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Abstract 

Neurodegenerative diseases and disorders affect millions of individuals in North America. The annual cost 

of treatment is in the billions and treatment options remain limited. Current methods focus on physical 

rehabilitation and drugs to mask declining neuron function. Drug therapies currently available can hide the 

effects of neuron death but quickly lose their efficacy. Cell therapy for neurodegenerative diseases remains 

limited because of the difficulty of successfully implanting new tissue into the central nervous system. 

Development of new drug treatments is similarly stunted because of the imperfection of animal trials and 

the challenges in growing biomimetic tissue for drug screening. The production of biomimetic neural tissue 

would allow for large-scale drug discovery and screening. Three-dimensional (3-D) printing offers a 

streamlined system to engineer cellularly and mechanically accurate neural tissue for drug discovery, or, in 

the future, for cell therapy. New microfluidic printing platforms such as those designed by Aspect 

Biosystems offer an increased cellular resolution and printheads which have little impact on cell viability 

and can print a variety of extrudable polymers such as fibrin, collagen, hyaluronic acid, poly (caprolactone) 

and poly (ethylene glycol). This work presents the development of an extrudable polymer compatible with 

Aspect Biosystems 3-D printing technology which supports human-induced pluripotent stem cell 

differentiation into a neural tissue for use in drug discovery and disease modelling. The polymer bioink is 

made up of base polymers A and B*, whose concentrations were optimized to increase cell viability. 

Additives G, P and L were then added to the formulation and their effects on cell differentiation were 

quantified. These preliminary studies indicate that polymer B may decrease cell proliferation while additive 

L may increase the number of cells destined for a neuronal fate. Future studies should focus on long-term 

cell differentiation and replicates.  

* All reagents and concentrations in the bioink are the intellectual property of Aspect Biosystems and will 

not be revealed in the course of this report.  
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1.0 Introduction 

In North America, more than 55 million individuals are treated for neurodegenerative diseases annually. 

This represents a multi-billion-dollar burden to the healthcare industry for costs associated with treatment 

and rehabilitation therapy [1]. Selective cell loss in the central nervous system (CNS) often leads to or is a 

hallmark of the progression of neurodegenerative diseases.  

Diseases such as Alzheimer’s, Parkinson’s, Huntington’s, Multiple Sclerosis, and Amyotrophic Lateral 

Sclerosis; and disorders such as traumatic brain injury, all result in cell loss in targeted areas of the brain 

[2], making them potential candidates for cell therapy. Cell therapy has the potential to treat 

neurodegenerative disease by replacing damaged tissues or augmenting remaining cell function [3]. The 

foundation of cell therapy is that living human cell can be implanted into a damaged region of the body to 

instigate healing [4]. Neuronal cells possess low regenerative capacity as they do not proliferate after 

maturation, meaning that the CNS has little capability to self-heal [5]. Cell therapy can work directly to 

replace damaged neuronal and support cells, or indirectly by secreting soluble factors to facilitate the 

repair process [6].  

Current treatments for neurodegenerative diseases focus primarily on assuaging physical, mental and 

emotional systems, while cell therapy has the potential to promote cellular repair and remodeling, 

resulting in improved performance. Several setbacks must be overcome before cell therapy can become 

the standard. These include methods of ensuring that the proper quantity and type of cells are being 

generated, particularly when using stem cells as they are pluripotent and developing high-throughput 

methods for growing neural culture [7] [8]. Direct cell transplantation into the damaged CNS has been 

done but often these cells fail to functionally integrate into the brain [8].  

Bioprinting, the use of 3-D printing techniques with biocompatible materials, cells, or growth factors to 

create biocompatible devices or living tissue constructs, can be used to manufacture human neural tissue 

in a consistent, rapid, manner. By 3-D bioprinting living cells a tissue construct can be developed with a 

close degree of spatial control in terms of biological and mechanical properties. This technology allows 

for a one-step development of neural tissue constructs in complex geometries.  

Engineered biomaterial microenvironments can overcome low cell survival rates once implanted into the 

damaged CNS and limit migration of cells from the implantation site as well as providing a controlled 

setting for cell growth and differentiation [7] [9]. The biomaterial scaffolds utilised in 3-D printing are 

often termed bioinks [10]. These bioinks degrade as the seeded cells develop, either through hydrolysis, 

or through enzymatic degradation by by-product proteases, leaving a biologically accurate tissue 

construct [11].  

Cells that have been evaluated in vitro and in vivo for neural regeneration include human embryonic stem 

cells (hESCs), which are pluripotent stem cells derived from a human embryo; mesenchymal stem cells 

(MSCs), Schwann cells, which are multipotent stromal cells that can differentiate into osteoblasts, 

chondrocytes, myocytes, and adipocytes; Schwann cells, which are the primary nervous cell in the 

peripheral nervous system; neural stem/progenitor stem cells (NSPCs), which are multipotent and can 

differentiate into neurons, astrocytes and oligodendrocytes; and human induced pluripotent stem cells 

(hiPSCs), which are adult cells taken back to a pluripotent state [12]. Both hESCs and hiPSCs are 

pluripotent [13], however hESCs pose a risk of immune rejection after implantation and remain ethically 

controversial because the blastocyst which they are isolated from does not survive [14]. hiPSCs are adult 

cells which have been reprogrammed into a pluripotent state using transcription factors [15]. hiPSCs 

provide a minimum-risk opportunity for cell therapy as they can be derived directly from a patient’s own 



cells [16]. hiPSCs may also improve drug screening because a patient’s cells can be reprogrammed into 

neural cells which then display disease hallmarks and can create a relevant tissue model [17]. 

Bioprinting requires a high cell seeding density, therefore the chosen cell line must be capable of constant 

expansion [18]. Many primary cell types cannot self-renew and are tough to isolate, making pluripotent 

stem cells an attractive option for bioprinting [18]. Recent genetic advancements such as clustered 

regularly interspaced short palindromic repeats (CRISPER /Cas9) have made it possible to correct cell 

mutations in cell lines, making expansion less risky and enhancing the potential for hiPSCs in cell therapy 

[19]. Cell culture within a scaffold material enhances potential as growing cells can be loaded with 

chemical factors to control differentiation. 3-D bioprinting of these scaffolds allows close control of the 

concentration of these chemical factors to encourage cell differentiation in different areas of the construct. 

