14 (Figure 8a–d and Supporting Information S1: Tables S7–S9).

Alizarin Red staining was used to evaluate the mineralized matrix in

hASCs grown on SrCPC scaffold and TCPS in basal medium. Cell

cultures for the two experimental groups were stained with alizarin

red and imaged using a bright‐field microscope. Digital images show

that SrCPC scaffold promotes mineral matrix deposition differently

compared to TCPS (Figure 8a). Afterwards, alizarin red staining was

eluted to perform optical density measurements. Results showed an

increased calcified matrix in hASCs grown on the SrCPC scaffold

compared to TCPS (p < 0.0001; Figure 8b), at Day 14.

OCN protein expression in hASCs grown on SrCPC scaffold and

TCPS, up to day 14, were analysed using ELISA test. In hASCs grown

on SrCPC the assay revealed 38.25 ng of OCN/µg of proteins and

17.95 ng of OCN/µg of proteins, in TCPS. Data show a significant

increase of OCN protein expression in hASCs grown on the scaffold

compared to control (p < 0.0001; Figure 8c).

In this study, osteogenesis RT2 Profiler PCR Array was used to

investigate the differentially expressed genes in hASCs grown on

SrCPC scaffolds, at Day 3, 6 and 14 (Figure 8d). Results of

experimental replicates obtained at Day 3 revealed the ability of

the scaffold to upregulate (>1 log2 FC; p < 0.05; red) different genes

involved in skeletal development, as reported in Supporting

Information S1: Table S5–S7. In summary, in hASCs the scaffold

strengthened the expression of those genes implicated in ossification,

osteoblast differentiation, and bone mineralization during the

experimental time course, whereas the modulation of genes involved

in cell adhesion process decreased over time, up to Day 14. The

BMP2 gene resulted upregulated in our experiments suggesting

hASCs osteogenic differentiation upon contact with the scaffold.

