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A B S T R A C T

Scaffolds for bone tissue regeneration should provide the right cues for stem cell adhesion and proliferation, but
also lead to their osteogenic differentiation. Hydrogels of modified platelet lysates (PLMA) show the proper
mechanical stability for cell encapsulation and contain essential bioactive molecules required for cell mainte-
nance. We prepared a novel PLMA-based nanocomposite for bone repair and regeneration capable of releasing
biofactors to induce osteogenic differentiation. Human bone marrow-derived mesenchymal stem cells (hBM-
MSCs) were encapsulated in PLMA hydrogels containing bioactive mesoporous silica nanoparticles previously
loaded with dexamethasone and functionalized with calcium and phosphate ions. After 21 d of culture, hBM-
MSCs remained viable, presented a stretched morphology, and showed signs of osteogenic differentiation,
namely the presence of significant amounts of alkaline phosphatase, bone morphogenic protein-2 and osteo-
pontin, hydroxyapatite, and calcium nodules. Developed for the first time, PLMA/MSNCaPDex nanocomposites
were able to guide the differentiation of hBM-MSCs without any other osteogenic supplementation.
1. Introduction

Bone is a living organ with a very complex structure that includes
different cell types (e.g. osteoblasts, osteoclasts, mesenchymal stem cells)
and several structural proteins (e.g. collagen) and proteoglycans [1–3].
Although bone has a self-healing ability, the healing of critical size
fractures may require assisted bone repair. Autologous and allogeneic
bone grafts are the current treatments, but both present disadvantages
such as rejection, donor's morbidity, and inflammation [2]. As an alter-
native, tissue engineering combines biomaterials, cells, and bioactive
factors to fabricate substitutes that mimic the native bone tissue. The
combination of polymers with inorganic elements has been explored to
better mimic the composite native structure of bone tissue [2,4].

Three-dimensional (3D) cell culture platforms have been emerging in
order to enhance the similarities with extracellular matrix (ECM) and
native tissue microenvironment [5]. Within such 3D structures, hydro-
gels have been widely explored in tissue engineering applications
because of their physical and biological properties that are comparable to
those of the ECM [6,7]. Unlike other hydrogels, platelet lysates
(PL)-based hydrogels provide a high content of bioactive molecules, such
as cytokines and growth factors, involved in cell growth and proliferation
[8,9]. Because PL-based hydrogels usually suffer from poor mechanical
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properties and poor stability in vitro, new approaches have emerged in
order to overcome these issues [8,10]. Examples are loading or incor-
poration of PL in scaffolds [11–13], use of cross-linking agents (e.g.
genipin) [14], or PL modification with cross-linkable groups [9]. PL has
the advantage of being cost-effective, easily available, and from human
origin. They can, thus, be used as an allogeneic or autologous material to
locally enhance healing processes [8,11]. Moreover, PL and platelet-rich
plasma (PRP) have been used for several applications, including chon-
drogenic [11,15] and osteogenic differentiation [16,17], or ischemia
[18]. In a recent study, photocrosslinkable PL-based hydrogels were
obtained by conjugating PL proteins with methacryloyl groups (PLMA)
[9]. Such hydrogels were proved to have increased and tunable me-
chanical properties and higher stability than PL-based hydrogels previ-
ously reported. PLMA hydrogels have shown to support distinct
human-derived cell cultures, namely human mesenchymal stem cells,
osteoblasts, and different bone osteosarcoma cell lines. Remarkably,
encapsulated cells could also perform important biological processes
such as growth, sprouting, and migration [9,19].

By incorporating nanomaterials, nanocomposite hydrogels hold spe-
cific advantages from both components showing enhanced biological and
physical properties that better mimic the in vivo microenvironment [20,
21]. Inspired by hybrid natural structures [22], nanocomposite hydrogels
ticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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using silica nanoparticles have been used to induce osteogenic differen-
tiation of human stem cells [23,24]. More specifically, mesoporous silica
nanoparticles (MSNs) have been shown to be very efficient nanocarriers
because of their large surface area and pore volume and available surface
for functionalization [25–29]. The organic/inorganic conjugation leads
to an advantageous release system with enhanced bioactivity when
compared to their individual counterparts [7,30].

