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Abstract 

Leveraging 3D bioprinting for processing stem cell-laden biomaterials has unlocked a 
tremendous potential for fabricating living 3D constructs for bone tissue engineering. Even 
though several bioinks developed to date display suitable physicochemical properties for stem 
cell seeding and proliferation, they generally lack the nanosized minerals present in native bone 
bioarchitecture. To enable the bottom-up fabrication of biomimetic 3D constructs for 
bioinstructing stem cells pro-osteogenic differentiation, herein we developed multi-bioactive 
nanocomposite bioinks that combine the organic and inorganic building blocks of bone. For the 
organic component gelatin methacrylate (GelMA), a photocrosslinkable denaturated collagen 
derivative used for 3D bioprinting was selected due to its rheological properties display of cell 
adhesion moities to which bone tissue precursors such as human bone marrow derived 
mesenchymal stem cells (hBM-MSCs) can attach to. The inorganic building block was 
formulated by incorporating mesoporous silica nanoparticles functionalized with calcium, 
phosphate and dexamethasone (MSNCaPDex), which previously proven to induce osteogenic 
differentiation. The newly formulated photocrosslinkable nanocomposite GelMA bioink 
incorporating MSNCaPDex nanoparticles and laden with hBM-MSCs was sucessfully 
processed into a 3D bioprintable construct with structural fidelity and well dispersed 
nanoparticles throughout the hydrogel matrix. These nanocomposite constructs could induce 
the deposition of apatite in vitro, thus showing attractive bioactivity properties. Viability and 
differentiation studies showed that hBM-MSCs remained viable and exhibited osteogenic 
differentiation biomarkers when incorporated in GelMA/MSNCaPDex constructs and without 
requiring further biochemical nor mechanical stimuli. Overall, our nanocomposite bioink has 
demonstrated excellent processability via extrusion bioprinting into osteogenic constructs with 
potential application in bone tissue repair and regeneration. 
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1. Introduction 1 

Bone tissue engineering is receiveing an imense interes 2 
owing to its potentia for  providingalternative and more 3 
efective bone repair treatments. Presently, autologous, 4 

allogenic and synthetic grafts are the most common treatment 5 
methodologies, but all have inherent disadvantages that could 6 
potentially be overcome trough the use of stem cell-laden 7 
bioactive hydrogel biomaterials that promote active tissue 8 
repair through the presentation of multi-dimensional 9 
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biomolecular cues that stimulate de novo bone deposition [1–10 
3]. 3D Bioprinting of [4,5] offers a precise and controlled 11 
technique for cell deposition, suitable for the development of 12 
anatomically controlled tissue constructs for various 13 
biomedical applications [6]. Besides the ability to construct 14 
complex structures that mimic bone in composition, 3D 15 
bioprinted scaffolds can also be customized to each specific 16 
patient bone defect in a personalized medicine approach [7]. 17 
The search for superior bioinks to fabricate tailored living 18 
implantable constructs for bone tissue repair remains however 19 
highly challenging and requires biomaterial combinations 20 
exhibiting intrinsic properties for bone progenitor cells 21 
adhesion and osteogenic differentiation, while assuring 3D 22 
constructs stability and shape fidelity post-printing. From a 23 
bottom-up perspective, the hierarchical structure of bone is 24 
comprised mainly by a combination of organic and inorganic 25 
components, namely nanosized hydroxyapatite crystals and 26 
collagen fibers [6,8,9]. Collagen-based hydrogels have been a 27 
common choice to recapitulate the organic bone building 28 
block owing to their high water content and tunable 29 
physicochemical properties and bioactivity [10,11]. Gelatin, a 30 
protein derived from the denaturation of collagen, has been 31 
extensively explored for this application and also for 3D 32 
bioprinting owing to its rheological properties, chemical 33 
versatility and inherent bioactivity. One key feature of this 34 
biomaterial is the intrinsic presence of cell adhesion motifs 35 
such as RGD or matrix metalloproteinases (MMP) cleavable 36 
sequences [12,13]. Furthermore, this material exhibits 37 
excellent biodegradability, biocompatibility and non-38 
cytotoxicity [14]. By grafting unsaturated methacrylamide 39 
groups to gelatin amino/hydroxil groups, a photocrosslinkable 40 
(GelMA) hydrogel that is stable at physiological temperature 41 

(ca. 37 °C) can be obtained, as we and others demonstrated 42 
[15–17].  43 

GelMA hydrogels show enhanced mechanical properties, 44 
and the chemical modification does impact the exposure of 45 
functional groups important for cell attachment. GelMA 46 
hydrogels present several advantages for different biomedical 47 
applications in tissue repair, from bone, to cardiac [18], 48 
muscular [19], cartilage [20] and connective tissue [21]. 49 
GelMA from porcine has also been proven to be a suitable 50 
bioink for extrusion-based 3D bioprinting, enabling the 51 
fabrication of microtissue constructs exhibiting high shape 52 
fidelity. Herein, gelatin was selected for the osteogenic bioink 53 
formulation due to its correlation with collagen and is aimed 54 
to represent the organic component found in the native bone 55 
tissue. Nevertheless, GelMA presents some challenges 56 
regarding the optimization of its printability window, namely 57 
regarding final concentration and possible spontaneous 58 
crosslinking, especially with porcine gelatin [22–24]. 59 

Aiming to include the nano building blocks found in native 60 
bone tissues, attempts to use standard or stimuli 61 
nanocomposite biomaterials have also been reported in the 62 
context of bone tissue repair and of several other biomedical 63 
applications [6,8,9,25]. Bioactive silica nanoparticles have 64 
shown to be particularly attractive as they can be leveraged for 65 
inducing hydroxyapatite formation and to bioinstruct stem 66 
cells toward osteogenic lineages by releasing inorganic ions 67 
including calcium, phosphate and silicate, or stem cell 68 
bioinstructive drugs, as we and others demonstrated [26–29]. 69 
Moreover, nanosilicates are recognized to provide enhanced 70 
physical, chemical, and biological functionality to different 71 
types of materials [27,30,31]. Particularly, mesoporous silica 72 
nanoparticles (MSNs) have been commonly employed as 73 
nanocarriers due to their mesoporous structure that allows 74 

