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Abstract: Three-dimensional bioprinting can fabricate precisely controlled 3D tissue constructs.
This process uses bioinks—specially tailored materials that support the survival of incorporated
cells—to produce tissue constructs. The properties of bioinks, such as stiffness and porosity, should
mimic those found in desired tissues to support specialized cell types. Previous studies by our
group validated soft substrates for neuronal cultures using neural cells derived from human-induced
pluripotent stem cells (hiPSCs). It is important to confirm that these bioprinted tissues possess
mechanical properties similar to native neural tissues. Here, we assessed the physical and mechanical
properties of bioprinted constructs generated from our novel microsphere containing bioink. We
measured the elastic moduli of bioprinted constructs with and without microspheres using a modified
Hertz model. The storage and loss modulus, viscosity, and shear rates were also measured. Physical
properties such as microstructure, porosity, swelling, and biodegradability were also analyzed. Our
results showed that the elastic modulus of constructs with microspheres was 1032 ± 59.7 Pascal (Pa),
and without microspheres was 728 ± 47.6 Pa. Mechanical strength and printability were significantly
enhanced with the addition of microspheres. Thus, incorporating microspheres provides mechanical
reinforcement, which indicates their suitability for future applications in neural tissue engineering.

Keywords: 3D bioprinting; neural tissues; rheology; indentation; elastic modulus

1. Introduction

Three-dimensional bioprinting uses cell-laden bioinks to fabricate tissue constructs,
often in a layer-by-layer process [1,2]. The bioprinting system takes the details provided in
a digital file to produce the shape and structure of the bioprinted constructs, which can be
used for a variety of applications, such as drug screening and regenerative medicine [3,4].
The bioinks used should have high biocompatibility, slow degradability, and easily tunable
mechanical properties [5]. A biocompatible bioink should result in high cell viability,
proliferation, adhesion, migration, and differentiation into mature tissues [6]. The me-
chanical properties of the bioink play an important role in maintaining the desired tissue
shape after bioprinting and influence the behavior of cells seeded inside the bioprinted
construct [3,7–9]. Moreover, achieving the desired print resolution for the bioprinted con-
struct depends on the rheological properties of bioinks [10–13]. Therefore, bioinks should
possess appropriate rheological, mechanical, biocompatible, and biofunctional properties
for the target tissue [6,14]. Other important properties that need to be considered when
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choosing bioinks include the material source (natural or synthetic) and required printing
conditions [8,15].

Often, bioinks are produced from hydrogels, which have exceptionally high water
retention abilities that allow for elasticity similar to native tissues [3,16–18]. The mechanical
integrity and stability of engineered tissues depend upon the hydrogel-based bioinks used
during fabrication. The adjustable concentration of biomaterials can appropriately tune
the mechanical and rheological properties of hydrogels [19]. It is important to understand
the effect of mechanical environment on neurite outgrowth for understanding neural tis-
sue regeneration strategies. When Kayal et al. created physiologically relevant hydrogel
substrates with controlled mechanical cues, the neural cell behavior could be analyzed by
both the absolute substrate stiffness value and the underlying stiffness gradient [20]. Their
results emphasize the importance of considering substrate stiffness in the development
of neural tissue-engineered scaffolds [20]. Given that neural tissues have low mechanical
stiffness—with Young′s elastic moduli (E) in the order of 0.1 kilopascal (kPa)—compared to
other tissues present in the body [21,22], it is challenging to measure the mechanical proper-
ties using standard techniques, such as atomic force microscopy (AFM), impact indentation,
and rheometry because these methods are indirect and require several assumptions that
lead to variances in data across groups [19,21,23–28]. Such methods use mathematical mod-
eling to correlate experimental measurements, such as displacement and load to stress and
strain, to evaluate elastic modulus [19]. Alternatively, some researchers have directly mea-
sured the rheological properties of white and gray matter using indentation experiments on
various regions of the brain, such as the midbrain, cerebrum, and thalamus [29,30]. They
have demonstrated that simple indentation experiments require a much smaller portion of
tissue compared to standard rheological tests. The indention method consistently produced
robust measurements, which indicated that the white matter tissue was approximately
one third stiffer than gray matter tissue. These studies validated the use of indentation
methods to interpret the mechanical properties of neural tissues [19,21,23,26,29–33].

Previous studies suggested that stem cell differentiation is affected by the substrate’s
elasticity. Additionally, neural stem cells (NSCs) preferentially differentiate into the neural
phenotype in soft substrates (~0.1–0.5 kPa), while glial phenotypes are predominant in
stiffer substrates (~1–10 kPa) [34–36]. Sundararaghavan et al. investigated the mechanical
stiffness of neuronal scaffolds in a 3D collagen gel that contained a durotactic gradient. They
found that seeded dorsal root ganglion cells responded to their environment by growing
longer along the stiffness gradient [37]. Thus, the stiffness of the biomaterial should be
tuned to match that of the native tissue to obtain applicable cell activity including cell
differentiation, adhesion, proliferation, and migration [38]. Viscoelasticity—a material’s
elastic and viscous response to stress—is another important parameter to consider when
working with bioinks. Living tissues have both elastic and viscous components, and the
mechanical behavior of such materials is referred to as viscoelastic. Viscoelasticity can be
measured by a rotational rheometer, which gives information about the storage (G′) and
loss modulus (G′′) [39]. G′ refers to the ability of the hydrogel to store deformation energy
in an elastic manner, which gives information about shape retention related to the extent
of crosslinking. A higher degree of crosslinking results in a larger G′. G′′ represents the
hydrogel’s viscous flow and ability to dissipate energy [40,41]. When G′′ is greater than G′,
the bioink exists in a liquid-like state, which assists its extrusion, but sacrifices print fidelity.
When G′ is greater than G′′, the material assumes a more solid state, which is favorable
for print fidelity but triggers nozzle clogging and nonuniform fibers. Hence, G′ and G′′

are important parameters for understanding the properties of the bioink and, accordingly,
selecting a bioprinting modality [42].