Further, it has been reported that MMP10 enhances BMP‐2‐induced

osteoblast differentiation in vitro (Reyes et al., 2018). The crucial

signalling pathways leading MSCs towards osteogenesis differentia-

tion are transforming growth factor‐β (TGF‐β) and bone morphogenetic

protein (BMP) (Lanzillotti et al., 2021; Mazziotta et al., 2021). Our

results demonstrate that SrCPC scaffold upregulated genes are

involved in these two signalling cascades. Specifically, three of the

most important BMPs, involved in osteogenesis, that is, BMP2/4/7,

resulted upregulated alongside other BMP signalling like BMPR1A,

BMPR2 and SMAD5 (Martini et al., 2020). On the other hand, among

factors involved in the TGF‐β cascade, TGFBR1/2 were positively

regulated by the scaffold. The activation of cited signalling pathways

leads to the expression of master osteogenic transcription factors,

such as RUNX2 and Osterix (OSX), also known as SP7. More precisely,

OSX is a downstream RUNX2 gene (Iaquinta et al., 2021a). Our results

are in agreement with previous reports in as much as they

demonstrated that the RUNX2 gene was upregulated at Days 3 and

6, whereas SP7 expression with high FC is observed at Day 14, when

RUNX2 modulation disappears (Iaquinta et al., 2021a). Finally, RUNX2

and SP7 activity results in specific osteoblast gene expression of

including OCN and collagen (Iaquinta et al., 2021a). SrCPC

biomaterial induced OCN upregulation in term of gene (BGLAP) and

protein (OCN) expressions. In agreement, matrix mineralization

analysis showed an increase matrix deposition in hASCs grown on

the scaffold, as well as the upregulation of ALPL gene. Other

osteogenic genes involved in the skeletal development process were

modulated in hASCs by the scaffold. Of these, upregulation of GLI1

and epidermal growth factor receptor (EGFR) was observed. GLI1 is a

transcriptional activator involved in signalling‐mediated specification

for osteoblast lineage inducing early osteoblast differentiation (Hojo

et al., 2012). On the other hand, EGFR take part in EGFR/ERK/

IGFBP‐3 signalling pathway inducing osteoblast differentiation and

maturation (Mazzoni et al., 2020). Additionally, CLEC3B (Larsen et al.,

2010) gene was found to be expressed in hASCs grown on the

biomaterial, up to Day 14. It is well known that when MSCs

differentiate into osteoblasts many osteoclast‐associated cytokines

are secreted, including colony stimulating factor (CSF), receptor
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F IGURE 8 Osteoinductivity properties of strontium‐doped calcium phosphate (SrCPC) scaffold evaluated with human adipose
derived‐mesenchymal stem cell (hASC) culture. (a) Alizarin red staining in hASCs grown on tissue culture polystyrene (TCPS) and SrCPC at ×4 (A,
D), ×10 (B, E) and ×20 (C,F) magnifications. Scale bar for each magnification: 100 μm. (b) Quantification of Alizarin Red staining through
spectrophotometric analysis at 450 nm wavelength measured in hASC grown on control and SrCPC (**p < 0.0001). (c) OCN protein expression
quantified using enzyme‐linked immunosorbent assay (ELISA) test in hASCs grown on SrCPC scaffold and on TCPS at Day 14 (**p < 0.0001).
(d) Osteogenic genes expression (messenger RNA) modulated by SrCPC scaffold in hASCs at Day 3, 6 and 14. (d) At Day 3, 34 differentially
expressed genes, including 13 upregulated genes (>1 log2 fold change [FC]; p < 0.05; red) and 21 downregulated genes (<−1 log2 FC; p < 0.05;
green), were identified in hASCs grown on scaffold compared with control. At Day 6, 32 differentially expressed genes, including 19 upregulated
genes (>1 log2 FC; p < 0.05; red) and 13 downregulated genes (<−1 log2 FC; p < 0.05; green), were identified in hASCs grown on scaffold
compared with control. At Day 14, 24 differentially expressed genes, including 17 upregulated genes (>1 log2 FC; p < 0.05; red) and seven
downregulated genes (<−1 log2 FC; p < 0.05; green), were identified in hASCs grown on scaffold compared with control.
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activator of nuclear factor κ‐Β ligand (RANKL) stimulating osteoclasts

differentiation (Meng et al., 2020). Our experiments revealed the

upregulation of TNFSF11, also known as RANKL, and CSF2/3 genes.

Thus, in hASCs the mechanism of bone resorption is activated

together with the bone formation process. The coupled mechanisms

continuously lead to bone remodelling.

4 | DISCUSSION

The effects of DOX or MTX drugs released on self‐hardening apatitic

scaffolds were investigated on SAOS‐2, SAOS‐eGFP and U2‐OS cells,

particularly analysing the putative mechanisms of cell death induced

in in vitro model of SAOS‐2 and U2‐OS. In particular, we assessed in

vitro the ability of drug‐loaded SrCPC scaffolds to contrast OS cell

proliferation, using the SAOS‐2 and U2‐OS cell lines, which represent

appropriate study models, as previously reported (Chen et al., 2019;

Morelli et al., 2007; Sarda et al., 2018; Suksiriworapong et al., 2018).

