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Featured Application: Here, we detail a novel high-throughput method for printing neural
tissues derived from human induced pluripotent stem cells (hiPSCs), which can potentially serve
as a novel tool for drug screening.

Abstract: Most neurological diseases and disorders lack true cures, including spinal cord injury
(SCI). Accordingly, current treatments only alleviate the symptoms of these neurological diseases and
disorders. Engineered neural tissues derived from human induced pluripotent stem cells (hiPSCs)
can serve as powerful tools to identify drug targets for treating such diseases and disorders. In this
work, we demonstrate how hiPSC-derived neural progenitor cells (NPCs) can be bioprinted into
defined structures using Aspect Biosystems’ novel RX1 bioprinter in combination with our unique
fibrin-based bioink in rapid fashion as it takes under 5 min to print four tissues. This printing process
preserves high levels of cell viability (>81%) and their differentiation capacity in comparison to less
sophisticated bioprinting methods. These bioprinted neural tissues expressed the neuronal marker,
βT-III (45 ± 20.9%), after 15 days of culture and markers associated with spinal cord (SC) motor
neurons (MNs), such as Olig2 (68.8 ± 6.9%), and HB9 (99.6 ± 0.4%) as indicated by flow cytometry.
The bioprinted neural tissues expressed the mature MN marker, ChaT, after 30 days of culture as
indicated by immunocytochemistry. In conclusion, we have presented a novel method for high
throughput production of mature hiPSC-derived neural tissues with defined structures that resemble
those found in the SC.

Keywords: 3D bioprinting; neural tissue; motor neurons; pluripotent stem cells; biomaterials; spinal
cord injury; lab on a printer; fibrin

1. Introduction

Spinal cord injury (SCI), a neurological disorder that disrupts communication within the central
nervous system (CNS), can lead to impaired function [1]. The World Health Organization (WHO)
reports 250,000–500,000 new cases annually, with the majority (90%) being caused by traumatic lesions
to the spinal cord (SC) [2]. The economic burden of SCI in Canadian patients ranges from $1.5 million

Appl. Sci. 2018, 8, 2414; doi:10.3390/app8122414 www.mdpi.com/journal/applsci

http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0002-1665-7723
http://www.mdpi.com/2076-3417/8/12/2414?type=check_update&version=1
http://dx.doi.org/10.3390/app8122414
http://www.mdpi.com/journal/applsci


Appl. Sci. 2018, 8, 2414 2 of 13

to $3 million per patient, depending on the type of injury. These lesions can result from car crashes,
violence-related wounds, and recreational activities [3]. The type of injury determines the effects on
essential bodily functions performed by the motor, sensory, and autonomic systems, which can lead to
movement impairment and deficiencies in the somatosensory system [3,4]. Furthermore, SCI increases
the risk of developing diseases, such as multiple sclerosis [5].

Currently, no cure exists for SCI, so treatment methods focus on rehabilitation, reduction of pain and
swelling, and pharmacological interventions. Cox et al. reported research on possible pharmacological
treatments for different aspects of SCI in 2015. These treatments include Oxycyte, which provides oxygen
to the injury site, reducing apoptosis [6]. Furthermore, the inhibition of the nuclear transcription factor,
NF-Kβ, may reduce inflammation, and the antibiotic, Minocycline, has shown promising results in
decreasing apoptosis in animal models [6]. The steroid, methylprednisolone, was used to treat acute
SCI, but the side effects outweighed the benefits and its use has been discontinued [1]. One reason for
the lack of effective treatments stems from the fact that the current tools for assessing promising drug
targets for treating neurological disorders, like SCI, do not accurately predict toxicity and efficacy. Thus,
the field of tissue engineering has been developing new techniques and methodologies that mimic the
pathophysiology and functionality of the tissue found in the spinal cord.