Many biomaterials such as polyethylene glycol (PEG) [20], hyaluronan [21], fibrin [21], and alginate [22] 

have been shown to support neural cell culture in mouse and rat trials. In addition extracellular matrix 

molecules such as collagen, fibrin, fibronectin and laminin [23] [24] [25] [26] [27] [28]; and polymers 

such as  poly(lactic-co-glycolic acid) (PLGA), N-(2-Hydroxypropyl)methacrylamide (HPMA), and poly 

(a-hydroxy-acids) [29]; have been used to provide mechanical integrity to the scaffold.  

As well as cell therapy, 3-D bioprinted neural tissues can model neurodegenerative diseases and be used 

for drug discovery. Several groups have produced functional neural tissues [30], but it has required long 

and labour-intensive culture protocols. Usually the performance of the ensuing tissues is not fully 

developed, lacking the function of a mature neural network [30]. 3-D bioprinting would allow for the 

high-throughput production of biologically accurate tissue constructs. This would allow for the creation of 

large sample sizes and multiple replicates to accurately evaluate cell function and electrophysiology over 

time both with and without the addition of the drug being researched.  

To achieve biomimetic brain tissue constructs for drug screening or disease modelling current bioprinting 

technologies must be utilized to their full extent to incorporate nutrient flow throughout the cell construct. 

Functional integration of replacement brain tissue remains a distant goal but begins with accurately 

producing neural tissue which mimics the mechanical and biochemical conditions found in vivo. To do so 

without inducing inflammation or unplanned cellular responses requires a complex platform with precise 

controls with regards to sterilization and culture conditions as well as cell and scaffold arrangement.  

This work focusses on developing a bioprintable cell scaffold made primarily of polymers A and B which 

is compatible with microfluidic bioprinting and can support hiPSC differentiation into mature neurons. It 

aims to optimize additives G, P, and L to support cell viability and printing compatibility.  

2.0 Literature review 

2.1 In vitro neural cell culture 

Neural culture platforms exist in two dimensional (2-D) and 3-D. 2-D platforms are effective in inducing 

neural differentiation from hiPSCs, however the impose unnatural geometric constraints on cells by only 

allowing free growth in the horizontal direction and not in the vertical direction [31]. The culture protocol 

to derive neuroepithelial cells from hiPSCs is lengthy and involved. Most commonly it involves the 

formation of embryonic bodies (EBs) followed by manual isolation of neural rosettes or adherent 

differentiation in combination with small molecule inhibitors that promote differentiation [32]. This process 

takes 17-19 days and requires the cells to be passaged several times [32]. Similar conversion rates can be 

obtained in approximately 6 days by culturing hiPSCs on laminin coated plates in the presence of E6 media  

[33].  



Many researchers have transitioned into culturing cell lines in 3-D systems since 2-D cultures do not 

exhibit biologically accurate morphology. 3-D cell culture requires suspending cells within a permeable 

scaffold matrix, resulting in a more physiologically relevant cell microenvironment [31]. It has been 

found that hiPSC-derived NPCs cultured in 3-D produce more neuronal cells and less astrocytes 

compared to cells cultured in 2-D [34]. The formation of EBs in a 3-D scaffold allows for cell-cell and 

cell-scaffold interactions not available in 2-D culture, enabling patterned and structured cell 

differentiation and morphogenesis [31]. However, in 2-D culture differentiation protocols defined culture 

conditions are used to ensure lineage [35]. The introduction of a scaffold means that cells will encounter a 

new set of proteins and biomolecules during growth, which makes it difficult to predict cell behaviour and 

isolate scaffold effects on differentiation.  

2.2 History of bioinks 

Neural differentiation of hiPSCs has been evaluated in 3-D scaffolds constructed of a number of 

biomaterials including fibrin [36], laminin [34], alginate [37], and PEG [38]. Many natural polymers, 

such as fibrin, laminin, gelatin, and collagen, can be crosslinked under mild conditions into a 

cytocompatible hydrogel scaffold suitable for 3-D bioprinting [39]. 

Fibrin scaffolds promote neural adhesion, proliferation, and differentiation, likely because low-

concentration fibrin gels possess biochemical and mechanical cues similar to those of brain tissue [40] 

[41] [42] [43] [44] [45] [36]. Fibrinogen polymerizes under mild conditions with the addition of thrombin 

but the slow reaction makes it unsuitable for extrusion bioprinting. To reduce polymerization time it is 

mixed with polysaccharides like alginate to produce a printable bioink [37]. Alginate is one of the most 

widely employed bioinks and polymerizes quickly with the addition of a divalent cation [10]. Other 

polysaccharides, such as gellan gum, have similar rates of polymerization [46]. However, these 

polysaccharides are mostly inert, resulting in limited cell adhesion [10]. Addition of components such as 

laminin stimulates axonal growth in scaffolds, likely because laminin plays a role in axonal guidance and 

cell migration in the developing CNS [34]. When fibrin is functionalized with laminin a higher neurite 

outgrowth is observed than in unmodified fibrin scaffolds [47].  

While natural hydrogels retain the biological activity of native extracellular matrix (ECM) molecules, 

they suffer from batch-to-batch variability and limited possibilities for biochemical modification [48]. In 

addition, natural hydrogels pose a risk of immunogenicity and disease transfer for clinical applications 

[48]. In contrast, synthetic hydrogels can be more amenable for biochemical functionalization, such as 

growth factors, ECM adhesive motifs, and specific molecules agonistic or antagonistic to cell surface 

receptors; biophysical modulations, including mechanical stiffness, pore size and 3-D architecture; and 

mimicking key degradation characteristics. Synthetic hydrogels also have a lower risk for immunogenic 

reactions as their monomers are produced using chemically defined reactions [31]. However, many 

synthetic scaffold materials require complex reactions for functionalization, which hinders their ability to 

be bioprinted [49]. 

The degradation kinetics of the bioink must be well understood because any degradation products may 

have time to impact the developing or existing tissues [50]. Neural tissue scaffolds generally degrade via 

hydrolysis, ion exchange, or through enzymatic reactions, over a period of 2-8 weeks. Common 

byproducts include salts like calcium, protein fragments, or weak acids such as lactic acid [51]. All mid 

and end-point degradation products must be thoroughly investigated for possible immunogenic reactions. 