Calcium ions are known to stimulate osteoblast proliferation and
differentiation, while phosphate ions enhancemineral deposition in bone
and are directly involved in bone matrix production by osteoblasts [1,
31]. Nanoparticles containing both ions are bioactive, contributing to a
strong bond between the bone and the implant, by the formation of a
hydroxyapatite layer [32]. The bioactivity of these nanoparticles can be
further improved if they can release dexamethasone (Dex), which has
osteoconductive properties and is also directly involved in osteogenic
differentiation. Toxic side-effects of Dex at high concentrations require
the use of controlled release drug delivery systems for improved effec-
tiveness and safety [33–35].

In an attempt to take advantage of all great features of both PLMA
hydrogels and MSNs, the goal of this work was to prepare a nano-
composite PLMA-based hydrogel to function not only as support for stem
cell attachment and growth, but also to induce differentiation without
the need of osteogenic supplementation. Our strategy (Fig. 1) starts by
preparing MSNs functionalized with calcium (Ca2þ) and phosphate ions
(PO4

3�) on the external surface and loaded with Dex (MSNCaPDex). These
MSNCaPDex were incorporated in PLMA hydrogels along with human
bone marrow mesenchymal stem cells (hBM-MSCs) to form the final
nanocomposite hydrogel. hBM-MSCs have been extensively studied in
bone tissue regeneration because of their known capacity to differentiate
into bone cells and also because of their availability [36]. Here we report
for the first time the use of PLMA-based hydrogel nanocomposites with
MSNCaPDex for osteogenic differentiation. This novel nanocomposite
material is expected to have the proper biochemical microenvironment
and bioactive content to modulate the fate of encapsulated cells without
any further input, thus facilitating its future use in in vivo implantation.

2. Materials and methods

2.1. Materials

Tetraethylorthosilicate (TEOS, 98%, Merck-Sigma, Germany), N-
cetyltrimethylammonium bromide (CTAB, 99%, Merck-Sigma), sodium
Fig. 1. Schematic representation of the nanocomposite hydrogel production. (
porous silica nanoparticles (MSNs) were functionalized with calcium (Ca2þ) and pho
Scale bar: 200 nm (2) Modified platelet lysates (PLMA) were synthesized by reactio
hydrogels production by mixing MSNCaPDex and human bone marrow mesenchyma
order to form the hydrogels.

2

hydroxide (NaOH, Merck-Sigma), absolute ethanol (99.9%, Scharlab,
Spain), calcium hydroxide (Ca(OH)2, �95%, Merck-Sigma), dia-
mmonium hydrogen phosphate (DHP, (NH4)2HPO4, 98%, Merck-Sigma),
Dex (Dex, Thermo Fisher Scientific, USA), human PL (STEMCELL Tech-
nologies, Canada), methacrylic anhydride (MA) (94%, Sigma-Aldrich,
Germany), 2-hydroxy-4’-(2-hydroxyethoxy)-2 methylpropiophenone
(Irgacure 2959, Sigma-Aldrich), polydimethylsiloxane (PDMS, Dow
Corning, USA), phosphate-buffered saline (PBS, Thermo Fischer Scien-
tific, USA), perylene-diimide (PDI), Minimum Essential Medium Alpha
(MEM-α) (Thermo Fisher Scientific), fetal bovine serum (FBS, Thermo
Fisher Scientific), antibiotic/antimycotic (Thermo Fisher Scientific),
trypsin/EDTA (0.25%, Sigma-Aldrich), L-ascorbic acid (Sigma-Aldrich),
β-glycerophosphate (Sigma-Aldrich), calcein AM (4x10�3 M in DMSO,
Thermo Fisher Scientific), propidium iodide (Thermo Fisher Scientific),
Quant-iT PicoGreen dsDNA Assay Kit (Thermo Fisher Scientific), p-
Nitrophenyl phosphate (pNPP, -Merck-Sigma), Triton X-100 (Sigma-
Aldrich), bovine serum albumin (BSA, Sigma-Aldrich), mouse anti-
human osteopontin (OPN) antibody (Biolegend, USA), Alexa Fluor 488
goat anti-mouse (Biolegend), 40,60-diamino-2-fenil-indol (DAPI, Thermo
Fisher Scientific), OsteoImage™ Mineralization Assay kit (Lonza,
Switzerland), Alizarin Red S (Sigma-Aldrich).

