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Supplementary Information S1   
The preparation of the ternary form of BGNPs, with the composition SiO2:CaO:P2O5 

(mol.%) = 55:40:5, followed a described sol-gel protocol comprising sequential reagent 

dissolutions that resulted in hydrolysis and polycondensation reactions.1 Briefly, tetraethyl 

orthosilicate (TEOS, 99.90% pure, Sigma-Aldrich) was used as the silicon precursor, 

ammonium hydrogen phosphate (98%, maximum of 33% NH3, Sigma-Aldrich) as the 

phosphorus precursor, calcium nitrate tetrahydrate (99%, Sigma-Aldrich) as the calcium 

precursor, citric acid monohydrate (99-100%, Sigma-Aldrich) to promote hydrolysis, ethanol, 

ammonium hydroxide solution (Sigma-Aldrich) as the jellifying agent and polyethylene 

glycol (PEG, Sigma-Aldrich) as a surfactant. The mixture of precursor solutions (7.639 g of 

calcium nitrate in 120 mL of distilled water, and 9.167 g of TEOS in 60 mL of ethanol/30 mL 

of citric acid 10% (w v-1)) was added drop-by-drop to an aqueous solution containing the 

phosphorus precursor (1.078 g of ammonium hydrogen phosphate in 1500 mL of distilled 

water). The pH was adjusted to 11.5 with ammonium hydroxide solution (Sigma-Aldrich). 

The obtained precipitate was stirred for 48 hours, followed by a 24 hour resting period. The 
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precipitate was washed three times with distilled water. An aqueous solution of PEG 

(200 mL, 2% (w v-1)) was added to the precipitate, followed by freeze-drying. Finally, the gel 

powder was calcined at 700 °C for 5 hours. 

 The chemical functionalization of BGNPs with 

1H,1H,2H,2H-perfluorodecyltriethoxysilane (PFDTS, Sigma-Aldrich) originated 

hydrophobic nanoparticles (H�BGNPs).2 First, the BGNPs were heated at 190 °C under 

vacuum for 2 h to promote water desorption and expose the surface silanol groups.3 Then, the 

BGNPs (0.1 g) were dispersed in a PFDTS solution (1 mL at 1% v/v) prepared in ethanol, and 

the suspension was left to react at room temperature overnight. The solid phase was separated 

from the liquid by centrifugation and heated at 220 °C for 5 min to promote silane hydrolysis 

and condensation, and producing a stable fluorosilane layer on the BGNPs surface. Before 

use, the H�BGNPs were washed with ethanol to remove any unreacted PFDTS and dried at 

room temperature. 

 

Supplementary Information S2 
 Human osteosarcoma cell line (SaOS-2, ATCC) cells were expanded in Dulbecco’s 

Modified Essential Medium (DMEM, Invitrogen) with phenol red and supplemented with 

10% (v/v) heat inactivated fetal bovine serum (FBS, ThermoScientific) and 1% (v/v) 

antibiotic-antimycotic solution (penicillin 100 units per mL and streptomycin 100 μg mL-1; 

Gibco, UK). Human umbilical vein endothelial cells (HUVECs, ThermoScientific) were 

expanded in medium 199 (M199, Sigma-Aldrich) with phenol red and supplemented with 

20% (v/v) heat-inactivated FBS (ThermoScientific) 1% (v/v) antibiotic-antimycotic solution 

(penicillin 100 units per mL and streptomycin 100 μg mL-1; Gibco, UK), 1% (v/v) of 

Glutamax, 100 μg mL-1 of heparin and 50 μg mL-1 of endothelial cell growth supplement 

(ECGS, Invitrogen). Cells were grown in 150 cm2 tissue culture flasks and incubated at 37 °C 

in a humidified air atmosphere of 5% CO2. Every 3-4 days, fresh medium was added. At 90% 

of confluence, cells grown in tissue culture flasks were washed with sterile phosphate 

buffered saline (PBS) and subsequently detached with 0.05% trypsin-EDTA solution for 

5 min at 37 °C in a humidified air atmosphere of 5% CO2. Cell culture medium was added to 

inactivate the trypsin effect. The cells were then centrifuged at 1200 rpm at 25 °C for 5 min, 

and the medium was decanted. A cell suspension with a density of 1x106 cells mL-1 was 

prepared. The agglomerated plates of BGNPs or H�BGNPs were fixed with double carbon 

tape into the bottom of the wells of anti-adherent 24-well plates to prevent floating. 50 µL of 

cell suspension were placed on top of the agglomerated plates of BGNPs or H�BGNPs and 

cells were left to adhere for 3 h in an incubator. Afterwards, each well was filled with 1 mL of 
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the cell culture medium and placed at 37 °C in 95% relative humidity and 5% CO2 for 1, 3, 

and 7 days. 