Possible host reactions to the biomaterial include injury, blood-material interactions, inflammation, and 

development of a fibrous capsule to isolate the foreign material [52]. 



In comparison to other tissue engineering techniques bioprinting enables the highest control over the 

arrangement of cells and bioactive nanomaterials in defined scaffold geometries [39]. 3-D printing cell 

scaffolds means that more effective arrangements can be produced with less effort, achieving constructs 

with ECM feature size and composition, chemical gradients, varied mechanical properties and specific 

morphologies that were not previously accessible [53]. 3-D printing has been widely researched for 

industrial rapid prototyping and additive manufacturing [54]. To begin a print cycle a computer-aided 

design (CAD) model of the scaffold must be created and features such as cell type and placement and 

elastic moduli be specified. The program will parse the solid into a stack of cross-sections and print each 

cross-section layer-by-layer up from the bottom [39].  

Microfluidic extrusion continuously extrudes a cell-seeded bioink precursor in tandem with a crosslinking 

agent [55]. The hydrogel precursors meet in a mixing chamber where polymerization is initiated before 

deposition, allowing for both easy flow through the nozzle (while the polymer has not set) and a defined 

structure after printing, when the mixture has polymerized into a semisolid hydrogel [39]. Multiple valves 

and chambers allow control of flow rate, cell type, and mechanical properties. The computer-guided 

deposition process is hands-off, allowing for aseptic conditions during printing.  

During the printing process cells, experience shear stress and local rheologic forces which influence cell 

response [39]. Neural cells from any source tend to be delicate and easily disrupted, presenting a major 

challenge when bioprinting [56]. Physiochemical properties of the scaffold and cytocompatibility for a 

chosen cell line serve as the two most important factors when designing a bioink [35].  

2.3 Bioprinting neural tissue 

Neural tissue has been extrusion bioprinted by several groups with varying levels of success (Table A1).  

Similar to the proposed system by Aspect Biosystems, Gu et al. in 2016 extruded a bioink made up of 

alginate, carboxymethyl-chitosan (CMC) and agarose seeded with frontal cortical human NSCs [57]. Cell 

viability dropped to 75% immediately after printing, and cell proliferation was highest 11 days post-

printing. 21 days post-printing samples stained positive for DAPI and TUJ1, but exhibited little SOX2 

expression, indicating that mature neurons (Figure 4). 



 

Figure 1: Cells stained with DAPI, TUJ1, and SOX2 24 days after printing.  Cells largely expressed both DAPI and TUJ1, indicating 
mature neurons. Reprinted from (Gu, et al, 2016).  

Lozano et al. in 2015 extruded a peptide modified gellan gum seeded with primary cortical neurons [46]. 

5 days post-printed cells stained positive for TUJ1 and exhibited neuronal cell morphology.  



 

Figure 2: Cortical neurons 5 days post printing seeded in a peptide modified gellan gum  at gel concentrations of 0.075%, 0.15% 
and 0.5% w/v respectively. (a-c) cells stained with β-III (red) for cortical neurons and DAPI (blue) for nuclei. (d-f) depth decoding 
confocal microscope images of cultures. Colour decoding for the depth of the cells within the gel along the z-axis is given (0-60µm). 
Different colours represent the different planes along the z-axis. Scale bars represent 50 µm. Reprinted from (Lozano, et al, 2015). 

Lee et al. in 2010 used extrusion to print collagen and fibrin as well as fibrin loaded with VEGF seeded 

with murine neural stem cells [58]. Constructs were printed layer-by-layer into a cylindrical shape on a 

tissue culture dish. Printed cells showed no difference in viability compared to manually plating cells. Cells 

located up to 1 mm from the fibrin border migrated towards the VEGF-containing fibrin gel, indicating that 

cells will migrate towards a more permissive region.  

These studies differ greatly in the number of cells lost due to the stress of the printing process. Knowing 

this loss allows the user to seed at the correct cell density. Optimizing the bioink makeup is key to reducing 

the immediate loss of cell viability post-printing.  

Current work indicates that a wide variety of bioink materials may be suitable for 3-D printing neural tissue. 

However, more research needs to be done comparing the printability of each of these materials in terms of 

efficiency and ease-of-use, both which become important when scaling up production. This work aimed to 

develop a bioink consistent with the microfluidic extrusion method used by Aspect Biosystems. It focussed 

on finding a cohesive unit of bioink and printing method resulting in a high cell viability post-printing and 

mechanical properties similar to that of natural neural tissue. It could be developed to incorporate a hands-

off manner of controlling printing using CAD and microtechnology. This would remove human error and 

increase the sterility of the system, making it more likely to be used for scale-up for drug testing and disease 

modelling.  



The developed bioink contained two polymer hydrogels, hydrogel A and B, a crosslinking agent, and three 

additives, G, P, and L. All reagents and concentrations will remain confidential. Hydrogel A was chosen 

for its ability to support neural cell culture and direct neural differentiation. Hydrogel B was chosen for its 

rapid polymerization and proven printability. Additives G and P were used to slow the degradation of the 

bioink in the presence of cells to maintain structural support throughout cell growth. Additive L was chosen 

because it has been shown to increase neural adhesion and neurite outgrowth. Hydrogel A and B were 

evaluated for their porosity and mechanical properties while additive G was optimized to minimize 

polymerization time and maximize time to degradation. Additive P had already been optimized in a 

previous (unpublished) study. Each additive was evaluated to observe its effect on cell proliferation and 

differentiation.  

3.0 Materials and methods 

3.1 Expansion and maintenance of NPCs 

hiPSCs were derived from foreskin fibroblasts (iPS(Foreskin)-1, Lot 1-DL-01,WiCell). Media for hiPSCs 

contains Dulbecco’s Modified Eagle Medium (DMEM) High Glucose No Glutamine (Life Technologies), 

15% ES-cell qualified fetal bovine serum (FBS) (Life Technologies), 0.1 mM MEM Non-Essential 

Amino Acids (Life Technologies), 2 mM GlutaMAXTM Supplement (Life Technologies), 0.055 Mm β-

mercaptoethanol, 0.1 Mm nucleosides (Millipore Sigma), and 100 µg/mL Penicillin-Streptomycin (Life 

Technologies). 

 hiPSCs were differentiated into NPCs using AggreWell 800 plates (Stem Cell) [59]. Plates were prepared 

by pre-treating wells with AggreWell rinsing solution. 500 µL of rinsing solution was added to each well 

and the plate was centrifuged at 2000 g for 5 minutes. Rinsing solution was aspirated from the wells. 