Another key factor during the printing process is maintaining cell viability, which is
influenced by the viscoelasticity and gelation of the bioink [11,41]. An increase in viscoelas-
ticity and gelation increases shear stress, which can alter the differentiation of stem cells
and cell signaling and cause cell death by disrupting membrane integrity [4,6,43,44]. The
bioink’s viscosity—resistance of a fluid to flow—also plays a significant role in cell viability.
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Low viscosity bioinks increase cell viability but often decrease the printed construct’s
fidelity [10], while bioinks with high viscosity have high structural fidelity but can result in
more cell damage and death [45]. The bioink’s viscosity can be modified by incorporating
biological factors, drug-delivery carriers, nanomaterials, and combinations of biopolymers
to improve their mechanical properties [18,46]. Furthermore, different bioprinters support
different bioink viscosities. Efficient bioinks can allow the production of standardized
printed constructs with controlled shapes and sizes. These bioinks should also facilitate
printing with high fidelity and flexibility to acclimatize the flow and diffusion of nutrients
as well as the movement of cells [47]. Additionally, swelling and degradation rates are
other important properties of bioinks. An ideal bioink should degrade in a controlled way
by creating space for new tissue [17,48,49]. Swelling is an intrinsic property of hydrogels as
these gels expand due to solvent penetration into void spaces between the polymeric chain
network. In the context of 3D bioprinting, the swelling degree also refers to a change in the
dimensions of the bioprinted constructs [50–52]. The swelling ratio is an important param-
eter which controls the release patterns of drugs from these polymeric networks [52–54].
Research led by Daikuara et al. found the swelling ratio of bioink at pH 5 (8.2% ± 0.3) and
pH 7.4 (8.6% ± 0.5). The swelling capacity of the printed construct was not affected by pH
or the addition of platelet lysate, since platelet lysate and gelatin methacryloyl (GelMA)
presented almost analogous swelling behaviors. GelMA is a semi-synthetic hydrogel that
is similar to the extracellular matrix of native tissues and made up of gelatin derivatized
with methacrylamide and methacrylate groups [55].

Another interesting study discussed the effect of liver decellularized extracellular
matrix (dECM), which is an extracellular matrix of tissues from its native environment that
has emerged as a biomaterial that preserves a tissue’s native environment, promotes cell
proliferation, and provides cues for cell differentiation [56]. When the liver dECM was
added to GelMA, its swelling ratio notably increased. This research also found that the
swelling ratio of GelMA with dECM hydrogel is about 932%, which is much larger than
that of GelMA hydrogel (about 644%) [51]. Furthermore, porosity is also an important
factor for bioprinted constructs since interconnected pores can facilitate better penetration
and migration of cells [3,22,57]. Porous constructs are relevant since they enable the
diffusion of nutrients and gases as well as the removal of metabolic waste [50,57,58].
Mansouri et al. synthesized 3D porous, graphene-polymer scaffolds that have improved
stability in aqueous media and neuronal cell interactions using a reducing agent [57]. The
stability of a 3D structure depends on the flow behavior of the hydrogel. Hydrogels mostly
exhibit a non-Newtonian behavior where they have a nonlinear relationship between their
shear stress and rate [42]. Hydrogels are mostly shear-thinning, meaning their viscosity
decreases as shear rate increases [40,42]. The shear-thinning property of a bioink permits
easy extrusion from the printing nozzle. Thixotropy is a time-dependent shear-thinning
property that allows bioinks to return almost instantly to a gel state [42]. A fast gelation
process also facilitates the deposition of layer-upon-layer while preserving the shape of
the bioprinted construct for achieving a complex and high resolution structure. Hence,
the optimal composition of the biomaterial should be chosen in consideration of its shear-
thinning properties [3,4,47].

We have designed and validated our fibrin-based bioink incorporated with drug-
releasing microspheres for creating functional neural tissues from hiPSC-derived NPCs
in our previous works [59,60]. hiPSCs are especially relevant to neural tissue engineering
since brain cells from patients are rarely available for research. hiPSC-derived neural
tissues could become a powerful diagnostic and prognostic tool for drug screening [60–62].
Additionally, bioinks can efficiently mimic the extracellular matrix found in brain tissue.
Our bioink has 20 mg/mL of fibrin 0.5% w/v of alginate (120,000–190,000 g/mol, M/G
ratio 1.56), and 0.3 mg/mL of genipin, whereas the crosslinker has 20 mg/mL of calcium
chloride, 0.075% w/v of Chitosan, and 1.7 U/mL of thrombin, all of which were purchased
from Sigma, St. Louis, MO, United States. Fibrin, a blood-derived biomaterial, supports
neural stem cell differentiation and has been widely used in bioinks. However, bioinks that
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only contain fibrinogen pass through the microfluidic print head too fast to be polymerized,
even at the lowest pressure, due to low viscosity. [19,62,63]. To overcome this issue, the
naturally derived materials alginate and chitosan were added to the bioink to increase its
viscosity and gelation speed and, thus, the printability of the ink. Alginate and chitosan
are also broadly used as bioink components [8,62,64]. The ionic potential differences
cause an interaction between alginate and chitosan, in which a polyelectrolyte complex
is formed through their interactions. These interactions produce a physically crosslinked
film formed at the interface of these two materials. Moreover, alginate and fibrin do not
interact with one another but, instead, form an interpenetrating network within the scaffold.
Fibrin polymerized by thrombin and crosslinked calcium chloride tends to last one to two
weeks in culture before being degraded by proteases released from incorporated cells.
This degradation limits the usefulness of fibrin scaffolds for neural tissue engineering
since it often requires more than two weeks of culture to achieve fully differentiated
neural cell types. For the long-term stability of fibrin scaffolds, soluble protease inhibitors
or additional chemical crosslinking can slow their degradation. Genipin, a naturally
derived small molecule that originates from geniposide found in fruits, can be used to
covalently crosslink protein amine groups in fibrin and chitosan, which thereby creates
a multi-material scaffold. This crosslinking further stabilizes the hydrogel, but can also
change the bioink’s mechanical properties, mainly its stiffness and porosity. A study that
considered the effect of genipin concentrations on hiPSC neural differentiation found that
the elastic moduli of gels produced with genipin concentrations lower than 2.5 mM were
lower than gels produced without genipin. Additionally, pore size was also affected by
genipin, with larger pores in gels made with genipin (1–5 mM) compared to those with
no genipin added. Moreover, the porous structure of chitosan allowed cells and nutrients
to diffuse and migrate through the structure and can be formed by crosslinking chitosan
with a variety of agents [8,18,62]. However, to successfully engineer mature bioprinted
tissues for drug testing, a bioink should be printed as a desired structure to maintain
its integrity over the culture period to support cell growth and differentiation [13,40,42].
The bioink must also support cell-material interactions to promote cell attachment and
migration and possibly deliver differentiation cues [3,6,60,65]. For printability, the bioink
must be precisely tuned to the printing system with an appropriate viscosity and gelation
time [39,41,66,67]. Furthermore, the printed structures must support the cells over their
differentiation period to prevent premature degradation. Lastly, bioink should also be
degradable yet retain enough mechanical properties for a sufficient time period to support
tissue maturation [49,53].

