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Abstract1

Development of a biomimetic tubular scaffold capable of recreating developmental neurogenesis using2

pluripotent stem cells offers a novel strategy for the repair of spinal cord tissues. Recent advances in 3D3

printing technology have facilitated biofabrication of complex biomimetic environments by precisely4

controlling the 3D arrangement of various acellular and cellular components (biomaterials, cells and growth5

factors). Here, we present a 3D printing method to fabricate a complex, patterned and embryoid body6

(EB)-laden tubular scaffold composed of polycaprolactone (PCL) and hydrogel (alginate or gelatine7

methacrylate (GelMA)). Our results revealed 3D printing of a strong, macro-porous PCL/hydrogel tubular8

scaffold with a high capacity to control the porosity of the PCL scaffold, wherein the maximum porosity in9

the PCL wall was 15%. The method was equally employed to create spatiotemporal protein concentration10

within the scaffold, demonstrating its ability to generate linear and opposite gradients of model molecules11

(fluorescein isothiocyanate-conjugated bovine serum albumin (FITC-BSA) and rhodamine). 3D bioprinting12

of EBs-laden GelMA was introduced as a novel 3D printing strategy to incorporate EBs in a hydrogel13

matrix. Cell viability and proliferation were measured post-printing. Following the bioprinting of EBs-14

laden 5% GelMA hydrogel, neural differentiation of EBs was induced using 1 µM retinoic acid (RA). The15

III-tubulin positive neurons displaying axonal extensions and cells migration.16

Finally, 3D bioprinting of EBs-laden PCL/GelMA tubular scaffold successfully supported EBs neural17

differentiation and patterning in response to co-printing with 1 µM RA. 3D printing of a complex18

heterogeneous tubular scaffold that can encapsulate EBs, spatially controlled protein concentration and19

promote neuronal patterning will help in developing more biomimetic scaffolds capable of replicating the20

neural patterning which occurs during neural tube development.21

Keywords: 3D printing, hydrogels, polycaprolactone, gradient, embryoid body (EB), neural22

differentiation and nerve regeneration.23
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1 Introduction32

Central nervous system (CNS) disorders, caused by injuries or neurodegenerative diseases, are a leading33

cause of disabilities and death [1, 2]. Unfortunately, all available medicines are for relieving the symptoms34

or delaying the progression of the diseases. The mammalian CNS is characterised by its very limited self-35

repair ability [3, 4], therefore there is a critical need for novel regenerative strategies that promote tissue36

repair [1]. Over the last decades, different regenerative strategies have been suggested for promoting brain37

or spinal cord repair, including direct cell transplantation, direct growth factor injections and tissue38

engineering strategies based on the combination of biomaterial, stem cells and growth factors [2, 5]. Tissue39

engineering strategies have shown promising outcomes in promoting tissue repair when compared to direct40

cell transplantation or growth factor injection [1, 6]. However, there are still substantial challenges in creating41

a functional scaffold to serve as a nerve conduit or tissue graft to repair the damaged spinal cord. Among42

these challenges is the development of a tubular structure having the key design parameters of spinal cord43

scaffold such as mechanical properties, porosity and patterning of the physicochemical cues that can control44

stem cell differentiation [7]. Addressing these challenges would be key for improving success in CNS45

repair [2, 8, 9]46

During embryogenesis, CNS development including the spinal cord is tightly controlled by gradients of47

morphogens which direct neuroprogenitor differentiation into different mature neurons in a concentration-48

dependent manner [10, 11]. For example, patterning along the rostral-caudal axis results from opposite49

gradients of retinoic acid (RA) and fibroblast growth factor (FGF)[12]. Also, neural cell migration and axonal50

growth cone guidance are regulated by the concentration gradient of signalling molecules [13, 14].51

Accordingly, fabrication of a bioinspired tubular scaffold with a spatially controlled concentration of a52

soluble biochemical agent and the encapsulation of neural progenitor cells could help in developing a53

spatially-patterned spinal cord graft [15].54

3D printing has emerged in the field of tissue engineering as a flexible and programmable biofabrication55

technology to address the structural challenges of developing biomimetic tissue-like constructs. It has the56

capacity for precise layer-by-layer deposition of multi-materials based on a pre-designed pattern. This57

provides a high degree of spatial control over physical and chemical cues in the scaffolds such as porosity,58

mechanical properties and bioactive molecules concentrations or gradients [16]. Furthermore 3D printing59

facilitates the production of patient-customised tubular scaffold for repairing damaged nerve [15]. Several60

techniques such as hydrogel casting or microfluidics have been used to create a patterned differentiation of61

embryoid bodies (EBs), which equivalent to the neural progenitor cells during embryogenesis,62

recapitulating some aspects of the natural development process. A hybrid micro-hydrogel platform63

(GelMA/PEG) was developed to create an anisotropic stem cell niche for patterned differentiation of64



EBs [17]. A microfluidic device was also used to generate spatially patterned EBs [18]. Despite the great65

progress in fabrication techniques, simple hydrogel casting has a limited capacity to generate spatially66

and/or temporally patterned microenvironments [16]. For example, EBs are usually surrounded by67

homogeneously dispersed signalling molecules, lacking spatial and/or temporal control of these molecules68

within the 3D matrix [19]. Moreover, this traditional approach has a limited capacity to precisely control the69

internal and external architecture (such as porosity) and mechanical properties [20, 21]. Microfluidic devices70

have overcome some of these challenges by creating 3D spatiotemporal patterns of growth factors,71

however, they have limited potential for clinical applications [22]. These challenges have propelled the72

employment of 3D printing to fabricate a complex biomimetic model [19, 23, 24]. This current study aims to73

develop a 3D printing method to fabricate a hydrogel-based tubular scaffold capable of directing the neural74

differentiation of ESCs. To achieve this aim, 3D printing was used to produce a macro-porous hydrogel75

tubular scaffold with a protein gradient pattern and seed EBs. Finally, the scaffold was used to test neural76

differentiation and patterning as a proof of concept. The approaches used in this study will help develop77

more complex models that can more faithfully recapitulate neural tube morphogenesis.78

