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A B S T R A C T   

Recently, the term theragenerative has been proposed for biomaterials capable of inducing therapeutic ap-
proaches followed by repairing/regenerating the tissue/organ. This study is focused on the design of a new 
theragenerative nanocomposite composed of an amphiphilic non-ionic surfactant (Pluronic F127), bioactive 
glass (BG), and black phosphorus (BP). The nanocomposite was prepared through a two-step synthetic strategy, 
including a microwave treatment that turned BP nanosheets (BPNS) into quantum dots (BPQDs) with 5 ± 2 nm 
dimensions in situ. The effects of surfactant and microwave treatment were assessed in vitro: the surfactant 
distributes the ions homogenously throughout the composite and the microwave treatment chemically stabilizes 
the composite. The presence of BP enhanced bioactivity and promoted calcium phosphate formation in simulated 
body fluid. The inherent anticancer activity of BP-containing nanocomposites was tested against osteosarcoma 
cells in vitro, finding that 150 μg mL− 1 was the lowest concentration which prevented the proliferation of SAOS-2 
cells, while the counterpart without BP did not affect the cell growth rate. Moreover, the apoptosis pathways 
were evaluated and a mechanism of action was proposed. NIR irradiation was applied to induce further pro-
liferation suppression on SAOS-2 cells through hyperthermia. The inhibitory effects of bare BP nanomaterials and 
nanocomposites on the migration and invasion of bone cancer, breast cancer, and prostate cancer cells were 
assessed in vitro to determine the anticancer potential of nanomaterials against primary and secondary bone 
cancers. The regenerative behavior of the nanocomposites was tested with healthy osteoblasts and human 
mesenchymal stem cells; the BPQDs-incorporated nanocomposite significantly promoted the proliferation of 
osteoblast cells and induced the osteogenic differentiation of stem cells. This study introduces a new multi-
functional theragenerative platform with promising potential for simultaneous bone cancer therapy and 
regeneration.   

1. Introduction 

Progress in materials science has allowed the development of plat-
forms beyond therapy. These platforms are composed of versatile 

biomaterials with different functionality and biological effects for 
biomedical applications [1]. For instance, theranostics come from 
therapy and diagnosis when combined into an agent. Having these two 
in one package allows early diagnosis and/or tracking of the treatment’s 
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procedure. This is of particular interest in cancer therapy since obtaining 
accurate information in each step of treatment would give clues to direct 
the process towards cancer growth inhibition followed by suppression 
[2]. There is an up-and-coming term, theragenerative or therepair, 
which is the combination of therapy + regeneration and therapy +
repair, respectively. Biomaterials endowed with these two features have 
attracted considerable attention in recent years specifically in wound 
healing and bone cancer therapy and regeneration [3,4]. Bone cancers 
are treated by first removing the tumor and then regenerating the defect. 
This is also the case for melanoma treatment which consists of the 
cancerous tissue resection in the first step and then wound regeneration 
[5,6]. Regarding the necessity of concurrent therapy and regeneration, 
the design of theragenerative packages is of great importance. 

In the last decade, 2D materials in particular graphene and graphene 
oxide, have gained interest in biomedical applications due to extraor-
dinary physicochemical properties including electrical conductivity, 
excellent mechanical properties, large surface area, easy-surface- 
functionalization, etc. [7]. Similar to graphene, but with 
thickness-dependent semiconducting properties, Mxenes like MoS2 have 
also become very popular in cancer therapy. Although these materials 
have exhibited incredible potential in different biomedical applications, 
they show some shortcomings like lack of a bandgap in the case of 
graphene and low carrier mobility and cytotoxicity concerns in the case 
of Mxenes [8]. Discovered in 2014, exfoliated black phosphorus (BP) is a 
new 2D material that sparked considerable interest in different fields 
specifically in biomedical engineering. The distinctive properties of BP 
come from its structure in which each phosphorus atom with sp3 hy-
bridization makes a covalent bonding with three neighboring phos-
phorus atoms forming a layer arranged into a puckered honeycomb 
lattice that induces high anisotropy. This anisotropy endows BP with 
exceptional optical and electrical properties [9]. BP has a light absorp-
tion ranging from ultraviolet to near-infrared (NIR) and it can turn light 
into heat once exposed to irradiation. In the first biological window, 
depending on the wavelength, BP can induce heat (at around 808 nm) or 
the formation of reactive oxygen species (ROS) (606 nm) [10]. Photo-
thermal- and photodynamic therapies are two therapeutic approaches 
widely applied in cancer therapy. The former relates to the generation of 
heat up to a degree that causes irreversible damage to cancerous cells 
without affecting the adjacent normal cells. The latter is based on the 
production of cytotoxic ROS as the result of being triggered with an 
external light source [11]. 

The advantages of 2D BP are as follows: it is an external stimuli- 
responsive agent with strong catalytic properties and its high surface 
area provides a suitable substrate for loading of biological moieties and 
drug molecules. Speaking of biocompatibility, once BP is oxidized and 
degraded, it turns into phosphate ions which are not cytotoxic and even 
can promote bone regeneration [12]. Above these benefits, BP stands 
out in 2D biomaterials because of its selective anticancer activity. In 
2019, the inherent and selective chemotherapeutic effects of BP nano-
sheets (BPNSs) were reported. The nanosheets were tested against 
healthy and various cancer cell lines. Cancer cells promoted the 
biodegradation of nanosheets and the phosphate ions concentration was 
elevated due to intracellular oxidative stress and higher energy meta-
bolism while no effect on the healthy cells was observed. It was found 
that G2/M phase arrest was obtained by the nanosheets leading to 
apoptosis and autophagy-related cancer cell death. Of note, BP revealed 
superior anticancer activity compared to doxorubicin, the well-known 
chemotherapeutic drug [13]. However, it remained unclear why the 
increase in the phosphate anions led to cancer cell death. In 2020, an 
update was reported on the possible mechanism of action of BPNSs to-
wards cancer cells. HeLa, A549, H1299, and Hep3B were used as the 
cancer cell lines while D551 and Hek293 were adopted as the healthy 
cells. The results revealed that the nanosheets caused a decrease in the 
activity of dismutase by lipid peroxides culminating in higher ROS 
generation in cancer cells, whereas the ROS produced in the healthy 
cells was not too high to induce cytotoxicity [14]. Our research group 

has recently reported the selective anticancer potential of BP nanosheets 
towards osteosarcoma cells while promoting osteoblast cell prolifera-
tion. The nanosheets’ efficacy was tested both in the presence and 
absence of NIR irradiation in vitro. The light irradiation was found to 
reinforce the anticancer activity of BP without negative effects behind 
the healthy ones [15]. Although BP has prominent pros, it is highly 
susceptible to oxidation in air and water leading to a significant decrease 
in its optical properties [16]. Therefore, considerable attention has been 
devoted to developing strategies to stabilize BP. 

Different types of approaches have been tried to stabilize and/or 
protect BP from oxidation once used for biological applications. Surface 
modifications were applied mostly in the form of polymeric coatings 
including PEG, PLGA, Pluronic F127, etc., and a combination of more 
than one polymer and other forms [17–19]. In the case of bone cancer 
therapy and regeneration, BP has been applied in combination with 3D 
bone scaffolds, hydrogels, and fibrous scaffolds. A pioneering study has 
reported the design of a BPNS-coated 3D-printed bioactive glass (BG) 
scaffold for osteosarcoma and bone regeneration. The nanosheets were 
coated on the scaffolds through dip-coating without using any polymer 
and the coating improved the biomineralization and also eradicated the 
cancerous cells through photothermal therapy [12]. Another study took 
advantage of electrostatic interactions between BP and graphene oxide 
mixture and positively charged poly(propylene fumarate) to yield a 
multifunctional scaffold [20]. Other studies have incorporated BPNS 
inside diverse hydrogels and fibrous matrices and the results implied 
up-regulation of bone formation, biomineralization, etc. [21–24]. 
Recently, two studies have reported on the simultaneous bone cancer 
therapy and regeneration of BP nanosheets in two different frame-
works—an injectable hydrogel and a 3D implantable scaffold [25,26]; 
one of which has incorporated doxorubicin and BP nanosheets with 
thermo-sensitive chitosan and β-Glycerol phosphate disodium salt 
hydrogel to take advantage of synergistic photothermal therapy and 
chemotherapy. The combinatory strategy resulted in the less side-effects 
related to doxorubicin plus more desirable anticancer activity against 
osteosarcoma and the degradation of BP realized biomineralization and 
stimulated bone tissue regeneration in vitro and in vivo [25]. The other 
one has reported the fabrication of a freeze-dried 3D scaffold composed 
of chitosan, hydroxypropyltrimethyl ammonium chloride chitosan, hy-
droxyapatite, and BP nanosheets. Interestingly, this study has taken 
advantage of BP’s photothermal potential at two ranges (~42 ◦C and 
≤50 ◦C); the lower temperature has up-regulated the heat shock proteins 
and stimulated osteogenic gene expressions including alkaline phos-
phatase, osteocalcin, and collagen type I while the higher temperature 
was found to eradicate the cancerous cells without leaving behind 
negative effects on the healthy ones in vitro and in vivo [26]. However, it 
is still observable that most of these designs lack an efficient procedure 
to protect the nanosheets from oxidation. 

The present study provides an innovative two-step strategy to syn-
thesize a therapeutic-regenerative composite, starting from BPNSs, 
Pluronic F127 as surfactant and tetraethyl orthosilicate (TEOS), triethyl 
phosphate (TEP), and calcium chloride (CaCl2) as a precursor of BG 
(Scheme 1). We adopted evaporation-induced self-assembly to synthe-
size BG-BP composites in an ethanol solution followed by exposure to 
microwave irradiation. The liquid crystals formed by Pluronic F127 
during the drying process play a protective role and encapsulate BP in 
the hydrophobic core of micelles followed by the formation of BG 
moieties around them. Moreover, we performed microwave irradiation 
on the composite and turned the BPNSs into BP quantum dots (BPQDs) 
to come up with a theragenerative platform for bone cancer. The aims of 
this study were: (I) In situ synthesis and encapsulation of BG-BP, (II) 
assessment of the effects of Pluronic F127 and microwave irradiation on 
the physicochemical properties and cell compatibility of BG hybrid 
biomaterials, (III) evaluation of the effect of microwave on the physi-
cochemical and biological properties of BP-incorporated hybrid com-
posite, (IV) determination of the anticancer potential of nanocomposites 
and bare BP nanomaterials on the primary (osteosarcoma) and 
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Scheme 1. Illustrations of BG-BP nanocomposites preparation and their theragenerative potential for bone cancer. (A) two-step synthetic strategy (sol-gel 
and microwave treatment) yielding F127-BG-BPQDs. (B) Theragenerative potential of the composites. Created with BioRender.com. 
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secondary (migration and invasion of breast and prostate cancer cells) 
bone cancers in vitro in terms of cell viability, PTT-induced anticancer 
activity, 2D migration, and 3D invasion assays, and (V) assessment of the 
nanocomposites regeneration ability through exposing to healthy 
human osteoblast and human mesenchymal stem cells in terms of cell 
viability, proliferation, and differentiation in vitro. 