2.2. Synthesis of bioactive mesoporous silica nanoparticles

MSNs were produced based on a previously described procedure
[37]. Briefly, in a polypropylene flask, 240 mL of Milli-Q water were
mixed with 1.75 mL of NaOH (1.7 M) at 40 �C. Once the temperature
stabilized, 0.5 g of CTAB was added. After 30 min stirring, 2.5 mL of
TEOS was added dropwise, and the reaction was left to proceed for 2 h.
After cooling to room temperature (RT), the dispersion was centrifuged
(30,000 g, 20 min) and washed three times with 50% (v/v) ethanol. The
particles were then dried at 50 �C in a ventilated oven. Afterward, MSNs
were functionalized with Ca2þ and PO4

3� ions and loaded with Dex to
form MSNCaPDex, as described elsewhere [38]. Briefly, after MSNs
dispersion in milli-Q water, solutions of Ca(OH)2 (0.15 g L�1) and DHP
(0.10 g L�1) were added to the dispersion and the mixture was stirred
overnight at RT. For recovery, the dispersion was centrifuged and
MSNCaP were washed three times with milli-Q water and dried at 50 �C.
To remove the template, the particles were finally calcinated at 550 �C
for 6 h. For the incorporation of Dex, 100 mg of MSNCaP and 4 mg of Dex
were mixed in 0.4 mL of ethanol, and the mixture was stirred for 24 h at
RT. The nanoparticles were collected by centrifugation and washed with
1) Synthesis of bioactive mesoporous silica nanoparticles (MSNCaPDex): meso-
sphate ions (PO4

3�) and loaded with dexamethasone (Dex) to form MSNCaPDex.
n of platelet lysates (PL) with methacrylic anhydride. (3) Nanocomposite PLMA
l stem cells (hBM-MSCs) in a PLMA solution followed by UV light irradiation in
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TRIS-buffer solution (10 mM TRIS, 0.17 M NaCl, pH 7.4) three times.

2.3. PLMA hydrogel nanocomposite preparation

PLMA were synthesized using a previously reported procedure [9].
Briefly, human PL was chemically modified by reaction with MA. The
excess MA was removed by dialysis against deionized water, and the
PLMA freeze-dried and kept at 4 �C until further use. Lyophilized PLMA
was dissolved in a solution of 0.5% (w/v) Irgacure 2959 in PBS to a final
concentration of 15% (w/v) PLMA. Afterward, MSNCaPDex was mixed in
15% (w/v) PLMA solution to a final concentration of 1% (w/v) nano-
particles. PLMA hydrogel nanocomposite was prepared by transferring
the solution to PDMS molds with 6 mm diameter followed by ultraviolet
(UV) irradiation (95 mW cm�2).

To assess MSNCaPDex dispersion in the PLMA hydrogel composites, a
fluorescent molecule (PDI) was incorporated in the nanoparticles struc-
ture (PDI-MSNCaPDex), as previously reported [25]. PLMA hydrogel
nanocomposites with PDI-MSNCaPDEx were imaged in an upright fluo-
rescence microscope (Zeiss Imager M2) equipped with a monochromatic
digital camera (AxioCamMRm, 3Mpix). Image processing was performed
with the ZEN v2.3 blue edition software (Carl Zeiss Microscopy GmbH).

2.4. Rheological studies

Elastic and viscous moduli of PLMA and PLMA nanocomposite solu-
tions during the photopolymerization process were studied by photo-
rheology. Both 15% (w/v) PLMA and 15% (w/v) PLMA containing 1%
(w/v) MSNCaPDex were used for rheological studies. A Kinexus Labþ
(Malvern Panalytical, UK) equipped with a UV curing attachment was
used to characterize the photocrosslinking kinetics. The gap setting was
fixed as 0.5 mm, and light intensity (95 mW/cm2) was used for the
crosslinking reaction of the precursor. Tests were performed at 25 �C
with a frequency of 1.0 Hz and 0.02% of shear strain.