Microspheres (1–1000 µm in diameter) are drug-delivery particles that release drugs
at a controlled rate to overcome localized drug-delivery issues and enhance the therapeutic
efficacy of a drug [52,59,60,68]. Our previous work validated that microspheres provide a
protective environment around the cells that reduces damage to cells while printing, which
enhances cell viability post-printing; additionally, these bioprinted constructs containing
microspheres provide an appropriate 3D microenvironment for cells to grow and differ-
entiate [60]. Our group found that drug-releasing microspheres in bioprinted constructs
enhanced neuronal differentiation by providing the localized and controlled delivery
of morphogens over time. In contrast to procedures that require changing morphogen-
containing media frequently, microspheres are a more cost-effective morphogen-delivery
method [59,60].

However, the physical and mechanical properties of these bioprinted neural tissues
need to be assessed to determine if their properties are analogous to their corresponding na-
tive tissue. This study, in which we manually combined our novel microsphere-containing
bioink and crosslinker as well as bioprinted constructs, characterizes the physical and
mechanical properties of bioprinted constructs to provide insights into their properties in
comparison to the bioink without additives. Here, we adapted two different mechanical
characterization techniques to measure the viscoelastic properties of the bioprinted neural
tissue comprised of fibrin-based bioink with and without microspheres [4,19,21]. Inter-
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estingly, many procedures have been used to measure the elastic moduli of soft hydrogel
scaffolds since neurons need soft substrates to differentiate and mature. However, it is
challenging to precisely measure the elastic moduli of soft substrates using conventional
protocols [4,19,35,64,69]. Robinson et al. validated a direct method to acquire the elastic
moduli of fibrin using a modified Hertz model for thin films. This method involves spheri-
cal indenters that are placed on top of the fibrin samples to create an indentation depth that
is then correlated with elastic moduli [19]. The indentation method facilitates the elastic
modulus of hydrogel samples to be evaluated by combining spherical indenters with fluo-
rescence microscopy [19]. We performed indentation experiments on bioprinted constructs
using specific spherical indenters and a modified Hertz model for thin films [19]. Later,
we conducted parallel plate rheometry on bioprinted constructs and on manually com-
bined bioink and crosslinker to quantify the frequency-dependent shear elastic moduli [21].
These techniques facilitated a better understanding of the mechanical characterization
of bioprinted neural tissue. Lastly, we characterized the physical properties of our bio-
printed constructs with and without microspheres, including their microstructure and
porosity, since a porous structure improves cell viability, aggregation, and motility as well
as biodegradability [17,48–50,57,58]. Moreover, we have performed these characterization
techniques on bioprinted constructs and on manually combined bioink and crosslinker
with and without microspheres.

2. Materials and Methods
2.1. Fabrication of Drug Releasing Microspheres

Microspheres were prepared using an oil-in-water (o/w) emulsion process followed by
the evaporation of the organic solvent as previously described [68]. For the water phase, 2%
PVA (polyvinyl alcohol (PVA) (Mw ~13,000–23,000, 87–89% hydrolyzed) (Sigma-Aldrich, St.
Louis, MO, USA) solution was made by dissolving PVA in de-ionized water for 1 h at 85 ◦C
while mixing at a speed of 850 rpm on a Corning PC-420D magnetic mixer. Later, 100 mL
of 0.3% (w/v) PVA solution was made by diluting 2% PVA with de-ionized water and held
at 35 ◦C. Furthermore, 500 mg of PCL was dissolved in 3 mL of DCM on a magnetic mixer
for 15 min at 900 rpm to produce the oil phase. Subsequently, 0.3 mg of the drug (dissolved
in 100% ethanol) was added to the oil phase to produce microspheres at a concentration of
0.6 µg mg−1 (w/w, guggulsterone/PCL). After removing from the magnetic mixer, 3 mL of
2% PVA were slowly added to the oil solution to prevent disruption of the boundary layer.
An emulsion of the solution (w/o) was then produced by vortex mixing (Fisher Scientific,
Waltham, MA, USA) at 3000 rpm for 15 s. This (w/o) emulsion was immediately added
to the 0.5% PVA water phase and held at 35 ◦C at a mixing speed of 500 rpm for 4 h to
achieve evaporation of the organic solvent. After mixing, the microspheres were isolated
by centrifugation at 4000 rpm (Eppendorf 5810 R) and washed with de-ionized water. For
long-term storage, the microspheres were lyophilized for 24 h and stored at −20 ◦C. Lastly,
the microspheres were sterilized by low power air-plasma treatment (Harrick Plasma,
Ithaca, NY, USA) for 30 s before being added to our bioink.