2. Materials and methods 

2.1. Synthesis of bioactive glasses and composites 

BPNSs were obtained through liquid phase exfoliation of BP in ab-
solute ethanol and kept in an oxygen-free container in darkness to pre-
vent potential oxidation [15]. A surfactant-assisted sol-gel method was 
adopted to synthesize the composites. Pluronic F127 (Sigma-Aldrich, 
Italy) was dissolved in a mixture of absolute ethanol and 0.1 M HCl 
followed by the addition of BPNSs dispersed in absolute ethanol. The 
final concentration of nanosheets in the synthesis mixture was 150 μg 
mL− 1 [15]. Once a complete dispersion was obtained, the precursors of 
BG (SiO2 60-CaO 30-P2O5 10 %), including TEOS, TEP, and CaCl2 
(Merck, Germany) were added one after another with an hour time in-
terval between each precursor. The mixture was preserved at 50 ◦C for 3 
h and then transferred into a microwave-assisted synthesis apparatus 
(Biotage Initiator). The solution was exposed to a two-step microwave 
irradiation for about 40 min [27]. Then, it was poured into a Petri dish 
and put into an oven at 40 ◦C to dry (Scheme 1(A)). To assess the effects 
of BP and microwave irradiation on the physicochemical properties of 
the composite, the following samples were produced: F127-BG, 
F127-BG-M, F127-BG-BPNS, F127-BG-BPQDs, where M refers to the 
microwave treatment, which is also responsible for the transformation 
of BPNSs into BPQDs. 

2.2. Characterization 

Assessment of structural properties of samples was performed 
through X-ray diffraction (XRD, Philips TW3710 (Netherlands)). A 
Bruker Avance Neo 500 spectrometer was adopted to record Solid State 
NMR (SSNMR) experiments; Larmor frequencies in the case of 29Si and 
31P were 99.36 and 202.46 MHz in turn. For obtaining quantitative 
spectra a recycle delay of 300 s between two consecutive transients was 
used and 180 transients were accumulated for each spectrum. Total 
experiments related to SSNMR were performed at ambient temperature. 
A confocal Raman spectrometer (Labspec Aramis, from Horiba-Jobin 
Yvon, Edison, NJ, USA) was adopted to yield imaging in the mode of 
mapping with a 532 nm laser excitation source. The samples were fixed 
on the microscope stage and the resolution of x, y, and z was 10 ± 0.5 
nm and 15 ± 1 nm, respectively, and after the collection of Raman data, 
they were converted into ASCII format. An in-house written code was 
then used to elaborate the Raman images in MATLAB. Fourier Transform 
Infrared spectroscopy-attenuated total reflection (FTIR-ATR) was car-
ried out on a PerkinElmer instrument, model 1650. UV–vis absorption 
spectroscopy (Specord 210 Plus BU, FKV srl, Italy) was adopted to 
monitor the degradation degree of pristine BP and BP-incorporated 
samples. The morphological analyses were performed through scan-
ning electron microscopy with energy dispersive spectroscopy (SEM- 
EDS, FEI Quanta 200 FEG) and Transmission electron microscopy (TEM, 
FEI Tecnai G2 Spirit TWIN). 

2.3. Bioactivity 

The in vitro biomineralization ability of the biomaterials was tested 
through simulated body fluid (SBF); the SBF was prepared based on the 
protocol developed by Kokubo et al. [28]. Powder samples were soaked 
into the SBF at a concentration of 3 mg mL− 1 and put into an incubator at 
37 ◦C for 14 days. During the test, the pH of each solution was measured 
at specific time intervals and reported as the mean of three samples ±

the standard error. After 7 and 14 days, the solution was removed and 
the powder was rinsed with deionized water. Then they were transferred 
into an oven and dried at 40 ◦C for 24 h. The assessment of surface 
topography and compositional studies were performed through the SEM 
equipped with EDS. The structural and chemical bonding of newly 
formed precipitations on the samples were analyzed through XRD and 
FTIR-ATR, respectively. The concentration of SiO4

− 4, Ca2+, and PO4
− 3 

ions during soaking period in SBF was measured for the samples through 
Inductively Coupled Plasma ICP, MS Thermo Fisher Scientific SpA 
(SN02597R). 

2.4. In vitro degradation 

The degradation rate of samples with and without BP was tested in 
deionized water for up to 21 days. A solution with 3 mg mL− 1 was 
prepared from each sample and after 7, 14, and 21 days of soaking, the 
solution was withdrawn and the samples were dried in an oven at 40 ◦C 
for 24 h. The weight loss percentage was determined at each time in-
terval based on the weight of the samples before immersion and repre-
sented as the mean of three samples ± the standard error. The pH of 
solutions was also measured on days 0, 3, 7, 10, 13, 17, and 21. 

2.5. In vitro cell studies 

2.5.1. In vitro cell viability 
L929 cell viability was evaluated after 24 h of exposure to F127-BG- 

M, F127-BG, and BG alone at a concentration of 150 μg mL− 1 using 
Alamar Blue assay to evaluate the effect of polymer and microwave 
treatment on the cells’ viability in vitro. Specifically, L929 cells were 
seeded in a 96-well plate at a density of 1.0 × 104 viable cells/well. Cells 
seeded in plates without being exposed to any material were used as 
controls. After 24 h of seeding, the materials were put in contact with the 
cells and after 24 h of incubation, the culture medium was removed 
followed by direct addition of the AlamarBlue™ (Life Technologies, 
Italy) to each well and then preserved in an incubator for 4 h at 37 ◦C. A 
spectrophotometer (Victor X3, PerkinElmer, Milan – Italy (570 and 600 
nm)) was adopted to measure the conversion of resazurin to resorufin. 
Quantitative data were confirmed through qualitative images obtained 
using an optical microscope (Motic™ AE31) at a magnification of 10X. 
For optical analysis, after 24 h of cell-materials interaction, each well 
was rinsed thrice with phosphate-buffered saline (PBS) 1X and cells 
were fixed with a solution of 4 % (w/v) paraformaldehyde (PFA) 
(Sigma-Aldrich) for 2h at room temperature. After cell fixation, the cells 
were rinsed three times with PBS 1X and observed with an optical mi-
croscope. Biological tests were also performed on an osteosarcoma- 
derived cell line (SAOS-2) to investigate the anticancer properties of 
F127-BG-M and F127-BG-BPQDs in terms of cell proliferation, oxidative 
stress species generation, and apoptosis induction. For cell proliferation, 
SAOS-2 cells were seeded in a 96-well plate at a density of 1.0 × 104 

viable cells/well; after 24 h, the cells were treated with F127-BG-M and 
F127-BG-BPQDs at different concentrations ranging from 50 to 200 μg 
mL− 1 for 24 and 72 h. The experiment was carried out using Alamar 
blue, as previously described, to determine which concentrations may 
cause cytotoxicity in the cells. 

2.5.2. Oxidative stress 
Oxidative stress effect was detected by measuring ROS through a 

fluorescent probe, 2,7-dichlorofluorescein diacetate (DCFH-DA, Sigma- 
Aldrich). Thus, to measure the ROS levels, SAOS-2 cells at a density of 
1 × 104 viable cells/well were seeded in a 96-well plate for 24 h. After 
seeding, the cells were treated with F127-BG-M and F127-BG-BPQDs 
(150 μg mL− 1) for 24 h. Later, the cells were incubated for 60 min 
with 10 μM DCFH-DA in Hanks’ Balanced Salt Solution without calcium 
or magnesium and phenol red (Gibco) containing 1 % fetal bovine serum 
(FBS) (heat-inactivated, 56 ◦C for 30 min, Sigma-Aldrich). Then, the 
cells were rinsed and incubated with the Fenton’s reagent (H2O2/Fe2+ 2 
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mM) for 3 h at 37 ◦C. Finally, a fluorescent microplate reader was used to 
detect a 2′,7′-dichlorofluorescein signal. Increasing in the ATP levels is 
considered a requisite for the process of apoptotic cell death [29]; thus, 
the ATP content in SAOS-2 cells exposed to F127-BG-M and 
F127-BG-BPQDs for 72 h was quantified by using a commercial ATP 
Colorimetric Assay kit (Elabscience®) according to the manufacturer’s 
instructions. 

2.5.3. Cell apoptosis 
To investigate the apoptotic effects of the materials on SAOS-2 cells, 

caspase-3 expression was evaluated by using confocal microscope 
analysis. Cells were cultured on glass slides at a density of 2 × 104 cells/ 
slide within 24 h of seeding and were treated with F127-BG-M and F127- 
BG-BPQDs for 72 h. Later, the cells were rinsed with PBS and fixed with a 
solution of 4 % (w/v) PFA overnight at 4 ◦C; they were preserved in the 
exposure of 0.1 % Triton (Sigma-Aldrich) followed by being incubated in 
a solution (5 % (v/v) donkey serum in PBS) for another hour. The 
samples were rinsed three times in PBS and incubated with anti-caspase- 
3 antibody (1:100 dilutions, Abcam) at 4 ◦C overnight. Once the sam-
ples’ rinsing had finished, Alexa Fluor 488 goat anti-rabbit secondary 
antibody (1:500, Abcam) was put into the samples’ medium for incu-
bation around 2 h at ambient temperature. The cells were then rinsed 
2–3 times in PBS and then treated with phalloidin rhodamine working 
solution [Phalloidin-Atto 594 (1:200), Sigma-Aldrich] and incubated for 
1 h. A concentration of 10 μg mL− 1 was prepared from 4′,6-diamidino-2- 
phenylindole (DAPI) to stain the nuclei of cells at 37 ◦C for 10 min. The 
cells were observed using a confocal laser-scanning microscope at 
magnification 10X (Leica TCS SP8 confocal microscope, Germany). 
Caspase-3 expression, index of apoptosis, was confirmed by qualitative 
pictures of cells stained with annexin V-AF647. One of the most 
important advantages of this assay is to distinguish various stages of cell 
death thanks to Annexin V’s ability to bind phosphatidylserine. Once the 
fixation stage was carried out, the Annexin V-AF647 kit (Elabscience®) 
was used to stain the cells and by performing confocal microscope 
analysis (Leica TCS sp8). 