 The labeling of the SaOS-2 and HUVECs was achieved through a DAPI-phalloidin 

staining. Before staining, the cells were rinsed with PBS followed by incubation with a 

DAPI-phalloidin solution (2 mL, 2 μg mL-1, Life Technologies). Cells were then fixed for 

5 min with a paraformaldehyde-based solution. Reflected fluorescence microscopy (Imager 

Z1m, Zeiss, Germany) was used for image acquisition. For quantification of cell number and 

cell area, all images were processed using algorithms developed in ImageJ (version 2.0, NIH, 

USA) and by using specific routines previously reported.4, 5 Briefly, image stacks in the green 

channel were used as input. Images were then thresholded and segmented, and measured by 

features established in the software. Six images per condition were used. 

 

Supplementary Information S3 
MC3T3-E1 cells were expanded in a basal medium consisting of a-MEM (Gibco) with 

phenol red and supplemented with 10% (v/v) heat inactivated fetal bovine serum (FBS, 

ThermoScientific) and 1% (v/v) antibiotic-antimycotic solution (penicillin 100 units per mL 

and streptomycin 100 μg mL-1; Gibco, UK). The cells grew in tissue culture flasks (150 cm2) 

that where incubated at 37°C in a humidified air atmosphere of 5% CO2. Every 3 days, fresh 

medium was added. The cells were then encapsulated in the BHM (1x106 cells mL-1 

suspended in gelatin solution). Afterwards, the cell culture medium was exchanged by fresh 

a-MEM. Cells were cultured for up to 7 days. For each time point, at least 3 samples were 

used. 

 

Table S1. Elemental composition of the studied nanoparticles from XPS analysis. 
The pristine BGNPs are mostly constituted by oxygen and silicon. The presence of 
carbon is likely due to surface contamination.6 
Particles C1s O1s Si2p F1s 
BGNPs 12.11±0.28 61.51±0.41 26.39±0.43 0.0±0.0 
H-BGNPs 39.01±0.38 36.21±0.28 11.60±0.42 13.19±0.23 
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Figure S1. Identification of chemical elements using EDS. 

 

Table S2. Calculated surface energy (γ) of the nanoparticles both after and before 
fluorosilanization. Water was used as polar liquid and diiodomethane as dispersive 
liquid. The surface energy was calculated using the Owens, Wendt, Rabel and 
Kaelble (OWRK) equation.7 

Surface γd [mNm-1] γp [mNm-1] γ [mNm-1] 
BGNPs 27.77±0.11 30.45±0.73 58.22±0.76 
H�BGNPs 3.63±0.02 0.00±0.00 3.63±0.02 

 

 

 