2.5. Compressive mechanical tests

The mechanical behavior of PLMA hydrogels at 15% (w/v) and PLMA
hydrogels at 15% (w/v) containing 1% (w/v) of MSNCaPDex was
assessed by compression testing using a Instron Uniaxial Testing Machine
(Instron, US) equipped with a 50 N load cell. Unidirectional compression
assays were performed on fresh-prepared cylindrical hydrogels (6 mm of
diameter and 2.5 mm of height) at RT. The Young's modulus was defined
as the slope of the linear region (0–5% of strain) of the strain-stress curve.

2.6. In vitro cell culture-and hBM-MSCs encapsulation

hBM-MSCs (hBM-MSCs, ATCC, USA) were cultured in MEM-
α supplemented with 10% FBS and 1% antibiotic/antimycotic. The cells
were cultured under standard conditions (5% CO2 atmosphere at 37 �C).
Themediumwas replaced every 2 d, and the cells were used until passage
6. hBM-MSCs suspensions were prepared by trypsinization (0.25%
trypsin/EDTA solution).

For in vitro cell tests, PLMA hydrogels with hBM-MSCs encapsulated
were produced with and without MSNCaPDex. MSNCaPDex was previ-
ously sterilized with ethanol for 2 h and afterward resuspended in the
PLMA solution. For all conditions, the cells were resuspended in PLMA
precursor solutions to a final density of 4 � 106 cells mL�1. PLMA
hydrogels with and without MSNCaPDex were produced as described
previously. PLMA hydrogels without MSNCaPDex were culture in both
basal medium – MEM-α and osteogenic medium – MEM-α supplemented
with ascorbic acid (10 � 10�3 M), Dex (100 � 10�9 M) and β-glycer-
ophosphate (50 μg mL�1). PLMA hydrogel nanocomposites were cultured
only in basal medium. The cells were incubated, and at pre-determined
time points (1, 7, 14, and 21 d), their viability, proliferation and differ-
entiation were assessed.
3

2.7. Live/dead assay

At predetermined time points, PLMA hydrogels were incubated in a
solution of 2 μL of calcein AM 4 � 10�3 M solution in DMSO and 1 μL of
propidium iodide 1 mg mL�1 in 1,000 μL of PBS at 37 �C during 30 min.
After washing with PBS, hydrogels were examined using an upright
fluorescence microscope (Zeiss Imager M2) equipped with a mono-
chromatic digital camera (AxioCamMRm, 3Mpix). Image processing was
performed by using the ZEN v2.3 blue edition software (Carl Zeiss Mi-
croscopy GmbH).

2.8. Cell proliferation quantification

Double-strained DNA (dsDNA) quantification assay (Quant-iT Pico-
Green dsDNA Assay Kit) was performed to follow cell proliferation. In
specific time points, the culture media were removed, and the hydrogels
washed with PBS. The hydrogels were immersed in sterilized deionized
water and frozen at �80 �C. The samples were thawed at 37 �C and
sonicated for 30 min to induce complete membrane disruption. DNA
standards were prepared with concentrations ranging between 0 and
1 μg mL�1. The microplate was incubated in the dark for 10 min, and
fluorescence was measured (480 nm excitation and 528 nm emission) in
a microplate reader (Microplate Reader - Synergy HTX with lumines-
cence, fluorescence and absorbance, BioTek Instruments, USA).

2.9. ALP activity measurement

ALP activity was quantified by the specific conversion of p-Nitro-
phenyl phosphate (pNPP) into p-Nitrophenol (pNP) using the same
samples used for the DNA quantification. After thawing the samples at
37 �C, 60 μL of buffer solution containing 2 mg mL�1 pNPP was added to
20 μL of the supernatant in a 96-well plate. The enzyme reaction was
carried out at 37 �C in the dark for 1 h and then stopped by adding 80 μL
of the stop solution (3 M NaOH in deionized water). The absorbance was
measured at 405 nm in a microplate reader (Microplate Reader - Synergy
HTX with luminescence, fluorescence, and absorbance, BioTek In-
struments, USA). A standard curve was extrapolated by using pNP values
ranging from 0 to 0.5 mM. The ALP values are normalized to the dsDNA
content.