2.5.4. Cell migration and invasion 
The cells were routinely cultured as follows: MCF7 in Eagle’s Mini-

mum Essential Medium supplemented with 10 % FBS, 2 mmol/L 
glutamine, and 10 μg mL− 1 human insulin; MCF10A in Dulbecco 
Modified Eagle Medium (DMEM)/F12 supplemented with 5 % Horse 
Serum, 20 ng mL− 1 Epidermal growth factor, 0.5 μg mL− 1 hydrocorti-
sone, 100 ng mL− 1 Cholera toxin, and 10 μg mL− 1 insulin; MDA-MB-231 
in DMEM supplemented with 10 % FBS and 2 mmol/L glutamine; and 
PC3 in DMEM/F12 supplemented with 10 % FBS and 2 mmol/L gluta-
mine. The cells were cultured at 37 ◦C in a humidified 5 % CO2 atmo-
sphere. All the precursors were provided by Thermo Fisher Scientific. 

Seeding and culturing of MCF7 (8 × 103/well) or MCF10A cells (9 ×
103/well) were performed onto 96-well plates. After 24 h, the cells were 
exposed to BPNSs and BPQDs at concentrations of 0.5, 1, 5, 10, and 25 
μg mL− 1 up to 72 h. The MTT solution was prepared at the concentration 
of 0.5 mg mL− 1 and added to the cell culture medium for 4 h at 37 ◦C to 
perform cell viability of breast cancer and healthy cells being contacted 
with the BP nanomaterials. Next, the precipitated formazan crystals 
were dissolved through the addition of DMSO (100 μL/well) followed by 
incubation for 30 min. Finally, absorbances were determined through a 
plate reader at 570 nm (Cytation 3 BioTek Instruments, Winooski, VT, 
USA). Of note, the experiments were performed through three inde-
pendent sets in quadruplicate. 

A scratch-wound assay was performed to assess the 2D migration 
behavior of different cancer cell lines (SAOS-2, human osteoblasts 
(HOB), MDA-MB-231, MCF-7, MCF-10, and PC-3) in the presence of bare 
BP nanomaterials and the composites in vitro. Cells with nearly 80 % 
confluence were seeded into 12-well plates. To prevent further growth of 
the confluent cells, a proliferation inhibitor was added before applying 
the scratches. The scratches were performed using a sterile pipette tip 

(p200); to ensure recording of a similar scratch per each well, a blank 
line perpendicular to the prime one was applied on the well’s bottom 
position. PBS was used to remove the dead cells by washing and then the 
conditioned medium was added to each well. The closure of the wound 
was monitored carefully and the related images were taken using Axi-
oVision inverted microscope (Carl Zeiss Micro Imaging GmbH) after 4 
and 24 h. Four replicates were taken for each sample, and the results 
were based on the mean. 

Assessment of cell invasion assay was performed using a transwell 
chamber (Merck, Darmstadt, Germany). The seeding of MDA-MB-231, 
MCF7, and MCF10A cells was carried out in 6-well tissue culture 
plates (5 × 105 cells/well) and preserved for 24 h at 37 ◦C. The cells were 
then non-treated or treated with 0.1 μg mL− 1 of BPNSs or BPQDs for 
another 24 h. At the end of this time, dilution of Matrigel (Merck, 
Darmstadt, Germany) was carried out using a serum-free medium to 
yield a solution with a concentration of 5 mg mL− 1 with serum-free 
medium. The medium from 6-well culture plates was recovered (6- 
well recovered medium) and cells were detached and seeded to a final 
density of 8 × 104/well to the upper part of the transwell chamber in 
serum-free medium supplemented with 0.1 μg mL− 1 of BPNSs or BPQDs. 
In the lower chamber, the 6-well recovered medium is served and is 
considered a source of chemoattractants. Next, the cells on the upside of 
the membrane were removed and the ones that invaded through the 
Matrigel were fixed using a 4 % paraformaldehyde solution. Eventually, 
an AxioVision inverted microscope (Carl Zeiss Micro Imaging GmbH) 
was adopted to determine the penetrated cells through the membrane. 

2.5.5. In vitro osteogenic differentiation 
Bone regenerative properties of F127-BG-M and F127-BG-BPQDs 

were tested both on HOB proliferation (AlamarBlue assay) and human 
mesenchymal stem cell (hMSC), in terms of cell viability (AlamarBlue 
assay at days 1,3,7 and 14) and osteogenic differentiation; assessment 
has been made on the expression of early Alkaline phosphatase (ALP) 
and later Osteopontin (OPN) and osteocalcin (OCN) signals. The ALP 
activity was determined using a SensoLyte pNPP ALP assay kit (ANAS-
PEC, Milano, Italy) up to 14 days of incubation. In the case of OPN and 
OCN, their levels were also measured by immunocytochemistry analysis 
(cell density = 2 × 104 cells/well in a 48 multiwell plate) after 14 days. 
The samples were rinsed three times, permeabilized with 0.5 % Triton X- 
100, and then fixed in formalin for this purpose. Following a PBS wash, a 
5 % BSA (bovine serum albumin) and 0.1 % Triton X-100 in Dulbecco’s 
Phosphate Buffered Saline (DPBS) protein solution were added to the 
samples. The solution was removed after 30 min at 37 ◦C, and the 
samples were then treated for 1 h at 37 ◦C with rabbit osteopontin 
polyclonal antibody (1:50) and anti-osteocalcin antibody (Abcam) at a 
1:200 dilutions in a solution of 5 % BSA and 0.1 % Triton X-100 in DPBS. 
Later, the samples were rinsed and treated with goat Rodhamine con-
jugated anti-rabbit secondary antibody (1:500, Abcam), Alexa Fluor 488 
conjugated phalloidin (1:200 dilutions, Sigma-Aldrich) and DAPI, as 
described above. Finally, the samples were rinsed and analyzed using a 
fluorescence microscope (JuLI™ Stage, NanoEntek). 

2.6. Statistical analysis 

The statistical analysis of present study was performed through 
Graph Pad Prism 9 (La Jolla, CA, USA) software by one-way analysis of 
variance with the levels of statistical significance of (*P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001). 

3. Results and discussion 

3.1. Effects of microwave treatment and surfactant (F127) on bioglasses 

BG samples prepared with and without F127 (F127-BG and BG, 
respectively) and treated with microwave (F127-BG-M and BG-M) were 
characterized by physical and chemical analyses. Moreover, the 
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samples’ cell compatibility was tested against the fibroblast L929 cell 
line. Figs. 1 and 2 contain information regarding the structural, chem-
ical, morphological, and biological properties of the different samples. 
The XRD patterns of samples with and without Pluronic F127 and mi-
crowave treatment are reported in Fig. 1(A). A wide peak is observed in 
all diffractograms in the region 2 Theta = 20–30◦, due to amorphous 
silica [30,31]. The effects of F127 and microwave treatment are here 
observable; the samples without F127 have seen the formation of cal-
cium chloride hydroxide (JCPDS 96-900-7716) as the main phase and 
some other phases. Notably, the peaks of F127-BG were weaker and 
wider than those of the samples without F127. Since the only difference 
between these samples was the presence of F127, the surfactant may 
restrict the interaction of ions during the evaporation-induced self--
assembly process. F127 as a non-ionic surfactant contains a hydrophobic 
head with two hydrophilic tails [32]; the surfactant molecules could 
decrease the re-crystallization and growth of calcium chloride hydroxide 
nanoparticles. The microwave treatment to BG induced the formation of 
some other phases, as the result of increasing the kinetics of ion in-
teractions. Microwave-assisted synthesis technique is a green technique 
adopting electromagnetic waves to accelerate and facilitate reactions. 
The applied alternating electric field in the process results in the 
orientation of polar molecules and any ion in the synthesis medium. 
Rotation, friction, and collision of these molecules are the main reasons 
for increasing the heat. The constant fluctuation of the synthesis medium 
provides an environment where the ions are more likely to interact with 
one another [33]. The effect of microwave treatment is evident from the 
comparison between the XRD patterns of samples F127-BG and 
F127-BG-M. Two sharp peaks appeared after the treatment, attributed to 
calcium oxide and carbonated hydroxyapatite (JCPDS 96-900-3555) as 
indexed in Fig. 1(A). 

The morphological analysis obtained from TEM is shown in Fig. 1(B- 
E) and the aggregation processes occurring for the different samples 
were sketched below each micrograph. The micrographs indicate that a 
low amount of precipitates formed throughout the F127-BG composite 
without treatment, while the microwave irradiation caused the 

formation of some particles. Samples without F127 show a particle 
content much larger than samples containing F127. The probable reason 
for these findings resides in the fact that F127 decelerated the accu-
mulation and growth of nanoparticles, while the irradiation enhanced 
the kinetics of the reaction, not only increasing the particles’ size but 
also their crystallinity. The nucleation and growth have occurred here 
through three steps. The inorganic precursors including TEOS and TEP 
underwent hydrolysis and condensation first in the presence of F127 and 
HCl. As evaporation gradually took place, the concentration of HCl and 
F127 increased. The former increases the reaction kinetics, while the 
polymer has the potential to decrease the interaction of inorganic spe-
cies. Notably, a rise in acid concentration causes the protonation of F127 
surfactant molecules, resulting in the production of liquid crystals [34]. 
Second, the inorganic species—SiO4, Ca2+, and PO4

3-—formed small 
clusters and dimers, and the last step was the coalescence of these 
clusters which formed the particles. In the case of the F127-BG sample, 
the initial clusters accumulated between the PEO chains of surfactant 
molecules and the hydrophilic tails prevented more collision of them 
(Fig. 1(B)). Since the microwave treatment increases the collision and 
interaction of ions through the applied electromagnetic waves, it was 
observed that the F127-BG-M yielded some precipitation through the 
structure (Fig. 1(C)). The effect of polymer on the particle size is more 
prominent in Fig. 1(D and E); in the absence of surfactant molecules, the 
ions could easily interact with each other and form bigger particles, and 
the microwave reinforced the growth kinetics even more. 