Figure 1 – Mesoporous silica nanoparticles (MSN) are functionalized with calcium and phosphate ions and loaded with 
dexamethasone (Dex) yielding bioactive MSNCaPDex nanoparticles. These nanocarriers were combined with GelMA and
hBM-MSCs to form a nanocomposite bioinstructive bioink. A 3D CAD model was used to design disc-shaped 3D constructs, 
which were manufactured by 3D bioprinting, as a proof of concept of nanocomposite bioink printability and applicability. 
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bioactive molecules loading, high surface-to-volume ratio, 75 
and chemical versatility that allows its straighforward surface 76 
functionalization with a number of moieties [32]. Calcium and 77 
phosphate ions, which positively influence  stem cells 78 
osteogenic differentiation, bone matrix deposition and 79 
mineralization, [33] have been integrated in MSNs to form 80 
bioactive glass nanospheres [34]. Dexamethasone (Dex), a 81 
glucocorticoid known to induce osteogenesis [35,36], was also 82 
incorporated in MSN nanoparticle pores to obtain 83 
bioinstructive systems that exhibit osteoconductive osteogenic 84 
differentiation properties [34]. Recently, we synthesized 85 
multifunctional MSNs nanocarriers incorporating Dex and 86 
pro-osteogenic minerals (MSNCaPDex) [37]. Such 87 
multifaceted carriers were able to promote stem cells 88 
osteogenic differentiation in a single administration. 89 

Herein we report the design of a 3D bioactive bioink that 90 
combines MSNCaPDex nanoparticles and GelMA hydrogels 91 
laden with hBM-MSCs, as illustrated in figure 1. This 92 
approach recapitulates the major inorganic/organic 93 
components of bone matrix (GelMA -organic component; 94 
MSNCaPDex nanoparticles - inorganic nanosized 95 
components), and also key cellular constituents that are 96 
recognized to differentiate into bone cells under specific 97 
conditions and to contribute for bone tissue deposition. The 98 
nanocomposite biomimetic bioink composition was optimized 99 
for enabling 3D extrusion bioprinting of disk-shaped hBM-100 
MSCs laden constructs as a proof of concept. Initially an 101 
optimization of 3D bioprinting parameters including printing 102 
pressure and GelMA incubation on ice were optimized, to 103 
maximize the 3D printed constructs shape fidelity post 104 
printing. Stem cell viability and osteogenic differentiation was 105 
evaluated post-printing. The newly formulated nanocomposite 106 
bioink shows great potential for being used in bone tissue 107 
engineering applications. 108 

2. Experimental Section 109 

2.1 Materials 110 

Tetraethylorthosilicate (TEOS, 98%,), N-111 
cetyltrimethylammonium bromide (CTAB, 99%,), sodium 112 
hydroxide solution (25 % NaOH,), ethanol (99.9%), calcium 113 
hydroxide (≥ 95%, Ca(OH)2,), ammonium hydrogen 114 
phosphate (98%, DHP), Gelatin Type A from porcine skin, 115 
Trypsin, Irgacure 2959 and p-Nitrophenyl phosphate were 116 
acquired from Merk-Sigma (Sintra, Portugal). Glycidyl 117 
methacrylate (97%) were obtained from ACROS organics. All 118 
of the following cell culture media and supplements namely 119 
GIBCO Dulbecco’s Phosphate buffered saline (DPBS), Fetal 120 
Bovine Serum (FBS; E.U. approved, South America origin), 121 
TrypLETM Express, Antibiotic/antimycotic solution (ATB) 122 
containing 10,000 units/mL of penicillin, 10,000 mg. mL-1 of 123 
streptomycin, and 25 mg.mL-1 of Amphotericin B were 124 
purchased from ThermoFisher Scientific (Alfagene, Portugal). 125 

Calcein-AM, Propidium Iodide (PI) and β-Glycerol phosphate 126 
were all purchased from Thermo Fisher Scientific (Alfagene, 127 
Portugal). Alizarin Red S was obtained from Laborspirit 128 
(Loures, Portugal). Hydroxyapatite (nanoXIM-Hap602, 100% 129 
purity, Ca/P ratio: 1.67, particle size: 5µm), was a gift from 130 
Fluidinova (Maia, Portugal). To visualized MSNCaPDex 131 
nanoparticles dispersion in the bioprinted 3D hydrogel matrix, 132 
a fluorescent molecule (perylenediimide-PDI) was 133 
incorporated in nanoparticles, as reported elsewhere [38]. 134 

2.2 Synthesis of Bioactive Mesoporous Silica 135 
Nanoparticles 136 

The preparation of MSNs was based on a previously 137 
described procedure [39,40]. Briefly, in a polypropylene flask, 138 
240 mL of MilliQ water was mixed with 1.75 mL of NaOH 139 
(1.7 M) at 40 oC. Once the temperature was stabilized, 0.5 g 140 
of CTAB was added. After 30 min, 2.5mL of TEOS was added 141 
dropwise while stirring. The reaction was then left to proceed 142 
for 2 h. After cooling at RT, the dispersion was centrifuged 143 
(30,000 g, 20 min) and washed three times with a mixture of 144 
ethanol/water (50 % v/v). The resulting particles were dried at 145 
50 oC, in a ventilated oven.  146 

For the addition of  calcium and phosphate ions [29,37], 147 
MSNs were initially dispersed in milli-Q water. After, calcium 148 
hydroxide (Ca(OH)2) and diammonium hydrogen phosphate 149 
((NH4)2HPO4, DHP) solutions were added directly into the 150 
dispersion at a concentration of 0.15 g L-1 and 0.10 g L-1 151 
respectively. The mixture was left stirring overnight at room 152 
temperature. For recovery, the dispersion was centrifuged and 153 
MSNCaP (MSN particles functionalized with calcium and 154 
phosphate) were washed 3 times with milli-Q water and dried 155 
at 50 oC. To remove the template, the particles were calcinated 156 
at 550 oC, for 6 h.  157 