Tissue engineering uses different combinations of cells, biomaterials, and biochemical factors
to produce 3D tissues that resemble human physiology [7]. 3D models offer a significant advantage
over 2D models. The 3D environments enable cells to develop into their correct morphology, resulting
in more physiologically relevant function [8]. They also offer a microenvironment for encouraging
cell-cell and cell-scaffold interactions, similar to how cells would develop normally in vivo [8]. Thus,
tissue engineering allows us to study the cell function more precisely in vitro to determine how they
would behave under the influence of certain drugs or varying physicochemical conditions.

Recent tissue engineering efforts have focused on the use of 3D bioprinting as a novel way to
engineer tissues. 3D bioprinting produces 3D structures, often called constructs, using biocompatible
materials known as bioinks where encapsulated cells can grow and proliferate [8]. Alternatives to 3D
printing include freeze drying, gas foaming, mold casting, electrospinning, and heat compression to
create a 3D structure [9]. Nevertheless, most of these methods cannot correctly mimic the necessary
microarchitecture for stem cells to differentiate efficiently into neural phenotypes, as some of the
aforementioned methods use toxic solvents that affect cell viability and function [9]. In order for the
constructs to correctly mimic the SC tissue and serve as a preclinical model of SCI for drug screening
applications, specific biological, chemical, and physical conditions must be met [8]. Bioprinting
conditions enable the construction of favorable biochemical and mechanical environments, as well
as the tunable construction of microstructures, generating an acceptable model to study SCI [9].
Nevertheless, it is important that during the printing protocol, cells remain undamaged. It has been
reported that low cell viability can occur due to shear stress acting upon the cells during the printing
process [8]. Parameters, such as pressure and temperature, may inflict changes on a cell’s phenotype
and thus, they should be carefully managed and their effects assessed [10].

Stem cells, such as human induced pluripotent stem cells (hiPSCs), can play a huge role in
understanding SCI due to their ability to self-renew and to differentiate into any cell type in our
body [11,12]. Scientists can design in vitro lab experiments that can directly translate into clinical
studies by creating patient-specific tissues [13]. Differentiation protocols for hiPSCs need to ensure the
development of a homogeneous neural cell population, as it has been reported that hiPSCs develop into
neurons with less efficiency and more variability than embryonic stem cells (ESCs) [11,14]. Moreover,
the use of hiPSC-derived neural progenitor cells (NPCs) limits differentiation to neuron-specific cell
fates. Mothe et al. reported neuroregeneration and neuroprotection after NPCs transplant in rats with
SCI [11].



Appl. Sci. 2018, 8, 2414 3 of 13

Another important component to take into consideration for the generation of neural tissue is the
bioink to be used for printing. For this study, a novel fibrin-based bioink was used to bioprint NPCs.
The use of a fibrin-based bioink promotes neuronal differentiation and survival as it is biocompatible,
human derived, contains cell adhesion signaling molecules, and allows the flow of nutrients [15].
In addition, this material will enable neural differentiation as it can mimic the biochemical and
mechanical environment of the SC [8]. Being a naturally-derived material, fibrin has a decreased
mechanical stability and a slow polymerization process [8,15]. The polymerization of fibrin starts with
the addition of the enzyme, thrombin [16]. Alginate, which polymerizes quickly, can be mixed with
fibrin as a second component and make the bioink suitable for bioprinting [8]. To address the challenge
of the lack of mechanical stability of fibrin scaffolds, small molecules, such as genipin, can enhance the
structural properties of the scaffold and promote neural outgrowth [16]. The cationic polysaccharide,
chitosan, is the third component of the novel bioink used to provide mechanical strength to the
scaffolds by ionically interacting with alginate and covalently crosslinking with genipin [17].