Data on the functional groups present in the samples was obtained 
from ATR-FTIR spectra shown in Fig. 1(F). The peaks located at 806 and 
1053 cm− 1 represent symmetric and asymmetric stretching vibrations 
occurring between oxygen and silicon atoms (Si–O and Si–O–Si (νSiO)) 
[35]. The bands at about 1648 and 3400 cm− 1 correspond to the 
bending and stretching vibrations of hydroxide groups existing in the 
structure and/or absorbed from the atmosphere, respectively [36]. The 
signal observed at 905 cm− 1 is attributed to free silanol groups [31]. The 
presence of F127 is evident from the signals in the spectral regions be-
tween 1300 and 1400 cm− 1 and between 2800 and 2900 cm− 1. The 

Fig. 1. Effects of F127 and microwave treatment on the structural, topographical, and chemical properties of BG. (A) XRD; TEM micrographs of (B) F127-BG, 
(C) F127-BG-M, (D) BG, and (E) BG-M; possible mechanism of action taking place during the synthesis procedure of each sample is indicated right below each 
micrograph. (F) ATR-FTIR spectra of samples. (G) 29Si SSNMR spectra (DE-MAS) of F127-BG and F127-BG-M. The table reports the signal relative areas and the 
condensation degree (CD) values, as obtained from spectral fitting. 
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Fig. 2. Effect of F127 and microwave on the topography, structure, and cell viability of the samples. SEM micrographs, elemental mapping, and EDX analyses 
of (A) F127-BG, (B) F127-BG-M, (C) BG, and (D) BG-M. Micrographs taken from (E) fibroblast cells (control) being contacted with (F) F127-BG-M, (G) F127-BG, and 
(H) BG samples after 24 h. (I) Cell viability (% of control) of samples after 24 h against L929 fibroblast cells. 
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former represents stretching vibrations of —C—H bonds and the peaks 
at 1350 and 1420 cm− 1 are related to stretching and bending vibrations 
that occurred between —C—H, –CH2, and –CH3, respectively [30,31]. 

Information on the structure of the silicate network of BG was ob-
tained from quantitative 29Si SSNMR spectra, shown in Fig. 1(G). 29Si 
chemical shift is very sensitive to the local structure around silicon 
atoms. In particular, the 29Si SSNMR spectra of both F127-BG and F127- 
BG-M clearly show three signals at − 108, − 100 and − 91 ppm, ascrib-
able to fully condensed Si(OSi)4 silicon atoms, commonly indicated as 
Q4 (with 4 being the number of Si–O–Si bonds), and to Q3 (Si(OSi)3OH) 
and Q2 (Si(OSi)2(OH)2) sites, respectively. By performing a spectral 
fitting, it was possible to quantify the areas underlying the signals, 
directly proportional to the amount of the different silicon species, and 
the condensation degree (CD = 100 (2Q2+3Q3+4Q4)/(4(Q2+Q3+Q4)), 
where Qi here indicates the area of the corresponding signal of the sil-
icate network. The prominent silicon structural unit in F127-BG is Q3, 
with a network CD of 77 %. When the microwave treatment is applied, 
the 29Si SSNMR spectrum shows a decrease in the partially condensed Q3 

and Q2 sites, with a corresponding increase in the fully condensed Q4 

species and the network CD (CD = 80 %) (Fig. 1(G)). Improvement in the 
network connectivity could arise from the effect of the microwave 
treatment on the reaction kinetics, which improved the condensation 
rate of the silica precursor. The decrease of the silanol groups can affect 
the physicochemical and biological properties of the material. Silanol 
groups can interact with the biological medium and for example, a 
higher bioactivity rate for bone tissue regeneration was observed when 
the proportion of these groups was higher [37,38]. 

One of the bottlenecks of BG-based hybrid materials is the diffusion 
and distribution of calcium ions throughout the hybrid’s structure. It has 
already been reported that when calcium precursors including calcium 
chloride and calcium nitrate are used, a heat treatment above 400 ◦C is 
required for diffusion of calcium through the BG network. This is 
problematic in the case of BG hybrid materials which have an organic 
phase inside and cannot be calcined [39,40]. If the calcium is not 
incorporated in the BG structure, it can be suddenly released, thus 
inducing cytotoxicity [41]. On the other hand, using calcium alkoxides 
can be considered as an alternative option to introduce the calcium ions 
in the BG structure at room temperature. However, calcium alkoxides 
have a very high hydrolysis and condensation rate leading to inhomo-
geneous calcium distribution which is not suitable in terms of biomed-
ical engineering [40]. Therefore, homogeneous distribution and 
controlled calcium release are of great importance in BG-based hybrid 
materials. Different approaches have been taken to stabilize calcium 
inside the BG structure for biomedical engineering like using various 
calcium precursors and polymers to turn the hybrid into chemically 
stable biomaterial. Aslankoohi et al. [42] developed a hybrid structure 
composed of L-phenylalanine-based poly(ester amide) and BG; the 
hybrid class was mentioned as type I, belonging to the groups of mate-
rials in which the hybrid is formed thanks to weak van der Waals, 
hydrogen, or electrostatic bonds. Calcium ethoxide was used as the 
precursor and the final product was found to form hydroxyapatite when 
soaked into SBF and supported the growth and proliferation of mesen-
chymal stem cells. Bossard et al. [43] have proposed a new viewpoint on 
calcium incorporation in the bioactive glass structure and adopted cal-
cium hydroxide as the precursor. During the synthesis process, the pH of 
the medium was higher than the isoelectric point of silicic acid resulting 
in the deprotonation of silanol groups (SiO‾) that can weakly coordinate 
calcium ions ([SiO–Ca]+). The benefits of calcium hydroxide as an 
alternative precursor were reproducibility, low cost, and commerciali-
zation potential. Another approach to releasing calcium ions in a sus-
tained manner was to incorporate water-soluble calcium chloride into a 
hybrid scaffold, the introduction of 5 and 10 % was observed to stim-
ulate apatite formation through supersaturation of the SBF [44]. 

The topography of samples with elemental analyses and cell viability 
against fibroblast cells are shown in Fig. 2. The elemental mapping has 
been taken to assess the distribution of the ions over the surface of the 

samples. The micrographs from A-D belong to F127-BG, F127-BG-M, 
BG, and BG-M samples in turn and the elemental mapping plus the EDX 
of each sample is indicated beside of it. The surface of F127-containing 
samples is integrated and homogeneous distribution of all ions 
throughout the surface is visible. The EDX has recorded 6 elements in the 
structure: Ca, Si, P, C, O, and Cl. Making a comparison between the 
elemental maps of BG and BG-M, it is visible that the microwave treat-
ment did not affect the distribution of ions. Speaking of topography, our 
observations showed that the surface morphology was not significantly 
affected by the microwave treatment. On the other hand, the maps of 
samples with F127 show a more homogeneous elemental distribution 
than those without F127. Moreover, the F127-BG sample has an inte-
grated surface with less porosity compared to the counterpart without 
the polymer. It is known that in acidic media, Pluronic F127 molecules 
are protonated, followed by being self-assembled based on the concen-
tration of surfactant. The hexagonal 2D liquid crystals formed all over 
the structure acted as a scaffold and all the ions were absorbed and 
entrapped among the hydrophilic poly(ethylene oxide) (PEO) chains 
homogeneously. We also assessed the effect of F127 and microwave 
irradiation on the cell viability in BG against L929 fibroblast cells up to 
24 h and the quantitative and qualitative results are indicated in Fig. 2 
(E-I). The micrographs were taken after 24 h; round-like cells are visible 
for the samples without being treated with microwave and without 
F127. Notably, this sample showed the highest cytotoxicity among all 
because the polymer acts as a barrier against the burst release of inor-
ganic ions. Moreover, F127-BG-M showed higher cell viability than the 
non-treated sample proving the effect of microwave on the chemical 
stability of the material. 

3.2. Black phosphorus-encapsulated F127 composite bioglasses 

BP has recently received great attention in biomedicine thanks to the 
variety of biomedical applications—cancer therapy, tissue regeneration, 
antibacterial activity, etc. [15,45,46]. This material is light-responsive 
and capable of inducing photothermal and photodynamic therapies 
while intrinsically can show selective anticancer activity without being 
triggered by an external light source [13,15]. One of the most important 
challenges in the use of this material is its high tendency to oxidation 
when being in contact with aqueous media and/or oxygen, weakening 
the optical properties [17]. Therefore, considerable attention has been 
given to designing synthesis routes during which BP does not undergo 
oxidation. One of the earliest approaches taken was to apply poly-
ethylene glycol and polyethylene glycol-amine to stabilize BP in bio-
logical media, but the material has undergone oxidation [47,48]. 
Various polymers were used to encapsulate either BPNSs or BPQDs and 
applied successfully in biomedicine [19]. For bone cancer therapy and 
regeneration, BP has been incorporated into/onto electrospun scaffolds 
[24], hydrogels [49], and 3D-printed scaffolds [12]. Although the re-
sults were promising and revealed bone cancer therapy followed by 
regeneration, most of these synthesis approaches are complex and 
time-consuming. The present study adopted for the first time an easy but 
effective approach to come up with a theragenerative platform for bone 
cancer. 

BP-encapsulated F127-BG composites, with and without microwave 
treatment, were characterized using TEM, SSNMR, and Raman spec-
troscopies (Figs. 3 and 4). BPNS is generally known to have a sheet size 
in the range of 150–200 nm with irregular morphology [15]. In Fig. 3 
(A), a BP nanosheet is observable while after the microwave treatment, 
tiny dots (~5 nm) were obtained (Fig. 3(B and C)). The nanosheets were 
used as the precursor in ethanol and the process is depicted in Fig. 3(D), 
where the composite was dispersed in the solvent (I) and the treatment 
got started (II). The homogeneous heat applied through microwave 
irradiation causes the ethanol molecules to gradually intercalate 
through the layers and delaminate them into single sheet layers (III) at 
the first step (70 ◦C). Applying the second cycle was synchronized with 
an increase in the internal pressure exerted from the vaporization of 
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Fig. 3. Effect of microwave treatment on the BP-encapsulated F127-BG composite. TEM micrographs of (A) F127-BG-BPNS and (B and C) F127-BG-BPQDs. (D) 
A schematic illustration of the process of microwave treatment applied to yield BPQDs inside of the composite. Created with BioRender.com. (E) low-angle XRD of 
F127-BG-BPNS and F127-BG-BPQDs. (F) Raman images of F127-BG-BPNS (I) F127-BG-BPQDs (III). Raman spectra were collected in different map points: F127-BG- 
BPNS (II) and F127-BG-BPQDs (IV). The arrows indicate where the spectral collection was performed. 

Fig. 4. Structural and elemental analyses of F127-BG-BPNS and F127-BG-BPQDs samples. SEM micrographs and EDX analysis of (A) F127-BG-M, (B) F127-BG- 
BPNS, and (C) F127-BG-BPQDs. (D) 31P and 29Si SSNMR (DE-MAS) spectra of F127-BG-BPNS and F127-BG-BPQDs samples. 
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ethanol; this pressure was reinforced further with the rotor shear force 
applied by the apparatus and both led to a significant decrease in the van 
der Waals interaction and formation of BPQDs throughout the F127-BG 
structure (IV). We verified the effect of microwave irradiation on the 
oxidation state of BP by recording quantitative 31P SSNMR spectra on 
suspensions of BP before and after microwave treatment (Fig. S1, Sup-
porting Information). In both spectra, it is evident the intense signal at 
18.0 ppm arising from exfoliated BP and several weaker signals between 
− 0.2 and 8.0 ppm due to oxidized phosphate and phosphite species 
[50]. From signal areas, it is possible to estimate that phosphorus atoms 
in the oxidized state constitute about 20 ± 5 % and 30 ± 5 % of the 
whole phosphorus amount, in BPQDs and BPNSs samples, respectively. 
This level of oxidation is often observed in samples of exfoliated BP since 
it is caused by manipulation procedures. These results indicate that the 
microwave irradiation by itself did not cause oxidation. 