2.10. BMP-2 quantification by ELISA

The amount of bone morphogenic protein 2 (BMP-2) released by the
encapsulated cells was assessed by ELISA quantification assay. For that,
the supernatants (1 mL) of cell culture media at 21 d of culture were
stored at �80 �C until analysis. Commercially available human BMP-2
ELISA development kits (Abcam) were performed according to the
manufacture's specifications. The measurements were read at 450 nm in
a microplate reader (Microplate Reader - Synergy HTX with lumines-
cence, fluorescence, and absorbance, BioTek Instruments, USA).

2.11. Osteopontin immunostaining

The expression of OPN on the PLMA hydrogels was assessed after 21
d of culture by fluorescence imaging. After wash with PBS, the hydrogels
were fixed with 10% (v/v) formalin for 2 h. The samples were then
permeabilized with 1% (v/v) Triton X-100 in PBS, blocked with 3% (w/
v) BSA during 1 h and incubated overnight with mouse anti-human OPN
antibody (1:100 in 5% (v/v) FBS/dPBS) at 4 �C. Cells were then rinsed in
PBS and incubated with Alexa Fluor 488 goat anti-mouse (1:400 in 5%
(v/v) FBS/dPBS) for 1 h at RT in the dark. For cell nucleus staining, the
samples were incubated for 5 min with DAPI (1:1000 in PBS, original
solution at 5 mg mL�1). After washing with PBS, hydrogels were exam-
ined using an upright fluorescence microscope (Zeiss Imager M2)
equipped with a monochromatic digital camera (AxioCamMRm, 3Mpix).
Image processing was performed by using the ZEN v2.3 blue edition
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software (Carl Zeiss Microscopy GmbH).
2.12. Biomineralization analysis

In vitro biomineralization was assessed at 21 d of culture either by
hydroxyapatite crystals analysis or Alizarin Red S staining. In order to
detect hydroxyapatite crystal, OsteoImage™ Mineralization Assay kit
was used according to the manufacturer's instructions. After fixation with
10% (v/v) formalin, the samples were incubated with Osteoimage™
Staining reagent (1:100 in PBS) for 30 min. Afterward, the samples were
incubated for 5 min with DAPI (1:1000 in PBS, original solution at
5 mg mL�1). After washing with PBS, hydrogels were examined using an
upright fluorescence microscope (Zeiss Imager M2) equipped with a
monochromatic digital camera (AxioCam MRm, 3Mpix). Image pro-
cessing was performed by using the ZEN v2.3 blue edition software (Carl
Zeiss Microscopy GmbH). For Alizarin Red S mineralization assay,
hydrogels were fixed and washed as previously mentioned. After, the
samples were incubated with 1 mL of Alizarin Red S (4� 10�4 M, pH 4.2)
for 1 h at RT. The staining solution was then removed, and the cells rinsed
three times with PBS. The images were acquired using a Stemi 508 Stereo
Microscope (Zeiss).
2.13. Statistical analysis

Data are presented as mean� standard deviation in each experiment.
The statistical analysis was performed by using the two-way ANOVAwith
post hoc Tukey's multiple comparisons tests, using GraphPad Prism v6.00
software (San Diego, USA). Statistical significance was defined at p<0.05
for a 95% confidence interval. For mechanical and rheological results,
Fig. 2. PLMA/MSNCaPDex nanocomposites characterization. (A) MSNCaPDex l
modulus for PLMA without and with 1% MSNCaPDex. (C) Representative curves for s
MSNCaPDex. Statistical analysis by unpaired t-test with a 99% confidence showed no
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Unpaired t-test with 99% confidence were performed, using the same
software.