Inkjet, extrusion, laser-assisted, and stereolithography are the main strategies for bioprinting
tissues [18,19]. However, one of the major challenges faced when using these technologies is the
amount of shear stress the cells receive as they are extruded, which leads to low cell viability and
lack of long term-functionality of the tissues [20]. The Lab-on-a-Printer™ (LOP) technology integrates
microfluidic channels with printing technology that allows material processing prior to printing and
programmable parameters to obtain specific compositions in the printed materials [21]. In this study,
the RX1™ Bioprinter from Aspect Biosystems™ was used to bioprint NPCs. This bioprinter offers
the possibility of printing 3D scaffolds with cell-laden bioinks where programmable patterns can
be created [22]. Speed and fiber composition are regulated while printing on a layer-by-layer basis.
The RX1™ uses a LOP™ microfluidic printhead that prints complex and heterogeneous structures
with different cell types and materials in a reproducible manner [22]. These characteristics lead
to the bioprinting of a precise design with specific micro and macro architectures while the bioink
components are evenly distributed in the 3D structure. In the case of SC, it is necessary to mimic
precisely the anatomical and physiological characteristics in order to develop a correct model of
the disease to perform drug screening. Tuning the aforementioned characteristics will enable the
differentiation of NPCs into motor neurons (MNs), one of the main type of neurons affected during
SCI and whose functionality needs to be re-established [23].

The objective of this study was to bioprint hiPSC-derived neural tissues that matured into MNs
in combination with a novel fibrin-based bioink using the RX1™ bioprinter in rapid manner. Here,
we analyze the composition of 30-day cultures of bioprinted hiPSC-derived NPCs exposed to the
small molecules, CHIR99021 (CHIR), SB431542 (SB), LDN-193189 (LDN), purmorphamine (Puro), and
retinoic acid (RA), to promote MN differentiation. Previous studies have demonstrated that the small
molecules, SB431542 and DMH1, induce dual-SMAD inhibition, a requirement for neural pattering
in stem cells [24,25]. The molecule, LDN-193189, is also a BMP inhibitor and can be used instead
of DMH1 [24]. Moreover, the small molecule, CHIR99021, activates the Wnt pathway, enhancing
neural patterning of pluripotent stem cells [25]. In addition, the combination of RA and puro promote
pluripotent stem cell differentiation into motor neurons [25–27]. Cylindrical constructs were printed
using the RX1™ bioprinter with seven layers and a 1 cm diameter in a process that took under 5 min
to generate four constructs. Cell viability, immunocytochemistry (ICC), and flow cytometry studies
were performed to analyze the bioprinted constructs and their differentiation into MNs.
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2. Materials and Methods

2.1. Culture and Expansion of NPCs

hiPSC-derived NPCs were obtained as previously described from the hiPSC line, 1-DL-01,
from WiCell [16,28]. Experiments using hiPSC-derived NPCs were conducted with the approval
of the University of Victoria’s Human Ethics Committee under protocol number: 12-187. Briefly,
NPCs were cultured in STEMdiff™ Neural Progenitor Medium (NPM) (05834, Stemcell Technologies,
Vancouver, BC, Canada) containing 1 X STEMdiff™ Neural Progenitor Supplement A (05836, Stemcell
Technologies, Vancouver, BC, Canada), 1 X STEMdiff™ Neural Progenitor Supplement B (05837,
Stemcell Technologies Vancouver, BC, Canada), and 1% Penicillin-Streptomycin (Penstrep) (P4333,
Sigma, St. Louis, MO, USA) in 6-well cell culture plates coated with laminin (L2020, Sigma, St. Louis,
MO, USA) and poly-L-ornithine (PLO) (P4957, Sigma, St. Louis, MO, USA). The cultured NPCs were
maintained at 37 ◦C with 5% CO2 and media change was performed on a daily basis. Once the cultures
reached 80% confluence the cells were cryopreserved in liquid nitrogen.