In this study, SrCPC‐MTX and SrCPC‐DOX scaffolds were

prepared to achieve release of drugs into these ranges; in fact, we

obtained MTX and DOX release of ~48 and 5 µg/mL after 3 days,

respectively (Iafisco et al., 2016). As regards drug loading concentra-

tions, in literature there are heterogeneous data about MTX, which

range from 0.1 to 100 µM (Sramek et al., 2016) to >100 µM in case of

primary SAOS cell line (Sramek et al., 2016). About DOX, the tested

concentration range is 10–320 µM for several 3D culture, including

OS cell line (U2‐OS) (Baek et al., 2016). In this study, we show that

both SrCPC‐MTX and SrCPC‐DOX scaffolds exert an in vitro

antiproliferative activity against cancer cells. Indeed, a decreasing

number of SAOS‐eGFP cells were observed at Day 7 in MTX/DOX‐

conjugated scaffolds compared to drug‐free SrCPC. These data were

supported by quantitative results obtained by fluorescence analysis

of engineered SAOS‐eGFP cells. Indeed, images from confocal

microscopy analysis and measurement of fluorescence intensity

revealed a reduced number of cancer cells grown on SrCPC‐MTX

compared to the control (52%) and a higher decrease of SAOS‐eGFP

cells grown on SrCPC‐DOX scaffold (28%).

Similarly, SEM investigation allowed to analyse the morphology

of cells grown on scaffolds. Microscopic analyses verified that the

drug‐free SrCPC scaffold surface was completely covered with SAOS

cells, with unaltered morphology. Contrariwise, SAOS cells in contact

with SrCPC‐MTX presented an altered morphology. Furthermore,

only a few SAOS cells were observed on the SrCPC‐DOX scaffold.

The doped materials observed under SEM appear to induce the loss

of external projections of the U2‐OS, reducing cell–cell contacts.

SrCPC‐DOX induced apoptosis of SAOS‐2 and U2‐OS after

4 days of culture. Overall, these results report on the cytotoxic

effects of MTX and DOX drug in the used concentrations. On the

other hand, it is evident that 5 µg/mL of DOX displayed a cell‐

killing effect on OS cell lines higher than 45 µg/mL of MTX. This

suggests that MTX concentration used herein is not sufficient to

kill all SAOS cells. Contrariwise, DOX concentration could be

reduced (Zhou et al., 2017).

Apoptosis is a form of programmed cell death that initiated by a

tightly regulated signalling cascade, which results in caspase

activation. To test the potential to induce apoptosis in SAOS‐2 and

U2‐OS cell lines grown on doped materials, three different methods

were employed. Our results indicate that SrCPC‐DOX and SrCPC‐

MTX materials induce the apoptotic process in OS cells through the

activation of the protein caspase 3/7, compared to the control

material. In addition, SrCPC‐DOX induces a higher expression of

caspase‐3 quantified with ELISA assay in SAOS‐2 and U2‐OS lines

compared to cells grown on SrCPC‐MTX and on the control material.

In addition, annexin‐positive test reveals that SrCPC‐MTX induces an

important apoptotic effect in both OS cells, while a necrotic effect

was detected in OS cell lines grown on SrCPC‐DOX material.

Further in vitro investigations are needed to deepen the genetic

and epigenetic influences of drug‐delivery scaffolds.

The SrCPC scaffold was tested in terms of cytocompatibility and

osteoinductivity using hASCs. The SrCPC scaffolds were selected for

controlled drug delivery, as they exhibit a chemically active surface,

especially for apatitic phases, favouring the chemical binding of drugs

(Sarda et al., 2018), as well as a microporous structure, given by

nanosized acicular apatitic grains physically interlaced to form a

mechanically resistant construct. Viability analyses for metabolic

activity and cell morphology on drug‐loaded SrCPCs report on an

increasing number of live cells, as well as on the control. In addition,

hASCs grown in contact with the SrCPC scaffold exhibit a well‐

organized cytoskeleton architecture with actin filaments being

distributed uniformly in cell cytoplasm, at Day 14. In addition, the

SrCPCs studied herein present a granular structure offering a good

microenvironment for adhesion and proliferation of hASCs, as shown

by SEM analysis where cells grew well on the scaffold surface.

