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Abstract 

 

Acellular soft hydrogels are not ideal for hard tissue engineering given their poor 

mechanical stability, however, in combination with cellular components offer significant 

promise for tissue regeneration. Indeed, nanocomposite bioinks provide an attractive platform 

to deliver human bone marrow stromal cells (HBMSCs) in three dimensions producing cell-

laden constructs that aim to facilitate bone repair and functionality. Here we present the in 

vitro, ex vivo and in vivo investigation of bioprinted HBMSCs encapsulated in a nanoclay-

based bioink to produce viable and functional three-dimensional constructs. HBMSC-laden 

constructs remained viable over 21 days in vitro and immediately functional when conditioned 

with osteogenic media. 3D scaffolds seeded with human umbilical vein endothelial cells 

(HUVECs) and loaded with vascular endothelial growth factor (VEGF) implanted ex vivo into 

a chick chorioallantoic membrane (CAM) model showed integration and vascularisation after 

7 days of incubation. In a pre-clinical in vivo application of a nanoclay-based bioink to 

regenerate skeletal tissue, we demonstrated bone morphogenetic protein-2 (BMP-2) 

absorbed scaffolds produced extensive mineralisation after 4 weeks (p<0.0001) compared to 

the drug-free and alginate controls. In addition, HBMSC-laden 3D printed scaffolds were found 

to significantly (p<0.0001) support bone tissue formation in vivo compared to acellular and 

cast scaffolds. These studies illustrate the potential of nanoclay-based bioink, to produce 

viable and functional constructs for clinically relevant skeletal tissue regeneration. 
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Introduction 

 

Skeletal regeneration using innovative tissue engineering approaches has received 

considerable attention in recent years. Computer-aided cell and biomaterial deposition, 

namely 3D bioprinting, has shown significant capacity in manufacturing complex and 

hierarchically organised constructs able to closely mimic bone structure [1]. Thus, bioprinted 

constructs offer the potential to replace damaged tissue or as an in vitro drug screening 

platform [2].  

3D printed implants should ideally: i) sustain cell viability and promote cell proliferation, ii) 

generate functional constructs within a short period of time after printing and, iii) stimulate the 

host microenvironment to aid tissue ingrowth and ultimately tissue infiltration and integration. 

Acellular 3D bioprinting strategies are typically attractive, relying on the intrinsic functional 

properties of the printed material to attract host cells to aid tissue integration [3]. For instance, 

a hyper-elastic bone (HB) construct printed with a blend made of poly(lactic-co-glycolic acid), 

polycaprolactone and hydroxyapatite (PLGA/PCL/HAp) has recently shown promising 

potential for in vivo application [4]. Human bone marrow stromal cells (HBMSCs) have been 

found to actively participate in bone repair when encapsulated in functional hydrogel networks 

[5,6] indicating the promise of cell-based strategies to closely recapitulate tissue architecture 

and functions. As bioprinted tissues promote regeneration in vivo, the tissue should be 

amenable to remodelling, facilitating the formation of structures driven by cellular and 

physiological requirements [7]. Indeed, hydrogel-like biomaterials can actively facilitate this 

process with the inclusion of a drug delivery system (e.g. plasmid DNA [8]) or living 

stem/progenitor cells (e.g. HBMSCs [9]). Acellular scaffolds alone appear insufficient/limited 

in their ability  to aid the complete regeneration of functional bone tissue, therefore a new 

generation of bioinks are needed to: i) allow the inclusion of HBMSCs within the implantable 

construct, ii) enable sustained drug delivery and, iii) ultimately promote skeletal differentiation 

[10]. 

Nanocomposites represent an attractive class of materials that, as hydrogels, are capable to 

support cell viability and the fabrication of functional three-dimensional implants [11–14]. 

Among nanocomposite bioinks, nanoclay-based formulations are particularly attractive given 

their ability, even at low concentrations, to shear while being extruded and regain their shape 

upon deposition, while shielding encapsulated cells from damage induced by the printing 

processes [15]. Laponite® (LAP) is a smectite nanoclay suspension that can self-assemble to 

form reversible, shear thinning gels [16]. LAP is an attractive rheological enhancer and has 

been extensively studied for the inherent [17] and indirect [18,19] ability to stimulate the 
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osteogenic differentiation of HBMSCs in vitro, but with limited exploration of its in vivo 

potential.  

Recently, LAP has been combined with several polymeric materials [20–27] to produce viable 

bioinks for cell printing applications. In association with polyethylene glycol (PEG) [22] and 

with the further addition of alginate [26], LAP displayed improved rheological properties, 

printability and, at higher clay concentrations, elevated recovery after shear. Similar results 

have been achieved by Dávila et al. [25] with the extrusion of LAP-alginate hydrogel to produce 

high shape fidelity constructs utilising an elevated (5 wt%) concentration of LAP nanodiscs. 

Thus, these different approaches successfully achieved high shape fidelity constructs 

although, at the cost of high solid concentrations limiting their potential for functional cell 

delivery. However, the translational potential of nanocomposite-based 3D printed scaffolds 

remains to be fully evaluated. Zhai and colleagues  combined LAP with (N-acryloyl 

glycinamide) (NAGA) [20] and produced functional implants that could stimulate bone 

formation in vivo compared to blank controls. Nevertheless, the effect of clay or NAGA was 

not further explored and hence it was unclear whether the LAP had a significant effect in vivo. 

Zhai et al. [27] have also recently explored the in vivo functionality of clay-based 3D printed 

scaffolds, but the effect of encapsulated growth factors and the inclusion of primary human 

bone marrow stromal cells on ex vivo and in vivo pre-clinical models were not investigated.  

We have previously developed [15] a LAP-alginate-methylcellulose bioink that can be 

extruded at a low polymeric content (3 wt% for each component – LAP-alginate-

methylcellulose, termed 3-3-3). The 3-3-3 bioink displays shear upon extrusion and shape 

recovery immediately after deposition, resulting in the ability to generate large and complex 

three-dimensional structures via 3D extrusion deposition. The inclusion of LAP enhanced 

mechanical stability of the construct, supported cell proliferation and sustained drug release 

characteristics  in vitro. 