2.2. Derivation and Expansion of Neural Progenitor Cells (NPCs)

hiPSC-derived NPCs were obtained from the hiPSCs (1-DL-01 line—male, WiCell
Research Institute) as described previously [60]. Experiments (rheology and degradation)
using hiPSC-derived NPCs were conducted with the approval of the University of Victo-
ria’s Human Ethics Committee under protocol number: 12-187. NPCs were cultured in
STEMdiffTM Neural Progenitor Medium (NPM), (STEMCELLTM Technologies, Vancouver,
BC, Canada) on cell culture plates coated with poly-L-ornithine (PLO, Sigma, St. Louis,
MO, USA) and laminin (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.
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2.3. Bioprinting Tissue Constructs for Evaluation

The bioink was prepared as previously described [62]. Constructs were bioprinted
using Aspect’s studio software (V1.2.59.0, Aspect Biosystems, Vancouver, BC, Canada)
with and without microspheres using computer aided design [44] files as shown in Figure 1
for analyzing different physical and mechanical properties. Here, Figure 1a,c shows
dome-shaped and Figure 1b,d shows disc-shaped CAD files. Furthermore, Figure 2a,b
shows that bioink is depositing layer after layer on the platform to form the final struc-
ture. Microsphere-laden constructs (1% w/v microspheres in bioink) were printed with
previously prepared microspheres. As shown in Figure 3a, a dome-shaped constructs with
~10 mm diameter, 40% rectilinear infill, and 7 layers were bioprinted using the RX1 bio-
printer (Aspect Biosystems, Vancouver, BC, Canada) for analyzing mechanical properties
such as elastic modulus with indentation method as well as physical properties such as
porosity, microstructure, and degradation process. Disc-shaped constructs in Figure 3b
with ~30 mm diameter with 40% rectilinear infill were bioprinted using the RX1 bioprinter
(Aspect Biosystems, Vancouver, BC, Canada) with 14 layers for measuring viscoelastic
properties with an Anton Paar MCR 302 Rheometer (Anton Paar, Ostfildern-Scharnhausen,
Germany). The size of the construct should match or be slightly wider than the diameter
of the parallel plate (25 mm). Constructs were also bioprinted with varying densities of
hiPSC-derived NPCs, such as 1, 2.5, and 5 million cells per 1 mL of bioink, to analyze
viscoelastic properties. NPCs were mixed with bioink as in previously described protocols,
and bioprinted constructs were fixed with paraformaldehyde before analyzing [59,60,70].
The printing speed was 25 mm/s, and channel pressures consisted of 60 mbar for the
bioink, 50 mbar for the crosslinker, and 100 mbar for buffer solution. After bioprinting, the
constructs were gently transferred to 6- and 12-well culture plates with 2 mL of tris-buffered
saline (TBS).
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Figure 2. Bioprinted constructs consisting of fibrin-based bioink with phenol red (P3532, Sigma-Aldrich). (a) Aspect Biosystems
duo-1 printhead printing a construct. (b) Bioprinted construct on nylon sheet placed on vacuum chuck showing first few
layers of dome-shaped structure.
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2.4. Mechanical Properties of Bioprinted Constructs as Well as Manually Combined Bioink and
Crosslinker with and without Microspheres
2.4.1. Indentation Method

Elastic moduli of the bioprinted constructs were determined using the modified
version of the indentation method for hydrogels [19,31,32,71,72]. Dome-shaped constructs
were printed with fibrin-based bioink with and without microsphere and transferred to
a 24-well plate. After the 3D printing process, the constructs were incubated with 3 mL
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of a 50 µM fluorescein sodium salt solution prepared in a phosphate buffer solution (PBS)
for 2 h. This solution penetrated the constructs, fluorescently staining them. This staining
allowed visualization of the construct under the laser scanning microscope (LSM 880 Zeiss).
After incubation with fluorescein sodium salt, the 3D-printed constructs were rinsed three
times with fresh PBS to remove the excess fluorescein dye. To clearly define the hydrogel
surface during the imagining of the indentation process, 3 mL of a solution containing red
fluorescent polystyrene particles in water was deposited in the wells of the constructs. The
well plate was then moved to the sample stage of the LSM and left undisturbed for 1 h to
allow deposition of the fluorescent particles on the hydrogel surface.

Two different types of spherical indenters were used during the measurements of
elastic modulus. For the bioprinted constructs in absence of microspheres, a 3/16” zirco-
nium dioxide indenter was carefully positioned on the surface of each sample, creating an
indentation without permanent damage. For the constructs, which contained microspheres,
a 3/16” stainless steel 302 indenter was used. After carefully positioning the indenter
on the surface of the bioprinted samples, fluorescent images were acquired in the LSM.
Images were obtained using a 10× objective lens (EC Plan-Neofluar 10×/0.30M27) and
two excitation sources (488 nm and 543 nm). A 488 nm argon laser was used to excite
the fluorescein sodium salt molecules embedded in the samples, in which emission was
collected from 500 nm to 550 nm. A 543 nm helium–neon laser was used to excite red
fluorescent polystyrene particles, with emission from 560 nm to 700 nm. The indentation
depth created by the indenter on the surface of the bioprinted constructs was measured
by collecting Z-stack images with a layer height of 1 µm and a refractive index of 1.33.
The indenter and samples were submerged in the water supernatant from the polystyrene
solution. After collecting Z-stack images, cross-section images (XZ and YZ) of the layers
were obtained using the Zeiss Zen 2.3 software to measure the total height of the hydro-
gel samples and the deformation created at the surface of the samples by the indenter.
All the indentation experiments and imaging were performed in triplicates and at room
temperature (25 ± 2 ◦C).

As our group previously showed [19], the elastic moduli of the samples were obtained
based on the modified Hertz model equation for thin films [48], by maintaining the inden-
tation depth (δ), hydrogel thickness (h), and indenter radius (R) in the range of δ/h ≤ min
(0.6, R/h), and 0.3 ≤ R/h ≤ 12.7 [73].