Cellular biology results were supported by molecular genetic/biology

data, such as gene expression analysis carried out using a PCR array

technique to evaluate the ECM and cell adhesion molecules profile. In

bone, the ECM regulates cell adhesion, proliferation and differentia-

tion, producing collagen, integrin, fibronectin and connective tissue

growth factor (Ren et al., 2011). Moreover, osteogenic differentiation

during the ECM secretion phase in MSCs induces morphological

changes in immature osteoblasts, immediately followed by the

formation of mature osteoblasts (Paiva & Granjeiro, 2017). In hASCs,

genes encoding cell adhesion molecules were upregulated in the

presence of SrCPC scaffold, demonstrating the ability of the scaffold

to mediate cell–cell and/or cell‐scaffold interactions. Among them,

ICAM1, PECAM1, VCAM1, SELL and CD44 molecule upregulation

was observed. SELL is a calcium‐dependent lectin that mediates cell

adhesion by binding to glycoproteins on neighbouring cells

(Wedepohl et al., 2017), whereas CD44 molecule is responsible for

cell‐cell interactions engaging ECM components, such as hyaluronan,

collagen, growth factors, cytokines or proteases (Midgley et al.,

2013). ECM–cell interaction is crucial for tissue morphogenesis and

architecture, thus such actions are mediated by integrin and cadherin

(Di Benedetto et al., 2015). The SrCPC scaffold stimulated the

upregulation of genes encoding integrins and cadherins in

hASCs. Early expressed integrins are ITGA2 and ITGB3 followed by
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ITGA3/4/6/8, which were upregulated up to Day 14. The gene

expression levels of ITGA2 and ITGA3 were in agreement in the two

different PCR‐Array for ECM and Osteogenesis, as well as ITGA1,

which resulted downregulated in both assays, at the first time point.

Of all, the cadherin CDH1, a calcium‐dependent cell adhesion

protein, resulted upregulated in hASCs grown on the biomaterial.

Integrins and cadherins have an important role in proper develop-

ment, function, regeneration of skeletal tissue and MSCs osteogenic

differentiation (Di Benedetto et al., 2015; Docheva et al., 2014).

Collagen is the most abundant constituent of the ECM acting as a

mechanical support for cells (Saito & Marumo, 2015). In vitro results

demonstrated that the SrCPC scaffold promoted the expression of

genes encoding for collagen proteins including COL7/8/11/14/

15A1. The latter is constantly up‐expressed during the experimental

time course in both the PCRs assay thus highlighting its important

role in osteogenic differentiation and mineralization (Wu et al., 2020).