The aim of the current study is to fabricate 3D bioprinted implantable cell-laden scaffolds to 

elicit bone formation both in vitro and in vivo through harnessing LAP physiochemical 

properties and the ability of LAP to drive osteogenic differentiation. Herein, our studies have 

characterized the biocompatibility and functional potential of 3-3-3 bioink printed scaffolds 

combined with HBMSCs and bone morphogenetic protein-2 (BMP-2) and vascular endothelial 

growth factor (VEGF) to promote osteogenic differentiation in vitro, vascularization ex vivo and 

ectopic bone formation in vivo. 
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Materials and Methods 

Human bone marrow stromal cells and human umbilical vein endothelial 
cells isolation and culture 

Human bone marrow aspirates were collected from haematologically normal patients 

undergoing routine elective hip replacement surgery. Only tissue samples that would have 

been discarded were used following informed consent from the patients in accordance with 

approval from Southampton & South West Hampshire Local Research Ethics Committee (Ref: 

194/99/w). HBMSCs were isolated from bone marrow aspirates following our standard 

protocol [28]. In brief, bone marrow aspirate was resuspended and washed in alpha modified 

Eagle’s medium (α-MEM, Lonza, UK) to remove excessive fat. The resulting cell suspension 

was then filtered through a 70-µm cell strainer to remove larger bone fragments still present 

in the suspension. The sample layered on a density gradient separating solution 

(LymphoPrep™, Axis-Shield, UK) was centrifuged at 800 g for 40 min (18 °C). The bone 

marrow mononuclear cell (BMMNC) portion was collected from the layer phase between the 

LymphoPrep™ and the cell culture medium. The collected BMMNCs were then washed with 

α-MEM supplemented with 10 % v/v fetal bovine serum (FBS, Life technologies, Scotland, 

UK) and 100 U ml-1 penicillin and 100 µg ml-1 streptomycin (Sigma-Aldrich, UK). The cell 

suspension was plated into 175 cm2 cell culture flasks (Corning, NY, USA) and maintained at 

37 °C and 5 % CO2 balanced air for 5 days without changing the media. Cells were then 

washed with 1x phosphate buffer saline (PBS, Lonza, UK) and cultured for cell expansion.  

Human umbilical vein endothelial cells (HUVECs) were isolated as reported in previous 

protocols [29,30] from umbilical cords obtained following signed consent from healthy mothers 

after normal, full-term deliveries from the Princess Anne Hospital, Southampton, under ethical 

approval from Southampton & South West Hampshire Local Research Ethics Committee 

(LREC 05/Q1702/102). Endothelial cells were isolated from the inner interstitium following 45 

mins infusion of 5mg ml-1 (w/v) Collagenase B solution (Roche Diagnostics UK) at room 

temperature. Following digestion, the cell suspension was collected and centrifuged at 156 g 

for 4 mins. Cells were then cultured in endothelial cell culture medium (ECM) prepared from 

medium 199 supplemented with 1% Pen/Strep (v/v), 10% FBS (v/v), 0.4% (v/v) Endothelial 

Cell Growth Supplement/Heparin (ECGS/H) (Promocell, Germany). Cells were maintained in 

culture at 37°C, 5% CO2 balanced air, changing media every 3-4 days. 
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Laponite®-alginate-methylcellulose material ink  

Laponite®-alginate-methylcellulose bioink was produced as previously described [15] at 

3 % w/v of each component (3-3-3). After sterilisation of LAP (XLG grade, BYK Additives & 

Instruments, UK), alginate (alginic acid sodium salt from brown algae, 71238, Sigma, UK) and 

methylcellulose powder (M0512, Sigma, USA, molecular weight ≈ 88 000 Da, 4 000 cP) by an 

autoclave cycle (126 °C, 1.4 bar). LAP powder was added slowly to sterile deionised water 

(DW) under rapid agitation and stirred for at least 6 h with a magnetic stirrer in a class II sterile 

hood. Alginate was then added to the stirring DW in a beaker under sterile conditions. The 

alginate was allowed to dissolve in DW under constant stirring for 3 h to allow complete 

dissolution. Methylcellulose powder was included and mixed with a sterile spatula. 3-3-3 bioink 

was stored at 4 °C overnight to allow complete dissolution of the methylcellulose in the LAP-

alginate gel. The final hydrogel solution was sterilised by UV irradiation for 30 min. Alginate 

hydrogel was prepared for casting by solubilisation of sterile alginate powder in DW under 

class II laminar flow cabinet. Stirring was carried out for 3 h and the final ink was stored at 

4 °C overnight.  

HBMSCs printing for in vitro viability and functionality 

HBMSCs from a single donor were suspended at a density of 1 × 106 cells ml-1 in serum-

free culture medium. Vybrant® DiD (Cell-Labelling Solution, V22887, Molecular Probes) was 

then added to the cell suspension to label viable cells prior to encapsulation. A 5 µl solution of 

DiD was supplied for each ml of cell suspension and mixed by pipetting. Cell suspension 

supplemented with DiD was incubated for 20 min at 37 °C. The supernatant was removed 

following centrifugation and the stained cell pellet resuspended in pre-warmed (37 °C) serum-

free culture media. As previously described, [15] cells were encapsulated at 1 × 106 cell g-1 in 

3-3-3 bioink and printed. Printing was carried out using the in-house built bioprinter [31] and 

410 µm nozzle (Fisnar Europe, UK) to fabricate 4 layers of 10 × 10 mm2 scaffold with an 

alternating layer pattern (ABAB, 0°/90°), a layer height of 300 μm and a strand distance of 2 

mm. After printing, the scaffolds were incubated for 10 min in sterile 100 mM CaCl2 solution 

to enable crosslinking. Scaffolds for viability (total n=12) and functionality (total n=16) 

investigations were printed with n=3 scaffolds used at each time point.  

Viability and proliferation in cell-laden scaffolds 

Viability was quantified from confocal images taken after 1, 7, 14 and 21 days of culture 

in vitro following previously employed protocol [15]. Samples were first collected and washed 

twice with Hank’s Balanced Salt Solution (HBSS, Gibco). Calcein AM (C3099, Invitrogen, 
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Thermo Fisher Scientific) was diluted in serum-free culture media following the manufacturer’s 

protocol and added to each cell-laden scaffold. The scaffolds were then incubated at 37 °C 

and 5 % CO2 balanced air for 1 h. A repeat wash with HBSS was then carried out. Samples 

were imaged using a confocal scanning microscope (Leica TCS SP5, Leica Microsystems, 

Wetzlar, Germany). Quantification with ImageJ (1.44p, National Institutes of Health, Bethesda, 

Maryland, USA) of living cells was performed by comparing, the number of Calcein stained 

cells and DiD stained cells in the Z-stacks of 15 ROI per time point (n=3).  

Cell density within the scaffolds at different time points was calculated by further analysis of 

the confocal pictures. A calculation by normalisation of the number of living cells and the 

volume of interests was carried out. The resulting value was converted into percentage and 

plotted with reference to the value corresponding to day 1 (set as 100 %).  

HBMSC-laden scaffolds functionality in vitro 

Alkaline phosphatase (ALP) staining was performed at 1, 7 and 21 days on samples 

cultured in vitro and conditioned with basal or osteogenic media. Basal media was considered 

as α-MEM supplemented with 10 % (v/v) FBS and 100 U ml-1 penicillin and 100 µg ml-1 

streptomycin. Osteogenic cell culture media was prepared from α-MEM supplemented with 10 

% (v/v) FBS, 1 % (v/v) Pen/Strep, 100 µM ascorbate-2-phosphate (AA2P, Sigma-Aldrich), 10 

nM dexamethasone (Dex, Sigma-Aldrich) and 10 nM vitamin D (1α,25-OH2-Vit D3, Sigma-

Aldrich). Media was removed and samples washed twice with HBSS. Samples were fixed in 

95 % ethanol for 10 min. The ethanol solution was removed and samples washed twice with 

HBSS. The cell-laden and cell monolayer cultures were left to dry for 10 min. ALP staining 

solution was prepared by the inclusion of 400 µl Naphtol (AS-MX Phosphate Alkaline Solution, 

85-5, Sigma-Aldrich, UK) and 0.0024g of Fast Violet Salt (F1631 Sigma-Aldrich, UK) in 9.6 ml 

of DW. The solution was then pipetted onto samples, which were incubated at 37 °C for 1 h. 