2.2. Bioprinting Process

NPCs were thawed and resuspended in the bioink solution composed of 20 mg/mL of fibrinogen
(341578, Sigma, St. Louis, MO, USA), 0.5% w/v of alginate (120,000–190,000 g/mol, M/G ratio 1.56)
(180947, Sigma, St. Louis, MO, USA), and 0.3 mg/mL of Genipin dissolved in de-ionized water (G4796,
Sigma, St. Louis, MO, USA) in tris-buffered saline). The conical tube containing the bioink and NPCs
was coupled to the Material 1 channel of the LOP™ printhead (Aspect Biosystems, Vancouver, BC,
Canada). The crosslinking solution contained 20 mg/mL of calcium chloride (449709, Sigma, St. Louis,
MO, USA), 0.075% w/v of chitosan (C3646, Sigma, St. Louis, MO, USA), and 1.7 U/mL of thrombin
(T7009-1KU, Sigma, St. Louis, MO, USA). Cylindrical constructs of 1 cm diameter were bioprinted
using the RX1 bioprinter (Aspect Biosystems, Vancouver, BC, Canada) with 7 layers of ~176 µm
diameter. The cross-linking process takes a few seconds as it is initiated inside the printhead at the
intersection point between the bioink and crosslinker channels shown in Figure 1. Specified pressures
are applied to each channel, controlling the flow rate to allow enough time for the crosslinking reaction.
Fibers coming out of the printhead are crosslinked before they are deposited. The printing speed
was 20 mm/s and channel pressures consisted of 20 mbar for the bioink, 40 mbar for the crosslinker,
and 100 mbar for buffer solution. Four structures were bioprinted simultaneously in a layer-by-layer
fashion in under 5 min. Figure 1a shows a schematic representation of the LOP™ printhead. Figure 1b
shows the bioprinted cylindrical construct. All the procedures were performed under sterile conditions.
After bioprinting, the constructs were gently transferred to culture plates coated with laminin and
PLO. 1.5 mL of NPM was added to each well and these cultures were incubated at 37 ◦C with 5% CO2.
Measurements of fiber diameters were performed using the software, Image J, after imaging with a
Leica DMI3000B (Leica Biosystems, Wetzlar, Germany) microscope and QImaging RETIGA 2000R
camera (QImaging, Surrey, BC, Canada) at 100× magnification. Imaging and diameter measurement
of the bioprinted construct was performed using Cytation 5™ and the software, Gen5 version 3.05
(BioTek instruments, Winooski, VT, USA).
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Figure 1. (a) Schematic representation of LOP™ printhead and bioprinted cylindrical construct;
(b) bioprinted cylindrical construct consisting of hiPSC-derived NPCs and our novel fibrin-based
bioink. Scale bar represents 3000 µm. hiPSC: human induced pluripotent stem cells; NPCs: neural
progenitor cells.

2.3. Culture of Bioprinted Constructs

The printed constructs were treated with a cocktail of small molecules suspended in NPM
containing 1% Penicillin-Streptomycin to promote differentiation of the bioprinted NPCs into MNs.
Media changes were performed every third day by replacing 750 µL with fresh media from day 1 to
day 15. Table 1 shows the five different treatments analyzed with the combinations of small molecules
added, each treatment is represented by a letter. Treatments consisted of: (i) Negative (N+); 2 µM
of SB, 2 µM of LDN and 1 µM of CHIR; (ii) uro positive (P+); 0.1 µM of Puro, 2 µM of SB, 2 µM of
LDN and 1 µM of CHIR; (iii) RA positive (R+); 0.5 µM of RA, 2 µM of SB, 2 µM of LDN and 1 µM
of CHIR; (iv) Puro and RA positive (PR+); 0.1 µM of Puro, 0.5 µM of RA, 2 µM of SB, 2 µM of LDN
and 1 µM of CHIR; (v) Puro and RA negative (PR−); 0.1 µM of Puro and 0.5 µM of RA. Starting on
day 15, concentrations of puro and RA were 0.1 µM and 0.5 µM, respectively. By day 15, the media
was gradually replaced as previously reported by BrainPhys Neuronal Medium (BP) (05790, Stemcell,
Vancouver, CA) supplemented with growth factors; 10 ng/mL of GDNF 10 ng/m (450-10, Peprotech,
Rocky Hill, NJ, USA), 10 ng/mL of IGF-1 (AF-100-11, Peprotech, Rocky Hill, NJ, USA), 1 µM of C-AMP
(A6885, Sigma, St. Louis, MO, USA), 1% of N2 (17502048 Thermo Fisher, Waltham, MA, USA), 1% of
B27 (17504001, Thermo Fisher, Waltham, MA, USA), 200 ng/mL of Ascorbic Acid (Sigma, St. Louis,
MO, USA), 10 ng/mL of BDNF (450-02, Peprotech, Rocky Hill, NJ, USA ), and 1% penstrep [27].
The bioprinted constructs were maintained at 37 ◦C with 5% CO2