2 Materials and methods79

All chemicals were purchased from Sigma-Aldrich, UK unless otherwise stated.80

2.181

Stock alginate solution (3% w/v) in Ca-82

(Gibco Life Technologies, Paisley, UK) was prepared using a roller mixer (Stuart, Biotechnology Medical83

Service, France) (50 rpm) overnight. The stock alginate was then diluted at 2:1 ratio with either Ca-free84

DMEM or FITC-BSA (6 mg/mL) depending on the experiment. The resultant alginate solutions were85

partially crosslinked with 30 mM CaCl2 solution at alginate: CaCl2 ratio 2:1 to achieve final alginate and86

CaCl2 concentrations of 1.5 % (w/v) and 10 mM, respectively. FITC-BSA final concentration was87

1 mg/mL. Mixing of alginate and CaCl2 solutions was performed using two luer-lock syringes (Becton88

Dickinson, USA), one for the alginate and the other one for CaCl2, connected by a female-female luer-lock89

connector and the mixture was mixed repeatedly between the two syringes (40 times, at mixing rate 1Hz).90

The scaffolds were printed using an extrusion-based multi-head 3D printer (RegenHU, 3D Discoveries,91

Switzerland). All the designs were performed using computer-aided manufacturing software (BioCAD,92

RegenHU, Switzerland) that contains information for layer by layer built up of 3D constructs, includes93

printing head, line space and offset, layer thickness and building height. This information was then94

translated into a numerical -alginate tubular95

scaffold was designed and printed in two steps as shown in figure-1-a. In step 1, a hollow PCL tubular96

frame was printed using the thermoplastic polymer print head. PCL granules (45 kDa) were allowed to melt97



into the thermoplastic polymer cartridge at 73°C. PCL was extruded through a stainless straight needle (6.598

mm × 0.33 mm) (length × internal diameter). The print head speed was 20 mm/s and layer thickness was99

0.12 mm. The hollow PCL frame consisted of two concentric cylinders (inner and outer) printed100

simultaneously inside each other. The cylinders are separated by a 2 mm gap and connected at the tube base101

(figure 1-a).102

To maintain oxygen and nutrient diffusion into the hydrogel-encapsulated cells, the inner PCL cylinder103

was made macro-porous. The pores in the PCL frame were generated by printing two groups of repeated-104

circular layers, continuous and non-continuous circular layers, in an alternative manner (figure 1-c). Each105

non-continuous circular layer was composed of 4 incomplete opposite arcs separated by 4 opposite gaps (4106

pores)107

(figure 1-c and figure 1-d). As a result, 8 longitudinally-aligned columns of pores were produced along108

with the PCL cylinder.109
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Figure 1 Schematic presentation of the 3D printing approach for making the PCL-alginate scaffold.
In step 1, a porous PCL tubular structure was printed; dimensions of the structure (mm): A=12, B=10,
C=2. In step 2, (a) alginate hydrogel cylinder was printed in the space between the inner and outer
PCL cylinders using a long straight needle (G22 or G25, 2.54 cm length), (b) Method for making a
FITC-BSA concentration gradient. Schematic showing 3D printing of the porous PCL cylinder; (c)
Side view of the pores fabricated by alternate printing of two groups of layers: (i) non-continuous
(blue) and (ii) continuous (red). (d) Top schematic view of the porous PCL cylinder, showing the
position of the pores in the non-continuous layers.



In the second step, plain or FITC-BSA mixed partially cross-linked alginate hydrogels (1.5%) were120

printed inside the space between the two PCL cylinders. Circular layers were printed inside the PCL121

structure using a long straight needle (G25 or G22 and 1 inch long). To ensure effective filling of the gap122

between the PCL cylinders and to maintain a constant space between the needle tip and the printed alginate123

surface, the hydrogel flow rate was optimised to 0.045g/min/0.1mm layer thickness. The layer thickness124

was set to 0.1 or 0.2 mm for structures of 10 mm or 20 mm height, respectively. The scaffolds were then125

immersed in 100 mM CaCl2 for 20 min for crosslinking. For printing of EB-laden scaffolds, EB-laden 5%126

GelMA was printed inside the PCL scaffolds using a G20 needle and the GelMA was cured under UV light127

for 1 min.128

2.2129

The gradient pattern of the FITC-BSA was printed using two partially crosslinked alginate hydrogel130

(1.5%) dispensers, one loaded with 1 mg/mL FITC-BSA and the other with plain hydrogel. The gradient131

was designed as a 10-step pattern, each of which is comprised of 10 layers with a 10 % reduction in the132

number of layers that contain FITC-BSA between successive steps to produce a linear reduction in the133

amount of the delivered FITC-BSA as a function of scaffold distance (figure 1-b).134

For validation of the gradient pattern, 10 mm long FITC-BSA gradient-patterned scaffolds were135

sectioned using a cryostat machine (Leica CM1100, Germany) and quantified for FITC-BSA retained in136

each respective section[25]. Briefly, the scaffolds were fixed in optimum cutting temperature (OCT) medium137