Figure S2. Shape descriptors analysis. a) Representative pictures of the image 
processing analysis by ImageJ. On top, the original SEM pictures, followed by the 
processed image on the bottom. Artifacts with an area higher than 10000 nm2 were 
discharged as it likely represents agglomerates of nanoparticles. Images were 
analyzed in triplicates. Scale bar = 500 nm. b) Circularity [4�×(Area / Perimeter)2] 
with a value of 1.0 indicating a perfect circle and as the value approaches 0.0, it 
indicates an increasingly elongated shape. c) Aspect ratio of the particle, 
represented by [MajorAxis / MinorAxis]. d) Roundness, represented by 
[4×(Area / ×MajorAxis2)]. e) Solidity, represented by [Area / ConvexArea]. 
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Figure S3. Biocompatibility assessment. a) Schematic representation of the in vitro 
cell biocompatibility studies. b) Representative photographs of calcein-AM staining 
of SaOS-2 and HUVECs during the cell culture time (scale bar = 200 µm). 
c) Normalized cell number of SaOS-2 and HUVECs cells seeded on BGNPs and 
H-BGNPs agglomerated samples based on an image analysis where each nucleus 
was detected as an object representing a cell. d) Normalized cell area of SaOS-2 
and HUVECs cells seeded on BGNPs and H-BGNPs agglomerates. Cell area was 
determined using phalloidin signal analyzed after image processing to remove the 
background signal. These results showed that cells were evenly distributed over the 
surface of the agglomerated nanoparticles after 1, 3, and 7 days of culture. After 1 
day of culture, the nanoparticles sustained cell attachment, though no statistical 
significance was found in cell proliferation from 3 to 7 days. These results also 
showed an absence of cytotoxicity of the nanoparticles, reinforcing their 
appropriateness in tissue engineering applications. 
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Figure S4. Inspiration by nature. a) The lotus effect or self�cleaning properties that 
result from hydrophobicity exhibited by the leaves of Nelumbo nucifera (lotus 
leaves). Adapted from 8. Dirt particles are picked up by water droplets due to the 
micro- and nanoscopic architecture on the surface, which minimizes the droplet's 
adhesion to that surface. These surfaces with contact angles higher than 150º, 
exhibit extreme water repellency and have potential applications in the scientific 
and industrial fields.9, 10 Self�cleaning properties are also found in other plants, on 
the wings of certain insects or when rain falls on hydrophobic soil created by a 
wildfire.8, 11, 12, 13, 14 b) Coccolithophores (e.g. Emiliania huxleyi, adapted from 15) are 
usually a spherical unicellular phytoplankton that lives in the upper layers of the 
world's oceans. These creatures can convert ions dissolved in seawater into 
calcium carbonate hard shells. 16, 17 The chemistry behind the process of shell-
making, called marine calcification, relies on a complex series of chemical 
equations kept in a state of equilibrium, in a process analogous to bone formation.18 
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Table S3. Overview of the main signals detected in the FTIR spectra of BGNPs prior 
and after soaking in SBF for different time points. 
Wavenumber [cm-1] Label SBF Time Description 

1630 δ(H2O) All Stages Small Peak Coordinated water molecules adsorbed on the 
surface.19 

1460 ν3(CO3
2-) Before Broad peak observed for symmetrically coordinated pure ionic 

carbonate ions adsorbed on surfaces.20 
1420 & 1500 ν3(CO3

2-) 7 days Bands can be attributed either to CO3
2- adsorption or carbonate 

ions substituted in carbonated apatite.21, 22, 23, 24 
1210 Si-O-Si All stages Formation of new Si-O-Si bonds on condensation of SiOH groups. 

Appearance of this band corresponds to the decrease of the 
SiONBO peak.25, 26, 27 

1090 Si-O-Si NA Peak related to silicate network and ascribed to Si-O-Si 
asymmetric stretching. 
Assigned to the asymmetric stretching mode Si-O-Si (s, asym).24, 
27 

1043 P-O 7 days Phosphate absorption bands.24 
1020 νasym(Si-O-Si) Before Broad complex band at 900-1200 cm−1 is difficult to analyze 

because of overlapping as both PO and SiO groups absorb in this 
region. Bending and stretching vibrations assigned to Si-O-Si, 
consistent with the silica network existing in the BGNPs.24, 25, 28, 29 

963 P-O 7 days Phosphate absorption bands.24 
930-950 SiONBO Before Shoulder related to silicate network and ascribed to Si-O 

stretching of non-bridging oxygen atoms. The SiONBO is 
decreasing in intensity because of cation leaching.24, 25, 27, 30 

871 ν2(CO3
2-) Permanent Band related to both carbonates adsorbed on the surface and 

CO3
2- substituted in the apatite layer.24, 28 

800 δ(Si-O-Si) 4 hours Peak of 3D silica structures. Bending and stretching vibrations 
assigned to Si-O-Si, consistent with the silica network existing in 
the BGNPs. Assigned to the symmetric stretching vibration 
Si-O-Si(s, sym).24, 25, 27, 29 

712 CO3
2- 3 days Small Peak characteristic band for calcite.21 

570 & 601 P-O (cryst) 
ν4(P-O-P) 

1-7 days Double bonds at 601 and 568 cm−1 are the characteristic features 
of phosphate in crystalline phases.24 Bending mode of P-O-P 
bond found in hydroxyapatite.28 

560-610 P-O 4 hours Attributed to the asymmetric vibration of PO4
3-.24, 25, 27 

490-500 νsym(Si-O-Si) All stages Bending and stretching vibrations assigned to Si-O-Si.24, 25, 29, 30 
Peak can shifted to 450 cm−1 because of leaching of cations. 