Table 1. Name, letter code, and treatment for each group.

Name Letter Code Treatment

Negative N+ CHIR, SB, LDN
Puro P+ Puro + CHIR, SB, LDN
RA R+ RA + CHIR, SB, LDN

Puro and RA PR+ Puro and RA + CHIR, SB, LDN
Puro and RA PR− Puro and RA
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2.4. Cell Viability

2.4.1. Viability Assay

On day 7, the constructs (n = 3) were degraded by removing culture media followed by incubation
with a solution of 25 mM of Sodium Citrate (Sigma, St. Louis, MO, USA). The constructs were then
placed on a shaker at 25 rpm at 37 ◦C. Once most of the bioink was degraded, 0.125% of trypsin-EDTA
(Fisher Scientific, Pittsburgh, PA, USA) was added for 5 min followed by the addition of fetal bovine
serum (FBS) (10438018, Thermo Fisher, Waltham, MA, USA). Each treatment was placed on a 15 mL
conical tube and centrifuged at 300 rpm for 5 min. Preparation of the cell suspension was performed
as previously reported following the Guava ViaCount® protocol for cell viability determinations [16].
The supernatant was removed, and the pellet was resuspended in 1 mL of phosphate buffered solution
(PBS) (10010023, Thermo Fisher, Waltham, MA, USA). 20 µL of the cell suspension was mixed with
380 µL of Guava ViaCount reagent® (4000-0040, Millipore, Burlington, MA, USA). 100 µL were placed
on each of the 96-well plate and cell viability was determined using the Guava EasyCyte HT (Millipore,
Burlington, MA, USA) flow cytometer. Statistical analysis was done using one-way ANOVA followed
by Tukey’s post-hoc analysis using GraphPad prism 6 statistics software. Confidence levels were 95%
(p < 0.05).

2.4.2. Flow Cytometry

Cell marker expression of the early neuronal markers, βeta tubulin-III (βT-III) ((IC1195C R&D),
oligodendrocyte transcription factor 2 (Olig2) (IC2230P R&D systems, Minneapolis, MN, USA), and
the protein homeobox 9 (HB9) (bs-11320R, Bioss antibodies), was quantified on day 15. The bioprinted
constructs were degraded as previously mentioned using a solution of 25 mM of sodium citrate, 0.125%
of trypsin-EDTA, and FBS. The resulted cell suspension was processed as previously reported [27,29].
Briefly, the cell suspension was washed three times with PBS by centrifuging at 300 g for 5 min. The cell
suspension was then fixed and stained per the manufacturer’s instructions (R&D systems, Minneapolis,
MN, USA). Isotype controls consisted of mouse IgG2A PerCP-conjugated Isotype control (IC003C
R&D systems, Minneapolis, MN, USA ) and normal mouse IgM PE-conjugated Control (IC015P R&D
systems, Minneapolis, MN, USA). The analysis was performed using the Guava EasyCyte HT flow
cytometer (Millipore, Burlington, MA, USA). Statistical analysis was done using one-way ANOVA
followed by Tukey’s post-hoc analysis using GraphPad prism 6 statistics software. Confidence levels
were 95% (p < 0.05) and 99.9% (p < 0.001).