(Sakura Finetek USA, Inc) for 30 min at -80 ºC and sliced into 0.5 mm thick stacks (fifty 10 µm-slices)138

perpendicular to the direction of the gradient. Stacks were collected sequentially and dissolved in 400 µL139

of 150 mM sodium citrate. The de-crosslinked hydrogel was then centrifuged at 5000 rpm for 5 min to spin140

down any remaining PCL fibers and measured, in triplicates, for fluorescence intensity using TECAN141

infinite 200PRO multiple mode reader against a calibration curve of FITC-BSA. Calibration curve data was142

constructed using consistent single FITC-BSA concentrations in 0.5 mm thick slices of 3D printed PCL-143

alginate.144

2.3145

The feeder-free mESC cell line CGR8 (Sigma -Aldrich, UK) was cultured on gelatine (0.1%) -coated T-146

25 flasks. The cells were kept in an undifferentiated state in mESC culture medium (supplementary147

information). Differentiation of mESCs into spinal cord motor neurons was promoted following the148

protocol described by Wichterle and Peljto (2008) [26]. Briefly, mESCs were trypsinised and suspended in149

N2B27 (supplementary information) at a cell density of 200, 000 cell / mL for two days to form EBs150

(mass suspension method). After two days, the EBs were collected into 50-mL conical bottom plastic151

centrifuge tubes through a 100-µm cell strainer (Coring Incorporated, USA) to select EBs smaller than 100152



µm for neural differentiation. EBs were then re-seeded into non-treated tissue culture 10 cm petri-dish and153

supplemented with fresh N2B27 medium supplemented with 1 µM RA. After 3 days (differentiation day154

5), the medium was refreshed with RA-free N2B27 medium for 8 and 14 days based on the experiment.155

2.4156

Lyophilised GelMA was synthesized by direct reaction of gelatine and methacrylate anhydride[27] and157

characterised using 1HNMR (figure S1, supplementary information). 5% GelMA solution was prepared158

in warm Phosphate saline buffer (PBS) (60ºC) containing 0.5% photo-initiator (2-Hydroxy- -(2-159

hydroxyethoxy)-2-methylpropiophenone, 98%). The mixture was kept at 60ºC for 20 min to ensure that160

GelMA was completely dissolved in PBS. Thereafter, the warm GelMA was sterilised by filtration using a161

0.2 µm filter and allowed to cool down before mixing with EBs. EBs were suspended in 5% GelMA (at162

density EBs produced from one 10 cm petri-dish / 1 mL of GelMA). The EBs-laden GelMA was uploaded163

into a 3D printer barrel and cooled down immediately at -15°C for 3-5 min to induce rapid physical164

crosslinking of GelMA and prevent EBs settling down. The barrel was then transferred to the 3D printer165

head which was equipped with a temperature adaptor (temperature set was 18°C). After printing of the166

GelMA hydrogel, all structures were exposed to UV light (using 365 nm UV lamp) for 1min to167

photo-crosslink the GelMA hydrogel.168

2.5169

For 3D printing of EBs in PCL-GelMA scaffold, a PCL scaffold (10 mm × 12 mm) (height × outer diameter)170

was first printed (as described in section 2.1) and then EBs-laden 5% GelMA was printed inside PCL using171

a straight G20 needle (600 µm × 0.5 inch) (diameter × length). Flow rate of GelMA, printing speed and172

layer thickness were kept constant as for the printing of PCL-alginate scaffolds. Thereafter, the whole173

scaffold was put in upright position under the UV lamp for 1 min to allow photo-crosslinking of GelMA174

through the opened top of the scaffold [28].175

2.6176

Cell viability was evaluated using the LIVE/DEAD® Viability/Cytotoxicity Kit for mammalian cells177

(Molecular Probes, USA). Following the manufacturer / 4 -1 in PBS178

(working solution) was used to stain live cells (green) and dead cells (red). The structures were incubated179

with the working solution for 1.5 h at 37°C 5% CO2. Thereafter, the live and dead cells are visualised using180

a confocal microscope (LEICA LSI-Z6A, UK). PrestoBlue® Cell proliferation assay (Invitrogen, USA) was181

used to evaluate the cell proliferation rate. The 3D structures were incubated with a working solution (10%182

PrestoBlue reagent in culture medium) for 4 h at 37°C 5% CO2. 100 µL-aliquots were then collected for183

fluorescence intensity measurement using a TECAN infinite 200PRO multiple mode reader.184



2.7185

EBs differentiated in 3D hydrogel matrices were stained following the general protocol of186

immunostaining with extended periods of incubations with reagents and antibodies and washing (the187

method is detailed in the supplementary information).188

2.8189

All the results were expressed as mean ± SD. Statistical analysis was performed using Graph pad prism190

6 software. Data sets were tested for statistical significance using two-191

comparisons test. Results were considered statistically significant if P < 0.05 and the significance levels192

were * P < 0.05, ** P < 0.01, *** P < 0.001 and **** P < 0.0001.193

3 Results194

3.1195

A mechanically stable, macro-porous tubular scaffolds were printed using two different biomaterials;196

PCL and partially cross linked alginate. The 3D reconstructed µCT image of the PCL scaffold shows a197

regular tubular structure composed of two concentric cylinders (figure 2-a). The optical images revealed198

a hollow hybrid tubular scaffold composed of three concentric cylinders, two PCL cylinders (the outer and199

inner cylinders) and a middle hydrogel cylinder which was printed in the space between the PCL cylinders200