Neural induction medium was prepared, and 1 mL was added to each well. The plate was then centrifuged 

at 2000 g for 5 minutes and examined under a microscope to ensure that no bubbles remained. If bubbles 

were still present, the plate was centrifuged a second time.  

hiPSC culture was dissociated from wells in a 6-well plate using 3 mL of gentle cell dissociation reagent 

per well. Dishes were incubated for 10 minutes at 37°C and then cells were dislodged by pipetting up and 

down. Wells were washed with DMEM and the cell pellet was collected by centrifuging at 300 g for 5 

minutes. Cells were resuspended to a final concentration of 3x106 cells/mL and 1 mL of the suspension was 

added to each well in the AggreWell plate. The plate was then centrifuged at 100 g for 3 minutes to disperse 

the cells into the microwells. Plates were then incubated at 37°C.  

On days 1-5 a partial medium change was performed, removing approximately ¾ of the media and replacing 

with fresh neural induction medium. On day 6 EBs were replated from the AggreWell plates onto a single 

well in a 6-well plate. Wells were coated with poly-L-orinthine (PLO) and laminin to increase cellular 

adhesion. PLO was diluted in phosphate-buffered saline (PBS; Thermo Fisher Scientific) to a final 

concentration of 15 µg/mL. 1 mL of the solution was added to each well and allowed to incubate for 4 hours 

at room temperature. The PLO was then aspirated, and the plates were washed twice with PBS and once 

with DMEM/F-12. Laminin was prepared in DMEM/F-12 to a final concentration of 10 µg/mL and 1 mL 

was added to each well and allowed to incubate for 4 hours at room temperature.  

EBs were dislodged from the microwells by pipetting media. Single cells were filtered from the suspension 

using a reversible strainer. EBs were resuspended in fresh neural induction media and then plated onto the 

prepared surface. Full media changes were performed until greater than 75% neural induction was observed, 

quantified visually by observed neural rosettes. Neural rosettes were selected using Neural Rosette 

Selection Reagent and dislodged by pipetting DMEM/F-12 into to the well. The suspension was centrifuged 



at 350 g for 5 minutes to collect the rosettes. Neural rosettes were resuspended and plated onto a new coated 

well. A daily media change was performed henceforth until the cells obtained greater than 80% confluence, 

at which point they were frozen or passaged.  

To passage cells, media was aspirated and 1 mL of 0.025% trypsin in DMEM was added to the well and 

incubated for 5 minutes. Cells were dislodged by pipetting and centrifuged at 300 g for 5 minutes. Cells 

were resuspended in neural progenitor media and plated on a PLO/laminin coated 6-well plate. Daily media 

changes were performed until the wells reached approximately 80% confluence.  

To freeze cells were dissociated using the same protocol as passaging and centrifuged at 300 g for 5 minutes. 

The cell pellet was resuspended at 2–4x106 cells/mL in neural progenitor freezing medium. 1 mL of solution 

was placed in each cryovial. Cells were placed in a -80°C freezer overnight and then transferred into liquid 

nitrogen storage (-135°C).  

3.2 Measuring polymerization and degradation time 

Sample polymerization time was measured manually using a stopwatch. After mixing the timer was 

started and the sample was taken to have polymerized once it solidified.  

Sample degradation time was observed visually. The sample was taken to be completely degraded once 

only fluid (no solid scaffold material) remained.  

3.3 Scanning electron microscopy 

Hydrogel samples were prepared for scanning electron microscopy (SEM) by either dehydration or freeze-

drying.  

Dehydration of the samples was performed with an ethanol series followed by application of 

hexamethyldisilazane (HDMS), a solution with a very low surface tension which hydrolyzes slowly 

allowing evaporation without disturbance of the gel structure. Ethanol and HDMS were obtained from 

Millipore-Sigma. Solutions of 30%, 70%, 90%, and 100% ethanol by volume were prepared in distilled, 

deionized water. A 1:10 sample to solution volume ratio was used; for example, 1 mL of hydrogel sample 

was suspended in 10 mL of ethanol solution. Each solution was left on the sample for 10 minutes in the 

fume hood and then aspirated and replaced by the next solution in the series. The 100% ethanol treatment 

was repeated twice, followed by the application of 50:50 ethanol/HDMS (v:v) for 10 minutes. 100% HDMS 

was then applied twice for 10 minutes and a third time to be left overnight in the fume hood. Samples were 

cut to size using a scalpel following dehydration and placed on sample stubs using double-sided tape.  

For freeze drying samples were prepared in petri dishes and cut to size using a scalpel. These small samples 

were placed in the bottom of a 15 mL conical. Holes were punched in the lid of the conical and the sample 

was frozen overnight at -80°C. The conical was transferred to a jar and attached to a Leica CPD 300 critical 

point dryer overnight. After drying samples were placed onto stubs using double-sided tape.  

SEM imaging was carried out using a Hitachi S-4800 FESEM at 1 kV accelerating voltage and a variety of 

magnifications. 

3.4 Sample preparation for biological analysis 

Pre-polymer and crosslinking solutions were prepared as described in section 3.3. Solutions were then 

moved into the biosafety cabinet (BSC). All solutions were filtered first with a 0.45 µm syringe filter to 

remove any large contaminants followed by a 0.2 µm syringe filter to remove smaller particles. The filtrate 



was collected in a sterile conical. Additional bioink additives G, L, and P were filtered and added to either 

the pre-polymer or crosslinking solution.  

NPCs were thawed and the cell pellet was collected by centrifuging at 300 g for 5 minutes. Cells were 

resuspended in the pre-polymer solution at a concentration of approximately 4x106 cells/mL. 0.15 mL of 

the pre-polymer solution was deposited in 24-well cell culture plate, followed by 0.15 mL of crosslinking 

solution. This volume was previously optimized. Each sample formulation was prepared in triplicate. The 

plate was shaken to mix and the bioink allowed to set for up to 60 seconds. 0.5 mL of neural induction 

medium was added to each well.  

A full media change was performed every second day until samples were degraded or used for analysis.  