MMPs, with the ability to cleave collagens and proteoglycans, are

among the most active proteases in ECM regulation (Paiva &

Granjeiro, 2017). Such proteinases are involved in wound healing

and tissue remodelling (Milner & Cawston, 2005). MMP1/3/11 gene

expression was promptly induced by SrCPC in hASCs. MMP8/15

were positively modulated by the scaffold later. Indeed, while

MMP15 is a membrane‐type metalloproteinase (Liang et al., 2016),

MMP8 is expressed in osteoblastic progenitors, differentiated

osteoblasts and osteocytes (Sasano et al., 2002). Moreover,

MMP10, which is essential for human bone development (Bord

et al., 1998) and takes part in the physiological processes of bone

growth (Ortega et al., 2004), resulted positively modulated by the

SrCPC scaffold. The BMP2 gene resulted upregulated in our

experiments, suggesting hASCs osteogenic differentiation upon

contact with the scaffold. Further, it has been reported that

MMP10 enhances BMP‐2‐induced osteoblast differentiation in vitro

(Reyes et al., 2018). The crucial signalling pathways leading MSCs

towards osteogenesis differentiation are TGF‐β and BMP (Lanzillotti

et al., 2021; Mazziotta et al., 2021). Our results demonstrate that

SrCPC scaffold upregulated genes are involved in these two signalling

cascades. Specifically, three of the most important BMPs, involved in

osteogenesis, that is, BMP2/4/7, resulted upregulated alongside

other BMP signalling like BMPR1A, BMPR2 and SMAD5 (Martini

et al., 2020). On the other hand, among factors involved in the TGF‐β

cascade, TGFBR1/2 were positively regulated by the scaffold. The

activation of cited signalling pathways leads to the expression of

master osteogenic transcription factors, such as RUNX2 and OSX, also

known as SP7. More precisely, OSX is a downstream RUNX2 gene

(Iaquinta et al., 2021a). Our results are in agreement with previous

reports in as much as they demonstrated that the RUNX2 gene was

upregulated at Days 3 and 6, whereas SP7 expression with high FC is

observed at Day 14, when RUNX2 modulation disappears (Iaquinta

et al., 2021a). Finally, RUNX2 and SP7 activity results in specific

osteoblast gene expression of including OCN and collagen (Iaquinta

et al., 2021a). SrCPC biomaterial induced OCN upregulation in term

of gene (BGLAP) and protein (OCN) expressions. In agreement, matrix

mineralization analysis showed an increase matrix deposition in

hASCs grown on the scaffold, as well as the upregulation of ALPL

gene. Other osteogenic genes involved in the skeletal development

process were modulated in hASCs by the scaffold. Of these,

upregulation of GLI1 and EGFR was observed. GLI1 is a transcrip-

tional activator involved in signalling‐mediated specification for

osteoblast lineage inducing early osteoblast differentiation (Hojo

et al., 2012). On the other hand, EGFR take part in EGFR/ERK/

IGFBP‐3 signalling pathway inducing osteoblast differentiation and

maturation (Mazzoni et al., 2020). Additionally, the CLEC3B gene was

found to be expressed in hASCs grown on the biomaterial, up to Day

14 (Larsen et al., 2010).

It is well known that when MSCs differentiate into osteoblasts

many osteoclast‐associated cytokines are secreted, including CSF,

RANKL‐stimulating osteoclasts differentiation (Meng et al., 2020).

Our experiments revealed the upregulation of TNFSF11, also known

as RANKL, and CSF2/3 genes. Thus, in hASCs the mechanism of bone

resorption is activated together with the bone formation process. The

coupled mechanisms continuously lead to bone remodelling. Our data

show an antiproliferative ability of nanostructured apatitic bone

cements (SrCPC) loaded with drugs on OS cells, with a greater effect

of the SrCPC‐DOX scaffold compared to SrCPC‐MTX. The SrCPC

scaffold, free of any loaded drugs, exhibits cytocompatibility and

inductive effects on hASC osteogenic differentiation. However,

further studies should be carry out to evaluate if SrCPC‐DOX and

SrCPC‐MTX may affect different hASC biological processes depend-

ing on drug concentration. These combined effects are promising for

new therapeutic strategies against OS, addressing both tumour

eradication and bone regeneration. A critical point is related to the

setup of appropriate dosage of anticancer drugs with time, which has

to be tuned to balance toxic effects given by the drugs and the

positive osteogenic signalling provided by the scaffold, as induced by

their inherent physico‐chemical and structural features. In this

respect, nanostructured apatitic scaffolds, such as SrCPC, are

particularly promising as the chemically active surface and the

diffuse microporosity typical of self‐hardened apatitic cements

permit chemical linking of a variety of drugs and their incorporation

into hollow cavities from which drugs can be released by diffusive

mechanisms. Such results provide interesting observations about the

innovative materials doped with chemioterapeutic drugs (metatrex-

ate and DOX) that deserve to be studied in an animal model or 3D

organoids. Reliable animal models that can accurately recapitulate the

disease are required. At present, no information is available in

literature about the use of SrCPC as a carrier of anticancer agents

including MTX and DOX. Hence, our study aims to assess the

effectiveness, in vivo, of localized drug treatments through an

implantable scaffold, thus targeting new therapies for patients with

OS, promising to limit the risks of relapse, metastasis and systemic

toxicity related to the use of systemic chemotherapy. In addition, the

study also aims to search for new deregulated biological molecules

that support chemoresistance and that can bio‐functionalize the

bioactive scaffolds to be used in OS patients.
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