2.4.2. Rheology with Rotational Rheometer (Anton Paar Rheometer)

Testing was performed on bioprinted constructs with and without microspheres
as well as on manually combined bioink (alginate, fibrin, and genipin) and crosslinker
(chitosan, calcium chloride, and thrombin). Aspect Biosystems’ RX1 bioprinting system
employs a microfluidic print head to limit the harsh shear stress to cells as compared to
conventional extruder-based printers, and this printhead requires chemically crosslinkable
bioinks when printing. The crosslinker channel on the print head intersects with the bioink
channel where it initiates gelation so the print head can extrude a continuous fiber. Here,
the rheological tests were done on both bioink and crosslinker to understand the gelation
as well as stiffness of crosslinked bioprinted constructs using a rheometer equipped with
sandblasted parallel-plate fixtures (PP25/S, 3997) of diameter 25 mm with a gap width of 1
mm [74]. To determine the shear moduli of the bioink formulation, the bioink was loaded
in its solution phase onto the plate (25 ± 2 ◦C), and the crosslinker solution was added on
top of the bioink; then, the measuring plate was lowered into position. To determine the
modulus of bioprinted constructs, approximately 30 mm diameter disc-shaped constructs
were loaded on the rheometer. The frequency sweep was conducted from 0.1 to 100 rad/s
at a 0.5% strain to measure frequency-dependent G′ and G′′. The viscosity was measured
at shear rates from 0.01 to 90 s−1 to understand the deformation properties of a material.
All the data were collected using Anton Paar Rheocompass software.
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2.5. Microstructure of Bioprinted Constructs with and without Microspheres

The microstructure of bioprinted constructs with and without microspheres was
assessed by scanning electron microscopy (SEM, Hitachi S-4800) [50]. The bioprinted
constructs were freeze-dried in a lyophilizer (VirTis Freezemobile 12EL −85 ◦C Freeze
Dryer Lyophilizer w/16-Port Tree Manifold) for 24 h and cut into thin slices using a
razor blade, then stored in their desiccated form at −20 ◦C until analysis. SEM was used
to characterize scaffolds, and the fact that it is a dry vacuum system means it cannot
be used to examine wet specimens. Accordingly, bioprinted scaffolds were lyophilized
before analysis, making the process of drying wet samples unavoidable, particularly for
obtaining high resolution images. After lyophilization, samples were then sputter coated
with gold–palladium (The Anatech Hummer VI, Au/Pd) before scanning. SEM analysis
was done on three samples in three independent replicates for constructs with and without
microspheres. The SEM images were captured using Hitachi S-4800 software and diameters
were measured using Quartz-PCI Image Management Systems® software (Quartz Systems,
Vancouver, BC, Canada).

2.6. Porosity of Bioprinted Constructs with and without Microspheres

The bioprinted constructs were freeze-dried in a lyophilizer for 24 h prior to the
porosity analysis. The porosity rate of bioprinted constructs with and without microspheres
was calculated using Equation (1) as described previously [50]. V1 was defined as the
initial volume of dehydrated alcohol used to submerge the freeze-dried bioink sample,
V2 the total volume of the system when the sample was immersed in the dehydrated
alcohol, and V3 the volume of the residual liquid after impregnating the sample. Three
samples were recorded in three independent replicates for both microspheres and no
microspheres groups.

Porosity = (V1 − V3)/(V2 − V3) × 100% (1)

2.7. Swelling Ratio of Bioprinted Constructs with and without Microspheres

The swelling ratio of bioprinted constructs with and without microspheres was mea-
sured by weighing the swollen and lyophilized bioprinted samples. The bioprinted samples
were incubated in PBS at 37 ◦C for 24 h. Then, the samples were removed from the PBS,
and the wet weight [75] of the samples was determined. Then, samples were lyophilized
for 24 h and the dry weight (Wd) was determined [51,55]. The swelling ratios of the hydro-
gels were calculated by Equation (2). Three samples were recorded in three independent
replicates for both the microspheres and no microspheres groups.

Swelling ratio = (Ws −Wd)/Wd (2)

2.8. Biodegradation of Bioprinted Constructs with and without Microspheres

The degradation rate in vitro of bioprinted constructs was detected by quantifying
the decrease in weight. Briefly, freshly bioprinted construct samples were weighed (Wo)
and incubated in NPC medium at 37 ◦C for 14 days. At predetermined time points (t),
bioprinted constructs were air dried and weighed (Wt). The degradation rate of the
construct was calculated by Equation (3) [50]. Three samples were recorded in three
independent replicates for both the microspheres and no microspheres groups.

Degradation rate = (WO −Wt)/WO × 100% (3)

2.9. Statistical Analysis

All data were expressed as mean ± standard deviation (n = 3 for all). Statistical
analysis for the elastic modulus, porosity, and swelling ratio was carried out using an
unpaired, two-tailed Student’s t-test with 95% confidence level. A one-way ANOVA
analysis of variance with a Tukey post hoc analysis, with 95% confidence, was carried out
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for the degradation results. A value of p < 0.05 was considered statistically significant. All
statistical analysis was carried out using the GraphPad Prism 5 statistics software.

3. Results
3.1. Mechanical Properties of Bioprinted Constructs as Well as Manually Combined Bioink and
Crosslinker with and without Microspheres
3.1.1. Measuring Elastic Modulus of Bioprinted Constructs with Indentation Method

The elastic modulus of the dome-shaped bioprinted constructs with a 1 cm diameter
and 0.7 cm height was measured using the modified Hertz model for hydrogels [66]. As
shown in Figure 4, hydrogel samples were fluorescently stained with green fluorescein
sodium salt, while red fluorescent polystyrene particles were deposited on the surface of
the samples. The indentation depth caused by the mass of the indenter was determined by
XZ- and YZ-cross-section images of the constructs.
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Figure 4. Setup for indentation experiment. (a) Bioprinted constructs were labeled with fluorescein
sodium salt, while red polystyrene particles were deposited on its surface. Spherical ceramic indenters
were positioned on the surface of the constructs, generating an indentation depth. (b) Indentation
depths were measured by visualizing images obtained by the gel indented surface. Scale bar
represents 500 µm.