(figure 2 b-d).201

To maintain oxygen and nutrient supply to cells encapsulated in the hydrogel cylinder, the inner PCL202

cylinder was printed as a macro-porous structure. The macro-pores were created in the cylinder surface by203

printing specific patterns of non-continuous and continuous PCL layers (figure 1-c). By controlling the204

number of layers per non-continuous or continuous layers, the overall porosity of the cylinder could be205

controlled. PCL cylinders, with nine different patterns, were printed (by varying the ratio of continuous and206

non-continuous rings) and thereafter characterised for porosity using image analysis. Figure 2-e shows207

bright field images of the porous PCL cylinders printed with different porosity patterns. The images208

revealed that pore density was inversely proportional to the number of layers in both continuous-layer and209

non-continuous-layer groups. However, the size of every single pore increased with the increase of the210

number of layers in the non-continuous layer group, indicating an increase in the overall PCL surface211

porosity as the number of layers in continuous-layers groups was reduced and the number of layers in the212

non-continuous-layers group was increased. To further confirm this finding, the overall porosity, expressed213

as a percentage of pores area / total area, was analysed. There was a significant increase in the porosity of214

the PCL cylinder with a concurrent increase in the number of non-continuous and a decrease in the number215

of continuous layers (figure 2-f). The highest porosity (15.1 ± 1%) was found for216



non-continuous/continuous layers with a 6/2 ratio, and this ratio was selected for subsequent scaffold217

printing. These results demonstrated the capacity of a multi-head printer to generate hybrid PCL/hydrogel218

tubular scaffolds with precise control of the porosity of the PCL scaffold.219
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Figure 2 3D Printing of the PCL-alginate scaffold. (a) µCT image of the PCL scaffold. (b-d) Optical images of
the final PCL-Alginate hydrogel scaffold. (e) Optical images of nine porosity patterns of the PCL cylinders.
*Images were obtained following unrolling the cylinders, scale bar= 2 mm. (f) Porosity of the printed cylinders.
The porosity was expressed as a percentage of the total pore area to the total area of the field of view.
Significance levels were *P < 0.05, ***P < 0.001 and ****P < 0.0001.



3.2225

Spatial and temporal concentration gradients of soluble growth factors are crucial for neural tissue226

development and repair [10, 11]. Therefore, development of a 3D printing method for spatially controlling227

soluble molecules concentrations within the scaffold would be very useful for directing stem cell228

differentiation towards nerve regeneration. In this part of the study, the capacity of 3D printing to introduce229

spatial control of protein concentration within the tubular scaffold was explored using a model protein230

(FITC-BSA) to produce a linear gradient pattern. This was achieved by reducing the number of layers231

printed using FITC-BSA-loaded alginate as a function of distance (10-steps gradient graded by 10%232

reduction in the number of layers per step: Figure 1-b). Fluorescence microscope images of the longitudinal233

cross-section of the scaffold were used to qualitatively characterise the gradient pattern (figure 3- a and234

b). Confocal imaging of the hydrogel section revealed a gradual reduction in green colour in the longitudinal235

direction from the base to the top of the scaffold, indicating a concentration gradient pattern of FITC-BSA236

in the hydrogel cylinder (figure 3-b). To further confirm the development of the gradient pattern, a237

concentration profile of the FITC-BSA was determined as a function of distance, and a linear regression238

model was used to model the linearity of the printed gradient pattern. This analysis revealed a linear239

reduction of the FITC-BSA concentration as a function of the distance with r2 = 0.93 and a slope of -0.08,240

which were reasonably close to the original design (figure 3-b). 3D printing of a linear gradient pattern241

with a 10-step change in the amount of delivered protein suggested precise control over the spatial242

concentration of protein immediately after printing.243

The temporal presentation of the FITC-BSA gradient in the tubular scaffold was examined following the244

incubation of the patterned scaffold in PBS for 24 and 48 h at 37°C. An exponential phase decay model was245

used to model the decay in the gradient pattern. When the printed scaffolds were incubated in PBS without246

further crosslinking of the alginate hydrogel, there were no obvious gradient patterns as indicated by low247

values of the coefficient of determination of the exponential decay model (r2), which were 0.29 and 0.39248

after 24 h and 48 h, respectively, in comparison to 0.83 at time zero (figure 3-d). However, further249

crosslinking of the partially crosslinked alginate reduced protein diffusion and release from the scaffold and250

caused a sustainable gradient pattern following the two incubation periods. The coefficient of determination251

(r2) of the fully crosslinked alginate-scaffolds at 24 and 28 h time points were 0.71 and 0.79, respectively,252

in comparison to their respective values in partially crosslinked alginate-scaffolds (figure 3-e). These results253

demonstrated a controlled temporal presentation of the gradient pattern due to the release of protein into the254

medium, and the process can be further tuned by increasing the crosslinking density of the hydrogel.255