Low-angle XRD was adopted to assess the effect of microwave and BP 
addition on the order of liquid crystals formed by F127. Evaporation- 
induced self-assembly, which was applied to synthesize the hybrid in 
the present study, mixes the traditional sol-gel chemistry and the 
surfactant-assisted sol-gel approaches. The solution contains an inor-
ganic precursor, directing agent or surfactant, and other types of addi-
tives which turn from diluted to concentrated ones as the volume of 
solution decreases due to drying. The F127, which was used here, forms 
surfactant molecules in the solution after dissolution, and once the so-
lution is poured on a Petri dish, step by step the concentration of F127 
goes higher and higher leading to the formation of liquid crystals and the 
final product is an inorganic-organic hybrid. We took advantage of the 
surfactant molecules (F127) to encapsulate the BP which has a hydro-
phobic nature [51]. Generally speaking, the XRD patterns of the meso-
porous materials with or without calcination show some reflections at 
low angles and the peaks represent the periodical phase related to the 
liquid crystals (not-calcined) or pores (calcined) [52]. Fig. 3(E) shows 
the low-angle XRD patterns of F127-BG-BPNSs and F127-BG-BPQDs, 
where there is only one peak visible indexed to the (110) related to a 
3D Im3m lattice for both samples but different in intensity. The higher 
intensity means a larger order in the liquid crystals phase [52]. As 
observed in the TEM micrographs (Fig. 3 (A-C)), the microwave irradi-
ation led to the formation of BPQDs which can be embedded inside of 
the liquid crystals, while the BPNSs are approximately between 150 and 
200 nm which are too large and so they break up the order of liquid 
crystals. It can be concluded that the BPQDs after microwave treatment 
were successfully encapsulated inside the F127-BG hybrid biomaterial. 

The BP distribution in the BG matrix was evaluated by Raman 
mapping experiments before and after the microwave treatment. 
Numerous maps were collected in several areas of the samples in the 
spectral range 100–2000 cm− 1 and representative results are reported in 
Fig. 3(G). Fig. 3(G)(II) and Fig. 3(G)(IV) show the Raman spectra 
collected at different locations within the mapped areas. The charac-
teristic BP peaks are evident at 363 cm− 1 (out-of-plane mode, Ag1), 440 
cm− 1 (in-plane mode, B2g) and 467 cm− 1 (in-plane mode, Ag

2) [53] in 
selected regions of the maps (red traces in Fig. 3((G)II and IV) while in 
other areas the spectra show only the spectral pattern distinctive of the 
BG matrix (blue traces in Fig. 3((G)II and IV). The Raman images (Fig. 3 
((G)I and III), reconstructed by considering the intensity of the BP peak 
at 468 cm− 1, display the presence of BP clusters in the BG with an 
approximate size of 5 μm. These phase-separated domains can aggregate 
with each other or may remain isolated. The structure of samples con-
taining BP before and after microwave treatment was further analyzed 
through SEM equipped with EDS (Fig. 4(A-C)) and SSNMR (Fig. 4(D)). 
The surface of the F127-BG-M sample is integrated and mostly smooth, 
while the addition of BPNS seems to disintegrate the uniformity, prob-
ably because nanosheets aggregate to form bigger particles and partially 
disrupt the integrity of the composite. In the case of F127-BG-BPQDs, the 
surface shows some wrinkles, but it is still integrated. 31P SSNMR spectra 
of F127-BG-BPNS and F127-BG-BPQDs samples (Fig. 4(D)) show the 
peak of exfoliated BP at 18 ppm, beside the intense signal due to 

phosphates of BG. The BP peak accounts for approximately 10 % of the 
total amount of phosphorus nuclei in the sample, in good agreement 
with what is expected based on the sample composition. In the case of 
F127-BG-BPQDs, the signal of BP is slightly less intense than for 
F127-BG-BPNS, but the difference is within the experimental uncer-
tainty. 29Si SSNMR spectra of both samples (Fig. 4(D)) show the same 
signals as those without BP, namely signals from Q4, Q3, and Q2 sites, in 
a similar relative proportion. However, it can be noticed that, in the 
presence of BP, after the microwave treatment, the amount of Q3 and Q2 

increases, and the condensation degree of the silicate network decreases 
(from 84 to 77 %). 

3.3. Bioactivity and degradation in vitro 

An ideal bone substitute is supposed to be biologically active having 
interaction with the surrounding medium. Bioactivity is the capability of 
the material to interact with the surrounding microenvironment. Here, it 
refers to the formation of carbonated calcium phosphate on the surface 
of the biomaterial, which can make interact with the host bone and 
prevent the biomaterial’s loosening [54–56]. The bioactivity and 
degradation behavior of F127-BG, F127-BG-M, F127-BG-BPNSs, and 
F127-BG-BPQDs samples were evaluated in vitro, and the findings are 
shown in Figs. 5 and 6. The surface topography of F127-BG, F127-BG-M, 
F127-BG-BPNSs, and F127-BG-BPQDs after being soaked into SBF for 7 
and 14 days were observed through SEM and also elementally analyzed 
with EDS. The EDS spectra were taken from the surface of each sample 
after 14 days. Moreover, Fig. 6(A-F) shows the results of the weight and 
pH change of the samples in deionized water and SBF and the ATR of 
samples after 14 days of soaking into SBF. Scheme 2 shows the probable 
bioactivity mechanism taking place in each sample. The surface of 
F127-BG has experienced a bit of modification and shows some newly 
formed precipitate after 7 days, while a lower amount of precipitate is 
observed on the surface of F127-BG-M. Fig. 6(A and B) shows that 
F127-BG and F127-BG-M exhibit different weight loss and pH alterations 
in SBF as a result of the microwave treatment. During the early stages of 
soaking into SBF, F127-BG-M saw more weight loss than the non-treated 
counterpart and their pH change patterns were also contrary to each 
other; the pH of the non-treated sample decreased (from 7.4 to 7.25–7.3) 
while that of the other slightly increased (~7.46). The main reason for 
the alkalinization was related to the exchange of Ca2+ with H+ ions in 
the medium which is generally observed for the BG and similar com-
positions [37,54,57]. However, for both samples, two phenomena have 
occurred: the exchange of Ca2+ with H+ ions and the release of Cl− ions. 
Both processes took place at the same time but the latter prevailed in the 
early stages of F127-BG. This was the case up to the third day and the pH 
trend changed from acidic to alkaline showing the effect of the former 
process. On the other hand, in F127-BG-M the Cl− release was controlled 
at first, and after 3 days, the ions started to release and turned the pH 
toward acidity for up to 7 days and then got stable. In Scheme 2 it can be 
seen that the general bioactivity mechanism occurred through four 
stages: (i) an ion exchange took place between the biomaterial and the 
medium and Ca2+ ions were replaced with H+ ions. Then, (ii) silanol 
groups gradually formed and provided a position on which (iii) Ca2+, 
Mg2+, Na+, K+, and PO4

3− ions could precipitate and form an amorphous 
layer. Finally, (iv) crystallization occurred in the deposited layer. The 
silanol groups in the structure of F127-BG and F127-BG-M were indi-
cated differently from each other (Scheme 2). The concentrations of 
SiO4

4− , Ca2+, and PO4
3− from F127-BG-M and F127-BG-BPQDs were 

measured through ICP at different time intervals up to 14 days (Fig. S2 in 
Supporting Information). It was observed that SiO4

4− groups were 
released faster at the initial soaking period from the F127-BG-BPQDs 
than the one without BPQDS which can be related to the effect of 
quantum dots on the fully dense silicate groups by which these ions got 
liberated faster than the counterpart. However, from day 3–7, the con-
centration was decreased due to consumption of them attributed to the 
higher bioactivity rate of BPQDs-containing sample; the sample without 
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BPQDs has shown a continuous increase in silicate content up to 80 mg 
L− 1 29Si SSNMR spectra in Fig. 1(G) showed that the relative amount of 
silanol groups (Q2 and Q3) in F127-BG is larger than in the sample 
treated with microwave (F127-BG-M). These silanol groups helped 
F127-BG to form some precipitate up to 7 days and faster than 
F127-BG-M. However, in the end, it was F127-BG-M that also quanti-
tatively gained the most precipitation among all and even got 2 mg more 
weight (17 mg) than its initial starting weight (15 mg). The bioactivity 
mechanism for the samples containing BP was a bit different from the 
ones without BP. BP is known to degrade in the physiological medium to 
PO4

3− groups which can be a precursor for calcium phosphate [58]. Ca2+

ions can be seen to be less in the BPQDs-containing sample than the 
counterpart (Fig. S2 in Supporting Information), which is in accordance 
with other results here, relating to the higher reactivity of this sample 
which consumed these ions and formed precipitation faster. Moreover, 
this is the case for the phosphate groups; these ions were constantly 
decreased for up to 7 days due to the release of phosphate from both the 
BPQDs and BG structure and then plateaued. Fig. 5(C-D) exhibits the 
surface of F127-BG-BPNSs and F127-BG-BPQDs (after microwave 
treatment) and the EDX spectra after 14 days. Both samples formed new 
precipitates in high amounts even after 7 days and our early observation 
showed that the sample with BPQDs had even more deposition after 7 
days. Apart from the general bioactivity mechanism that was proposed 
for the samples without BP, these samples were endowed with BP as a 
booster for the bioactivity kinetics. As indicated in Scheme 2, BP 
released from the composite underwent degradation, thus producing 
PO4

3− anions in the medium ready to interact with cations, mostly Ca2+. 
This process increases the bioactivity kinetics culminating in the for-
mation of new precipitates as indicated in the micrographs in lower 

magnifications (Fig. 5(C and D)). The microwave-treated sample con-
tained quantum dots instead of nanosheets which is an advantage here 
because the BPQDs are more reactive than the layered nanosheets; once 
the nanosheets are exposed to a physiological medium, oxygen and 
water molecules attack their surface and results in the formation of PO4

3−

ions, but as the structure is layered, the interior layers remain intact 
until diffusion of water and oxygen or delamination of the layers takes 
place. On the other hand, the 5 nm BPQDs could undergo the oxidation 
process faster than the nanosheets and this is the reason why 
F127-BG-BPQDs had a faster bioactivity. Taking a glance at the pH 
change of these samples, the one with BPQDs showed an increase in the 
pH in the first 3 days attributed to the exchange of surface ions with the 
medium, as for F127-BG-M, but the pH got more alkaline than for 
F127-BG-M; this effect was caused by the release of quantum dots, which 
have been reported to turn the pH toward alkalinity [12]. The decrease 
in pH observed after three days is caused by the Cl− ions as well. Then 
the trend of pH remained stable for the subsequent three days, due to the 
balance between the ions exchange and Cl− release. Next, the pH 
gradually turned again toward higher values as the result of calcium 
phosphate deposition on the surface of the sample. 