Table 1: Bioink formulations  with their sample number, which base hydrogel was used, and what additives were present in the 
formulation. 0 represents no additive present, 1 represents the lowest concentration of additive used, and 1.5 represents a 
concentration 1.5x higher than the lowest used concentration.  

Sample # Hydrogel  Additive G Additive L Additive P 

1 A 1 0 0 

2 A 1.5 0 0 

3 A and B 1 0 0 

4 A and B 1.5 0 0 

5 A 1 1 0 

6 A 1.5 1 0 

7 A and B 1 1 0 

8 A and B  1.5 1 0 

9 A 0 0 1 

10 A and B 0 0 1 

11 A 0 1 1 

12 A and B 0 1 1 

 

3.5 Flow cytometry 

3.6.1 Preparation of cell suspension 

Fixed bioink samples were transferred to the BSC and media was aspirated. 1 mL of 0.25% trypsin-

EDTA (Life Technologies) was applied for up to 15 minutes to enzymatically dissolve the sample, mixing 

often with a pipette to promote dissolution. After samples were dissolved 1 mL of FBS was applied to 

quench the trypsin. Samples were transferred to 15 mL conicals and centrifuged at 300 g for 5 minutes to 

retrieve the cell pellet. Cells were resuspended and passed through a 60 µm reversible strainer to ensure a 

single cell suspension.  

3.6.2 ViaCount assay 

Cells were resuspended in 450 µL of ViaCount Reagent (Millipore Sigma) to obtain a final concentration 

less than 1x105 cells/mL. Cells were allowed to stain for at least 5 minutes at room temperature, protected 

from light. A Guava EasyCyte HT flow cytometer and Guava-Soft EasyCyte software (Millipore) were 

used to read the stained cells and calculate the number of viable cells per mL, the percent viability, the total 

number of cells in the original sample given the original volume and the dilution factor.  

3.6.2 Staining 

Triplicates of the same formulation were combined into a single conical. Cells were collected by 

centrifuging at 300 g for 5 minutes. Cell pellets were resuspended in PBS and washed twice with 1 mL of 



PBS, centrifuging at 300 g for 5 minutes between washes. Cell pellets were resuspended in 0.5 mL of flow 

cytometry fixation buffer (Millipore Sigma) and incubated at room temperature for 10 minutes, vortex 

mixing at minute 0 and 5. Cells were then washed twice with 1 mL of PBS and then resuspended in 1.5 mL 

flow cytometry permeabilization/wash buffer I (Millipore Sigma). 100 µL of solution was distributed into 

each well in a 96-well plate.  

At day 7 samples were stained for TUJ-1, Olig2 and Nestin. At day 14 samples were stained for TUJ-1 and 

Olig2. Nestin was not stained for on day 14 because it was expected for the cells to lose their progenitor-

like characterstics by this point. The antibodies and isotypes used are outlined in Table 2.  

Table 2: Antibodies and isotypes used for flow cytometry.  

Staining for Name Species Production 

Company 

Isotype Control 

TUJ-1 Anti-beta-tubulin 

III antibody, clone 

TUJ1 

Mouse anti-

human 

Stem Cell Mouse IgG2a, kappa Isotype 

Control Antibody, Clone 

MOPC-173 

 

Olig2 Anti-hOlig1,2,3 Mouse anti-

human 

R&D 

Systems 

Mouse IgG1 PE-conjugated 

Antibody 

 

Nestin Anti-hNestin Mouse anti-

human 

R&D 

Systems 

Mouse IgG1 PE-conjugated 

Antibody 

 

 

3 µL of antibody or antigen was added to each well (Table A2, A3). Wells were mixed thoroughly and 

covered with parafilm and foil then incubated at 4°C for 30 minutes. After 30 minutes they were mixed and 

incubated a further 30 minutes at 4°C. Plates were then centrifuged at 200g for 3 minutes. The supernatant 

was removed, and each well was washed and then resuspended in 100 µL permeabilization/wash buffer I.  

3.6.3 Flow cytometry analysis 

Data was collected with a Guava EasyCyte HT flow cytometer and Guava-Soft EasyCyte software 

(Millipore). Before beginning an experiment, the system was cleaned with bleach and guava instrument 

cleaning fluid and the waste vial was emptied. Gating was performed to exclude debris and gain controls 

were set for each isotype control such that fluorescence intensity above 10 was minimized. Each sample 

was collected up to a maximum of 5000 gated events. 

 

3.6 Immunocytochemistry 

Bioink samples were transferred to the benchtop and each well was fixed with 600 µL of 10% formalin 

(Millipore Sigma) at room temperature for 1 hour. Samples were then stained with 400 µL of primary 

antibody diluted in PBS (Table 3). Plates were wrapped in parafilm and foil and incubated at 4°C overnight. 

The following day each well was washed 3 times with 0.5 mL of PBS. Between each wash the plate was 

incubated at 4°C for 15 minutes. After the washes 400 µL of the secondary antibody diluted in PBS was 

added to each well. Plates were then wrapped in parafilm and foil and incubated at room temperature for 4 

hours. Following incubation wells were washed 3 times with 0.5 mL PBS. Finally, 500 µL of DAPI at 0.105 

µg/mL was added to each well. Plates were incubated for 3 minutes at room temperature and then wells 

were washed 3 times with 0.5 mL PBS prior to imaging. Samples were imaged using a Leica DMI3000B 



inverted microscope, Lumen Dynamics X-Cite 120Q LED fluorescence light source, and QImaging camera 

and software. 

Table 3: Primary antibodies and conjugates for ICC. 