256



257

Figure 3 Spatial and temporal control of protein concentration in the scaffold. (a) Fluorescence image of the cross-
sectioned scaffold showing the hydrogel tube with a FITC-BSA gradient (green colour) , scale bar = 2 mm. (b)
Confocal image of the cross-sectioned scaffold showing a gradual reduction in the fluorescence intensity (green
colour) from the scaffold base; 10-region pattern with a 10% reduction in the FITC-BSA containing layer between
the successive regions was printed, scale bar= 2 mm(note: 20 mm long scaffolds were used in a&b to demonstrate
gradient pattern). (c) Quantification of the FITC-BSA concentration gradient showing a linear gradient. (d)
Temporal concentration gradients of FITC-BSA in 3D printed PCL-Alginate scaffolds in PBS at zero, 24 & 48 h
(without crosslinking) or (e) with post-printing crosslinking of alginate. An exponential decay model was used to
distinguish between gradient and homogenous patterns of the protein in d&e. For (c), (d) and (e), each point
represents concentration of the FITC-BSA per 0.5 mm thick stack (10 µm slice × 50) and the values were normalised
to their respective higher concentration regions values. Values are mean ± SD, N=3-4, R=3. (note: 10 mm long
scaffold were used in c, d and e for quantification analysis).
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Figure 4 3D printing of PCL-alginate scaffold with opposite gradients. (a) Optical image of the scaffold with
FITC-BSA (green) and rhodamine (red) (*the outer PCL cylinder was removed). (b-i) Confocal images of the
cross-sectioned structure showing the FITC-BSA gradient (base to top), and (b-ii) the rhodamine gradient (top
to base) and (b-iii) the overlay, scale bar = 2 mm. (c) Quantification of spatially opposite gradients; each point
represents the average of fluorescence 100 pixels per 1.8 mm distance of the scaffold retrieved from image
analysis of two scaffolds using Image J software (version 1.52e). Fluorescence values were normalised to the
fluorescence intensity value at highest region in each gradient pattern



Furthermore, the capacity of the above described method to create tubular scaffolds patterned with two266

opposite gradients was also explored. Optical and confocal macroscope images of the hydrogel cylinder267

retrieved from a tubular scaffold printed with two opposite gradient patterns show two opposite and268

overlapping gradient patterns of FITC-BSA (green) and rhodamine (red) (figure 4 a and b). Figure 4-c269

shows the normalised fluorescence intensity of FITC-BSA and rhodamine as a function of the scaffold270

distance, confirming the capability of accurate creation of opposite overlapping gradient patterns. These271

results confirmed the capacity of this 3D printing approach to create multiple, overlapped opposite gradient272

patterns as dictated by the design.273
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Figure 5 Neural differentiation of EBs in 3D hydrogel. (a)Immunocytochemistry analysis at days 8 and day14 for
early neuronal marker III tubulin (in green) and pluripotency marker OCT4 (in red) of the EB suspended in two
different hydrogels, alginate (1.5%) and GelMA (10%). The images are representative of three replicates, Scale
bar=200 µm. Confocal laser microscopy images of EBs differentiated in 10% GelMA (day 14) (b) 3D orthogonal
view of the Z-stack (c) 2D image at 20X magnification, showing the neuronal morphology and neurites outgrowth.



3.3297

In order to print a 3D model that can replicate the developmental neurogenesis, an EBs-laden tubular298

scaffold was printed and its capacity to induce neural differentiation and patterning was investigated. EBs299

were chosen because they give rise to the neural progenitor cells that are responsive to morphogens and can300

differentiate into different neuronal identities. A preliminary experiment to investigate neural differentiation301

of EBs in hydrogel was performed. Two hydrogels, alginate (1.5%) and GelMA (10%), were initially302

investigated for EBs encapsulation, growth and neural differentiation. Although EBs differentiated in303

alginate hydrogel were III-tubulin positive (weak signal), there was no clear growth of EBs, spreading of304

cells around the EBs or neuronal morphology. In contrast, EBs differentiated in GelMA shows III-305

tubulin expression with a clear increase in EBs Size and spreading of axonal-like extensions around the EBs306

zone (figure 5-a). Further, laser confocal microscopy images were used to confirm the 3D structure of the307

EB in GelMA matrix (figure 5-b) and neuronal morphology (figure 5-c). This result suggests the suitability308

of GelMA for differentiation of EBs. Thereafter, GelMA hydrogel was selected as a bioink to print an EBs-309

laden tubular scaffold and 3D bioprinting of EBs-laden GelMA was optimised. Rheological characterisation310

of the GelMA hydrogel shows a reduction in viscosity in response to an increase in hydrogel temperature,311

confirming viscosity and thermo-responsive behaviour of GelMA (figure 6-a). However, the viscosity of312

2.5% GelMA was much lower than the viscosities of 5% and 10% GelMA, even at very low temperatures313

(~4ºC), inferring its poor printability, particularly with a wide bore needle suitable for cell bioprinting. The314

thermo-responsive behaviour of GelMA allowed for the reduction of shear forces and effective mixing of315

EBs with hydrogel at 37ºC (low viscosity), and effective encapsulation and bioprinting at 18-20 ºC. The316

shear thinning, viscoelastic behaviour and gelling temperature of different GelMA concentrations were also317

confirmed using the oscillatory test (figure S2, supplementary information). Based on the rheological318

characterisation, 5% GelMA was chosen for 3D bioprinting of EBs. EBs-laden 5% GelMA was printed319

using a straight G20 needle (ID 600 µm) and different printing temperatures (5-20 ºC). EBs printed at320

temperatures 5-17 ºC were dissociated and the cells were damaged, as shown by phase contrast and live/dead321

staining images (figure 6-b). However, EB integrity and their cell viability were preserved when the printing322

temperature was increased to 18-20 ºC (figure 6-b). These results suggest that a reduction in viscosity, in323

response to an increase in hydrogel temperature, reduces the shear stress forces and prevents EB dissociation324

during extrusion. This suggested that a viscosity threshold should not be exceeded to avoid EBs dissociation325

during extrusion, which was determined to be around 601 Pa.s for GelMA hydrogel (viscosity326

corresponding to a printing temperature of 18 ºC (figure 6-a). 3D printing of 5% GelMA at temperatures327

above 20 ºC was challenging due to the significant reduction in hydrogel viscosity, resulting in a liquid-like328

hydrogel which did not support strand formation upon extrusion from the needle.329