2.5. Immunocytochemistry

Immunohistochemical analysis of protein expression was performed on day 30 for βT-III, choline
acetyl transferase (ChaT), and glial fibrillary acidic protein (GFAP). The constructs were collected and
fixed for 1 h in 4% paraformaldehyde (PFA) (AC416785000, Acros Organics, Geel, Belgium) in PBS
solution. Three washes were performed by adding fresh PBS and agitating at 25 rpm at 4 ◦C. The cells
were permeabilized by adding 0.1% of Triton-X (HT501128, Sigma, St. Louis, MO, USA) in PBS for
45 min under agitation at 25 rpm at 4 ◦C. Blocking was done using 5% Normal Goat Serum (NGS)
(NS02L, Sigma, St. Louis, MO, USA) in PBS for 2 h under the same conditions. Primary antibodies
were incubated overnight under the same conditions at the concentrations of 1:500 for mouse anti-TUJ1
(60052, Stemcell, Vancouver, BC, Canada), 1:1000 rabbit anti-HB9 (ABN174, Millipore, Burlington, MA,
USA), and 1:50 goat anti-ChAT (ab144p abcam). Following three washes with PBS, the constructs were
incubated for 4 h under agitation at 25 rpms and room temperature with the secondary antibodies at
the concentrations of 1:500 for Alex Fluor Donkey anti-goat (405) (Ab175664 abcam, Eugene, OR, USA),
1:500 AlexaFluor 568 Donkey Anti-Mouse (Ab175700 abcam, Eugene, OR, USA), and 1:500 AlexaFluor
488 Donkey Anti-Rabbit (Ab150073, abcam, Eugene, OR, USA).
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3. Results

3.1. Bioprinted NPCS in Cylindrical Constructs

The bioprinted constructs were printed in a layer-by-layer fashion. The structures consisted of
1 cm diameter- cylinders with seven layers of fibers with an average diameter of 176 ± 16 µm and the
total construct height was ~1.2 mm. The NPCs were homogeneously placed throughout the fibers
within the constructs as shown in Figure 2 during days 0 to 10. The bioink provided mechanical and
biochemical support for the cells and slowly degraded over time. By day 30, most of the bioink had
degraded while the remaining cellular structures remained attached to the tissue culture well.
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represents 300 µm.

3.2. Cell Viability

Quantitative analysis for cell viability was performed at day 7 using ViaCount assay from Millipore
(n = 3 for all groups) (Figure 3). On day 7, cell viability for N+ was (89.2 ± 8.9%), P+ (93.3 ± 5.1%),
R+ (90.9 ± 6.3%), PR+ (87.3 ± 0.8%), and PR− (81.2 ± 1.8%). No statistically significant differences
were observed.
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Figure 3. Cell viability of the NPCs for all groups on day 7 after being bioprinted. n = 3 for all
groups. Data is reported as the mean with the error bars representing the standard deviation. One-way
ANOVA and Tukey post-hoc analysis was performed for statistical analysis using a confidence level of
95% (p < 0.05). No statistically significant differences were observed. The same data visualized as a
scatterplot can be seen in Supplementary Figure S1.

3.3. Protein Expression of 3D Bioprinted Neural Tissues

3.3.1. Flow Cytometry

On day 15, flow cytometry was performed to quantify cell marker expression of βT-III, Olig2, and
HB9 (mature MN) (Figure 4). Expression of βT-III was the highest for P+ (45 ± 20.9%), followed by
PR+ (33.1 ± 13.4%), N+ (21.3 ± 21.3%) and PR− (4.3 ± 1.6%). No statistically significant differences
were observed for βT-III expression. Olig2 expression was the highest for N+ (68.8 ± 6.9%), followed
by PR− (61.1 ± 9.9%) and R+(46 ± 4.8%). The lowest level of expression was observed in PR+
(3.16 ± 1.10%). Statistically significant differences were observed between N+ and PR+, R+ and PR+,
and PR+ and PR−. HB9 expression was highly expressed for all groups at this time point. R+ showed
the highest level of expression (99.6 ± 0.4%), whereas PR+ and PR− had lower and similar levels
of HB9 expression, (76.7 ± 10.8%) and (75.5 ± 10.3%), respectively. N+ showed the lowest level of
expression for HB9 (61.1 ± 5%). Statistically significant differences were observed for N+ and R+.Appl. Sci. 2018, 8, x FOR PEER REVIEW  9 of 14 
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3.3.2. Immunocytochemistry