The reaction was then stopped by HBSS. Samples were stored at 4 °C overnight and imaged 

with Zeiss Axiovert 200 (Carl Zeiss, Germany) the following day.  

Chick chorioallantoic membrane (CAM) assay 

Sample fabrication 

Scaffolds were printed using sterile 3-3-3 bioink. For an initial CAM study, scaffolds of 

different dimensions, with 8, 10 and 12 mm side length, were fabricated (n=6 for each 

treatment group), stored in HBSS at 4 °C overnight and implanted the following day. Control 

group was prepared by casting 3-3-3. For a second CAM study, acellular scaffolds were 

produced with a 10 × 10 mm lattice base area and a strand distance of 2.5 mm and divided 
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into four groups: i) 3D printed (n=6), ii) 3D printed loaded with VEGF (n=6), iii) 3D printed 

seeded with HUVECs (n=6) and iv) 3D printed loaded with VEGF and seeded with HUVECs 

(n=6). After printing and crosslinking, scaffolds were allowed to reach swelling stability in full 

cell culture media for 3 h at 37 °C and 5 % CO2. HUVECs were seeded at a density of 6 × 105 

cell per scaffold (group iii and iv, n=12). Cells in 500 µl were deposited onto scaffolds and 

incubate at 37 °C and 5 % CO2 to allow attachment for 3 h. Cell culture media was then 

inserted to submerge the scaffolds and left overnight at 37 °C and 5 % CO2. Recombinant 

human VEGF 165 (Peprotech, USA) was diluted to 100 µg ml-1 in HBSS solution and pipetted 

onto the printed scaffolds (group ii and iv, n=12). VEGF was absorbed onto printed scaffolds 

for 60 min maintaining well plates in close contact with ice. HBSS was used to wash out 

unbound VEGF before implantation.  

Implantation, extraction and Chalkley score  

All animal procedures were carried out in accordance with the guidelines and regulations 

laid down in the Animals (Scientific Procedures) Act 1986. Chick embryo CAM model was 

carried out according to Home Office Approval, UK (Project license – PPL P3E01C456). 

Chicken eggs were purchased from Medeggs (Norfolk, UK), received and incubated in a 

Hatchmaster incubator (Brinsea, UK) for 7 days at 37 °C in a 60 % humidified atmosphere and 

1 h rotation. DW was supplemented every two days to ensure the maintenance of a humidified 

environment in the egg incubator. After 7 days, eggs were prepared for implantation. Eggs 

were candled to assess embryo development and the presence of a vascularised membrane. 

An empty 1 cm2 window was created to allow scaffold implantation. After the scaffolds were 

implanted the window was immediately sealed with a thin film of transparent sterile Parafilm 

(Bemis™, Parafilm M™, Laboratory Wrapping Film, Fisher Scientific, UK). Eggs were then 

incubated in a Hatchmaster incubator for 7 days at 37 °C in a 60 % humidified atmosphere 

without any rotation. 

The infiltration of blood vessels throughout the implanted scaffolds was evaluated and 

quantified by Chalkley scoring as previously described [32]. Briefly, integrated samples were 

collected and observed under a stereo light microscope through a Chalkley eyepiece graticule 

placed in one of the microscope ocular, projected on the scaffold that was being examined 

and the number of vessels was obtained and registered from 5 independent counts. The 

scores were registered for each integrated sample.  

In vivo assessment of subcutaneous bone formation 

 All procedures were performed with prior received ethical approval (P96B16FBD) and 

carried out in accordance with the regulations as laid down in the Animals (Scientific 
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Procedures) Act 1986 and in accordance with institutional guidelines. Animals had ad libitum 

access to standard mouse chow and water. 

Subcutaneous implantation in vivo of BMP-2 loaded 3D printed scaffolds 

Preparation of casted alginate and 3D printed 3-3-3 scaffolds for BMP-2 delivery in vivo 

 Casted alginate gel (3 % w/v) scaffolds were fabricated as negative (BMP-2 free) and 

positive (loaded with BMP-2) controls for functional mineral formation in vivo. Alginate 

scaffolds were crosslinked with 100 mM of CaCl2 for 10 min. Crosslinking solution was then 

removed, and scaffolds were washed (×5) with HBSS. Scaffolds were then blotted dry and 

weighed to confirm their weight was consistent with 3D printed scaffolds. Alginate casted 

scaffolds weighed 0.164 ± 0.02 g. Scaffolds were kept dry at 4 °C overnight in a solution-free 

well plate for BMP-2 loading and scaffold implantation the following day. 3D printed scaffolds 

were fabricated using 3-3-3 as material ink. A sterile 410 µm cylindrical blunt nozzle was used. 

3D scaffolds (n=12) were printed sequentially and crosslinked with 100 mM of CaCl2 for 10 

min after printing. Crosslinking solution was then removed, and scaffolds were washed (x 5) 

with HBSS. The weight of the printed scaffolds was recorded as 0.165 ± 0.03 g. Scaffolds 

were stored dry at 4°C overnight in a 6-well plate for BMP-2 loading and scaffold implantation 

the following day. 

BMP-2 loading and implantation of scaffolds in MF-1 mice 

 MF-1 wild type (WT) mice were bred in-house. In vivo experimental design consisted of 

the implantation, subcutaneously of n=3 scaffolds of 4 treatment group and a single sham 

control in a total of n=4 MF-1 WT mice. Treatment groups were: i) alginate, ii) alginate 

absorbed with BMP-2, iii) 3D printed 3-3-3 and iv) 3D printed 3-3-3 absorbed with BMP-2. A 

BMP-2 solution was diluted to a final concentration of 10 µg ml-1. The solution was then left to 

absorb on alginate casted and 3D printed 3-3-3 scaffolds for 1 h prior to implantation. Scaffolds 

were maintained on ice during the loading of BMP-2 to avoid BMP-2 degradation. Scaffolds 

were blotted dry after a wash with HBSS. Mice were first weighed and then anaesthetised with 

fentanyl–fluanisone (Hypnorm, Janssen-Cilag Ltd) and midazolam (Hypnovel, Roche Ltd) in 

sterile water at a ratio of 1:1 and a dose of 10 ml kg-1 intraperitoneally. A total of 3 midline 

dorsal incisions per side were made after shaving and an ethanol disinfection of the outer skin. 