Dexamethasone (Dex) was incorporated in the pore 158 
structure by combining 100 mg of MSNCaP and 4 mg of Dex 159 
in 0.4 mL of ethanol. The mixture was stirred for 24 h, at RT. 160 
The drug loaded nanoparticles were collected by 161 
centrifugation, washed with TRIS-buffer solution (10 mM 162 
TRIS, 0.17M NaCl, pH=7.4) three times and dried at RT.  163 

2.3 Synthesis of Methacrylated Gelatin 164 

Porcine gelatin type A was chemically modified with 165 
methacryloyl functional moieties as we previously described 166 
[17]. Initially, a 10 % (w/v) gelatin solution was prepared by 167 
dissolving gelatin in PBS (pH=7.4), under vigorous magnetic 168 
stirring, at 50 oC, overnight. Methacrylic anhydride (0.6 g / g 169 
of gelatin) was added slowly to the mixture and the reaction 170 
was left for 5 h, at RT. The chemically modified gelatin was 171 
centrifuged at 3500 g for 3 min at RT to remove the unreacted 172 
methacrylic anhydride. The GelMA containing supernatant 173 
was diluted with 10 mL of deionized water and transferred to 174 
a regenerated cellulose dialysis membrane (MWCO 6-8 kDa). 175 
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GelMA was dialyzed at 50 oC against deionized water for 5-7 176 
days protected from light. The purified methacrylated polymer 177 
was freeze dried. The degree of substitution (ca. 89 %) was 178 
determined according to previously established procedures 179 
[17]. 180 

2.4 3D Bioprinting of Nanocomposite GelMA hydrogels 181 

Extrusion based printing was performed using an 182 
Inkredible + 3D bioprinter (CELLINK, Germany). The CAD 183 
models were designed in SolidWorks® (Dassault Systems 184 
SA). The files were imported into CELLINK Heartware 185 
software and post processed with Slic3r (v 1.3.0) to obtain g-186 
code files with specified layer patterns, infills and print speeds 187 
suitable for the CELLINK Inkredible + Bioprinter. Printability 188 
test was performed using inks without cells and printed, first 189 
onto petri dishes and, subsequently the g-code was 190 
reprogrammed to print these models on 12-well culture plates. 191 
Previous to any printing, GelMA bioinks (10 % w/v) 192 
containing Irgacure 2959 (0.1 % w/v) were prepared and 193 
maintained at 37 °C. Before the bioprinting process the 194 
bioinks remained on ice for different time windows (figure 2). 195 
Nanocomposite bioinks comprised GelMA (10 % w/v), 0.5 % 196 
MSNCaPDex and the photoinitiator (Irgacure 2959, 0.1 % in 197 
PBS pH=7.4). 3D disk shaped constructs were printed at a 198 
speed of 10 mm s-1, with a 23G nozzle (blunt needle - 0.33 199 
mm inner diameter, CELLINK, Germany), at different 200 
pressures. All the printing stages were performed in a printing 201 
bead at RT and the print head temperature was maintained 202 
between 20-21 °C, at all times. Temperature-dependen 203 
printability window was determined in the equipment 204 
printhead (T = 20-21ºC) by using a thermocouple probe (Type 205 
K thermocouple, laser thermomether RayTemp® 8) inserted 206 
inside the printing cartridge to be in contact with the bioink. 207 
Constructs were initially 3D printed in petri dishes with 70 % 208 
infill and then in 12 well plates with 100 % infill density using 209 
the Archimedean chords slicer pattern. All the 3D bioprinted 210 
structures were posteriorly crosslinked by using a U.V. light 211 
for 5 min, at RT (Omnicure S2000, 0.86 W/cm2). 212 

Fillament collapse test was performed as described in the 213 
literature [40]. In brief, the mid-span deflection of the 3D 214 
bioprinted fillament was acessed in a 3D printed platform 215 
(Black PETG part with the following dimensions: l x w x h = 216 
2.0 x 2.0 x 4.0 mm, HelloBee Prusa 3D Printer), with 217 
preciselly spaced pillars (1.0, 2.0, 4.0, 8.0 and 16 mm 218 
spaccing). The fillamment deposition was preformed by using 219 
a g-code obtained from [41]. The printing parameters were as 220 
abovementioned and the nozzle tip was set at 0.3 mm gap 221 
above the top of the pillars. 222 

Fillaments fusion test was performed as described in the 223 
literature, with slight modifications [41]. In brief, 3D printed 224 
GelMa/ MSNCaPDex nanocomposite bioinks were printed at 225 
a constant speed of 10 mm .s-1, using a pattern starting at 0.25 226 
mm and ending at 0.55 mm distance. Digital photographs were 227 

acquired (CANON EOS, Macro lens) after printing and U.V. 228 
mediated crosslinking. 229 

2.5 In vitro bioactivity study 230 

In vitro bioactivity tests were carried out at 37 oC under 231 
orbital shaking (50 rpm) in simulated body fluid (SBF). The 232 
preparation of SBF followed the protocol described by 233 
Kokubo and colleagues [42]. For this evaluation, each 234 
hydrogel was immersed in 20 mL of SBF for 1 and 3 days. 235 
After removing SBF, the samples were rinsed with distilled 236 
water and freeze dryed (-86 ºC, LyoQuest, Telstar). The 237 
samples were then analyzed by using Attenuated Total 238 
Reflectance-Fourier transform infrared spectroscopy (ATR-239 
FTIR was performed in a Bruker Alpha aparatus, controlled 240 
by the OPUS software v7.0. Spectra were acquired with a 241 
resolution of 4cm-1. Powder X-ray diffraction (XRD) was 242 
performed in a, D8 Advance Bruker AXS θ-2θ diffractometer, 243 
equiped with a copper radiation source (CuKα, λ=1.5406 Å). 244 
Additionally, scanning electron microscopy coupled with 245 
energy dispersive spectroscopy was performed in a Hitachi 246 
SU-70 SEM/EDS microscope, operating at a voltage of 15 kV 247 
and variable magnifications.  248 