Measurements of elastic moduli of the bioprinted constructs in absence of micro-
spheres were performed using a 3/16” zirconium dioxide spherical indenter, with a density
of 5.680 g/cm3. For the 3D-printed samples with microspheres, the zirconium dioxide
indenter was not sufficient to display a significant indentation depth on the surface of the
hydrogels. In this case, a 3/16” stainless steel 302 spherical indenter with a density of
7.860 g/cm3 was selected. The difference in the indenters is only in their material density.
It is correct to compare results obtained with different indenters as long as the values
obtained are in the range appropriate according to the modified Hertz model (Table 1).
The bioprinted samples containing microspheres displayed higher stiffness values than
without microspheres. The use of the 3/16” zirconium oxide indenter on the surface of
the bioprinted samples with microspheres did not create a significant indentation depth
that could be measured with confidence. Therefore, in order to create an indentation that
could be measured in the confocal microscope, a heavier indenter was used (stainless
steel 302). Considering that the result for the heavier indenter still obeys the limits of the
modified Hertz model for thin films (δ/h ≤ min (0.6, R/h) and 0.3 ≤ R/h ≤ 12.7), Young′s
moduli values with different indenters can be compared. Table 1 displays the indentation
parameters and elastic moduli values obtained for the 3D-printed samples. As expected,
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Figure 5 shows that the bioprinted constructs containing microspheres displayed a higher
elastic modulus, which could be attributed to the incorporation of microspheres making it
more mechanically and structurally stable. The incorporation of microspheres did not dras-
tically increase the concentration of the bioink since the same printing pressures were used
with the bioprinted constructs with and without microspheres. However, the increased
concentration of microspheres greatly enhanced the stiffness of the bioprinted construct.

Table 1. Indentation parameters and elastic moduli values obtained for bioink with and without
microspheres.

Indentation Results Without Microspheres With Microspheres

0.3 ≤ R/h ≤ 12.7 1.32 ± 0.12 1.43 ± 0.17
δ/h ≤min (0.6, R/h) 0.33 ± 0.02 0.33 ± 0.02

EHertz 2025.9 ± 170.7 3096.8 ± 356.3
Emodified Hertz 728.4 ± 47.6 1032.6 ± 59.8

Processes 2021, 9, x FOR PEER REVIEW 12 of 23 
 

 

El
as

ti
c 

M
od

ul
us

 (P
as

ca
ls

)

No MS With MS
0

500

1000

1500 **

Bioink

 
Figure 5. Elastic moduli values obtained from modified Hertz model for thin films. Data are pre-
sented as the average and standard deviation of three sample replicates. (MS: Microspheres). ** in-
dicates that the elastic modulus are statistically different. P < 0.05. 

Table 1. Indentation parameters and elastic moduli values obtained for bioink with and without microspheres. 

Indentation Results Without Microspheres With Microspheres 
0.3 ≤ R/h ≤ 12.7 1.32 ± 0.12 1.43 ± 0.17 

δ/h ≤ min (0.6, R/h) 0.33 ± 0.02 0.33 ± 0.02 
EHertz 2025.9 ± 170.7 3096.8 ± 356.3 

Emodified Hertz 728.4 ± 47.6 1032.6 ± 59.8 

3.1.2. Rheology with Rotational Rheometer (Anton Paar Rheometer) 
The viscosity and frequency sweep of the manually combined bioink and crosslinker 

solution with and without microspheres, as well as bioprinted constructs with cells and 
microspheres, were measured using an Anton Paar Rheometer [74]. The probability of 
extruding the hydrogel depends upon its viscosity. NPCs were printed in concentrations 
of 1, 2.5, and 5 million per mL of bioink to test the effects that these concentrations have 
on the mechanical strength of the bioprinted constructs. The viscosity was analyzed by 
regression analysis using the Carreau–Yasuda method with shear rate from 0.01 to 90 s−1. 
Figure 6a–c shows that the viscosity depends on shear rate. The log of the shear rate and 
viscosity was taken to better understand the relationship between them. Here, the viscos-
ity of 1, 2.5, and 5 million cells indicates that there is a decrease in viscosity with an in-
crease of shear rate. Here, the viscosity measurement shows the shear-thinning property 
of the bioink. Shear thinning is important as it protects the cells during the printing pro-
cess [3,4]. 

Figure 5. Elastic moduli values obtained from modified Hertz model for thin films. Data are
presented as the average and standard deviation of three sample replicates. (MS: Microspheres).
** indicates that the elastic modulus are statistically different. p < 0.05.

3.1.2. Rheology with Rotational Rheometer (Anton Paar Rheometer)

The viscosity and frequency sweep of the manually combined bioink and crosslinker
solution with and without microspheres, as well as bioprinted constructs with cells and
microspheres, were measured using an Anton Paar Rheometer [74]. The probability of
extruding the hydrogel depends upon its viscosity. NPCs were printed in concentrations
of 1, 2.5, and 5 million per mL of bioink to test the effects that these concentrations have
on the mechanical strength of the bioprinted constructs. The viscosity was analyzed by
regression analysis using the Carreau–Yasuda method with shear rate from 0.01 to 90 s−1.
Figure 6a–c shows that the viscosity depends on shear rate. The log of the shear rate and
viscosity was taken to better understand the relationship between them. Here, the viscosity
of 1, 2.5, and 5 million cells indicates that there is a decrease in viscosity with an increase
of shear rate. Here, the viscosity measurement shows the shear-thinning property of the
bioink. Shear thinning is important as it protects the cells during the printing process [3,4].