A total of n=3 printed scaffolds with BMP-2 and n=3 printed scaffolds BMP-2 free were 

implanted on each side. Immediately following surgery, mice were housed in a temperature-

controlled cage (with optimal temperature of 28 °C) until the complete restoration of motor 

functions. Mice were housed in cages for up to 4 weeks. 
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Subcutaneous implantation in vivo of HBMSC-laden 3D bioprinted scaffolds 

Preparation of casted and 3D printed 3-3-3 constructs for HBMSC-encapsulation for in vivo 
implantation 

 Casted hydrogels were fabricated as control for functional bone formation in vivo and 

divided into two groups: i) acellular or ii) HBMSC-laden scaffolds with 1 × 106 cells ml-1. Casted 

scaffolds were crosslinked in 100 mM CaCl2 for 10 min and subsequently washed (×5) with 

HBSS. Casted scaffolds (n=3) were blotted dry and weighed to confirm similar mass to the 3D 

printed scaffolds. The acellular and cell-laden casted scaffolds weighed 0.163 ± 0.74 g and 

0.162 ± 0.81 g respectively. A total of n=12 samples for each treatment group (acellular and 

cell-laden) were produced. Only n=9 samples per group were used for the implantation. The 

remaining scaffolds (n=3) were maintained in culture in vitro for further comparison after 8 

weeks. Scaffolds were incubated at 37 °C and 5 % CO2 overnight and implanted the following 

day.  

3D printed acellular and cell-laden 3-3-3 scaffolds were fabricated sequentially and 

crosslinked for 10 min with 100 mM CaCl2 then washed (x 5) with HBSS. The weight of 3D 

printed scaffolds, (n=3) were 0.162 ± 0.04 g and 0.163 ± 0.34 g for acellular and cell-laden 

scaffolds respectively. Samples (n=12) were produced for acellular and cell-laden printed 3-

3-3 scaffolds. Samples for implantation (n=9) were cultured at 37 °C and 5 % CO2 balanced 

air overnight and implanted the following day. The remaining samples (n=3) were kept in 

culture in vitro for further comparison after 8 weeks.  

Implantation of scaffolds in BALB/c athymic nude mice 

 The study consisted of the implantation of n=9 scaffolds of 4 treatment groups in n=9 

BALB/c athymic nude mice. Male athymic immunodeficient mice were purchased from Envigo, 

UK and acclimatised for a minimum of 1 week prior to experimentation. Treatment groups, all 

realised using the 3-3-3 bioink, were: i) casted, ii) casted with encapsulated cells, iii) 3D printed 

and iv) 3D printed with encapsulated cells. Scaffolds were washed with serum-free media and 

maintained in the same media during surgery. Scaffolds were then blotted dry after a single 

wash with HBSS. Animals were anaesthetised as described previously.  A total of n=8 printed 

scaffolds for each treatment group were implanted, two for each side, in a randomised 

distribution. Incisions were closed using sterile metal michel clips. Scaffolds were implanted 

sequentially. An overall number of n=32 scaffolds were implanted in the subcutaneous pocket 

of n=9 mice. Finally, one scaffold from each treatment group were implanted in a single mouse 

to be monitored, from the day of implantation (0 weeks) until 8 weeks, using micro-CT imaging. 

Sutures instead of metal clips were applied to avoid interference with CT readings. After each 
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surgical intervention, mice were housed temporally in a temperature-controlled ventilated 

cages with a desired temperature maintained at 28 °C. After full recovery from surgery, 

animals were housed in ventilated cages and monitored continuously up until 8 weeks.   

Micro-computed tomography images 

A micro-computed tomography (micro-CT) scanner (Bruker Skyscan 1176) was used to 

collect all the CT images of scaffolds implanted from the two subcutaneous mouse 

experiments. Mice were scanned at 4 weeks for the subcutaneous implantation in MF-1 mice 

and at 4, 6, and 8 weeks for the implantation studies performed in BALB/c nude mice. Animals 

were anaesthetised with Isoflurane (IsoFlo® Zoetis, UK).  Scans were all carried out with a 

pixel size of 35 µm, 65 kV, 385 µA, 0.7° rotation step, 135 ms exposure, and an aluminium 

filter (Al) of 1 mm.  

CT representative reconstructions were obtained using NRecon (Bruker). Quantitative 

analysis for new bone formation was carried out using CTAn software v.1.17.7.2 (Bruker) to 

assess bone volume (BV) and average bone mineral density. Two bone phantoms (0.25 g cm-

3 and 0.75 g cm-3 bone density) were used as reference, and were scanned with the same 

parameters as implanted samples. After the final CT scans, anesthetised mice were sacrificed 

and samples extracted. A midline incision was made on the spine and macroscopic images of 

integrated scaffolds were taken.  

Histological analysis 

Samples implanted both ex vivo or in vivo were fixed in 4 % paraformaldehyde (PFA) 

solution overnight at 4 °C. Optimal cutting temperature (OCT, Thermo Fisher Scientific) 

medium was then used after 12 h. Samples were stored at -80 °C overnight, and sectioning 

performed the following day. A Cryostat (CM 1850, Leica Biosystems, Germany) was used to 

produce tissue sections of 8 µm. Kawamoto’s film method [33] was used to collect the sections 

and Goldner’s Trichrome and Von Kossa staining subsequently carried out on cryotape. After 

staining, Super Cryomounting Medium (SCMM) type R3 (Section LAB, Co. Ltd. Japan) was 

used for mounting. UV light curing was carried out for 30 min to allow photopolymerisation of 

the SCMM. Slides were stored at room temperature and imaged the following day with a Zeiss 

Axiovert 200 (Carl Zeiss, Germany). Samples extracted after in vivo implantation were 

processed, sectioned and stained with Alcian Blue and Sirius Red following standard protocol 

previously employed [34].   
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Statistical analysis 

The statistical analyses were performed using GraphPad Prism software 7 (Graph Pad 

Software Inc., La Jolla, CA). Variation in the data were assessed by D’Agostino-Pearson 

normality test. Differences among groups were determined by one-way and two-way ANOVA 

with a post Tukey’s test according to experimental design and considered to be significantly 

different if P< 0.05
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Results 

 

Printing of HBMSCs in a nanocomposite ink preserves cell viability and 
supports osteogenic differentiation in vitro 

To evaluate viability, proliferation and functionality, HBMSCs were encapsulated in the 

3-3-3 bioink scaffold. Constructs were maintained in culture and imaged at 1 (Figure 1a-i), 7 

(Figure 1a-ii), 14 (Figure 1a-iii) and 21 (Figure 1a-iv) days. Cells were observed to display and 

retain a rounded morphology for up to 21 days with negligible cell spreading in three-

dimensions. HBMSCs viability (Figure 1b-i) was quantified following image analysis with 

viability preserved at 90% from day 7 onwards. After 7 days of culture, the density of the 

printed HBMSCs (Figure 1b-ii) was found to be significantly higher (p<0.0001) than at day 1, 

decreasing after 7 days (p<0.0001) and subsequently plateauing over 21 days in culture.  