On top of viscosity, t that determine the330

shear stress forces during extrusion, and consequently EB integrity, viability or proliferation[29]. To test331

the effect of needle diameter and shape, needles with two different shapes (straight and tapered) and two332

different diameters (G22 and G20) were used to print EB-laden 5% GelMA structures. Results revealed that333

the highest post-printing proliferation rate was achieved with straight G20 needle (figure 6-c), which334

resulted in a 3-fold increase in the metabolic activity at day 8 when normalised to metabolic activity at day335

2. A two-fold increase in metabolic activity was achieved for EBs printed using tapered G22 and tapered336

G20, similar to results obtained for non-printed EBs. However, no increase in metabolic activity was seen337

for the EB printed using tapered G22 needle. These results suggested a combined effect of needle shape and338

diameter on EB cell proliferation. The results obtained by measuring metabolic activity were also confirmed339

by those from the Live/Dead assay (figure S3, supplementary information).340

3D Bioprinting of an EB-laden 5% GelMA lattice structure using straight G20 needle produced a regular341

lattice structure with reasonable strand diameter (0.8 mm) in relation to the needle diameter (figure 6-d).342

Live/dead staining of the EB-laden lattice further confirmed the results of proliferation assay and showed a343

homogenous distribution of EBs through the GelMA strand.344



345

346

Figure 6 Optimisation of EB-laden bioink (GelMA) for 3D bioprinting. Viscosity of GelMA hydrogels as a
function of temperature and concentration. Values are mean ± SD, N=3. (b) Post-printing viability of EBs
printed within 5% GelMA using a range of printing temperatures (5-20 ºC) using Live/dead stain. (c) Post-
printing EBs proliferation as a function of time and different needle shape and gauge. Values are mean ± SD,
N=3. (d) Post-printing cell viability (live/dead assay) as a function of culture time. EBs were printed within
5% GelMA using a straight G20 needle and 5mm/s printing speed at 18°C. (e) Post-printing immunostaining
of EBs at differentiation day 14. III tubulin (green) and Hoechst (blue) stains showed wide spreading of
neurons around the EBs zone with neurites extensions (magnification 20X, scale bar = 100 µm).



To characterise post-printing neural differentiation of the EB-laden structures, the printed EB-laden347

GelMA structures were cultured in N2B27 medium for 12 days and the medium was supplemented with348

1µM RA from day 1 to day 3, and then fixed and immunostained for III tubulin. Immunocytochemistry349

analysis shows a large number III tubulin positive neuronal cells, and cell spreading around the EBs with350

a network of neurite extensions, confirming the suitability of the GelMA matrix to support neural351

differentiation (figure 6-e). These results suggested that 3D bioprinting of EB-laden GelMA is feasible and352

the printed EBs were able to proliferate and differentiate in neurons within the GelMA matrix. However,353

careful optimisations of hydrogel viscosity and needle diameter were indispensable to minimise the shear354

stress forces during bioprinting.355

3.4356

To biofabricate a hydrogel-based tubular scaffold capable of directing the neural differentiation of ESCs,357

EB-laden PCL/GelMA scaffold (12 mm × 8 mm × 10 mm) (outer diameter × inner diameter × length) was358

printed. As a control study, PCL-free EB-laden 5% GelMA rectangular structures (10 mm × 10 mm × 2359

mm) (width × length × height) were printed, and cell viability of the printed EB in both structures was360

evaluated at different time points. At day 8, the images show that EBs printed in the single porous-cylinder361

PCL/GelMA scaffold were viable (figure 7, panel-b). However, the encapsulated EBs showed less362

spreading around the EBs zone and less EBs cavitation when compared to the EBs encapsulated in the PCL-363

free rectangular structures (figure 7, panels a and b). At day 14, cell viability of some EBs within the single364

porous cylinder PCL/GelMA scaffolds was reduced as indicated by the presence of the red ethidium365

bromide colour, suggesting that oxygen and nutrient perfusion through the PCL scaffold may be insufficient.366

To scrutinise this, a new PCL scaffold with improved porosity was designed and printed. The new scaffold367

was composed of two macro-porous concentric PCL cylinders (inner and outer) and was called a two368

porous-cylinders scaffold; thereby the total porosity of the PCL scaffold was doubled. Following the 3D369

printing of the EB-laden GelMA in the two porous-cylinders scaffold, EBs showed more growth and cell370

spreading through the hydrogel and cell viability at day 14 was improved when compared to those EBs371

grown in the one porous-cylinder scaffold (figure 7, panel c).372
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Figure 7 Viability of EBs printed in PCL/GelMA scaffolds. Representative live/dead images, at day 8 and 14,
of the EBs printed in Panel a: GelMA alone rectangular block, Panel b: PCL-alginate with single inner porous
PCL cylinder and Panel c: PCL-alginate with double porous inner and outer PCL cylinders. (panel c). Images
are representative of three replicates and 4-5 viewing field were analysed for each scaffold.