The functional groups present on the sample surface after 7 and 14 
days of immersion into SBF were characterized by ATR-FTIR; the 
recorded spectra are shown in Fig. 6(C and D). The spectra taken after 7 
days did not show a significant difference in the bands from those ac-
quired on the samples before soaking. However, prolonging the im-
mersion time up to 14 days was synchronized with the appearance of 
new peaks. In particular, a small but sharp peak has appeared in the 
spectra of all samples around 1260 cm− 1 arising from the asymmetric 
and symmetric stretching of non-bridging oxygen atoms in the 

Fig. 5. In vitro bioactivity assessment in SBF up to 14 days. SEM micrographs and EDX analysis of the samples after 7 and 14 days: (A-A4) F127-BG, (B–B4) F127- 
BG-M, (C–C4) F127-BG-BPNS, and (D-D4) F127-BG-BPQDs. A-C and A1-D1 micrographs were taken after 7 and 14 days, respectively. EDX analyses were performed 
on the sample surface after 14 days. 
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Fig. 6. Bioactivity and degradation rate in vitro. (A) Weight loss of samples in SBF up to 14 days. (B) pH change in SBF for 14 days. ATR-FTIR spectra of the 
samples (C) after 7 days and (D) after 14 days. (E) Degradation study performed in deionized water for 21 days. (F) pH changes during the soaking of samples into 
deionized water. UV–vis absorption spectra of (G) pristine BPQDs and (H) F127-BG-BPQDs dispersed in deionized water for 21 days indicating how oxidation 
affected the optical properties of BP nanomaterials during the soaking time. 
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Scheme 2. Possible in vitro bioactivity mechanisms for the indicated samples. Created with BioRender.com.  
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phosphate groups [59]. Instead of the peak at 1053 cm− 1, due to 
stretching vibrations of silicon and oxygen atoms, a new band was 
observed at the lower wavenumber (1037 cm− 1), which can be assigned 
to the symmetric stretching mode of phosphate groups [60]. There was a 
band at 800 cm− 1 in the spectrum of samples before immersion and this 
peak got a little intensified after soaking up to 14 days; it is ascribed to 
the Si–O–Ca groups with non-linking oxygen [61]. It is reported that the 
crystallization of hydroxyapatite is accompanied by the appearance of a 
shoulder around 650 cm− 1 and the band at 660 cm− 1 corresponds to the 
P–O resonance in the phosphate groups [60,62]. The two peaks at 1553 
and 1631 cm− 1 are related to carbon and oxygen resonance in CO3

2− . SBF 
contains carbonate ions and they tend to substitute hydroxide ions 
(OH− ) in the lattice of hydroxyapatite and turn it into carbonated apatite 
[61]. 

The degradation behavior of F127-BG, F127-BG-M, F127-BG-BPNSs, 
and F127-BG-BPQDs was assessed in deionized water in vitro for up to 21 
days and pH was monitored during this period; the obtained data are 
shown in Fig. 6(E and F). There are two trends visible in Fig. 6(E): a 
decrease in the weight of all samples up to 7 days, followed by a plateau 
for the rest of the degradation study. On the 7th day, there were dif-
ferences among the samples and F127-BG-M was the one which showed 
the lowest weight loss, while F127-BG showed the highest. Continuing 
the test up to 14 days, slight changes in the weight loss were found: 
F127-BG-M underwent a decrease in its weight and then started to gain 
till the last time interval, whereas the other samples experienced a 
steady state with a small fluctuation in their degradation rate. Speaking 
of pH trends, PBS is different from SBF in ions type and concentration 
and here, the difference in pH changes of the samples compared to SBF is 
clear. At the initial immersion time, all samples experienced a contin-
uous decrease in pH down to nearly 5 and then slowed down and became 
more stable. Since PBS lacks ionic species including Mg2+, Ca2+, and 
HCO− 3 [63], the ion interaction the same as SBF does not occur, and the 
release of Cl− prevailed the absorption of H+ from the medium and led to 
the decrease in the pH. However, this trend has changed and the release 
of Ca+2 ions from the nanocomposite slowed down the trend and made a 
plateau. 

One of the bottlenecks of BP nanomaterials is the oxidation in 
aqueous media accelerating the degradation rate and weakening the 
optical properties of BP. A simple way to monitor the degradation degree 
of BP is through UV–vis optical absorption [64,65]. Both pristine BPQDs 
and F127-BG-BPQDs were dispersed in deionized water (without deox-
ygenation) for up to 21 days and at different time intervals, the absor-
bance was measured in the range of 300–900 nm (Fig. 6(G and H)). The 
pristine BPQDs turned out to degrade gradually as expected reaching 58 
% of the degradation degree after 21 days of dispersion in deionized 
water, whereas the composite showed a degradation degree of 38 % 
after the same time interval. This shows that the encapsulation of BPQDs 
into the F127-BG improved the BPQDs’ stability, decreasing the degra-
dation degree by 20 %. In addition, a very low degradation degree of BP 
in F127-BG-BPQDs was observed by comparing 31P SSNMR spectra of 
the sample before and after being soaked in water for 3 days (Fig. S3 in 
Supporting Information). The spectra clearly show a decrease of the 
phosphates peak, ascribable to a partial dissolution of BG, while the 
intensity of the BP signals remains substantially the same, confirming 
the protective effect of the encapsulation. 

Referring to the physicochemical and in vitro biological-related 
studies performed to reveal the effects of F127, BP, and microwave 
treatment on the nanocomposites, it was found that the microwave 
treatment could chemically improve the stability and bioactivity. 
Therefore, F127-BG-M and F127-BG-BPQDs were chosen as the opti-
mized samples for cell-related studies in vitro. 

3.4. Biological studies 

In the first set of our biological studies, the effect of F127-BG-M and 
F127-BG-BPQDs on the growth rate of osteosarcoma cells (SAOS-2) was 

assessed in vitro for up to 72 h in static conditions. The assay was per-
formed using Alamar blue to understand which concentration could be 
cytotoxic. The results are shown in Fig. 7(A). When F127-BG-M and 
F127-BG-BPQDs at concentrations ranging from 50 to 200 μg mL− 1 were 
exposed to SAOS-2 cells, after 24 h, a general decrease in the cell 
viability of both groups was visible by increasing the concentration; 
however, the reduction was only 10–15 % and not statistically signifi-
cant in most cases. Only for F127-BG-BPQDs with the 200 μg mL− 1 

concentration the cell viability difference compared to the control was 
statistically significant. Continuing the assay up to 72 h, significant 
differences in cell viability were observed for both F127-BG-M and 
F127-BG-BPQDs; the sample without quantum dots improved the cell 
viability up to 150 μg mL− 1 and only 200 μg mL− 1 caused a decrease in 
the viability, whereas the one containing BPQDs showed cytotoxic effect 
on the cells at 150 μg mL− 1. Since F127-BG-M (150 μg mL− 1) did not 
affect the cells negatively while the same concentration of F127-BG- 
BPQDs significantly prevented the growth of cells, the effect should be 
sought in the anticancer activity of BPQDs. 

One of the most studied approaches in anticancer activity is based on 
ROS. ROS generated in a cancer cell beyond its tolerance induces 
apoptosis. Various agents responsive to light and/or ultrasound are 
assessed under the category of photodynamic and sonodynamic thera-
pies [66]. Herein, ROS produced by F127-BG-M and F127-BG-BPQDs in 
the exposure of SAOS-2 cells without being triggered by NIR was 
determined after 24 h (Fig. 7(B)). Compared to the control, the samples 
almost tripled the ROS content which has the potential to activate 
various cell death pathways whereas our previous study on the anti-
cancer potential of bare BP nanosheets against SAOS-2 cells showed 
two-folded increase in the ROS generated after 24 h [15]. Apoptosis is 
considered a programmed cell death process that can take place through 
endogenous and exogenous signals. Since apoptosis needs energy, it is 
directly related to ATP-dependent steps including activation of caspase, 
chromatin condensation, etc. It is important to mention that depletion of 
ATP is a sign that the cell has undergone necrotic rather than apoptotic 
death [29]. The ATP levels were measured when F127-BG-M and 
F127-BG-BPQDs had been exposed to the cells; the quantitative results 
are shown in Fig. 7(C). The sample without BPQDs was considered as the 
control since this sample at 150 μg mL− 1 did not leave any negative 
effects on the viability of SAOS-2 cells, whereas the one with BPQDs 
showed an increase in the ATP levels nearly doubled as an index of 
apoptosis. Caspase-3 expression was assessed after 72 h for control 
(Fig. 7(D)), F127-BG-M (D1), and F127-BG-BPQDs (D2). The Caspase-3 
expression was marked with a green signal in the SAOS-2 cells and the 
sample without BPQDs did not affect the cells and no green signal is 
visible in the sample’s micrographs. However, BPQDs increased 
Caspase-3 expression as the index of apoptosis induced in the cells. 
Moreover, Annexin V staining was adopted to detect apoptotic cells, and 
the results are shown in Fig. 7(E-E2). Similar to the control, the cells 
being exposed to F127-BG-M preserved their membrane integrity with a 
suitable spreading, whereas the ones treated with F127-BG-BPQDs un-
derwent apoptosis and lost membrane integrity. A scheme is shown in 
Fig. 7(F) to propose a probable anticancer mechanism for 
F127-BG-BPQDs. Apart from photothermal and photodynamic therapies 
which adopt an external stimulus to induce hyperthermia and ROS 
generation, BP is known to induce anticancer activity intrinsically and 
selectively. It was proposed earlier that the nanosheets after being 
internalized into cancer cells undergo a fast degradation due to the 
higher metabolism rate and oxidative stress in these cells compared to 
healthy ones resulting in the production of phosphate anions, which 
increase the levels of intercellular protein phosphorylation that has 
different roles, among which triggering of cell death can be enumerated. 
Therefore, the higher degradation rate of BP nanosheets in different 
cancer cells resulted in apoptosis through G2/M phase arrest [13]. The 
selective anticancer ability and regenerative potential of BP nanosheets 
simultaneously were reported by our group. BP nanosheets could inhibit 
osteosarcoma cells’ metabolic activity while stimulating the 
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proliferation of osteoblast and differentiation of mesenchymal stem cells 
[15]. In 2020, another group reported a complementary study shedding 
light on the BP mechanism of selective anticancer activity. Different 
cancer cells were treated with BP in different concentrations and to 
prevent any potential interference no external stimulus was applied to 
BP during the biological studies. Based on the obtained results, BP 
generated higher ROS concentrations in cancer cells than the healthy 
ones. Higher phosphate anion concentrations led to an increase in lipid 
peroxidation and a reduction of superoxide dismutase, which at last 
results in the formation of ROS, and these species leave some irreversible 
damage behind to cell cytoskeleton, cell cycle, DNA followed by 
apoptosis [14]. Based on the obtained results, the phosphorylation and 
ROS generation in the cancer cells due to the degradation of BPQDs were 
the main reasons why the apoptosis occurred in SAOS-2 cells. 