The functionality of HBMSC-laden 3D printed scaffolds was investigated using ALP 

and Von Kossa staining after 1, 7 and 21 days of culture in vitro. To confirm the absence of 

mineral deposition in acellular 3-3-3 scaffolds, Von Kossa was carried out prior and after 

crosslinking confirming negative staining (Supporting Figure 1) compared to positive control. 

Von Kossa staining indicated mineralisation of the printed 3-3-3 cellular constructs. 3D printed 

cell-laden scaffolds cultured in basal and osteogenic media displayed decreased ALP 

expression (Figure 1c-i,iii) together with  increased calcium mineral deposition (Figure 1c-ii,iv) 

over 21 days. Overall, culture in basal conditions produced reduced ALP and mineral staining 

compared to 3-3-3 constructs maintained in osteogenic conditions.  

3D printed nanocomposite scaffolds elicit a response in vascular 
remodelling in an ex vivo chorioallantoic (CAM) model 

Acellular 3D printed scaffolds of various sizes were implanted in the vascularised CAM 

of 7-day-old developing chick embryos to assess vessel penetration and stability ex vivo 

(Figure 2a). Control casted scaffolds (Figure 2a-i) revealed negligible capillary penetration 

throughout the structure. 3D printed scaffolds with surface area of 8 × 8 mm (Figure 2a-ii), 10 

× 10 mm (Figure 2a-iii), 12 × 12 mm (Figure 2a-iv) displayed excellent integration, with blood 

vessel penetration throughout the large pores. Chalkley score analysis (Figure 2b) revealed a 

significant difference (p<0.001) between the 10 × 10 mm group constructs compared to the 

empty and control groups. The remaining scaffold constructs (8 × 8 mm and 12 × 12 mm) 

showed reduced integration, although significantly higher vascular infiltration compared to 

empty and control groups (p<0.01). 
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Figure 1. HBMSC-laden 3D printed scaffolds in vitro viability and functionality.  

Confocal microscopic images of HBMSCs-laden scaffolds at (a-i) 1, (a-ii) 7, (a-iii) 14 and (a-

iv) 21 days of in vitro incubation. Cells were stained with DiD labelling solution (red) while 

mitotically active cells were stained with Calcein AM (green). Cell viability (b-i) and (b-ii) 

density quantification. Cell viability percentages were obtained from the calculated difference 

between viable and total cells. Dead cells comprised the fraction not stained with Calcein AM. 

Functional evaluation of scaffolds cultured in basal and osteogenic media via ALP (c-i, c-iii) 

and Von Kossa (c-ii, c-iv) staining respectively. Scale bar: (a) 100 µm, (c) 250 µm. Statistical 

significances were assessed by one-way ANOVA. Mean ± S.D. n=3, ****p<0.0001. 
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Figure 2. Functional investigation of 3D printed scaffold vascularisation in a CAM model.  

Acellular 3D printed 3-3-3 scaffolds were implanted on the CAM compared to cast control. 

Goldner’s Trichrome staining was performed and images taken for (a-i) casted control, (a-ii) 8 

× 8 mm, (a-iii) 10 × 10 mm and (a-iv) 12 × 12 mm scaffolds. Asterisks (*) in area of interests 

indicate vessels infiltrating printed pores or intrinsic microporosity of the 3-3-3 bioink. Chalkley 

score (b) analysis performed on vascularised scaffolds. Scaffold with and without HUVECs or 

VEGF were implanted in a CAM model. Goldner’s Trichrome staining performed for each 

group, and images were taken for (c-i) 3D printed control, (c-ii) 3D printed scaffold loaded with 

VEGF, (c-iii) 3D printed scaffold seeded with HUVECs and (c-iv) 3D printed scaffold loaded 

with VEGF and seeded with HUVECs. Asterisks (*) indicate area of interest in close proximity 

to infiltrating blood vessels. Chalkley score analysis (d). Scale bar: (a,c) 5 mm and 500 µm. 

Statistical significance assessed by one-way ANOVA. Mean ± S.D. n=4, *p<0.05, **p<0.01, 

****p<0.0001. 
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To investigate the functional effect of the angiogenic stimulant (VEGF) and endothelial 

cells (HUVECs) on 3D printed scaffolds, constructs were implanted into a CAM model (Figure 

2c). 3D printed control (Figure 2c-i) scaffolds were found integrated with some pores 

containing blood vessels, but with large portions lacking capillary penetration. VEGF-loaded 

scaffolds (Figure 2c-ii) and HUVECs-seeded samples (Figure 2c-iii) were found to be infiltrated 

with vessels penetrating through the printed structure confirming scaffold integration and blood 

vessel penetration. Major pores displayed an irregular shape as a consequence of remodelling 

and in vivo degradation, filled with major blood vessels. 3D printed scaffolds loaded with VEGF 

and seeded with HUVECs (Figure 2c-iv) were extensively integrated with the CAM membrane 

with vessels penetrating the pores of the printed structure and with major capillaries 

surrounding the scaffolds indicating the vascularisation of the inner, as well as the outer, 

portion of the printed construct. Chalkley score analysis (Figure 2d) showed scaffolds with 

VEGF and HUVECs alone displayed higher infiltration of blood vessels (p<0.01) than samples 

lacking any scaffold (empty). 3D printed scaffolds loaded with VEGF and seeded with 

HUVECs showed a significant (p<0.0001) difference in vascular penetration compared to 

empty and control 3D printed scaffolds. The combination of VEGF and HUVECs with printed 

scaffolds produced a significantly enhanced effect compared to HUVECs seeded alone 

(p<0.01) and VEGF loaded alone (p<0.05).  

 

In vivo BMP-2-loaded nanosilicate-based scaffolds produce new bone in 
a murine subcutaneous implant model 

 

To test the in vivo functionality of the 3-3-3 bioink, 3D scaffolds were fabricated and implanted 

subcutaneously into MF-1 mice. BMP-2 was loaded within the scaffolds to investigate the 

capacity of the 3-3-3 bioink for retention and localisation of growth factors of interest for 

skeletal regeneration (Figure 3). Control acellular 3-3-3 scaffolds were CT scanned to confirm 

the absence of any mineral deposition before implantation using bone phantoms as controls 

(Supporting Figure 2) with the nanosilicate based scaffolds observed to have no density above 

0.1 g cm-3. The BMP-2-free casted alginate retained their spherical appearance and CT 

images confirmed limited mineral deposition (Figure 3a-i, Supporting Figure 3a). BMP-2 

loaded casted alginate samples displayed greater mineralisation after only 4 weeks (Figure 

3a-ii, Supporting Figure 3b). BMP-2 free (Figure 3a-iii, Supporting Figure 3c) and loaded 

(Figure 3a-iv, Supporting Figure 3d) 3-3-3 scaffolds were found to be partially degraded 

although the scaffolds retained their lattice structure and extensive mineralisation could be 

observed compared to negative and positive controls.  
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Histological analysis of BMP-2-free casted alginate scaffolds revealed the presence of limited 

GAGs in the sample area surrounded by a discrete layer of collagen (Figure 3b-i) and an 

absence of calcified tissue (Figure 3b-ii). BMP-2-loaded casted alginate scaffolds (Figure 3b-

iii) stained positively for GAGs content and mineralised content (Figure 3b-iv) although 

expression was limited throughout the constructs. GAGs penetration in drug-free 3D printed 

scaffolds (Figure 3b-v) was enhanced compared to cast and BMP-2-casted controls with 

mineral deposition (Figure 3b-vi) localised near the scaffold-tissue interface (Figure 3b-vi). 