ICC was performed at day 30 for all groups for βT-III, ChaT, and GFAP (Figure 5). βT-III
expression was positive for all groups. ChaT expression was primarily expressed in PR+, however, N
and PR− also showed expression of ChaT. GFAP expression was positive for N, R+, and PR−.Appl. Sci. 2018, 8, x FOR PEER REVIEW  10 of 14 
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4. Discussion

Previous studies have extensively explored the use of a 3D environment to create neural tissue
by using natural or synthetic polymers. Such strategies are focused on the creation of hydrogel
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constructs, nerve guidance channels, or electrospinning [16,30–32]. However, those approaches
require a large amount of labor and raw materials while their reproducibility remains challenging.
Bioprinting technologies offer great advantages over conventional tissue engineering methods as they
require less labor and materials and can be automated, producing high-throughput and reproducible
processes [18,19]. In addition, patterned-specific structures with micro-architectures at the micrometer
size resolution can be created to mimic the native tissues [18,19]. Recent studies have used 3D
bioprinting technologies where multichannel scaffolds were 3D printed and NPCs within a bioink
were extruded in a layer-by-layer fashion [33]. A different study performed by Gu et al. created
functional mini tissues by bioprinting human neural stem cells (hNSCs) using a 3D-bioplotted system
where the bionk is extruded, followed by incubation in crosslinking solution [34].

In this study, we successfully bioprinted NPCs using the microfluidic LOP™ and differentiated
these cells into ChaT expressing MNs after 30 days. With this LOP™ technology, all the components
of the bioink are mixed prior to the printing process and crosslinked at the 200 µm “Y” junction
prior to ejection from the single nozzle. This special feature, where the bioink is surrounded by
two crosslinking channels at the Y junction, initiates the crosslinking process from both sides and
creates a sheath surrounding the bioink that protects the cells from shear-stress while being extruded.
In addition, the 700 µm extrusion nozzle contained in this LOP™ is made out of PDMS and is therefore
flexible and less stiff in comparison with other expression needles used in other studies [33–35].
Using a pneumatic pressure driven flow, our fibers are extruded at 25 mbar for the bioink, and an
increased pressure of 40 mbar for the crosslinker, leading to the creation of printed fiber diameters of
(176 ± 16 µm), with all the bioink components homogenously distributed. These diameters are similar
to those reported previously when bioprinting NPCs using a point dispensing printing method [33].

On day 7, cell viability was above 81% for all groups, where P+ and R+ showed the highest
levels of cell viability at 93% and 91%, respectively. These percentages are higher than those reported
by Joung et al., where cell viability is reported to be >75% after four days of printing iPSC-derived
spinal neural progenitor cells (sNPCs) and oligodendrocyte progenitor cells (OPCs) in a 50% Matrigel
bioink [33]. Flow cytometry analysis was performed to assess the differentiation of the bioprinted NPCs
cultured with combinations of small molecules that have shown to promote MN differentiation after
15 days of culture [25,26]. At this time point, P+ and PR+ showed the highest levels of the neuronal
marker, βT-III, expression, with no statistically significant differences between groups. Expression
of the oligodendrocyte transcription factor 2 (Olig2) was also quantified at this time point, and the
overall expression for most groups was higher in comparison, with βT-III. N+ and PR+ showing the
highest levels of expression (>60%), suggesting that either combination of small molecules (CHIR, SB,
and LDN for N+) or (puro and RA for PR−) have a similar impact on the differentiation of NPCs into
Olig2+ cells. These levels of βT-III and Olig2 expression are significantly higher than that reported
by Gu et al., where hiPSC-derived NPCs were bioprinted and differentiated, with a maximum gene
expression of βT-III of ~ 2% and 15% for Olig2 after three weeks of differentiation [34].