3. Results and discussion

3.1. Nanocomposite PLMA hydrogel formulation and characterization

We hypothesize that the bioactive MSNs containing Ca2þ, PO4
3� and

Dex (MSNCaPDex) will be efficient in leading hBM-MSCs osteogenic
differentiation when combined with PLMA in a 3D system. For proof-of-
concept, we developed a novel PLMA hydrogel nanocomposite by
incorporating 1% (w/v) bioactive MSNCaPDex.

MSNCaPDex nanoparticles labeled with a fluorescent dye (PDI) were
dispersed in a PLMA solution prior to photocrosslinking. The obtained
hydrogel nanocomposites were observed by fluorescence microscopy,
showing that MSNCaPDex are well distributed inside the PLMA hydro-
gels – see Fig. 2A.

The mechanical properties of the PLMA hydrogel nanocomposites
were obtained from compression tests. The Young's modulus, defined as
the slope of the linear region (0–5% of strain) of the strain–stress curve,
shows that there are no significant differences between the stiffness value
of PLMA hydrogels and nanocomposite PLMA hydrogels, meaning that
the presence of nanoparticles did not affect the mechanical behavior of
PLMA hydrogels (Fig. 2B). In particular, we can conclude that the addi-
tion of 1% (w/v) of the silica-based nanoparticles did not produce a
significant change in the stiffness of the hydrogel. For the assessment of
the rheological properties, photo-rheological measurements were per-
formed. Fig. 2C shows a representative curve of the storage modulus (G0)
for both conditions studied. Fig. 2D shows the results obtained for t1/2,
abeled with PDI dispersion in PLMA hydrogel. Scale bar: 100 μm (B) Young's
torage modulus (G0) and (D) t1/2 and tan δ for PLMA 15% and PLMA 15% þ 1%
significant differences.
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which gives the time where G0 reach the average value of the storage
moduli of the hydrogel and the liquid sample, and tan δ, which gives the
ratio between loss modulus (G00) and G’. It can be observed there are no
significant differences for such values between both conditions studied.
Both the photocrosslinking time and the viscoelastic nature of the
hydrogels are maintained even in the presence of MSNCaPDex.

3.2. Cellular viability assay

PLMA hydrogels have been shown to adequately support human stem
cell adhesion and proliferation [9,19]. Before studying the effect of the
presence of MSNCaPDex on stem cells differentiation, we evaluated the
viability and adhesion of hBM-MSCs in the new PLMA hydrogel nano-
composite. hBM-MSCs were encapsulated in PLMA and
PLMA-MSNCaPDex hydrogels for 14 d. For PLMA hydrogels, here used as
controls, the cell culture was performed in basal medium (MEM-α) and
osteogenic medium (MEM-α supplemented with ascorbic acid, Dex, and
β-glycerophosphate). In the case of nanocomposite PLMA hydrogels, only
basal medium was used during cell culture time. At pre-determined time
points, namely 1, 7, and 14 d of culture, a live/dead assay was performed
in order to access cell viability inside PLMA and PLMA/MSNCaPDex
hydrogels. Fig. 3 shows the representative fluorescence images for
live/dead assays for all the conditions studied. After 24 h, the cells
remain viable inside both PLMA and PLMA hydrogels nanocomposite.
After 2 weeks, hBM-MSCs are viable and perfectly spread inside the
hydrogels. This proves that the presence of the nanoparticles does not
affect the viability of the cells, but also that the hBM-MSCs were able to
adhere and spread within the 3D PLMA matrix.
Fig. 3. Live/dead assays. Representative live/dead images of hBM-MSCs encapsula
sulated in PLMA hydrogel nanocomposites (cultured in basal medium), at 1, 7, and