BMP-2 loaded onto the 3D printed scaffold (Figure 3b-vii) displayed collagenous tissue 

penetrating the printed constructs and extensive mineralisation (Figure 3b-viii) across the 

entire scaffold.  

Bone volume (Figure 3c) and average bone density (Figure 3d) were quantified across all 

implanted scaffolds. 3D printed scaffolds loaded with BMP-2 and drug-free showed 

significantly higher bone volume (p<0.0001) than BMP-2 loaded and free alginate controls 

respectively. Average bone density analysis revealed BMP-2 loaded 3D printed scaffolds 

generated significantly higher bone density than drug-loaded and free  casted control scaffolds 

(p<0.0001). Surprisingly, the 3D printed drug-free scaffolds showed significantly higher 

average bone density in comparison to BMP-2-loaded alginate casted control (p<0.001) and 

casted drug-free scaffolds (p<0.0001). 

In vivo implantation of HBMSC-laden nanocomposite scaffolds generate 
significant new bone in a subcutaneous implant model 

To evaluate the potential of HBMSC-laden 3D printed scaffolds to generate de novo 

bone tissue in vivo, acellular and cell-laden lattice and casted scaffolds were fabricated and 

implanted in athymic BALB/c mice. To investigate bone formation in a unique host, one sample 

of each treatment group was implanted. Casted (cranial posterior evaluation) and HBMSC-

laden casted (caudal posterior evaluation) images were taken at each time point (Supporting 

Figure 4a). After 2 weeks, HBMSC-laden scaffolds showed the initial formation of mineral 

depositions, while the casted scaffold displayed no mineral deposition even after 4 weeks. 

Following 6 weeks of implantation, casted acellular scaffolds displayed mineralised tissue, as 

did the HBMSC-laden casted scaffolds. At 8 weeks, the scaffolds displayed extensive 

mineralisation which had started to remodel in comparison to 6-weeks samples. Implanted 3D 

printed (cranial posterior) and HBMSC-laden 3D printed (caudal posterior) scaffolds were 

imaged at each time point (Supporting Figure 4b).  Acellular and cell-laden 3D printed 

scaffolds displayed detectable mineralisation after only 2 weeks. 3D printed scaffolds differed 

from the casted controls with cluster-like mineralisation observed. At 4 weeks post-

implantation, acellular and HBMSC-laden scaffolds displayed extensive mineralisation, with 
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the mineral content observed to accrue over 8 weeks. Acellular printed scaffolds displayed 

rapid mineralisation with a significant increase between 4 and 6 weeks. 3D printed HBMSCs 

encapsulated scaffolds increased in mineral density over 8 weeks, with only modest changes 

between weeks 6 and 8. 

 

Figure 3. In vivo mineralisation of 3D printed scaffolds 4 weeks after implantation.  

Control alginate casted (a-i), alginate loaded BMP-2 (a-ii), 3D printed 3-3-3 (a-iii) and 3D 

printed 3-3-3 loaded with BMP-2 (a-iv) scaffolds showed in vivo and CT reconstruction 

respectively. Bone density scale indicates low density bone as dark red and high density bone 

as blue. Histological analysis of implanted BMP-2 free or loaded 3-3-3 scaffolds. Alcian 

Blue/Sirius Red and Von Kossa staining of casted alginate (b-i,ii), casted alginate with BMP-

2 (b-iii,iv), 3D printed 3-3-3 (b-v,vi) and 3D printed 3-3-3 loaded with BMP-2 (b-vii,viii) 

scaffolds, respectively. Bone volume (c) and average bone density (d) of three-dimensional 

constructs implanted in vivo. Scale bar: (b) 500 µm. Statistical significance assessed by one-

way ANOVA. Mean ± S.D., n=4, ***p<0.001, ****p<0.0001. 
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To assess bone formation in a randomised in vivo study, treatment groups were implanted in 

pairs subcutaneously. Casted acellular 3-3-3 scaffolds (Figure 4a-i) were observed to be 

mineralised on the outer surface after 8 weeks post implantation. Full-field view of the scaffolds 

revealed mineral deposition across the entire outer surface with discrete high mineral density 

regions. Inner CT scan of casted sample revealed a non-mineralised core. HBMSC-laden 

casted 3-3-3 (Figure 4a-ii) showed mineral deposition on the outer surface with reduced 

mineralisation at the core. Acellular 3D printed 3-3-3 scaffolds (Figure 4a-iii) displayed rapid 

mineral deposition over 8 weeks, with increased mineral density. Mineral deposition appeared 

expressed in a cluster-like fashion and was also observed within the inner core of the printed 

scaffold. HBMSC-laden 3D printed 3-3-3 scaffolds (Figure 4a-iv) showed extensive 

mineralisation that was also observed within the core of the constructs.  

Bone volume (Figure 4b) did not vary significantly between treatment groups after 2 weeks of 

implantation. At 4 weeks, 3D printed scaffolds loaded with HBMSCs showed significant 

differences in bone volume with acellular casted, 3D printed (p<0.001) and HBMSC-laden 

casted (p<0.0001) constructs. After 6 weeks, cell-laden 3D printed resulted in significant 

(p<0.0001) bone formation compared to acellular and cellular casted controls and HBMSC-

free printed scaffolds. Following 8 weeks of implantation, HBMSC-laden printed scaffolds 

showed significant (p<0.0001) differences in bone volume formation in comparison to acellular 

casted and printed as well as HBMSC-laden casted scaffolds. Data reported in Supporting 

Figure 5a illustrates the changes in bone volume from 2 weeks through to 8 weeks of 

implantation. Acellular casted scaffolds showed a significant increase in bone volume at 6 

(p<0.01) and 8 (p<0.0001) weeks respectively compared to the 2 weeks scan. HBMSC-laden 

casted scaffolds showed a significant increase in bone volume at 8 weeks (p<0.01) compared 

to the initial scan at 2 weeks. Acellular 3D printed scaffolds displayed significantly augmented 

bone volume at 8 weeks compared to 2 (p<0.0001) and 4 (p<0.01) weeks scan sets. A 

significant increase (p<0.01) was observed after 6 weeks of implantation. HBMSC-laden 

printed scaffolds showed a significant increase in bone volume (p<0.0001) at all the time points 

examined.  
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Figure 4. In vivo bone formation of 3D cell-laden nanocomposite scaffolds  

Posterior CT images of acellular casted (a-i), HBMSC-laden casted (a-ii), acellular 3D printed 

(a-iii) and HBMSC-laden 3D printed (a-iv) scaffolds at 2, 4, 6 and 8 weeks. Full-field top and 

inside view of selected scaffolds. Bone density scale indicates low-density bone as dark red 

and high-density bone as blue. Bone volume (b) and average bone density (c) of three-

dimensional constructs implanted in vivo were analysed by treatment conditions, including 

casted, casted with HBMSCs, 3D printed, and 3D printed with HBMSCs. Histological analysis 

of implanted acellular and cell-laden 3-3-3 scaffolds. Casted (d-i,ii), HBMSC-laden casted (d-

iii,iv), 3D printed (d-v,vi) and HBMSC-laden 3D bioprinted (d-vii,viii) scaffolds stained 

respectively with Alcian blue/Sirius red and Von Kossa staining. Scale bar: (d) 100 µm. 