Apart from the inherent anticancer activity of BP, we also exposed 
the samples to NIR irradiation to increase the anticancer activity of 
F127-BG-BPQDs. Since the lowest concentration by which F127-BG- 
BPQDs showed anticancer potential was 150 μg mL− 1, it was chosen 
for NIR-applied cell viability up to 72 h. The results shown in Fig. 8(A) 
confirm that the composite shows inherent anticancer activity at 150 μg 
mL− 1. Moreover, applying the NIR stimulus was accompanied by an 

increase in the anticancer activity of the sample. During the assay, two 
light irradiation cycles were applied in which the cell plates were 
exposed to light for 20 min. The change in the temperature of each well 
was measured and shown in Fig. 8(B). The control (cell culture medium 
containing SAOS-2 cells without any material) and F127-BG-M showed a 
mild increase in temperature up to 40 and 42 ◦C, respectively which 
resulted from the light irradiation and not any light-responsive agent 
inside. However, F127-BG-BPQDs experienced a steeper increase in 
temperature, which finally reached 48 ◦C approximately. It is known 
that heating above 43 ◦C can induce irreversible damage to cancer cells 
without negative effects on the healthy cells [67]. The hyperthermia 
mechanism is illustrated in Fig. 8(C). 

Progression and development of cancer occur by the dissemination of 
tumor cells from the primary tumor to the circulatory system followed 
by colonization in distant organs. The behavior of these cancerous 
cells—migration, adhesion, and invasion—is an important step in cancer 
spreading and metastasis; therefore, a study of these features is of crucial 
importance [66,68–70]. It is known that primary bone tumor accounts 
for less than 1 % of total diagnosed cancers, but metastasis from other 
organs to bone tissue is more common, known as secondary tumor. Even 
though most cancer types can spread to the bone, breast, and prostate 

Fig. 7. Cell viability and inherent anticancer activity of the samples. (A) Cell viability of samples against SAOS-2 at various concentrations up to 72 h. (B) ROS 
generated when the samples were exposed to SAOS-2 cells after 24 h. (C) ATP content in SAOS-2 cells being exposed to the samples after 72 h. Caspase-3 expression 
was marked through the green signal of (D) control, (D1) F127-BG-M, and (D2) F127-BG-BPQDs after 72 h. Annexin V staining of (E) control, (E1) F127-BG-M, and 
(E2) F127-BG-BPQDs after 72 h. (F) An illustration of the anticancer mechanism of F127-BG-BPQDs when exposed to the cancer cells. Created with BioRender.com. 
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cancers are more likely to affect bone tissue. These secondary tumors 
can cause fractures and pain in the bone tissue and also different ab-
normalities like hypercalcemia [71,72]. Here, we focused on a 2D 
migration assay (scratch assay) to assess if F127-BG-M and 
F127-BG-BPQDs affect the cell’s migration behavior. To this aim a 
scratch was applied on cultured SAOS-2 and HOB cells (Fig. 9). Note-
worthy, biomaterials with selective anticancer ability are supposed to 
prevent or decrease the migration of cancer cells, while not affecting the 
healthy cells’ healing behavior. Nonetheless, as breast and prostate 
cancers are more likely to spread to the bone and form secondary tu-
mors, we assessed the effect of BP nanomaterials on the breast cancer 
cells—cell viability, 2D migration, and 3D invasion—and prostate can-
cer cells—2D migration assay (Figure S(4-7), Supporting Information). 
It has already been shown in previous sections that the anticancer ability 
of F127-BG-BPQDs comes from the action of the encapsulated BP so we 
decided to test the BP nanomaterials including QDs and nanosheets on 
the breast and prostate cancer cells solely. 

Fig. 9 indicates the exposure of F127-BG-M and F127-BG-BPQDs to 
the SAOS-2 and HOB cells up to 24 h; since 150 μg mL− 1 was found as 
the lowest concentration of F127-BG-BPQDs inhibiting the growth of 
SAOS-2, this concentration was applied to both healthy and cancer cells. 
Four hours after applying the scratch, the images of the control plus 
samples were taken and the gap was clear in the middle of the plate 
(Fig. 9(A)). The results after 24 h revealed that the sample without 
BPQDs could not prevent the cancer cells’ migration and the cells could 
fulfill the middle of the plate, whereas the BP-incorporated sample was 
successful in inhibiting the migration of SAOS-2 compared to the control 
and F127-BG-M sample (Fig. 9(C and D). In the case of HOB cells, as can 
be seen for the control, the migration of HOB cells was slow, but both 
samples stimulated the cells toward healing the scratch stemming from 
the biological moieties released from these samples (Fig. 9(B)). The re-
sults obtained here are in accordance with ones from the previous sec-
tions (Cell viability and inherent anticancer activity of the samples). 
Nonetheless, through the microwave treatment, we obtained BPQDs 
from the nanosheets directly and tested the cell viability and preventive 

effect of BPQDs against SAOS-2 as well and the results are shown in 
Fig. 10, where the cell viability was measured up to 72 h in the exposure 
of BPQDs at various concentrations—25-200 μg mL− 1. After the first 
day, an increase in the cell viability of some samples was observed while 
continuing the test up to 72 h was accompanied by a significant decrease 
in the viability of SAOS-2 from the lowest concentration. Therefore, the 
same concentration was chosen and applied for the scratch assay as 
indicated in Fig. 10(B-D). Compared to the control (SAOS-2), the BPQDs 
could completely prevent the cancer cells from migrating and healing 
the wound. 

Different concentrations, from 0.5 to 25 μg mL− 1, of BP nanosheets 
and BPQDs were applied to MCF7 cells and to their normal MCF10A 
cells counterparts to assess cell viability at 24 h and 72 h (Fig. S4, 
Supporting Information). A concentration-dependent effect of BP 
nanomaterials was seen in MCF7 cells where concentrations from 0.5 to 
5 μg mL− 1 at 72 h reduced cell viability by nearly 50 %, and ever more 
than 60 % at the highest concentration. However, the cytotoxicity of 
BPQDs on MCF7 cells at lower concentrations of 0.5 and 1 μg mL− 1 is 
higher than those induced by BP nanosheets. Notably, this effect was 
then reversed at higher concentrations where 5 μg mL− 1 of BPQDs 
reduced MCF7 cell viability by nearly 80 % with a higher extent 
compared to BP nanosheets. On the other side, the cell viability results of 
the normal MCF10A cell counterpart showed that even the lowest con-
centration of BP nanosheets caused around 40 % decrease in cell 
viability after 72 h, and increasing concentration even reinforced this 
effect. Regarding the anticancer activity of BP nanomaterials against 
MCF-7 and SAOS-2, it can be seen that the minimum concentration 
required to suppress the proliferation of MCF-7 is competitively lower 
than that of the counterpart which can be attributed to the cell lines. The 
effect of BP on various cancer cell lines can change based on factors such 
as its biocompatibility, cellular uptake, and specific interactions with 
cancer cells, among other variables [15,71]. Typically, SAOS-2 and 
MCF-7 are frequently employed cell lines in cancer research, yet they 
stem from distinct cancer types and show different properties, including 
responsiveness to chemotherapy and aggressiveness. SAOS-2 cells are 

Fig. 8. Photothermal therapy potential of the samples against cancer cells. (A) Viability of SAOS-2 cells treated with F127-BG-BPQDs with and without 
exposure to NIR irradiation up to 72 h. (B) Temperature change of the culture medium. (C) A schematic illustration of the hyperthermia-induced anticancer potential 
of F127-BG-BPQDs in vitro. Created with BioRender.com. 
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Fig. 9. 2D migration assay against healthy and cancerous bone cells in vitro. (A) Images were taken from the samples and control (SAOS-2 and HOB) 4 h after 
applying the scratch on the wells. Quantitative results related to scratch area (%) after 24 h for (B) HOB and (C) SAOS-2. *P ≤ 0.05, ◦P ≤ 0.001. (D) Images taken 
from the samples and control (SAOS-2 and HOB) 24 h after applying the scratch on the wells. 
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derived from human osteosarcoma, whereas MCF-7 cells originate from 
human breast adenocarcinoma, representing a specific subtype of breast 
cancer and serving as a model for hormone-responsive breast cancer 
[73,74]. Regarding their sensitivity to chemotherapeutic drugs, SAOS-2 
cells generally exhibit lower responsiveness to conventional chemo-
therapy and display higher aggressiveness compared to MCF-7 cells [73, 
74]. Consequently, the concentration of BP utilized for SAOS-2 treat-
ment is higher than that used for MCF-7 due to these differences. 
Conversely, BPQDs treatment of MCF10A cells at 0.5 and 1 μg mL− 1 

resulted in a very low cytotoxic effect. This cytotoxicity strongly 
increased at higher concentrations, and linearly, from 5 to 25 μg mL− 1. 
Based on this cell viability data, we decided to reduce the concentration 
of BP nanomaterials and evaluated their effect in vitro through 2D 

migration and 3D invasion assays in MCF7, MCF10A (the normal 
counterpart), and MDA-MB-231 as the most aggressive, invasive and 
poorly differentiated triple-negative breast cancer cell line [Fig. S(4,5), 
Supporting Information]. All the cells were exposed for 24 h to 0.02, 
0.05, and 0.1 μg mL− 1 of BPQDs or BP nanosheets. As shown in Fig. S4, 
the BP nanosheets reduced the cell migration ability of MDA-MB-231 
cells at the lowest 0.02 μg mL− 1 concentration compared to BPQDs. 
However, increased concentration of BPQDs to 0.05 and 0.1 μg mL− 1 

strongly impaired MDA-MB-231 cell migration. Similar behavior was 
observed for MCF7 cells with the only difference that stronger BP 
nanomaterials effects were seen at 0.02 μg mL− 1 and even more with a 
complete inhibition of cell migration at 0.05 and 0.1 μg mL− 1. The 
inhibitory effects of BP nanomaterials on the MCF10A as a healthy cell 

Fig. 10. Cell viability and 2D migration assay of BPQDs against SAOS-2 cells. (A) Cell viability of BPQDs at various concentrations against SAOS-2 after 24 and 
72 h *P ≤ 0.05, #P ≤ 0.001, ◦P ≤ 0.0001. (B) Quantitative results related to the migration assay after 24 h. Images taken from the wells after 4 and 24 h; (C) control 
(SAOS-2) and (D) BPQDs-treated SAOS-2 cells. 
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line were weak and it is visible that all the concentrations for the 
nanosheets did not negatively affect cell motility. Along the same line, 
the cells upon BPQDs treatment could nearly fulfill the gap and reduce it 
as a result of the selective anticancer effect of BP nanomaterials. 