5

3.3. hBM-MSCs osteogenic differentiation

The capacity of MSNCaPDex to induce the osteogenic differentiation
of hBM-MSCs was already proved in a two-dimensional (2D) study, with
several signs of differentiation after 21 d even without additional oste-
ogenic supplementation [38]. The incorporation and release of Dex and
calcium and phosphate ions were also evaluated previously [38,39]. The
concentration of bioactive factors released proved to be enough to induce
an osteogenic response in hBM-MSCs with a single-dose administration.
However, 2D cultures do not replicate the in vivo cell microenvironment
[5]. In the present work, the goal was to understand the ability of
MSNCaPDex to induce osteogenic differentiation of hBM-MSCs when
incorporated in a 3D structure, which can better mimic the native ECM
and its mechanical and biochemical signals [9]. Similarly to the live/-
dead studies, hBM-MSCs were encapsulated in the studied hydrogels. It is
important to note that half of the mediumwas exchanged every 3 d. Basal
medium was used for experiments with nanocomposites and for the
negative control, while osteogenic medium was used for the positive
control, meaning that the latter was supplemented with fresh osteogenic
factors every 3 d, while the nanocomposite did not receive further
osteogenic factors.

To understand if hBM-MSCs were able to differentiate inside PLMA
hydrogels, specific osteogenic markers were quantified: ALP and human
recombinant BMP-2. ALP is a membrane-bound enzyme synthesized
earlier on the osteogenic differentiation pathway, and it is related with
matrix mineralization and thus bone synthesis [1,40]. BMP-2 is involved
in osteogenic differentiation modulation and coordinates bone formation
[41]. From 7 to 14 d of culture, there is an increase in ALP in the presence
of MSNCaPDex, with values significantly higher than the basal medium
and comparable to the osteogenic medium – see Fig. 4A. At day 21, the
cells in the presence of osteogenic medium reach the maximum of ALP
ted in PLMA hydrogels (cultured in basal and osteogenic medium) and encap-
14 d of culture. Scale bar: 200 μm.



Fig. 4. Study of osteogenic differentiation for hBM-MSCs encapsulated in PLMA hydrogels cultured with basal medium, osteogenic medium, and 1%
MSNCaPDex PLMA hydrogels in basal medium. In vitro (A) ALP activity and (B) BMP-2 quantification. Representative fluorescence images after 21 d of: (C)
osteopontin (green channel: Alexa Fluor 488, osteopontin staining; blue channel: DAPI, nucleus staining) and (D) hydroxyapatite (green channel: hydroxyapatite
staining; blue channel: DAPI, nucleus staining). Scale bar: 100 μm. (E) Representative optical microscopy images of Alizarin Red S staining of calcium deposits after 21
d. Scale bar: 500 μm. Data represent mean � s.d. (n ¼ 3). * ¼ p<0.05, ** ¼ p<0.01, *** ¼ p<0.001, **** ¼ p<0.0001. Symbols above bars are compared to those of
basal medium.
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production, while there is a decrease in the presence of MSNCaPDex.
Similarly to ALP, the maximum concentration of BMP-2 in the presence
of MSNCaPDex is reached after 14 d (Fig. 4B), with values significantly
higher than those obtained with nanoparticles in basal medium and
comparable to those in osteogenic medium. The results also demonstrate
a decrease in both ALP and BMP-2 concentration from 14 to 21 d of
culture for PLMA þ MSNCaPDex, unlike what happens for PLMA in the
osteogenic medium. This is probably due to the fact that more osteogenic
factors were added every time the osteogenic medium was replaced,
while in PLMA þMSNCaPDex, the quantity of these factors is dependent
only on the amount initially present in the MSNCaPDex.

hBM-MSCs osteogenic differentiation was also evaluated by analyzing
the extracellular deposition of mineralized matrix. First,
OPN immunostaining was performed, as this is a bone-associated protein
involved in bone mineralization and a key factor in bone remodeling
[35]. Fig. 4C shows representative fluorescence images of OPN immu-
nostaining after 21 d of culture. Images show the presence of OPN in cells
encapsulated in the PLMA hydrogels cultured in osteogenic medium and
in hydrogel nanocomposites. For PLMA hydrogels cultured in basal me-
dium, no signs of OPN staining were found.