Statistical significance assessed by two-way ANOVA. Mean ± S.D., n=6, *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. 
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Average bone density (Figure 4c) analysis indicated no significant differences between 

treatment groups at 2, 4, 6 and 8 weeks after implantation (Supporting Figure 5b demonstrates 

the quantitative changes in bone density each week for each treatment group). Acellular 

casted scaffolds showed a linear increase in bone density with a significant increase in density 

from 2 to 8 weeks (p<0.01). HBMSC-laden casted scaffolds showed a significant increase in 

bone density after 6 (p<0.01) and 8 (p<0.001) weeks. Acellular and HBMSCs-laden 3D printed 

scaffolds displayed an overall significant change in density between 2 and 8 weeks (p<0.001).  

Casted scaffolds stained for Alcian blue/Sirius red (Figure 4d-i) displayed diffused GAGs and 

collagen distribution over the entire scaffold. Mouse cells were found to penetrate the drug-

free casted scaffolds with mineral deposition localised in a limited portion of the scaffold 

(Figure 4d-ii). Casted control scaffolds loaded with HBMSCs (Figure 4d-iii) displayed a paucity 

of GAGs comparable to the acellular control. Extensive collagen staining was found distributed 

throughout the entire scaffold, in correspondence of encapsulated cells. Von Kossa staining 

(Figure 4d-iv) showed diffused large mineralised tissue in the scaffold. Acellular 3D printed 

samples (Figure 4d-v), similar to acellular casted scaffolds were found positively stained for 

GAGs and murine cells were found to have penetrated the structure. Mineral deposition 

(Figure 4d-vi) was found to be significantly  impaired and only scattered localised deposition 

of mineral was observed throughout the scaffold after implantation. HBMSC-laden 3D printed 

implants (Figure 4d-vii) displayed high levels of collagenous tissue throughout with extensive 

presence of printed cells in close proximity resulting in a compact tissue-like structure. 

Integration with surrounding tissue was observed extensively with collagenous tissue 

throughout the core of the scaffold. Cell-laden scaffolds were found to be mineralised in 

cluster-like deposited nodules (Figure 4d-viii) that were found preferentially located on the 

outer surface of the scaffold.  
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Discussion  

 

Biofabrication offers new approaches to tissue regeneration, screening and engineering 

alternatives to reduce animal experiments [35]. However, a paucity of in vivo studies 

evaluating safety and efficacy of 3D printed scaffolds for bone formation are currently reducing 

progress and limiting the clinical translation. In the current study, the skeletal functionality of 

HBMSCs-laden 3D bioprinted nanocomposite scaffolds has been investigated in vitro, ex vivo 

and in vivo. The results demonstrate significant improvements in mineralised tissue formation 

with addition of HBMSCs in 3DP, but not in mould casted bulk scaffolds.  

The printing of bioinks laden with cells that can act as building blocks for the in situ generation 

of tissue-like structures represents a simple and efficacious approach to produce readily 

implantable constructs. However cell-laden bioinks should be printable [36,37], generate 

constructs with elevated shape fidelity [38], and retain the potential to actively stimulate 

encapsulated cells post printing [7,39,40]. The nanocomposite matrix used as cell-delivering 

ink in this work was prepared from the inclusion of alginate and methylcellulose components 

in a nanoclay suspension (Laponite®). The smectite nanoclay, LAP, is able to intercalate even 

at low polymeric fractions between polymer chains of blended materials of interests [41,42]  to 

tailor cell detachment and cell-sheet formation [43], tune hydrogel shearing properties for 

delivery via injection [44] and modulate drug delivery and localisation [45]. 

In harnessing the properties of LAP, we have previously reported the use of the nanoclay as 

a ligand and filler for alginate and methylcellulose to produce a printable nanocomposite ink 

with the capability to  encapsulate cells, aid cell growth and facilitate growth factor delivery in 

vitro [15]. The mechanical properties of printed nanocomposite ink were previously assessed 

and found to support the viability and proliferation of immortalised stem cells post-printing. The 

current studies detail the nanocomposite bioink, named 3-3-3, for the encapsulation and 

delivery of HBMSCs in vivo as a functional platform for the repair of large defects in non-load 

bearing sites. 

Unselected HBMSCs loaded in the 3-3-3 bioink and printed, maintained their viability over 21 

days of culture. Previous studies have shown that elevated cell density can significantly affect 

the rheological properties of a bioink and consequently printability [10] and viability of 

fabricated cell-laden constructs [46]. Cell density was observed to increase for up to 7 days of 

culture and to subsequently plateau at day 14. This observation has been reported previously 

in the literature [47,48] with cells encapsulated at elevated densities demonstrating escape 

from the soft hydrogel network. Interestingly, in the current studies, the viability of the HBMSCs 

was unaffected by a decrease in cell density with cells present in the lattice structure, viable 

from day 14 to day 21 of culture. 
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Encapsulated cells were found to maintain their functional characteristics evidenced through 

ALP expression up to day 21 of culture in vitro when stimulated with basal and osteogenic 

media. This is notable, since enhanced ALP expression is rarely reported in HBMSCs-laden 

constructs at early time points (e.g. 3 days) [9] and, typically, is found extensively at later time 

points (between 1 and 2 weeks) [49,50]. ALP is an early osteogenic marker [51] and its 

premature expression and decrease with time has been reported as a necessary step for bone 

nodule formation [52]. Indeed, Von Kossa staining confirmed an increase in mineral deposition 

together with a decrease in ALP staining over 21 days, indicating a synergistic mechanism of 

skeletal tissue formation, driven initially by the printed HBMSCs and subsequently promoted 

by 3-3-3 mineralisation. The inherent and dose-dependent ability of LAP to initiate 

mineralisation in a saturated ionic solution has been reported before in vitro [53,54]. 

Alginate/methylcellulose blend [55] was shown to be functionally active and to promote 

HBMSCs differentiation along the adipogenic lineage. The synergistic effects of matrix 

stiffness (alginate/methylcellulose) and clay-mediated bioactivity suggest that 3-3-3 scaffolds 

are able to support osteogenic differentiation of printed HBMSCs.  