The expression of the mature MN marker, HB9, at this time point was highly expressed for all
groups at >61%. The highest level of HB9 expression was observed in the R+ group, however, the only
statistically significant differences were observed between N+ and R+. Interestingly, P+, PR+, and PR−
showed very similar levels of expression, suggesting that the presence of puro, alone or in combination
with RA, is crucial for differentiating HB9+ neurons from NPCs using our novel bioink. However,
given that PR+ and PR− have similar levels of HB9 expression with a yield of ~76%, either treatment
could be used for future analysis. However, R+ with the combination or RA and CHIR, SB, LDN is the
most efficient, showing 99% yield of HB9+ MNs after 15 days.

Our 3D bioprinted tissues were cultured for up to 30 days in vitro for further maturation, and
characterization of MNs compared with previous studies where ICC staining was performed after
seven days of culture [33]. Nonetheless, Gu et al. cultured their bioprinted constructs for up to
40 days, showing the expression of mature neural markers, such as microtubule associated protein 2
(MAP2), gamma-aminobutyric acid GABA), and Synaptophysin [35]. ICC was performed for βT-III,
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the astrocyte marker (GFAP), and choline acetyl transferase (ChaT) to assess neuronal and glial cell
differentiation. All of the groups showed βT-III expression; interestingly, P+ and PR+ self-aggregated
into a spheroid structure as previously observed [35]. At this time point, all the scaffolds had been
degraded, demonstrating that our bioink supported the cellular secretion of the required extra cellular
matrix (ECM) components to maintain a 3D structure. GFAP expression was positive for N, R+, PR+,
and PR−. ChaT expression was positive for N+, PR−, and PR+. Interestingly, PR+ showed the most
cell aggregation and expression of βT-III and ChaT, and the lowest expression for GFAP, suggesting
that the combination of these small molecules provides a better environment for MN differentiation
and maturation.

Further maturation and characterization of the tissues will be necessary in order to fully
characterize their maturity and electrophysiological characteristics. These bioprinted neural tissues
can be used as a complementary pre-clinical model to assess drug safety and toxicity in the early
development of clinical trials. hiPSCs can be derived from the patient and matured into neural
progenitor cells in order to perform such an analysis with patient specific cells. In the future, drug
releasing microspheres can be deposited along with the cell-suspension within the bioink, where each
fiber contains the required drug-releasing microspheres to promote differentiation into different cell
types. More than one type of cell can be differentiated within these bioprinted tissues in order to mimic
a more defined micro-architecture of the SC tissue along with a blood spinal cord barrier (BSCB).

5. Conclusions

Here, we use a novel bioprinting method for generating hiPSC-derived neural tissues similar to
the tissue found in the SC as indicated by their survival and expression of the MN markers, Olig2,
HB9, and ChaT. Such bioprinted neural tissues can potentially serve as a tool for screening potential
drugs for treating SCI, as well as give insight into developing potential cell therapies for treating SCI.

6. Patents

A provisional patent has been filed with regards to our novel bioink.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/8/12/2414/s1.
Figure S1: Scatter plot representation of cell viability of the NPCs for all groups on day 7 after being bioprinted. n = 3
for all groups. Data is reported as the mean with the error bars representing the standard deviation. One-way ANOVA
and Tukey post-hoc analysis was performed for statistical analysis using a confidence level of 95% (p < 0.05). No
statistically significant differences were observed ; Figure S2: Flow cytometry of 3D bioprinted NPCs after 15 days of
culture in vitro (a) βt-III; (b) Olig2; (c) HB9. n = 3 for all groups. One-way ANOVA and Tukey post-hoc analysis was
performed for statistical analysis using a confidence level of 95% (p < 0.05) and 99.9% (p < 0.001). * represents p < 0.05
and ** 99.9% p < 0.001.
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