2.6 In vitro cell culture-hBM-MSCs encapsulation 249 

Human bone marrow mesenchymal stem cells (hBM-250 
MSCs, ATCC® PCS-500-012™) were cultured in basal 251 
medium (α-MEM, 10 % FBS and 1 % penicillin-streptomycin) 252 
and were left to adhere and proliferate for 3 days. hBM-MSCs 253 
were used until passage 6. Cell suspension was routinely  254 
prepared by trypsinization with TripeLE® Express. The cells 255 
were incorporated into GelMA solutions at a final density of 256 
4x106 cells mL-1 and were further incubated for 1, 7, 14 and 257 
21 days post 3D bioprinting. For t cell characterization studies, 258 
sterilized MSNCaPDex nanoparticles (washed in ethanol for 259 
2 h) were added to the GelMA solution to formulate the 260 
nanocomposite bioink. Each time point had a negative control 261 
(basal medium) and a positive control (osteogenic medium - 262 
basal medium supplemented with ascorbic acid (10 x 10-3 M), 263 
Dexamethasone (Dex - 100 x 10-9 M) and β-glycerophosphate 264 
(50 μg mL-1), both conditions were devoid of MSNCaPDex 265 
nanoparticles. 266 

2.7 Live/Dead assay 267 

At predetermined time points, hydrogels were incubated in 268 
a solution of 2 μL of calcein-AM (4x10-3 M solution in 269 
DMSO) and 1 μL of propidium iodide (1 mg mL-1 in 1000 μL 270 
of PBS) at 37 oC, during 30 min. After washing with PBS, 271 
hydrogels were examined using an upright fluorescence 272 
microscope (Zeiss Imager M2) equipped with a 273 
monochromatic CCD camera (AxioCam, 3Mpix). Image 274 
processing was performed by using the ZEN v2.3 blue edition 275 
software (Carl Zeiss, Oberkochen, Germany). 276 
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2.8 Metabolic Activity 277 
The effect of different nanoparticle formulations on the 278 

metabolic activity of hBM-MSCs was investigated by using 279 
the alamarBlue® assay (Invitrogen). For these assays, 280 
alamarBlue® was incubated in culture medium at a 1:10 ratio, 281 
according to the manufacturer's instruction. Throughout the 282 
assay the cells were incubated at 37 oC, in 5 % CO2, for 6 h. 283 
After incubation, the medium from each well was transferred 284 
to black-well clear bottom 96-well plates (SPL Life Sciences). 285 
Fluorescence of the resorufin product was then measured by 286 
using a multimode microplate reader (Biotek Synergy HTX) 287 
equipped with a λ=540/35 nm band-pass excitation filter and 288 
a λ=600/40 nm band-pass emission filter. 289 

2.9 Cell proliferation by DNA Quantification 290 

Double-strained DNA (dsDNA) quantification assay 291 
(PicoGreen®, ThermoFisher Scientific) was performed to 292 
evaluate cell proliferation. In specific time points, the culture 293 
media was removed, and the 3D bioprinted hydrogel was 294 
washed with PBS. Sterilized water was added to the cells, 295 
which were afterwards frozen at -80 oC. The samples were 296 
thawed and sonicated for 30 min to induce complete 297 
membrane disruption. Supernatant fluorescence was 298 
measured (λ=485/20 nm excitation and λ=528/20 nm 299 
emission) in a multi-modal microplate reader (Synergy HTX, 300 
BioTek Instruments, USA). DNA amount was then calculated 301 
by resorting to a standard curve ranging from 0 to 1 μg mL-1. 302 

 303 
2.10 Osteocalcin and bone morphogenic protein 304 
quantification 305 
 306 
   The amount of osteocalcin (OCN) and bone morphogenic 307 
protein 2 (BMP-2) secreted by cells laden in the 3D constructs 308 
was assessed by ELISA. For this, cell culture media was 309 
retrieved at 21 days of culture and stored at −80 °C until 310 
analysis. Commercially available ELISA kits: (i) Human 311 
OCN (ab270202, Abcam, UK) and (ii) Human BMP-2 312 
(EHBMP2, Thermo Fisher Scientific, Alfagene, Portugal) 313 
were used for this quantification and the procedures used were 314 
according to the manufacturer’s recommendations. The 315 
samples absorbance was analysed at λ = 450 nm in a multi-316 
mode microplate reader (Synergy HTX, BioTek Instruments). 317 

2.11 Hydroxyapatite Fluorescence Staining 318 

Hydroxyapatite crystals were assessed using the 319 
OsteoImage™ Mineralization Assay kit (Lonza) according to 320 
the manufacturer’s instructions. Samples were counterstained 321 
with DAPI (1:1000 in PBS, 1 mg mL−1, ThermoFisher 322 
Scientific) for 5 min at RT. The images were acquired using a 323 
Stemi 508 Stereo Microscope (Carl Zeiss, Oberkochen, 324 
Germany). 325 

2.12 Alizarin Red S Mineralization Assay 326 

Hydrogels were fixed and washed as previously mentioned, 327 
and incubated with 1 mL of Alizarin Red S (4 x 10-4 M, 328 
pH=4.2), for 1h, at RT. The staining solution was then 329 
removed, and the cells rinsed three times with PBS (pH=7.4). 330 
The images were acquired using a Stemi 508 Stereo 331 
Microscope (Carl Zeiss Oberkochen, Germany). 332 

2.13 Statistical Analysis 333 

Data are presented as mean ± standard deviation in each 334 
experiment. The statistical analysis was performed by using 335 
the one-way ANOVA with post hoc Tukey’s multiple 336 
comparisons tests, using GraphPad Prism v6.00 software (San 337 
Diego, USA). Statistical significance was defined at p<0.05, 338 
for a 95% confidence interval.  339 

3. Results and Discussion 340 

3.1. Fabrication of GelMA- MSNCaPDex organic-341 
inorganic hydrogel constructs 342 

Herein, we report the formulation of a bioinstructive and 343 
biomimetic nanocomposite 3D bioink comprising both 344 
organic and inorganic components, recapitulating the 345 
composite nature of native bone, with potential to support 346 
stem cell adhesion and autonomously promote pro-osteogenic 347 
differentiation without the addition of further stimuli. To 348 
materialize this concept, multifunctional MSNs containing 349 
calcium, phosphate and dexamethasone (MSNCaPDex) were 350 
synthesized following previously optimized procedures, 351 
resulting in nanoparticles with a diameter of 63 ± 8 nm (figure 352 
2) [37]. The dexamethasone release, bioactivity and also ions 353 
release has been previously analysed and validated [29,37]. 354 
Such nanoparticles constituted the inorganic building blocks. 355 
Afterwards, to modulate the organic elements, gelatin was 356 
chemically modified with methacrylate groups as we have 357 
previously described, resulting in a GelMA 358 
photocrosslinkable derivative [17]. After synthesizing the two 359 
key inorganic/organic components of the bioink, the first 360 
challenge was to bioprint stable 3D constructs using GelMA. 361 
For the proof of concept, all the constructs were printed in disk 362 
form (designed using CAD models, figure 3A) via the 363 