The performance of the PLMA hydrogels nanocomposites was also
investigated by hydroxyapatite immunostaining and alizarin red S stain-
ing, for calcium nodules. Hydroxyapatite-based microcrystals are depos-
ited into the collagen matrix of bone and therefore are an important
marker of osteogenic differentiation [1]. Hydroxyapatite formation was
assessed by fluorescence microscopy, and it is possible to observe higher
amounts of hydroxyapatite either in PLMA hydrogels cultured in osteo-
genic medium or in PLMA hydrogel nanocomposites cultured in basal
medium (Fig. 4D). Alizarin red S staining was used to observe the calcium
nodules formed by the cells. There is a clear difference in the formation of
calcium nodules between the PLMA hydrogels cultured in basal medium
and the other two conditions (Fig. 4E), meaning that calcium deposition
only occurred in PLMA hydrogels in osteogenic medium or in the PLMA
hydrogel nanocomposites.

Regarding the efficacy of our nanocomposite hydrogel, the most cor-
rect comparison should be made with the negative control, as both are
cultured in basal medium. In that case, both ALP and BMP-2 production is
significantly higher at day 14, and the presence of OPN, hydroxyapatite,
and calcium nodules is only observed in the PLMA-MSNCaPDex hydrogels.

Overall, our results suggest that hBM-MSCs in PLMA hydrogels do not
show any signs of differentiation when cultured in basal medium. This
follows previous results where the addition of PL to a dextran scaffold did
not lead to osteoblast differentiation in vitro [11]. The secretion of osteo-
calcin was detected with the addition of PL to a chitosan-based scaffold,
but there was nomineralization at day 21 [16]. In this study, the similarity
of the results obtained for the cells in osteogenic medium and in
PLMA/MSNCaPDex hydrogels is evident. The main difference between
these conditions is that hBM-MSCs cultured in osteogenic medium were
supplemented every 3 d with osteogenic enhancers due to the medium
exchange, while the hBM-MSCs encapsulated in PLMA hydrogel nano-
composites were cultured in basal medium. However, the maximum
values of ALP and BMP-2 production are reached at an earlier time point
when MSNCaPDex is used. This means that the bioactive factors released
from the MSNCaPDex are enough to reach comparable production of
bone-associated markers and similar levels of mineralization to the posi-
tive control without the need for further supplementation. Previous studies
with nanocomposite scaffolds using bioactive MSNs showed an effect in
osteogenic differentiation in the presence of the nanoparticles, but using
osteogenic or osteoconductive medium [42–44]. Contrarily to most
studies, this work is conducted in basal medium, so instead of looking only
for a possible upregulation of osteogenic differentiation, here we prove
that the presence of MSNCaPDex in PLMA hydrogels is enough to reach a
similar response to the osteogenicmedium. Overall, by combining the easy
availability of human bioactive PL with osteoinductive nanoparticles, we
obtain a nanocomposite hydrogel ideal for bone tissue regeneration.
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4. Conclusions

For the first time, hydrogels based on human PL were combined with
osteoinductive nanoparticles to engineer a multifunctional bioactive
system for bone tissue engineering. Bioactive silica nanoparticles,
MSNCaPDex, were incorporated in PLMA hydrogels in order to obtain a
nanocomposite material able to support stem cell culture and migration
and also to induce their differentiation to the osteogenic lineage.
MSNCaPDex was dispersed in the hydrogel matrix and did not affect the
PLMA hydrogels mechanical properties or cell viability. Most impor-
tantly, the presence of 1% MSNCaPDex was enough for hBM-MSCs to
reach high levels of ALP and BMP-2 and to produce OPN, hydroxyapatite,
and calcium nodules associated with the process of differentiation. The
results from this study show that the presence of MSNCaPDex in PLMA
hydrogels produces a similar response to that obtained using continuous
osteogenic supplementation. Therefore, the use of the hydrogel nano-
composites is an extremely attractive alternative to the repeated delivery
of osteogenic factors, simplifying the procedure by releasing them in a
more controlled manner. By combining a brand-new hydrogel that shows
so many advantages for cell culture with a bioactive nanomaterial proven
to be efficient on its own, we obtain a suitable PLMA-MSNCaPDex
hydrogel for bone tissue regeneration. This could be relevant in appli-
cations where we wish to induce cell's differentiation within the
implantable device. We hypothesize that such intrinsically osteogenic
hydrogels could be delivered either by injection or surgery and could
accelerate bone regeneration in situ.
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