Staining 

for 

Primary Antibody Species Dilution 

factor  

Production 

Company 

Conjugate  Dilution 

Factor 

TUJ-1 Anti-beta-tubulin III 

antibody, clone TUJ1 

Mouse 1:1000 Stem Cell Alexa Fluor 488, 

Goat anti-mouse 

1:500 

DAPI 4',6-Diamidino-2-

Phenylindole, 

Dihydrochloride 

- 5 

mg/mL 

Life 

Technologies 

- - 

NeuN RBFOX3/NeuN 

Antibody  

Rabbit 1:1000 Novus 

Biologicals 

Alexa Fluor 647, 

Goat anti-rabbit 

1:500 

GFAP Anti-GFAP antibody Rabbit 1:1000 Stem Cell Alexa Fluor 488, 

Goat anti-rabbit 

1:500 

TH Anti-tyrosine 

hydroxylase 

antibody, clone TH-2 

Mouse 1:1000 Stem Cell Alexa Fluor 488, 

Goat anti-mouse 

1:500 

  

4.0 Results and Discussion 

4.1 Optimizing additive G concentration 

The concentration of additive G in the crosslinking solution was tested to maximize polymerization speed 

to create a bioink that was printable through a microfluidic system, where a gel state must be reached while 

the polymer is extruding to hold a complex shape. Low concentrations of additive G resulted in variable 

gelation times in the range of 5-13 seconds for formulations with hydrogel A and B and 10-14 seconds for 

formulations with only hydrogel A (Figure 6). These polymerization times are compatible with Aspect 

Biosystems microfluidic printer. It was concluded that the addition of hydrogel B led to a faster 

polymerization speed, which agrees with the literature. For both formulations additive G had no significant 

effect on polymerization speed. The highest concentration of additive G was used in further experiments.  



 

Figure 3: Polymerization speeds of bioinks with varying concentrations of additive G.  The X markers indicate formulations with 
hydrogel A while the O markers indicate formulations with hydrogels A and B. N=3. 

The concentration of additive G was then varied and the degradation of cell-seeded bioink samples was 

quantified. The highest concentration of additive G used in polymerization speed tests resulted in a time to 

degradation of approximately 11 days (Figure 7). Degradation was considered complete when the hydrogel 

had broken down and become fluid. Higher concentrations of additive G resulted in more desirable times 

to degradation of approximately 14 and 22 days. Since a desirable time to degradation is two weeks or 

greater the higher two additive G concentrations were used for further analysis. These concentrations will 

from now on be referred to as concentration 1 and 2 of additive G.  

 

Figure 4: Average time of bioink degradation in days with increasing concentrations of additive G.  Formulations with hydrogel A 
alone and hydrogels A and B degraded within two days of one another. N=2.  

 



4.2 Characterizing mechanical properties 

4.2.1 Scanning electron microscope imaging  

Dehydrated bioink samples underwent extreme cracking. Cracking occurs when hydrogels are dried too 

quickly or with a solvent that has too much surface tension and the resulting images were disregarded since 

they did not represent accurate pore sizes. Freeze-drying samples resulted less damage to the samples but 

cracking still occurred. Even after 24 hours in a critical point dryer samples off-gassed slightly in the 

chamber resulting in some image contamination.  

Pore sizes in the bioinks formulated with hydrogel A ranged from 0.07-4.2 µm based on manual 

measurement (Figure 8-9). Samples formulated with concentration 2 of additive G (Figure 9) displayed a 

more uniformly porous surface. Pore sizes in the bioinks formulated with hydrogels A and B exhibited 

much smaller pores, less than 0.5 µm in diameter, and much fewer pores permeated the surface (Figure 

10). The addition of hydrogel B also appeared to reduce cracking, which is natural since it has a greater 

elastic modulus.  

 

Figure 5: SEM images of hydrogel A bioink samples.  (A-D) are different areas of a single sample made up of hydrogel and 
concentration 1 of additive G. Pores (dark holes) on the surface of this sample ranged from 0.07-4.2 µm in diameter based on 
manual measurement. Some cracking is visible on the surface of the sample due to tension while drying.  



 

Figure 6: SEM images of bioink samples with hydrogel A.  (A-D) are images of different area of the same sample made up with 
hydrogel A and concentration 2 of additive G. Pores (dark areas) on the surface of this sample ranged from 0.07-4.2 µm based on 
manual measurement. Again, some cracking is visible to due drying.   

 

Figure 7: SEM images of bioink samples with hydrogels A and B. (A) is an image of the surface of a bioink formulated with 
concentration 1 of additive G, showing few surface pores with small diameters less than 0.5 µm. (B) is an image of the surface a 
bioink formulated with concentration 2 of additive G. No surface pores are visible in this image. In both (A) and (B) less cracking 
is observed in comparison to samples with only hydrogel A. 

 

 



4.3 Biological analysis 

A cell count was performed 24 hours after bioinks were prepared using the ViaCount Assay. Cell viability 

ranged from 35-99% in all formulations (Figure 15). No significant differences were found between 

formulations. It appears that the addition of hydrogel B decreases cell viability shortly after preparation, 

while the addition of additive L increases cell viability (Figure 16). Additives G and A had no effect on 

viability. This experiment should be repeated to verify these conjectures. On day 7 after preparation ICC 

was performed to view concentrations of DAPI, a nucleic marker, TUJ1, an early neuronal marker, and 

NeuN, a neural progenitor marker in cells seeded in the bioink samples. The presence of NeuN indicates 

that neural progenitors are still present within the bioink sample, while the presence of TUJ1 indicates that 

the neural progenitors have begun to differentiate into immature neurons. Formulation 1 (Figure 17) 

showed many cells were still positive for NeuN, indicating that they hadn’t yet differentiated into immature 

neurons. Small clumps as in Figure 15(C) stained positive for TUJ1 indicating some differentiation. The 

addition of additive L appeared to increase neural differentiation (Figure 18). A greater expression of TUJ1 

was seen in formulations which included additive L.  

 

Figure 8: Cell viability 24 hours after preparation in each formulation (n=3). Viability ranged from 35-99%.  



 
Figure 9: Cell viability 24 hours after preparation according to bioink constituents.  No significant differences were found; however, 
the addition of hydrogel B appears to decrease cell viability while the addition of Additive L appears to increase cell viability. For 
each formulation n=3.  

 

Bioink samples with hydrogel B contained live cells which nuclei stained positive for DAPI, but they 

expressed little NeuN or TUJ1, indicating that cells were not differentiating into neurons and that NPCs 

had perhaps died within the bioink.   

 



 
Figure 10: Samples of bioink formulation 1 (hydrogel A with concentration 1 of additive G)  with nuclei stained with DAPI (blue), 
immature neurons stained for TUJ1 (green) and neural progenitors stained for NeuN (red). (A, B, and D) show clumps of neural 
progenitors expressing NeuN, while (D) shows a patch of cells which have begun to differentiate into immature neurons.  