Figure 2 – TEM micrograph of MSNCaPDex nanoparticles 
(scale bar = 100 nm). 
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364 

Figure 3 – 3D printing process of GelMA-based constructs. (A) Computer aided designed disk part produced using (A1) 
Solid Works software and post-processed in (A2) CELLINK Heartware - Slic3r, prior to printing. (B) Effect of low 
temperature incubation in GelMA 10% formulations processing and printability using the 23G nozzle. (B1) While 3 min in 
ice yielded shapeless constructs. (B2) 5 min incubation, and printing at a pressure of 65 kPa led to a higher printability. Scale 
bar = 1 cm. (C) 3D bioprinting of different sized disks using different infill parameters. (C1) In the larger disk a 70 % infill 
renders, while with (C2) 100% infill forms smaller disks. (D) Analysis of GelMA/MSNCaPDex bioink printing window as a 
function of temperature. Green box - Optimal printing window; Faint red box – Sub-optimal and dripping regime for the 
GelMA/MSNCaPDex. (D1) Nanocomposite GelMA/MSNCaPDex nanocomposite bioink extruded into a uniform fillament 
within the optimal printing window (time out of ice incubation: 0:00 ~ 6:00 min, at printhead temperature setting: 21 ºC). 
(D2) Dripping regime and no apparent filament formation. (E) Fillament collapse test for GelMA/MSNCaPDex 
nanocomposite bioink. (E1) Bioink fillament collapse within the optimal printing window. (E2) Bioink fillament collapse at 
the end of the optimal printing window, ca. 6 min. (E3) Dripping regime - no fillament formation. (F) Fillament fusion test 
for the GelMA/MSNCaPDex nanocomposite bioink. (F1) 3D CAD design for fillament fusion test. (F2) Fillament fusion for 
GelMA/MSNCaPDex bioink extruded within the optimal printing window (t = [0~6 min]). (F3) Fillament fusion for 
GelMA/MSNCaPDex bioink. (G) 3D printed 3 layer cube shaped construct with GelMA/MSNCaPDex nanocomposite bioink 
to evaluate the printability of multiple layers withing the optimal printing window.The beginning of the bioprinting process 
is demonstrated. Fillament strand distance: 0.61 mm. (G1 and G2) Representative digital photograph of printed constructs, 
top and laterall view, respectively. Scale bar = 0.5cm. 
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deposition of a spiral pattern. Viscosity is an important 365 
parameter to take into consideration when 3D bioprinting an 366 
hydrogel bioink comprised by GelMA via extrusion 367 
bioprinting. Generally, relatively high concentrations of 368 
GelMA are required to avoid compromising the printability 369 
and the fidelity of the final 3D construct [22]. Herein, the 370 
bioink was formulated with 10 % GelMA, a value reported to 371 
upkeep cell viability post-crosslinking [14,16]. GelMA is a 372 
temperature-sensitive biomaterial, in liquid form at 37 oC and 373 
exhibiting high viscosity at lower temperatures. For 3D 374 
bioprinting, an equilibrium between viscosity and flowability 375 
must be identified for each extrusion bioprinter 376 
system/equipment in order to print a stable construct, without 377 
clogging the nozzle or causing dipping during printing [15]. 378 
As represented in figure 3B, several parameters were tested to 379 
optimize the bioprinting process, including the temperature of 380 
the bioink. Herein GelMA solutions were prepared at 37 °C 381 

and allowed to cool down to increase viscosity before 382 
bioprinting, as reported in different studies and manufacturer 383 
protocols [22,24,43]. However, such protocols are generally 384 
poorly defined and therefore we optimized a protocol for 385 
GelMA (10%, in PBS pH =7.4) cooling by incubation on ice 386 
for different time periods and evaluated its printability. The 387 
incubation time GelMA was crucial to attain the proper 388 
viscosity for extrusion bioprinting in the CELLINK Inkredible 389 
+ 3D Bioprinter equipped with a standard 3 mL printing 390 
cartridge and a 23G nozzle. Three main parameters were 391 
manipulated during the printing process optimization: (i) the 392 
printing pressure and (ii) the cooling time. All the other 393 
parameters including printing speed (10 mm s-1), fill pattern 394 
(Archimedean chords) and layer height were maintained 395 
constant. While poorly defined filaments and shapeless 396 
constructs were obtained following GelMA incubation on ice 397 
for 3 min (figure 3B1) (45 kPa), upon increasing the 398 

Figure 4- Nanoparticles dispersion in nanocoposite constructs obtained by CLSM imaging. 3D reconstruction showing the 
MSNCaPDex in the GelMA hydrogel: (A) fluroescence micrographs. (B) brightfield and fluorescence micrographs. (C) 
Extended orthogonal projection with the corresponding yz and xz 3D orthogonal projections. (D) Depth-coding 3D 
reconstruction image displaying MSNCaPDex dispersion at various depths in the GelMA 3D hydrogel construct, post-printing.
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incubation time up to 5 min (figure 3 B2), a construct with a 399 
highly defined shape was obtained (figure 3B2). Conversely, 400 
when extruding viscous GelMA formulations, a higher 401 
pressure was required to maintain filament extrusion and 402 
consequently a shape-defined 3D construct.  403 