3.5388

Figure 8-a shows a schematic diagram of the concept of RA-gradient patterned tubular scaffold and the389

3D printed tubular scaffolds (using RA loaded GelMA or RA-free GelMA), representing the higher and the390

lower ends of the proposed gradient. As a proof of concept that co-bioprinting of EBs and signalling391

molecules could induce neurogenesis and neuronal patterning, two EB-laden 5% GelMA hydrogels (one392

loaded with 1µM RA and the other RA-free) were used for bioprinting of the rectangular structures (control393

study) and PCL/GelMA scaffolds as described previously.394

Figure 8-b shows the immunocytochemistry analysis of the neuronal differentiation marker395

( III tubulin), anterior (brain) identity marker (OTX1, 2) and posterior (spinal cord) identity marker396

(HOXC4) in the EBs differentiated in both RA-free and RA-loaded structures. In the PCL-free rectangular397

structures, a heterogeneous growth of EBs was observed regardless of the presence of RA. In addition, the398

EBs showed extensive growth III tubulin-positive cells with neurite outgrowth and networking. Regarding399

neuronal identity pattern, downregulation of the anterior identity (forebrain and midbrain) marker OTX1,400

2 and upregulation of the spinal cord marker HOXC4 were observed in response to the presence of 1 µM401

RA-loaded GelMA. In contrast, EBs differentiated in RA-free GelMA expressed weak but detectable402

OTX1, 2 signal, and exhibited clear downregulation of HOXC4 (figure 8, b panel i). These results suggest403

that 3D printing of RA as a morphogen can induce neuronal patterning and GelMA hydrogel can retain the404

printed RA for adequate time to cause neuronal patterning.405

EBs within the PCL-GelMA scaffolds exhibited a similar trend of neuronal patterning to that of EBs406

differentiated within PCL-free GelMA rectangular structures. However, the size of the EBs and cell407

spreading around them was less in PCL-GelMA scaffolds than that in PCL-free rectangular structures in408

both RA-loaded and RA-free groups (figure 8, b panel ii). These findings proved that 3D printing of409

RA (1µM) -loaded hydrogel can induce differentiation of the EBs into neurons with posterior or caudal410

identity while 3D printing of RA-free hydrogel induced differentiation of the EBs into neurons with anterior411

or brain identity. The capacity of using multi-material 3D printing to induce neural differentiation with two412

different neuronal identities representing the two ends of RA gradient can pave the way to patterning EBs413

neural differentiation in response to 3D printed morphogen gradients within the scaffolds.414

415



416

Figure 8 Neural regeneration in 3D printed scaffolds. (a) Schematic presentation of the Retinoic acid (RA)-gradient
patterned tubular scaffold and the 3D printed tubular scaffolds (using RA loaded GelMA or RA-free GelMA,
representing the higher and the lower ends of the proposed gradient as proof of concept). (b) Investigation of
neuronal positional identity after 3D bioprinting of EBs using RA (1µM)-loaded 5% GelMA hydrogel in panel i:
GelMA alone rectangular structures and panel ii PCL-GelMA scaffolds. Co-immunostaining of the neuronal

anterior positional identity markers (OTX1, 2) or posterior positional identity
marker (HOXC4). The images are representative of two replicates and 5-10 EBs were characterized for each
replicate. Scale bar = 100 µm.



4 Discussion417

This work presents an optimised 3D printing strategy to biofabricate a heterogeneous tubular scaffold418

that enables directed neural cell differentiation (neural patterning). The scaffold was printed using a multi-419

material/heads bioprinter which allowed the incorporation of multiple components including PCL,420

hydrogels, ESC-derived EBs, and signalling molecules in a single composite. The study focused on 3D421

printing of a tubular scaffold which can serve as a spinal cord conduit or draft, with a concentration gradient422

of a model fluorescent protein and bioprinting of an EBs within the tubular scaffold. Finally, neural423

differentiation and patterning of the EBs encapsulated in the tubular scaffold were validated.424

Although the presence of a multi-printhead 3D printing machine facilitated biofabrication of complex425

scaffolds with multiple components, several challenges had to be addressed to create a biomimetic tubular426

scaffold for nerve regeneration. These included 3D printing of a mechanically stable and supported427

hydrogel tubular structure, the spatial patterning of signalling molecules, and most importantly 3D428

bioprinting of viable EBs. Many of these challenges have been reported in previous studies [21, 30, 31].429

3D printing of a tubular structure using a soft, printable hydrogel; suitable for neural tissue repair, is a430

challenging process due to the poor mechanical properties of the hydrogel. This was addressed herein by431

co-printing with a supporting macro-porous PCL scaffold. PCL has shown good printability (strut width,432

layer-to-layer attachment and shape fidelity), however, careful optimisation of nozzle and printing433

environment temperatures were necessary for enhanced shape accuracy and control over porosity. These434

results were consistent with previous reports using hybrid 3D printing of PCL with hydrogels to reinforce435

the hydrogels and modulate the properties or porosity [21, 32-34]. The PCL printing436

method described here allowed for the generation of macro-pores on the surface of the cylinders with437

precise control over pore size, number and distribution. This enabled the 3D printing of a strong regular438

structure, together with enhanced nutrients and waste transport for cells or cell aggregates in the hydrogel439

cylinder.440

Concentration gradients of growth factors have been used in nerve regeneration to control neural441

differentiation of pluripotent stem cells, guide axonal growth and neural cell migration [4, 35, 36]. Recently,442

3D printing to spatially control the physical or chemical scaffold properties has raised a particular interest443

in tissue engineering to create a biomimetic 3D gradient environment [30, 31, 37]. Here, we present a method444

to spatially control concentrations of soluble molecules within the tubular scaffold using extrusion-based445