3D printed scaffolds implanted ex vivo in a CAM model proved the efficacy of the lattice 

structure to support angiogenesis with vessels penetrating the major pores. Indeed, vascular 

penetration has been reported to occur in scaffolds with interconnected porosity, that might 

stimulate angiogenesis, even in the absence of angiogenesis-inducing factors [56]. The 

addition of VEGF or HUVECs to these scaffolds further stimulated integration in the CAM and 

angiogenesis. Clotting of blood vessels has been previously reported linked to excessive 

functional stimuli provided to the host vasculature [57,58] leading to a lack of patency of the 

neovascularisation and hence the leaking of blood. In particular, VEGF is known to stimulate 

vascular permeability [59], therefore localisation of excessive VEGF may have induced the 

leakage of the CAM membrane capillaries forming a clot as a consequence. VEGF and 

HUVECs stimuli could be further optimised to allow vascular induction reducing the leakage 

of blood vessels [60]. Combinations of HUVECs-seeded and VEGF-loaded scaffolds resulted 

in significant integration of the scaffolds and the CAM, with blood vessel penetration 

throughout the major pores with minimal clotting. The positive effects of VEGF on HUVECs in 

the presence of LAP have been previously reported [61]. Dawson et al. [18] described the 

efficacious effects of VEGF localisation within LAP on angiogenesis both in vitro and in vivo. 

Recently, we have further investigated VEGF absorption and localisation in nanoclay-based 

3D scaffolds  [14,48] within the CAM model, demonstrating the capacity of  LAP to sustain the 

release of VEGF over time and to drive blood vessel formation and blood vessel penetration 

through 3D printed constructs. Similarly, 3-3-3 printed scaffolds adsorbed with VEGF, were 

found to support HUVECs functionality enhancing CAM integration and neovascularisation as 

evidenced by Chalkley score and histological analysis 
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Reproducing a clinical scenario and following a previously employed protocol [34], alginate 

controls and 3D printed 3-3-3 scaffolds containing adsorbed BMP-2 within the gel matrix were 

implanted in a mouse model to examine for ectopic bone formation. For the first time, we have 

here reported the spontaneous mineralisation of acellular nanocomposite 3D printed 

constructs even in the absence of functional stimuli (e.g. BMP-2) in vivo. In a clinical scenario, 

for the repair of bone defects, BMP-2 is released from collagen sponges for a prolonged time 

[62] requiring a high dose of loading in the first instance [63]. This can lead to postoperative 

skeletal complications. Gibbs et al. [34] demonstrated the clinical potential of BMP-2-loaded 

LAP gels confirming the functional retention and localisation ability of the nanoclay in vivo 

showing significant bone formation at physiological doses of BMP-2. Interestingly, in our study 

3D printed scaffolds supplemented with BMP-2 were found to show elevated mineral density 

and distribution, losing their lattice structure to the mineral tissue, which was observed to fill 

the open pores of the scaffold, suggesting the localisation of the BMP-2 within the printed 

scaffold.  

The fabrication of biomimetic three-dimensional constructs offers significant potential for 

clinical bone tissue regeneration. In the current study, we demonstrate the safety, efficacy and 

functionality of cell-laden (HBMSCs) 3-3-3 constructs in an in vivo subcutaneous implant 

model. Rapid growth of mineral density was found in all groups. Overall, 3D lattice constructs 

showed a higher bone volume and density compared to the casted controls as previously 

reported for porous scaffolds compared to bulk alternatives [64,65]. 3D cell-laden printed 

implants were found to consistently produce the largest amount of mineralised tissue 

compared to all the other groups, confirming the synergistic effect of HBMSCs and nanoclay-

based biomaterial. Recent studies have confirmed the beneficial results of HBMSCs inclusion 

in nanoclay, demonstrating enhanced bone deposition [66] and vascularisation [18] in vivo. 

However, cell-laden soft hydrogel constructs are not ideal matrices for the support of load-

bearing portion of the skeletal tissue, which can be repaired using printed thermoplastic 

structures [67]. The current studies have examined bone formation in an ectopic model, a 

widely used industry standard model although in  the absence of a load-bearing environment, 

the platform provides a model to assess efficacy with minimal injury addressing important 

principles around careful application of animal studies and replacement, refinement and 

reduction strategies around animal use. Critically, the current highly porous 3D printed lattice 

structure demonstrated an enhanced mineral deposition and reinforcement of the entire 3D 

scaffold. The mechanism at play is the focus of current work in our groups and the 

development and generation of reinforced complex 3D printed cellular nanocomposite 

scaffolds. The highly porous 3D printed lattice structure in the current studies, demonstrated 

an elevated mineral deposition with a consequent reinforcement of the entire 3D scaffold, 

possibly via a different mechanism from the mineralisation of casted controls. These appeared 
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to be high density cluster networks, comparable in density to the skeletal bones of the mouse, 

but with similar properties to the casted scaffolds. HBMSC-laden 3D bioprinted 3-3-3 

constructs were found to follow a cluster mineralisation process, but showed a significant 

larger mineralised volume compared to the printed acellular controls. A greater difference in 

bone volume and average density of the mineralised tissue was observed when cell-laden 

lattice scaffolds were compared with acellular and cellular casted controls, suggesting a clear 

and significant advantage of the open porous cell-laden lattice structure. The mineral density 

was found to be well distributed within the scaffold with an elevated number of high-density 

clusters and a diffuse low-density matrix to encapsulate them. The bone formation mechanism 

can be related to the acellular clay-based 3D printed scaffolds with a high-density cluster-like 

arrangement due to the clay content. However, the lower density matrix surrounding the 

clusters was not found in the acellular printed controls, suggesting a novel remodelling and 

bioactive functional activity of the printed HBMSCs.  

Conclusions 

 

The potential to print stem cells, preserving cell viability, proliferation and functionality is a 

key unmet challenge for the biofabrication approach to regenerative medicine. Clay-based 

bioinks offer an attractive vehicle for printing HBMSCs in three-dimensional functional 

constructs due to their shear-thinning and inherent functional properties. In this study, we 

successfully demonstrated the biofabrication potential of a 3-3-3 bioink to produce viable and 

functional bone implants. In particular, printed HBMSCs-laden 3-3-3 demonstrated elevated 

viability and functionality in vitro, ex vivo, and critically, in vivo, indicating the translational 

potential of this nanocomposite bioink platform in combination with HBMSCs for the generation 

of large amounts of bone tissue. However, further studies are needed to elucidate the 

mechanism of mineralisation and bone formation (intramembranous, endochondral or a 

combination of both mechanisms). The lack of either in vitro or in vivo studies on the 

spontaneous mineralisation capacity of Laponite®-based bioinks makes this the first study to 

investigate such a process. Further confirmation will be needed to identify mineral deposition 

process and its origin in clay-based bioink. In summary, these results elucidate the promise of 

3-3-3 printed scaffolds to produce mineral tissue in vitro and in vivo functionalised with either 

BMP-2 or HBMSCs for the formation of skeletal tissue. 
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