The infill density for this particular geometry and disk sizes 404 
were also investigated (figure 3C). The 3D printing of disks 405 
with 20 mm diameter was initially performed by using a petri 406 
dish as a printing bed (figure 3C1, 20 mm constructs). The 3D 407 
printing of various 10 mm constructs in a 12-well plate was 408 
also evaluated. This allowed to increase the manufacturing 409 
speed and number of cell-laden constructs printed in a single 410 
run, thus reducing the time that stem cells were maintained 411 
outside optimal culture conditions. The fact that it is possible 412 
to bioprint constructs in individual wells allows for possible 413 
high-content experiments that require multiple structures [30]. 414 
For the following experiments, 10 mm constructs bioprinted 415 
with an infill of 100 % were employed (figure 3C2). The 416 

fabrication of such 3D constructs was only possible by 417 
determining the optimal printing window for the 418 
GelMA/MSNCaPDex formulation. As previously mentioned 419 
this ink is temperature sensitive and thus determining the 420 
temperature-dependen printing window were a stable 421 
fillament can be extruded is crucial. Similar to the colling 422 
time, also the printing window for GelMa-based bioinks is 423 
generally poorly defined. Hence, to better characterize the 424 
printability window for the newly formulated ink we recorded 425 
in real time the temperature in the printing cartridge after 426 
loading into the printhead. As shown in figure 3D the printing 427 
window post removal of the cartridge from the ice is rather 428 
narrow (t = 0~6 min). In this window, a stable and well defined 429 
fillament was extrudable (figure 3D1), as also demonstrated 430 
by the fillament fusion and fillament colapse test (figure 3E 431 
and F). Particularly, it was clear that in the printing window 432 
the extruded fillaments are able to bridge the largest distance 433 
between pillars (16 mm), although is is important to mention 434 

Figure 5 - Mineralization in GelMA and GelMA/MSNCaPDex hydrogels immersed in SBF for 3 days. (A, F) Scanning 
electron microscopy (SEM) micrographs (scale bar = 100 µm), and (B-D, G-I) EDS mapping showing silica, calcium and 
phosphorous ioins presence in the hydrogel matrix (scale bar =30 µm). (E,J) EDS spectra. (K) Attenuated Total Reflectance 
Fourier-Transform Infra-Red (ATR-FTIR) spectra. Blue dashed lines represent pure hydroxyapatite. (L) powder X-ray 
diffraction data.  
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that fillament sagging was observed even in the optimal 435 
window (figure 3E1 and E2). Also, in the printing window 436 
some fillament fusion was observed, this could be partially 437 
due to the selected nozzle and to the distance in the last strands 438 
(0.55 mm). In fact, when a larger strand-to-strand distance was 439 
used no fusion was observed (figure 3G). Under optimal 440 
conditions the GelMA/MSNCaPDex formulation was able to 441 
be used also for fabricating 3-layered cube shaped constructs 442 
(figure 3G1 and G2). Interestingly past the printing window a 443 
dripping regime was obtained as observed by the droplets in 444 
the fillament colapse test and also by the incomplete strands 445 
of the fillament fusion analysis (figure 3E and F). This 446 
indicates the importance of characterizing these parameters 447 
when designing new nanocomposive bioinks based on 448 
thermosensitive GelMA biomaterials. 449 

After optimizing the 3D printing with GelMA alone, 0.5 % 450 
of MSNCaPDex and hBM-MSCs were incorporated to 451 
generate the nanocomposite bioink. During the optimization 452 
stages, it was observed that a MSNCaPDex nanoparticle 453 
concentration of 1% w/v was difficult to properly homogenize 454 
in GelMA hydrogel. Hence, a final concentration of 0.5 % w/v 455 
was used to obtain printable nanocomposite constructs. This 456 
nanoparticle ammount is comparable to that employed in other 457 
exploring the formulation of MSN biomaterial inks [44]. In all 458 
experiments, hBM-MSCs - GelMA hydrogel bioinks 459 
containing only the organic bone component and the bone 460 
progenitor cells were used as a control. 461 

Nanoparticles dispersion within the 3D printed hydrogel 462 
matrix was observed by confocal laser scanning microscopy 463 
(figure 4). the 3D image reconstruction obtained from single 464 
z-stacks (figure 4A/B) and the orthogonal projection (figure 465 
4C) show that MSNCaPDex nanoparticles are well dispersed 466 
throughout the hydrogel matrix volume. A few particle 467 
aggregates are observed, possibly formed due to colloidal 468 
destabilization by the PBS present in the GelMA solution.  469 

3.2 In Vitro Bioactivity Studies 470 

The presence of bioactive nanoparticles in 3D bioprinted 471 
hydrogel constructs can positively impact material’s 472 
bioactivity and stem cell bioinstructive properties due to the 473 
release of calcium, phosphate and silicate ions [45]. Such 474 
inorganic mediators are widely recognized to be involved in 475 
bone repair process. MSNCaP nanoparticles proved to have in 476 
vitro bioactivity when submersed in simulated body fluid 477 
(SBF) [37]. The bioactivity of the nanocomposite hydrogels 478 
was also assessed by performing in vitro studies using SBF. 479 
This experimental design was employed owing to its previous 480 
validation [46] regarding the value of including 481 
dexamethasone and of the release of the ions from the 482 
MSNCaPDex nanoparticles, leading to a synergistic pro-483 
osteogenic effect in MSCs, as we have previously observed 484 
[37]. The differences between GelMA and 485 
GelMA/MSNCaPDex after 3 days in SBF, can be observed in 486 

figure 5. Even though the porous network is still visible in both 487 
hydrogels (figure 5 A/F), in GelMA/MSNCaPDex, the 488 
presence of calcium/phosphate bone-like apatite is clear as 489 
demonstrated by EDS mapping (figure 5 G/H/I) and EDS 490 
spectrum (figure 5 J). The obtained Ca/P ratio of 1.72, is close 491 
ro the generally assigned to the presence of calcium phosphate 492 
mineral-like apaptite [47]. Further presence of hydroxyapatite 493 
will be furhter addressed in the following assays using 494 
hydroxyapatite specific labelling agents. In control hydrogels, 495 
traces of calcium and phosphorous were observed in the 496 
nanocomposite hydrogel (figure 5 B/C/D), probably due to  497 
salt deposition from the SBF (the EDS spectra exhibits other 498 
elements present in SBF in the same proportion as calcium and 499 
phosphorous, figure 5E). Furthermore, SEM micrographs 500 
(figure 5B) indicate that no structure resembling apatite was 501 
formed in the control formulations.  502 