G′ is associated with the elastic component of the viscoelastic behavior of a material or
the more solid-state behavior of a material. In this study, the elastic component was tested
on three different concentrations of cells in the bioink: 1, 2.5, and 5 million/mL. Figure 7a–c
shows that G′ increased when the angular frequency increased. At concentrations of 1,
2.5, and 5 million/mL, G′ was represented in logarithmic scale to better understand the
relation between storage and loss modulus with angular frequency. Hence, the addition of
cells resulted in an increase in G′.
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Figure 8a shows that the viscosity of the bioprinted constructs with and without
microspheres decreases while the shear rates increase. Similarly, Figure 8b representing the
viscosity of the manually combined bioink and crosslinker with and without microspheres
showed that the viscosity increased with shear rate. Figure 9a,b shows that G′ increases with
angular frequency in bioprinted constructs; however, G′′ slightly increases as compared
to G′. Figure 9c,d shows a slight difference as bioink and crosslinker with microspheres
take slightly longer to crosslink on the rheometer’s platform as compared to bioink and
crosslinker without microspheres. The overall increase in G′ indicates that the elastic
behavior becomes more dominant. However, G′′ is a more liquid-like property. If G′′ is
greater than G′, then the applied mechanical force overtakes the interparticle forces, and
the material starts to flow [76,77].
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Figure 9. Rheological properties. (a) Storage and loss modulus of bioprinted constructs with microspheres. (b) Storage and
loss modulus of bioprinted constructs without microspheres. (c) Storage and loss modulus of manually combined bioink
and crosslinker. (d) Storage and loss modulus of manually combined bioink and crosslinker with microspheres.
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3.2. Microstructure of Bioprinted Constructs with and without Microspheres

Freeze-dried constructs were characterized using SEM to investigate the microstruc-
ture and the distribution of microspheres. Figure 10a–h shows the 3D homogenous,
macroporous structure with interconnected porosity observed in both groups with the pore
sizes ranging from 0.11 to 0.31 um. Figure 10e–h shows that microspheres were uniformly
distributed in the porous structure. These microspheres were smaller in size (1–10 um) and
were found to be uniformly distributed in the porous structure.
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Figure 10. SEM images revealed morphological characteristics and interconnectivity of pores of bio-
printed constructs. (a) Horizontal section of bioprinted constructs without microspheres. (b) Vertical
section of bioprinted constructs without microspheres. (c) Horizontal section of bioprinted constructs
with microspheres. (d) Vertical section of bioprinted constructs with microspheres. (e) At 100 um,
horizontal section of bioprinted constructs showing microspheres are embedded in the bioprinted
construct. (f) At 50 um, horizontal section of bioprinted constructs showing microspheres are em-
bedded in the bioprinted construct. (g) At 40 um, vertical section of bioprinted constructs showing
microspheres embedded in the bioprinted construct. (h) At 20 um, vertical section of bioprinted
constructs showing microspheres embedded in the bioprinted construct.
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3.3. Porosity of Bioprinted Constructs with and without Microspheres

The bioprinted constructs with and without microspheres were lyophilized and the
level of porosity measured. Figure 11 shows that the bioprinted constructs with micro-
spheres and without microspheres had a porosity of 69.3% ± 3.1 and 66.1% ± 3.2, respec-
tively. However, after performing a two-tailed Student’s t-test, there was no significant
difference between the two groups. As from Figure 6, SEM images also presented that
microspheres were homogeneously distributed throughout the porous structures, without
any large effect on porosity, likely due to their small size (1–10 um).
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3.4. Swelling Ratio of the Bioprinted Constructs with and without Microspheres

An efficiently printed construct should swell after being placed in culture media and
maintain its fluid in the 3D network. Mild swelling was observed in the constructs with
and without microspheres after 24 h of incubation. Figure 12 shows the swelling ratio
of bioprinted constructs with and without microspheres to be 24.3 ± 0.1 and 25.6 ± 1.3,
respectively. There was no statistical difference between the two groups. Moreover,
microspheres did not reduce water absorption, and both groups exhibited swelling without
dissolving, which is critical for cell growth and differentiation.
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3.5. Biodegradation of Bioprinted Constructs with and without Microspheres

After culturing under standard conditions at 5% CO2 and 37 ◦C for 14 days, bioprinted
constructs with cells and microspheres had the highest mechanical strength and lowest
rate of degradation after 14 days. On the other hand, the bioprinted constructs containing
microspheres but no cells had an intermediate mechanical strength and showed less degra-
dation than the constructs with no microspheres or cells since they had a low mechanical
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strength and a maximum degradation. Figure 13 shows that there is a significant difference
in all three groups, between microspheres and no microspheres, and between microspheres
and microspheres and cells.
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4. Discussion

The differentiation of NPCs to mature phenotypes in bioprinted constructs depends
on several factors, including the stiffness and porosity of the bioink that comprises the
microenvironment. Our group has previously established that fibrin-based bioink printed
with and without microspheres enables neuronal survival, proliferation, differentiation,
and maturation [59,60,62,68,70]. In this study, we have determined the physicomechanical
properties of bioprinted constructs as well as manually combined bioink and crosslink for
tissue engineering applications.