470 P-O 7 days Band phosphate absorption bands.24 
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Figure S5. Release analysis and modeling of the release kinetics. a) IBU release 
profiles. The IBU release showed an abrupt release (burst effect), agreeing with 
other reports, as low molecular weight agents are more likely to have burst release 
profiles.31 b) BSA release profiles. BSA had a slower release profile than IBU. The 
profile showed a small release at early times (arrow in inset) that we attributed to the 
rapid diffusion of the BSA molecules near to the sphere interface. Such release 
kinetics is consistent with the typical release of molecules having high molecular 
weight from hydrogel systems.31 Compared with the control (hydrogels spheres 
without shell), the BSA released from BHM ceased the release between 1 and 3 
days, indicating that the bioactive shell influenced the release. c) Modeling of the 
release kinetics by the power law described by Korsmeyer-Peppas. This model was 
developed to describe releases from polymeric matrices. The semi-empirical 
equation is given by Mi/M∞=ktn, where Mi is drug released over time t, M∞ is drug 
at the equilibrium state (≈ initial drug dosage), k is the release velocity constant, and 
n is the release exponent in function of time t (related to the release mechanism) 
and determined by the portion of release curve where Mi/M∞<0.60.32 The calculated 
n values for IBU were <0.43 (theoretical value for spheres),32 which implies a Fickian 
model, where diffusion controlled the release kinetics of IBU. The IBU transport rate 
or diffusion is higher than the process of polymeric chain relaxation. The calculated 
n values for BSA were between 0.43<n<0.85 (theoretical value for spheres),32 
suggesting a non-Fickian model, in where diffusion and swelling governed the 
release of BSA. The rearrangement of polymeric chains occurs slowly and the 
diffusion of BSA simultaneously causes a time-dependent release effect. Therefore, 
we hypothesize that the produced BHM can be used for a variable rate releases in a 
dual‑drug administration strategy. The BHM could deliver a prime active agent at 
high release rates in the beginning of the treatment (e.g. providing immediate relief), 
followed by a prolonged release of a second active agent to promote gradual 
healing. 
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Figure S6. Surface and depth analyses of MC3T3-E1 cells inside the BHM. Each set 
presents a brightfield and DAPI image of the shell view, and DAPI image of core 
view with the region of interest, along with a 3D view, and a XZ view projection of the 
selected region. The calculation of the depth was based on the DAPI signal 
obtained by fluorescence microscopy. The likely position of the cells in-depth was 
obtained by the orthogonal image analysis of a stacks of z-slices. An area in the 
center of the marbles was choose as the region of interest. 
 

 

 
Figure S7. Live-dead fluorescent microscopy images (green represents live cells, 
and magenta represents dead cells) of MC3T3-E1 cells in non-coated hydrogels. 
Scale bar = 100 µm. 
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Figure S8. ALP images of MC3T3-E1 cells in non-coated hydrogels. 
Scale bar = 100 µm. 
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Table S4. Pearson correlation values. 
 Time 

(days) 
F 

Expression 
Si 

Expression 
P 

Expression 
Ca 

Expression 
Ca/P 

Expression 
Ca 

Release 
P 

Release 
Si 

Release Thickness IBU 
Release 

BSA 
Release 

Cell 
Number 

% Live 
Cells 

Osteo. 
Commit. 

Time (days) 
 -1.0 -1.0 0.9 0.9 0.9 -1.0 1.0 1.0 1.0 0.7 1.0 0.6 0.6 0.9 

F expression -1.0  1.0 -0.9 -0.8 -0.8 1.0 -1.0 -1.0 -1.0 -0.7 -1.0 -0.6 -0.6 -0.9 
Si Expression -1.0 1.0  -0.9 -0.8 -0.8 1.0 -1.0 -1.0 -1.0 -0.7 -1.0 -0.6 -0.6 -0.9 
P Expression 0.9 -0.9 -0.9  1.0 1.0 -0.9 0.9 0.9 0.8 0.7 0.9 0.6 0.7 0.9 
Ca 
Expression 0.9 -0.8 -0.8 1.0  1.0 -0.9 0.9 0.8 0.7 0.7 0.8 0.6 0.7 0.9 