To better mimic the physiological invasion conditions we analyzed 
the effects of BP nanosheets and BPQDs on MDA-MB-231, MCF7, and 
MCF10A cell movement through a 3D matrix, where cells must modify 
their shape and interact with the extracellular matrix (ECM e.g., Matri-
gel) to adhere, migrate and finally invade. We used the Boyden chamber 
where a thin layer of Matrigel covers the porous filters positioned be-
tween the upper and bottom chambers. The cells are plated on the top of 
the chamber and beneath the filter there is a medium containing che-
moattractants which allow the cells to migrate through the pores, to the 
other side of the membrane [68] [Fig. S6(A), Supporting Information]. 
The invasive cells able to degrade the matrix and cross the membrane 
pore were fixed and analyzed under microscopy after Hoechst nuclear 
staining. Representative images of invasive breast cancer cells treated 
with BPNSs and BPQDs are shown in Fig. S6(B), Supporting Information. 
Based on the fact that 0.1 μg mL− 1 was the concentration able to inhibit 
cell migration of both breast cancer cells without affecting the normal 
cell counterpart (Fig. S5, Supporting Information), this concentration 
has been further used in the invasion assay. After 24 h of treatment, BP 
nanomaterials strongly impaired the invasion ability of MCF7 cells, and 
as expected, no effect was seen in either control MCF10A healthy cells or 
non-treated cells. This data indicates the biocompatible nature of BP 
nanomaterials at this concentration. Noteworthy, there is no significant 
difference between the nanosheets and BPQDs in terms of selective 
anticancer activity. In the case of MDA-MB-231, the cells could migrate 
through the filter, but the quantity was decreased to nearly half indi-
cating the effect of both BP nanomaterials to slow down and reduce the 
migratory behavior of this type of cell as the most aggressive breast 
cancer cell line. 

The effect of BPQDs and BP nanosheets at various concentrations 
spanning from 0.5 to 5 μg mL− 1 on the migration behavior of prostate 
cancer cells (PC-3) was assessed after 24 h (Fig. S7, Supporting Infor-
mation). Our group has recently performed comprehensive in vitro bio-
logical studies on the BP nanomaterial’s selective anticancer activity 
against healthy (PNT-2) and cancerous (PC-3) prostate cells to under-
stand the optimized concentration which prevents cancer cell growth 
with no adverse effects on the healthy ones. Different concentrations of 
BP nanosheets (5–75 μg mL− 1) were tested against both cell lines up to 
72 h. It turned out that 5 μg mL− 1 could induce nearly 40 % reduction in 
the cancer cells viability after 72 h and both 25 and 75 μg mL− 1 

decreased the viability down to 50 %. However, 25 and 75 μg mL− 1 

caused cytotoxicity to the healthy cells after 72 h (nearly 60 % reduc-
tion), and thus, 5 μg mL− 1 was found as the optimized safe concentration 
for the healthy cells with inhibitory effects on the PC-3 cells [71]. 
Herein, we applied four concentrations (0.5, 1, 3, and 5 μg mL− 1) to 
assess which concentration could prevent the migration of PC-3 cells. As 
can be seen in Fig. S7, the lower concentrations (0.5 and 1 μg mL− 1) 
failed to make inhibitory effects on the cancer cells, whereas 3 μg mL− 1 

and even more 5 μg mL− 1 were strong enough to prevent the cancer cells 
from healing the wound. Nonetheless, there was no significant differ-
ence in anti-migratory effect noticed between the BP nanomaterials. 
Therefore, it can be concluded that 3 μg mL− 1 was the lowest effective 
concentration affecting PC-3 cell migration in vitro and this concentra-
tion was much lower for breast cancer cells indicating the higher sus-
ceptibility of breast cancer cells towards BP nanomaterials than prostate 
and bone cancer cells. 

One of the main aims of the present study was to come up with a 
therapeutic agent capable of impeding cancer cell growth, but we also 
aimed at a regenerative effect of the same because having a multifunc-
tional platform able to induce effective therapeutic approaches followed 
by defect repair is of great value. Therefore, the regeneration potential 
of F127-BG-M and F127-BG-BPQDs was tested against healthy osteo-
blast cells up to 72 h (Fig. 11(A)). Compared to the control, F127-BG-M 

shows a significant increase in cell viability, which can be attributed to 
the release of stimulating ions from this sample, including Ca2+, SiO4

4− , 
and PO4

3− , all of which could trigger the osteoblast’s proliferation and 
growth. Moreover, F127-BG-BPQDs show a higher cell viability 
improvement than the counterpart without BPQDs; this difference can 
be attributed to the action of BPQDs. As mentioned before, BP undergoes 
degradation in biological media, producing PO4

3− ions that trigger cell 
proliferation [12]. The cell viability and osteogenic differentiation (ALP, 
OPN, and OCN expression) of human mesenchymal stem cells in the 
presence of F127-BG-M and F127-BG-BPQDs were examined for up to 14 
days in vitro (Fig. 11(B-D)). The cell viability results showed that the 
samples did not affect negatively the cells, with data being very close to 
those of the control. The ALP activity, an early marker of osteogenesis, 
was also assessed to confirm if the composites could induce osteogenic 
differentiation of the stem cells (Fig. 11(C)). F127-BG-BPQDs showed 
significantly higher ALP activity on the 7th and 14th days than that of 
the counterpart without BP which followed the same trend as the con-
trol. Moreover, the OPN expression as a highly phosphorylated sialo-
protein and a main part of the mineralized extracellular matrices of 
bones was assessed after 14 days. As shown in Fig. 11(D), 
F127-BG-BPQDs was found to induce OPN expression (red signal) in 
human mesenchymal stem cells after 14 days of cell culture without 
osteogenic supplements in cell culture media, whereas the same signal 
was not visible for the sample without BP. Nonetheless, analogous re-
sults were also observed for OCN assay. OCN is a key player throughout 
the endocrinology of bone and osteoblasts can only express and secrete 
this protein factor. It is known that collagen type I and Runx2 are 
expressed as the direct result of OCN’s expression and OCN is an 
important calcium-binding protein leading to the development of bone 
extracellular matrix and a sign of terminal differentiation; at this stage, 
osteoblasts generate calcified tissue [75]. The OCN expression was 
assessed for F127-BG-M and F127-BG-BPQDs samples after 14 days 
(Fig. 11(E)) and the red signals observed for the F127-BG-BPQDs were 
related to OCN expression. The results suggest that the presence of BP 
speeds up both OPN and OCN expressions compared to the effect of 
other bioglasses mentioned in the literature that were able to induce 
OPN expression only after 21 days of cell culture in basal conditions 
[76]. Previous studies reported that BP has the potential to promote 
either osteoblast or mesenchymal stem cells’ osteogenesis [20,77,78]. 
This osteogenic property has been ascribed to both the physical structure 
and the by-products released after the degradation of BP up to a definite 
concentration. The structure provides mechanical cues for the stem cells 
leading to a desirable environment for the differentiation of these cells. 
Nonetheless, it is known that BP’s degradation brings to the release of 
phosphate ions that have a pivotal role in the mineralization of extra-
cellular matrix and trabeculae formation [79,80]. The results obtained 
in this section show that the F127-BG-BPQDs can stimulate the osteo-
blast cells towards proliferation and also induce the osteogenic differ-
entiation of hMSCs. 

4. Conclusions 

A theragenerative (therapeutic + regenerative) platform was 
designed and realized through a two-step synthesis strategy—evapora-
tion-induced self-assembly and microwave treatment. The addition of 
Pluronic F127 and microwave treatment were found to improve the 
physicochemical and cell compatibility (against fibroblast cells) prop-
erties of samples; the polymer could distribute all the ions homoge-
neously over the surface whereas in the absence of Pluronic F127, 
inhomogeneous ion distribution had been yielded. The microwave 
treatment did not affect the ions distribution, but improved the chemical 
stability through forming some crystalline phases throughout the BG 
structure. In the case of BP-incorporated composites, the microwave 
treatment successfully turned the BPNSs into BPQDs in situ which were 
homogenously distributed throughout the composite. The in vitro 
bioactivity and degradation assays of samples revealed that BP, either in 
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Fig. 11. Regenerative potential of the samples in vitro. Cell viability of samples against (A) healthy osteoblast cells after 72 h and (B) human mesenchymal stem 
cells up to 14 days. (C) ALP activity of samples in the presence of mesenchymal stem cells. (D) Images taken after 14 days; OPN expression is shown in red. (E) Images 
taken after 14 days; OCN expression is shown in red. *P ≤ 0.05 vs F127-BG-M and ◦P ≤ 0.001 vs control. 
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the form of nanosheets or quantum dots, made a significant improve-
ment in bioactivity and chemical stability. Moreover, the encapsulation 
of BPQDs in the composite could considerably decrease their oxidation 
degree. The anticancer potential of F127-BG-M and F127-BG-BPQDs 
samples was tested against osteosarcoma cells up to 72 h and the sam-
ple with BPQDs induced a significant decrease in the proliferation rate at 
150 μg mL− 1 whereas the one without BPQDs at the same concentration 
significantly improved cell viability compared to the control. An anti-
cancer mechanism was proposed and the potential pathways were 
assessed. The anticancer activity was related to the ROS generated as the 
result of BPQDs degradation. To improve the anticancer efficacy further, 
NIR irradiation was also applied in vitro and resulted in a greater in-
crease in cell growth suppression as the result of hyperthermia. The 
effect of BP nanomaterials (nanosheets and quantum dots) and the 
corresponding composites on the migration and invasion of different 
cancer cell lines was assessed in vitro; it turned out that the BP- 
incorporated composite could prevent migration of SAOS-2 cells and 
the BP nanomaterials induced inhibitory effects on the breast and 
prostate cancer cells as they are more likely to metastasize to bone tis-
sue. The regenerative potential of both samples—F127-BG-M and F127- 
BG-BPQDs—was evaluated in the exposure of healthy osteoblast and 
human mesenchymal stem cells. The one with BPQDs outperformed the 
others stimulated the cells toward proliferation and induced the stem 
cells toward osteogenic differentiation. The overall results implied that 
the F127-BG-BPQDs nanocomposite developed in this study is a prom-
ising theragenerative platform for bone cancer since it was proven to 
simultaneously induce an effective therapeutic approach to primary and 
secondary bone cancers and bone tissue regeneration. 
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