In this study, dome-shaped structures were printed to analyze the microstructure,
porosity, degradation, and elastic moduli using an indentation method. However, for
the mechanical properties, due to the geometry of parallel plate on the rheometer, a
uniform structure had to be used. Therefore, for these experiments, a disc-shaped structure
was used instead of dome-shaped structure. To better understand our fibrin-based bioink,
optimization and validation of several physical and mechanical properties were determined.
Here, we analyzed the elastic moduli of the fibrin-based bioprinted constructs with and
without microspheres. It was hypothesized that the elastic moduli of fibrin-based bioink
that contained microspheres would be higher than the 30 mg/mL fibrin, which was
previously evaluated by our group [19,62]. The elastic modulus was previously determined
for fibrin-concentrations of 10, 20, and 30 mg/mL to be 262.7 ± 5.7, 590.9 ± 23.5, and
719.0 ± 58.3 Pa, respectively [19]. The indentation method used in this study combines
spherical indenters and fluorescence microscopy, which allows the direct analysis of the
elastic moduli of hydrogel samples. We determined the elastic moduli of bioprinted
constructs with and without microspheres and found their moduli to be 1032 ± 59.8
and 728 ± 47.6 Pa, respectively. It was found that the constructs with microspheres
were stiffer than the ones without microspheres. The Hertz theory displayed a high
elastic modulus for a stiffer construct. These results showed that the incorporation of
microspheres has a significant effect on stiffness, which can overcome the issue of faster
degradation of bioprinted constructs; hence, stiffness will help in long-term culture and,
ultimately, maturation of bioprinted neural tissues. Additionally, the elastic moduli of
bioprinted constructs with microspheres was ~1 kPa, which is similar to the optimal
stiffness for neuronal differentiation shown in previous studies [64,78]. The elastic moduli
values obtained by indentation corresponded to the values acquired by rheometry. In
addition to the elastic moduli, the viscoelastic properties were determined, since extrusion
through the bioprinter’s nozzle depends on its viscosity. A useful printing solution should
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shear-thin under pressure, which implies that it should pass easily through the print
nozzle and hold the printed shape once pressure is released [12]. If the viscosity is higher,
then a higher pressure is required for extrusion [78]. High pressure creates high shear
stress, which ultimately affects cell death. This facilitates the printing of high-fidelity
structures; nevertheless, covalent crosslinking is required to attain a mechanically strong
structure for long-term stability [3]. Our results showed that bioprinted constructs with and
without microspheres, with cells and microspheres, and in a bioink and crosslinker solution
exhibited shear-thinning behavior. Our bioink showed high viscosity at low applied shear
stresses, exhibiting solid-like behavior. Moreover, the frequency sweep measurements
showed that the G′ increased with higher concentrations of cells for bioprinted groups
with microspheres, which indicates that bioprinted constructs store deformation energy
in an elastic manner and make an increasingly stable structure with the addition of cells.
G′ exceeded G′′ over the whole angular frequency range (G′ > G′′), and both moduli were
dependent on frequency, which signified a standard gel structure under these conditions.
In general, G′ is more sensitive to any changes in the microstructure of viscoelastic systems
in a frequency sweep test, and information about rigidity of samples can be obtained by G′.

Interestingly, several previous studies have discussed the effect of substrate elasticity
on neural precursors [19,35,64,69,77]. Neurons have also shown sensitivity to rigidity.
Neurites have been reported to grow faster on matrices from 0.1 to 1 kPa compared to
stiffer substrates [69]. Saha et al. validated that the hippocampus-derived NSC differenti-
ation was favorable on softer substrates (E = 0.1–0.5 kPa) compared to stiffer substrates
(E = 1–10 kPa) [36]. Moreover, Leipzig et al. demonstrated that forebrain-derived stem
cells differentiated into mature neurons on substrates with a Young′s modulus <1 kPa;
however, the proliferation of stem cells was ideal on 3.5 kPa substrates (E in the range
of <1–7 kPa) [64], and lastly, Previtera et al. validated that stiffer substrates facilitated
the increase in branching relative to neurons grown on softer substrates at the same cell
number [77]. Together, these studies showed that neuronal differentiation is optimal on
1 kPa substrates, while stem cell proliferation is optimal on stiffer substrates [19,35,64,69].
Furthermore, the porosity of 3D-printed constructs plays a critical role in tissue engineering.
A highly porous scaffold has large area for cell attachment and also enables the diffusion of
nutrients and gases due to the removal of metabolic waste [57]. The incorporation of micro-
spheres did not affect the porous structure of the bioprinted constructs. Bioprinted constructs
with and without microspheres showed similar macroporous structures with interconnected
pores and similar pore sizes between constructs with and without microspheres.

Swelling and degradation are relevant for bioprinted constructs, as these physical
properties affect cell viability, proliferation, migration, and the creation of new tissue. The
swelling properties can significantly affect the bioprinted tissue. Swelling means that the
hydrogel does not dissolve in the solvent but rather increases in volume [53]. During
our swelling studies, PBS was changed after 24 h. As PBS was replaced, free chains were
removed from the bioprinted samples, thereby reducing their swollen weights [52]. The
swelling ratio of bioprinted constructs with and without microspheres was 24.3 ± 0.1 and
25.6 ± 1.3, respectively. Here, bioprinted constructs without microspheres showed similar
swelling behavior as with microspheres due to the greater crosslinking. The observed
swelling ratio was a balance between the uptake of water and the degradation rate of the
constructs. Furthermore, the degradation time should match with the time required for
desired tissue regeneration. Here, our bioprinted structure suffered the least amount of
degradation when microspheres were incorporated into bioink. A significant difference
was found among the groups. Thus, a controlled degradation rate is desired to achieve
in tissue engineering. Here, degradation rate and mechanical properties can be tuned
by incorporating microspheres, which have a greater influence on hydrogel degradation
and swelling. Slow degradation kinetics is important to control the release of therapeutic
molecules over a longer period of time [49]. These results showed that microspheres
did not have a significant effect on the swelling and porosity of bioprinted constructs.
However, our results showed that there is a possibility of specific physical interactions such
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as chemical bonding between the polymeric chains of biomaterials and microspheres. This
results in an enhancement of the crosslinking density and, thus, in the increased strength
and mechanical stability of the bioprinted constructs.

5. Conclusions

Here, we have demonstrated a set of methods for measuring the elastic moduli,
viscoelasticity, and other physical properties of bioprinted constructs with and without
microspheres. In general, the results showed our microsphere incorporated bioink behaved
as a composite hydrogel, which could incorporate drugs to regulate cell fates, additional
extracellular matrix elements to improve mechanical properties, and biomolecules to
improve biological activities. In conclusion, the incorporation of microspheres in bioink
enhanced the mechanical strength, lowered the degradation rate, and increased the elastic
modulus of bioprinted tissues, thus making bioinks containing these particles highly
suitable for neural tissue engineering applications.
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