3D printing. Our results are consistent with previous reports which used 3D printing to spatially control446

protein concentration [15, 38, 39]. However, most of the previous work was based on inkjet printing of a 2D447

layer of immobilized protein [39, 40]. As compared to the conventional methods of gradient generation such448



as microfluidic device [41, 42], or simple diffusion [25], 3D printing of a concentration gradient pattern449

provides a simple, rapid, accurate and programmable method [38, 40]. The ability of the extrusion-based 3D450

printing to generate single or dual concentration gradients patterns, which are characterised by linear,451

opposite, and overlap features, will be very useful to develop more complex 3D biomimetic models capable452

of controlling ESCs neural differentiation in vitro following the in vivo neurogenesis of development. This453

ability is of particular importance in biofabrication when combined with other capacities of 3D printing454

such as cell bioprinting or materials patterning.455

EBs are ESC aggregates and routinely used to differentiate ESCs into neurons, as they can give rise456

to neural progenitor cells [43], which represent neuroectodermal progenitors that exist during embryonic457

development. These cells can be directed to form neurons with different neuronal positional identities or458

subtypes if exposed to the appropriate chemical and/or physical cues [44, 45] such as morphogens. In this459

context, 3D bioprinting of EB-laden hydrogels offers a novel strategy to encapsulate EBs in a functionalised460

3D hydrogel matrix, which can further direct them to neurons with a specific positional identity or subtype461

using selected morphogen concentration gradients [17]. 3D bioprinting of EB-laden hydrogels can allow462

better control over multiple chemical and physical cues. Several reports have used hydrogel to encapsulate463

and differentiate EBs [17, 46, 47], however, this is to our knowledge the first report using this 3D printing464

technology to form an EB-laden hydrogel matrix.465

To select the suitable hydrogel for neural differentiation and 3D bioprinting of EBs, EBs were first466

differentiated in two hydrogels matrices, alginate and GelMA. The neural differentiation permissive467

properties observed for GelMA in comparison to alginate hydrogel supported the choice of GelMA for468

encapsulation and printing of EBs. Previous studies have shown that GelMA supports cell adhesion [48] and469

neural differentiation, including enhancement of axonal growth of mESCs [46, 49]. Also, GelMA rheological470

properties, such as shear thinning and thermo-responsiveness allowed fine-tuning of shear stress, making it471

feasible to preserve EBs viability during encapsulation and 3D bioprinting. These results are consistent472

with a previous report [50]. EB-laden 5% GelMA was successfully extruded using a G20 needle at 18-20473

°C, following careful optimisation of hydrogel viscosity and needle diameter to preserve the spherical474

morphology, viability and proliferation of the EBs. EBs printed in 5% GelMA matrix showed a475

homogenous distribution in the matrix, and neuronal differentiation was achieved as indicated by neurite476

outgrowth and -tubulin, comparable to that of non-printed EBs differentiated in477

suspension culture. Several studies have used tissue spheroids (cell aggregates) for bioprinting of tissues,478

however they were as a biomaterial-free bioink [51-54].479



As a proof of concept of the concentration-dependent control of the neural differentiation using the480

described 3D printing approaches, EBs were printed using 1 µM RA-loaded and RA-free GelMA481

representing both higher and lower ends of the proposed RA-gradient range. In PCL-GelMA structures, the482

co-expression of markers indicated neural differentiation and caudalisation483

(posterior identity) of the EBs printed with RA, which was comparable to those printed in the PCL-free484

GelMA structures. This result is consistent with the in vivo [12, 55] and in vitro effects of RA [56, 57]. Although485

RA is a small molecule and not expected to remain in the hydrogel matrix for extended periods, our results486

indicate that RA was retained post-printing in the GelMA matrix for sufficient time to pattern cells toward487

a caudal (hindbrain to the spinal cord) identity. This is in line with the findings of other studies that short488

term (< 24 h) exposure of EBs to RA is sufficient to induce neuronal patterning [45, 56]. More investigations489

will now be conducted using different morphogens (such as SHH, RA and BMP) in opposite and orthogonal490

directions to develop spatiotemporally stable gradients able to induce neural cell patterning. Moreover,491

differentiation of EBs towards the glial cell lineage using morphogen gradients should also be investigated492

in the future to create a more physiological functional system. Neuronal differentiation of the EBs using493

3D bioprinting of a single RA concentration suggests that this method can be further extended to more494

complex 3D printing of morphogen gradient patterns to direct the neural differentiation of stem cells.495

5 Conclusion496

In conclusion, multi-head 3D printing strategy was employed to biofabricate a complex biomimetic497

tubular scaffold. The described 3D printing approach demonstrated 3D printing of a mechanically stable498

and macroporous tubular scaffold comprised of thermoplastic polymer and hydrogel. This research has499

developed a method to spatially control morphogen concentration within the tubular scaffold generating500

spatiotemporal gradient patterns of soluble factors. 3D bioprinting of an EB-laden GelMA hydrogel and an501

EB-laden tubular scaffold was successfully demonstrated. The EB-laden PCL/GelMA tubular scaffold502

supported EB differentiation toward a neuronal fate with caudal (or spinal cord) identity in response to co-503

printing with RA, suggesting the potential of co-printing of hydrogel, cells and signalling molecules to504

direct neural differentiation into specific neuronal identities. This strategy could be further developed to505

create a nerve conduit supporting spatially patterned neural differentiation using co-bioprinting of EBs with506

specific growth factor gradients (such as SHH and BMP). Such in-vitro models offer more insights to tissue507

engineering for biomimetic neural developmental studies and spinal cord repair.508
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