Ca/P 
Expression 0.9 -0.8 -0.8 1.0 1.0  -0.9 0.9 0.8 0.7 0.8 0.8 0.7 0.8 0.9 

Ca Release -1.0 1.0 1.0 -0.9 -0.9 -0.9  -1.0 -1.0 -0.9 -0.8 -1.0 -0.7 -0.8 -1.0 
P Release 1.0 -1.0 -1.0 0.9 0.9 0.9 -1.0  1.0 1.0 0.8 1.0 0.6 0.7 0.9 
Si Release 1.0 -1.0 -1.0 0.9 0.8 0.8 -1.0 1.0  1.0 0.8 1.0 0.6 0.7 0.9 
Thickness 1.0 -1.0 -1.0 0.8 0.7 0.7 -0.9 1.0 1.0  0.7 1.0 0.5 0.6 0.8 
IBU Release 0.7 -0.7 -0.7 0.7 0.7 0.8 -0.8 0.8 0.8 0.7  0.8 1.0 1.0 1.0 
BSA Release 1.0 -1.0 -1.0 0.9 0.8 0.8 -1.0 1.0 1.0 1.0 0.8  0.6 0.7 0.9 
Cell Number 0.6 -0.6 -0.6 0.6 0.6 0.7 -0.7 0.6 0.6 0.5 1.0 0.6  1.0 0.9 
% Live Cells 0.6 -0.6 -0.6 0.7 0.7 0.8 -0.8 0.7 0.7 0.6 1.0 0.7 1.0  0.9 
Osteo. 
Commit. 0.9 -0.9 -0.9 0.9 0.9 0.9 -1.0 0.9 0.9 0.8 1.0 0.9 0.9 0.9  
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Table S5. Statistically significant P values. 

 
Time 
(days) 

F 
Expression 

Si 
Expression 

P 
Expression 

Ca 
Expression 

Ca/P 
Expression 

Ca 
Release 

P 
Release 

Si 
Release Thickness IBU 

Release 
BSA 

Release 
Cell 

Number 
% Live 
Cells 

Osteo. 
Commit. 

Time (days)  * * ns ns ns * * * ns ns * ns ns ** 

F expression *  ** ns ns ns * * * * ns * ns ns * 

Si Expression * **  ns ns ns * * * * ns * ns ns * 

P Expression ns ns ns  * * ns ns ns ns ns ns ns ns ns 
Ca 

Expression ns ns ns *  * ns ns ns ns ns ns ns ns ns 
Ca/P 

Expression ns ns ns * *  ns ns ns ns ns ns ns ns ns 

Ca Release * * * ns ns ns  * * ns ns * ns ns * 

P Release * * * ns ns ns *  * ns ns * ns ns ** 

Si Release * * * ns ns ns * *  * ns ** ns ns * 

Thickness ns * * ns ns ns ns ns *  ns * ns ns ns 

IBU Release ns ns ns ns ns ns ns ns ns ns  ns * * ns 

BSA Release * * * ns ns ns * * ** * ns  ns ns * 

Cell Number ns ns ns ns ns ns ns ns ns ns * ns  * ns 

% Live Cells ns ns ns ns ns ns ns ns ns ns * ns *  ns 
Osteo. 

Commit. ns ns ns ns ns ns ns ns ns ns ns ns ns ns  
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Figure S9. Scheme of the mechanism for the performance of the design BHM. 
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Figure S10. The predicted behavior of the produced bioactive hydrogel marbles in 
the regeneration of a bone defect. a) The ability of BHM to accommodate in intricate 
bone defects. When filling a space with spheres with approximately the same 
diameter, their tendency, due to their inherent symmetry, is to arrange themselves in 
a triangular order.33, 34 This arrangement is the minimum energy configuration that 
leads to a stable state. Thus, the BHM could pack inside the defects by filling the 
geometrical void. b) Tissue infiltration and vascularization. The interstitial spaces 
between the spherical BHM may act as pores that allow oxygen and nutrient access 
and cell invasion. Consequently, the BHM can cumulate, in situ, into organized 3D 
constructs with an interconnected porous structure. As we demonstrated the 
biocompatibility of H‑BGNPs with osteosarcoma (SaOS‑2) and endothelial cells 
(HUVECs), see Figure S3, we hypothesize that this feature can contribute to the 
healing process by bone tissue infiltration and vascularization, aiming the so-called 
angiogenic‑osteogenic coupling. c) Upon implantation, the BHM could provide 
mineralization and deliver therapeutic drugs and cells. The BHM possesses a native 
high storage capacity as the spherical geometry has the smallest surface area per 
unit of volume. Comparing with non-spherical particles, for the same volume, they 
have a theoretical low drug flux per unit of volume which can contribute to a more 
sustained release.35, 36 d) Osteointegration and new bone formation. The BHM could 
promote osteointegration by the formation of a bone-like apatite layer that can be 
remodeled by cells leading to an interfacial bonding with the bone. 
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