The bioactivity of the MSNCaPDex present in the 503 
nanocomposite hydrogel was confirmed by Fourier transform 504 
infra-red spectroscopy (FTIR) (figure 5K) and by X-ray 505 
diffraction (XRD) (figure 5L). The GelMA/MSNCaPDex 506 
FTIR spectra exhibits the stretching vibration peaks 507 
characteristic of phosphate groups (600 cm-1, 580 cm-1, 1041 508 
cm-1) also present in hydroxyapatite spectra [48]. The XRD 509 
diffractogram of the GelMA/MSNCaPDex nanocomposite 510 
hydrogels demonstrates a peak at ca. 30o that may be assigned 511 
to hydroxyapatite [49]. To further corroborate mineralization 512 
upon stem cell-laden nanocomposites in vitro additional 513 
assays using a hydroxyapatite-pecific labelling probe were 514 
executed (figure 7). 515 

These results indicate that the single incorporation of 0.5 % 516 
w/v) MSNCaPDex nanoparticles in the GelMA hydrogel 517 
matrix is suitable to impart a bioactive profile after 3 days in 518 
contact with SBF. Although in previous studies bioactive 519 
GelMA hydrogels were obtained by incorporating silica 520 
nanoparticles [50] or bioactive glass nanoparticles [51], 521 
significantly higher concentrations were required (1.6 wt% 522 
and 2.5 wt% respectively), and the silica nanomaterials used 523 
were non-porous and did not present the multi-functionality of 524 
MSNCaPDex nanocarriers. The nanoparticles used herein 525 
included two relevant features as they: (i) incorporate 526 
inorganic components that could be released faster than in 527 
compact objects due to their mesoporous nature; and (ii) have 528 
the possibility to be loaded with stem cell bioinstructive 529 
molecules (e.g. Dex, Naringin) that are critical for stem cells 530 
pro-osteogenic differentiation [52]. 531 

3.3 Cell viability 532 

To assess stem cells viability in the 3D bioprinted 533 
nanocomposite hydrogel, the metabolic activity was 534 
normalized using the GelMA-3D bioencapsulated cells that 535 
were in contact with basal medium (figure 6A). The DNA 536 
content was quantified for all the experiments to evaluate 537 
hBM-MSCs proliferation throughout the time frame of 538 
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thestudy (figure 6B). Stem cells metabolic activity and DNA 539 
content in all conditions tested remained similar throughout 540 
the 21 days of culture. The metabolic activity data indicates 541 
that stem cells remain viable in the constructs. Interestingly, 542 
the DNA content does not significantly increase during the 543 
time frame, indicating that cells are are not very actively 544 
proliferating, such is generally correlated to the fact upon 545 
activating the differentiong intracellular pathways stem cells 546 
proliferation rate decreases, as we and others have observed 547 
[53]. Complementary, live/dead assays were performed after 548 
1, 7 and 14 days. As demonstrated by fluorescence 549 
micrographs, hBM-MSCs cells remained viable 1-day post 550 
bioprinting and even after 2 weeks of culture (figure 6C). 551 

These results indicate that neither the 3D bioprinting process 552 
nor the encapsulation in GelMA affected hBM-MSCs viability 553 
[22,55,56].  554 

3.4 Osteogenic Differentiation  555 

We hypothesise that MSNCaPDex nanoparticles are able to 556 
release bioinstructive bioactive factors within the 3D 557 
bioprinted hydrogel matrix to induce hBM-MSCs pro-558 
osteogenic differentiation. The differentiation study consisted 559 
of three different experimental groups: The positive and 560 
negative control (GelMA 3D constructs in basal and 561 
osteogenic medium, respectively) and the nanocomposite 562 
GelMA/MSNCaPDex nanocomposite hydrogel (figure 7A). 563 
To assess stem cells response upon contact with the 564 
bioinstructive bioactive factors of MSNCaPDex 565 

nanoparticles, key osteogenic biomarkers were evaluated. 566 
Bone morphogenetic protein (BMP-2) and osteocalcin (OCN) 567 
are key bone biomarkers that are known to be involved in bone 568 
formation and matrix deposition [52,54]. BMP-2 ELISA-569 
mediated quantification evidences that cells encapsulated in 570 
nanofunctionalized hydrogels had a higher pro-osteogenic 571 
response when compared with the other conditions, especially 572 
when compared to the basal medium (figure 7B). After 14 573 
days the levels of BPM-2 are significantly higher for hBM-574 
MSCs incubated in the presence of MSNCaPDex when 575 
compared to both controls. After 21 days, the BMP-2 level in 576 
the pro-osteogenic medium positive control is similar to that 577 
of the 3D bioprinted nanocomposite. Concerning the OCN 578 

biomarker, pro-osteogenic medium and nanocomposite 579 
hydrogels exhibited similar levels, and higher than those of the 580 
basal medium (figure 7C). One important feature of 581 
osteogenically differentiated cells is their role in mediating in 582 
vitro mineralization (figure 7 D and E). As expected, the 583 
absence of hydroxyapatite is clear when stem cells are 584 
incubated only in basal medium. Whereas in either osteogenic 585 
medium or the GelMA/MSNCaPDex nanocomposite 586 
hydrogels a clear green signal (OsteoImagerTM specific 587 
labelling for hydroxyapatite) is obtained. Also as 588 
demonstrated in figure 7E, hydroxyapatite staining (Green 589 
spots) can be observed in both stem cell laden and cell free 590 
nanocomposite bioinks. Interestingly, bioactive MSNCaPDex 591 
particles stained positive for OsteoImagerTM possibly 592 
indicating the presence of hydroxyapatite in these inorganic 593 
components. The fact that cell mineralization is observed in 594 