 
Figure 11: Samples of bioink formulation 5 (hydrogel A with concentration 1 of additive G and additive L)  with nuclei stained with 
DAPI (blue), immature neurons stained with TUJ1 (green). Both (A) and (B) show clumps of cells which have begun to differentiate 
from neural progenitors into neurons.  

Bioink samples were analyzed on Day 7 to quantify the cell population which were positive for TUJ1, an 

early neuronal marker, Nestin, a neural progenitor marker, and Olig2, which is present in both immature 

neurons and immature oligodendrocytes. Quantifying the percentage of cells positive for Nestin allows 



quantifications of the number of cells which remain neural progenitors and have not yet developed. TUJ1 

will indicate how many of the cells have begun differentiation into neurons while Olig2 can indicate if any 

of the cells will differentiate into oligodendrocytes instead. Several bioink samples contained too few live 

cells to give an accurate measurement (Figure 17) (Table A4). The addition of additive P appears to 

increase the percentage of cells with a neuronal fate as it increased the TUJ1 expression (Figure 18) (Table 

A5). All formulations are highly positive for Nestin which indicates that most cells are still in a progenitor-

like state.  

 

 
Figure 12: Percentage of cells positive for TUJ1 (indicating that they are differentiating into neurons), Nestin (indicating neural 
progenitors) and Olig2 (indicating immature neurons or oligodendrocytes) in each bioink formulation. The addition of additive P 
(formulations 9-12) appears to increase the percentage of cells with a neuronal fate. The high expression of Nestin across 
formulations indicates that many cells are still undifferentiated progenitors. Error bars represent 1 standard deviation. For each 
formulation n=3. 



 

Figure 13: Percentage of cells positive for TUJ1  (indicating that they are differentiating into neurons), Nestin (indicating neural 
progenitors) and Olig2 (indicating immature neurons or oligodendrocytes) according to which additives were present. The addition 
of additive P appears to increase the percentage of cells with a neuronal fate. The high expression of Nestin across formulations 
indicates that many cells are still undifferentiated progenitors. Error bars represent 1 standard deviation. For each formulation 
n=3.  

Bioink samples were imaged again 14 days after preparation to observe expression of DAPI, TUJ1, NeuN, 

and tyrosine hydroxylase (TH), a dopaminergic neuron marker. No formulations indicated the presence of 

dopaminergic neurons, however the increase of TUJ1 expression in all formulations indicates that more 

cells are differentiating into immature neurons. Hydrogel A formulations showed an increase in TUJ1 

expression (Figure 19). Formulations with concentration 2 of additive G appeared to have extremely low 

expression of TUJ1, indicating that high concentrations of additive G may hinder neuronal differentiation. 

Formulations with hydrogel B similarly showed very low TUJ1 expression, therefore hydrogel B may have 

a negative effect on neuronal differentiation (Figure 20).  



 

Figure 14: Cells 14 days after preparation in hydrogel A with concentration 1 of additive G (A, B) and hydrogel A with concentration 
2 of additive G (C, D). Formulations show an increased expression of TUJ1 (green) and a decreased expression of NeuN (red), 
indicating that neural progenitors are differentiating into neurons. DAPI (blue) indicates cell nuclei.  

 
Figure 15: Cells 14 days after preparation  stained for TUJ1 (green), NeuN (red) and DAPI (blue. (A) is formulation 9 with hydrogel 
A and additive P while (B) is formulation 10 with hydrogels A and B and additive P. It appears that hydrogel B decreases the 
expression of TUJ1 and therefore decreases the number of cells which differentiate into neurons.  

 

 

 



5.0 Conclusion and future work  

Current methods of engineering neural tissue are limited due to the time-consuming, hands-on nature of 

2-D hiPSC differentiation protocols. Bioprinting could be the basis of a sterile, high-throughput method 

of engineering physiologically relevant neural tissue constructs for disease modelling and drug discovery. 

The field is currently limited by the transfer of microfluidic systems into biologically relevant 

applications and the development of cytocompatible and printable bioinks.  

The proposed bioink formulations retain a high cell viability shortly after polymerization as well as a high 

cell viability and TUJ1 expression after two weeks in culture, indicating that they can support the 

differentiation of hiPSC-derived NPCs into mature neurons through the polymerization and into longer time 

periods. The addition of hydrogel B appears to decrease the percentage of cells destined for a neuronal fate. 

The addition of additive L appears to increase cell viability shortly after printing. The addition of additives 

G and P do not seem to affect cell differentiation. It is recommended that future studies focus on bioinks 

derived from hydrogel A with the addition of additive L and either additive G or P.  

In future work it is recommended that SEM imaging be performed in a biological SEM, where a low 

vacuum is applied, and full sample dehydration is not necessary. This would remove the risk of sample 

cracking and degradation due to dehydration and/or freeze-drying. It is recommended that cell suspensions 

be filtered prior to resuspended for flow cytometry analysis. Degradation of the bioink was incomplete in 

some cases and intact pieces of the hydrogel may affect results. It is further recommended that 3 and 4-

week experiments be performed on the recommended bioink formulation to characterize the mature neurons 

which develop in terms of cell type (dopaminergic, cholinergic, etc.) and electrophysiology.  
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9.0 Appendix 1 

Table A 1: Bioprinting neural tissue in vitro by a variety of printing methods using different cell types. 

Bioink Cell type Cell 

Source 

Printing 

method 

Outcome  References 

Alginate, 

carboxy-

methyl 

chitosan, 

agarose 

Cortical 

neural stem 

cells 

encapsulated 

in the scaffold 

Human Micro 

extrusion 

bioprinting 

Proliferated for 10 days 

with spontaneous activity 

and a bicuculline-induced 

increase calcium response, 

predominantly expressing 

gamma-aminobutyric acid  

[37] 

Collagen 

and fibrin, 

fibrin 

loaded with 

VEGF 

Neural stem 

cells 

Mouse 

NSC line 

C17.2 

Microfluidic 

pneumatic 

based 

bioprinting 

Greater than 90% cell 

viability was observed with 

cells migrating towards the 

fibrin.  

[58] 

Gellan gum 

modified 

with RGD 

peptide 

Primary 

neural stem 

cells 

encapsulated 

in the scaffold 

E18 

embryos of 

BALB/cAr

cAusb 

mice 

Handheld 

microfluidic 

device 

Cells remained viable at 5 

days, forming neuronal 

networks with glial cells  

[46] 

 

Table A 2: Plate 1 for flow cytometry.  