Figure 6 – Analysis of GelMA/MSNCaPDex cell laden constructs potential for stem cells support and proliferation. (A) 
Normalized Metabolic Activity, (B) hBM-MSCs DNA quantification. (C) Live/dead assays of encapsulated hBM-MSCs in 
standard GelMA hydrogels and and 0.5 % GelMA/MSNCaPDex nanocomposite 3D bioprinted constructs at different time 
points (1, 7 and 14 days). Scale bar = 200 µm. Data represents mean ± s.d., n=3, ***p<0.001. 
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the samples with stem cell laden GelMA/MSNCaPDex 595 
nanocomposites, as well as in cell-free nanocomposites 596 
further supports the pro-ostegenic potential of the formulated 597 
bioink. The overall results indidate that bioactive 598 
nanoparticles presence positively influences the osteogenic 599 
differentiation of stem cells in the bioink. It is worth 600 
mentioning that differentiation studies with 601 
GelMA/MSNCaPDex were carried out using only basal 602 
medium, in order to understand the single effect of the 603 
MSNCaPDex. Opposite to most studies that use osteogenic 604 

medium [14,28,51], the goal herein is to avoid its use and rely 605 
only on biofactors released by the MSNCaPDex components 606 
present in the bioactive bioink. Through this strategy, we 607 
prove that bioactive nanoparticles are able to bioinstruct stem 608 
cells towards osteodiffentiation in 3D bioprinted constructs in 609 
a similar mode to that of the gold standard in vitro method – 610 
continuous supplementation of osteogenic factors in the 611 
culture medium. To date some reports describe stem cells 612 
differentiation without the use of osteogenic supplementation 613 
using inorganic nanocarriers incorporated in hydrogels. 614 

Figure 7 - (A) Evaluation of osteogenic differentiation in GelMA/MSNCaPDex nanocomposite 3D constructs incubated in 
basal medium and GelMA controls (positive and negative) (B) BMP-2 and (C) Osteocalcin (OCN) ELISA-based quantification 
at different culture periods, namely 14 and 21 days. (D) Optical microscopy images of Alizarin Red S staining of calcium 
deposits produced by hBM-MSCs, and (E) Mineralization of hBM-MSCs obtained by OsteoImagerTM staining, after 14 days 
in culture. Scale bars = 200 µm. Data represents mean ± s.d., n=3. *=p<0.05, ***=p<0.001. Symbols above bars are compared 
to those of basal medium. 
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Laponite-GelMA nanocomposite hydrogels showed to 615 
differentiate stem cells [27], while matrices of mineralized 616 
GelMA hydrogels induced the differentiation of hiPSCs [57]. 617 
Some studies have also combined the use of bioactive 618 
silicates/ calcium-deficient hydroxyapatite (CDHA) and non-619 
porous silica nanostructures with the bioprinting technique to 620 
obtain customized nanocomposite scaffold, but some of these 621 
reports focus on the use of alginate, a rather bioinert 622 
biopolymer that is not a component of bone tissue [4,58-60]. 623 
GelMA has been used before as the main component of 624 
several bionks, and was conjugated with silica and 625 
hydroxyapatite nanoparticles to induce biomineralization [61–626 
63], while mesoporous silica has also been combined with 627 
hydrogels to bioprint constructs to be used in bone 628 
regeneration [64,65].  629 

In comparison to other strategies using silica/bioglass-630 
biomaterial inks [66,67] the formulated living bioink 631 
comprising the organic-inorganic bone mimetic elements and 632 
stem cells present various advantages for bone repair because 633 
they recapitulate key bone components and also 634 
include/bioinstruct stem cells toward the osteogenic lineage. 635 
Moreover, the use of MSNCaPDex as ions and drug depots 636 
allows the controlled release of these bioactives and the timely 637 
instruction of mesenchymal stem cells. In comparison with the 638 
inclusion of free drugs and ions in the GelMA matrix this 639 
nanocomposite-based platform circunvents the 640 
uncontrolled/swelling mediated burst release generally 641 
associated with standard hydrogel matrix [68]. Following 642 
differentiation, the presence of such bone progenitor cells is 643 
widely recognized to be advantageous owing to their ability to 644 
generate new tissue, to recruit other cells to the injured site 645 
and to establish a pro-regenerative niche via secretion of 646 
trophic factors that aid the repair process [69]. 647 

Moreover, the herein developed ink exhibits a higher 648 
complexity due to the release of several bioactive factors from 649 
the MSN mesoporous matrix, which can be functionalized to 650 
fit specific applications, further expanding its applicability. 651 
The newly formulated bioink has shown to be suitable for 652 
processing via extrusion bioprinting and the resulting 653 
biomaterial showed ability to autonomously induce 654 
osteogenic differentiation. For further studies, we hypothesize 655 
that such living constructs could maintain their bioactive and 656 
pro-osteogenic capabilities after implantation in damaged 657 
bone microenvironments. Furthermore, more complex 658 
structures can be obtained by taking advantage of the 659 
bioprinting properties. By using separate nozzles, bioinks with 660 
different components or concentrations can be bioprinted at 661 
pre-defined locations, mimicking the complexity of the bone 662 
tissue. [70-72] 663 

  664 

4.Conclusions 665 

In summay, herein we proposed the formulation of an 666 
intrinsically bioactive nanocomposite GelMA/MSNCaPDex 667 
hydrogel bioink and demonstrate its potential to be used for 668 
3D bioprinting stem cell laden constructs. The results 669 
demonstrate the improved bioactivity and pro-osteogenic 670 
induction of these constructs in comparison to standalone 671 
GelMA bioinks cultured in basal medium and even in pro-672 
osteogenic medium. In fact, the presence of the bioactive 673 
nanoparticles imparted nanofunctional hydrogel with efficient 674 
pro-osteoconductive properties without affecting the 3D 675 
bioprinting process. MSNCaPDex incorporated in GelMA 676 
hydrogels have proven to induce stem cell differentiation 677 
without the need of any other osteogenic supplementation and 678 
thus they are expected to facilitate the implantation in vivo 679 
since they abolish the need for continuous culture in 680 
osteogenic medium. Combining this bioink printability with 681 
its inherent bioactivity, we envision that nanocomposite 3D 682 
constructs with patient-personalized sizes, tailorable 683 
mechanical properties and shapes can be fabricated, thus 684 
facilitating the implantation process. Future assays focusing 685 
on inducing biomineralization and evaluating possible 686 
immune system activation in vivo will further corroborate the 687 
applicatibility of the herein formulated nanocomposite bioink.  688 
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