1 - βT 
antibody 

 1 - βT 
antibody 

 1 - βT 
antibody 

1 - βT 
isotype 

1 - βT 
isotype 

1 - βT 
isotype 

 2 - βT 
antibody 

 2 - βT 
antibody 

 2 - βT 
antibody 

2 - βT 
isotype 

2 - βT 
isotype 

2 - βT 
isotype 

 3 - βT 

antibody 

 3 - βT 

antibody 

 3 - βT 

antibody 

3 - βT 

isotype 

3 - βT 

isotype 

3 - βT 

isotype 

 4 - βT 

antibody 

 4 - βT 

antibody 

 4 - βT 

antibody 

4 - βT 

isotype 

4 - βT 

isotype 

4 - βT 

isotype 

 5 - βT 
antibody 

 5 - βT 
antibody 

 5 - βT 
antibody 

5 - βT 
isotype 

5 - βT 
isotype 

5 - βT 
isotype 

 6 - βT 
antibody 

 6 - βT 
antibody 

 6 - βT 
antibody 

6 - βT 
isotype 

6 - βT 
isotype 

6 - βT 
isotype 

 1 -

Nestin 

antibody 

 1 -

Nestin 

antibody 

 1 -

Nestin 

antibody 

1 - 

Nestin 

isotype 

1 - 

Nestin 

isotype 

1 - 

Nestin 

isotype 

 2 -

Nestin 

antibody 

 2 -

Nestin 

antibody 

 2 -

Nestin 

antibody 

2 - 

Nestin 

isotype 

2 - 

Nestin 

isotype 

2 - 

Nestin 

isotype 

 3 -

Nestin 

antibody 

 3 -

Nestin 

antibody 

 3 -

Nestin 

antibody 

3 - 

Nestin 

isotype 

3 - 

Nestin 

isotype 

3 - 

Nestin 

isotype 

 4 -

Nestin 

antibody 

 4 -

Nestin 

antibody 

 4 -

Nestin 

antibody 

4 - 

Nestin 

isotype 

4 - 

Nestin 

isotype 

4 - 

Nestin 

isotype 

 5 -
Nestin 

antibody 

 5 -
Nestin 

antibody 

 5 -
Nestin 

antibody 

5 - 
Nestin 

isotype 

5 - 
Nestin 

isotype 

5 - 
Nestin 

isotype 

 6 -
Nestin 

antibody 

 6 -
Nestin 

antibody 

 6 -
Nestin 

antibody 

6 - 
Nestin 

isotype 

6 - 
Nestin 

isotype 

6 - 
Nestin 

isotype 

1 - 
Olig2 

antibody 

1 - 
Olig2 

antibody 

1 - 
Olig2 

antibody 

2 - 
Olig2 

antibod

y 

2 - 
Olig2 

antibod

y 

2 - 
Olig2 

antibod

y 

3 - 
Olig2 

antibody 

3 - 
Olig2 

antibody 

3 - 
Olig2 

antibody 

4 - 
Olig2 

antibod

y 

4 - 
Olig2 

antibod

y 

4 - 
Olig2 

antibod

y 

5 - 

Olig2 

antibody 

5 - 

Olig2 

antibody 

5 - 

Olig2 

antibody 

6 - 

Olig2 

antibod
y 

6 - 

Olig2 

antibod
y 

6 - 

Olig2 

antibod
y 

1 - no 

stain 

2 - no 

stain 

3 - no 

stain 

4 - no 

stain 

5 - no 

stain 

6 - no 

stain 

 

Table A 3: Plate 2 for flow cytometry. 

7 - βT 
antibody 

 7 - βT 
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isotype 
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isotype 
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y 
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y 

12 - 

Olig2 
antibod

y 

7 - no 

stain 

8 - no 

stain 

9 - no 

stain 

10 - no 

stain 

11 - no 

stain 

12 - no 

stain 

 

Table A 4: Flow cytometry on bioink samples 7 days after printing to quantify the cells positive for TUJ1, Nestin and Olig2 

Formulation Marker %Positive Standard 

Deviation 

1 TUJ1 3.77 5.34 

1 Nestin 68.36 5.30 

2 TUJ1 1.36 1.28 

2 Nestin 74.24 8.47 

2 Olig-2 82.49 0.38 

3 TUJ1 0.23 0.17 

3 Nestin 81.48 6.08 

3 Olig-2 96.67 1.90 

4 TUJ1 0.08 0.11 

4 Nestin 90.71 6.01 

4 Olig-2 80.67 19.13 

5 TUJ1 21.73 14.44 

5 Nestin 56.88 22.17 

5 Olig-2 17.95 12.70 

6 TUJ1 14.43 20.41 

6 Nestin 96.64 2.91 

7 TUJ1 97.47 1.51 

7 Nestin 99.12 0.31 

7 Olig-2 88.86 12.29 

8 TUJ1 98.56 0.48 

8 Nestin 97.79 1.39 

8 Olig-2 97.79 1.05 

9 TUJ1 87.85 7.77 

9 Nestin 97.32 2.56 

9 Olig-2 95.56 4.45 

10 TUJ1 71.71 10.46 

10 Nestin 97.64 2.00 



11 TUJ1 95.25 2.58 

11 Nestin 97.12 1.26 

11 Olig-2 99.37 0.89 

12 TUJ1 98.74 0.31 

12 Nestin 95.29 3.38 

12 Olig-2 95.42 5.00 

 

Table A 5: Comparison of cells positive for Tuj1, Nestin, and Olig-2 in each bioink formulation. 

Formulation Tuj1 % 

positive 

Standard 

Deviation 

Nestin % 

positive 

Standard 

Deviation 

Olig-2 % 

positive 

Standard 

Deviation 

Hydrogel A 37.40 38.93 81.76 17.63 73.84 37.95 

Hydrogel B 61.13 44.13 93.67 37.16 91.88 7.16 

Additive G 29.70 40.08 83.15 15.58 77.40 29.96 

Additive P 88.39 10.40 96.84 1.06 96.78 2.24 

Additive L 27.50 37.28 90.47 16.51 79.88 34.85 

No Additive L 71.03 37.52 84.96 12.24 88.85 8.44 

 

 


