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Hyaluronic Acid-Based 3D Bioprinted Hydrogel Structure for
Directed Axonal Guidance and Modeling Innervation In

Vitro

Laura Honkamaki, Oskari Kulta, Paula Puistola, Karoliina Hopia, Promise Emeh,

Lotta Isosaari, Anni Mo6rd,* and Susanna Narkilahti*

Neurons form predefined connections and innervate target tissues through
elongating axons, which are crucial for the development, maturation, and
function of these tissues. However, innervation is often overlooked in tissue
engineering (TE) applications. Here, multimaterial 3D bioprinting is used to
develop a novel 3D axonal guidance structure in vitro. The approach uses the
sti ness di erence of acellular hyaluronic acid-based bioink printed as two
alternating, parallel-aligned filaments. The structure has soft passages incor-
porated with guidance cues for axonal elongation while the sti bioink acts as
a structural support and contact guidance. The mechanical properties and vis-
cosity di erences of the bioinks are confirmed. Additionally, human pluripotent
stem cell (hPSC) -derived neurons form a 3D neuronal network in the softer
bioink supplemented with guidance cues whereas the sti er restricts the net-
work formation. Successful 3D multimaterial bioprinting of the axonal structure
enables complete innervation by peripheral neurons via soft passages within
14 days of culture. This model provides a novel, stable, and long-term platform
for studies of 3D innervation and axonal dynamics in health and disease.

possesses extremely complex physiology.
Together, the CNS and PNS are responsi-
ble for the coordination of all voluntary and
involuntary activities in humans.[*?! For ex-
ample, PNS neurons elongate long axons
to innervate all the tissues in the body.l®!
Axonal damage due to disease or trauma
causing disruption of neuronal communi-
cation leads to the loss or impairment of
crucial functions. The CNS has a low in-
trinsic regenerative capacity after injury,!
and while PNS has better regeneration po-
tential, spontaneous recovery is limited to
only small distances.®! Animal models are
still widely used in neural tissue engineer-
ing (TE); however, they often fail to reca-
pitulate the physiology and pathophysiology
of, e.g., the complex human nervous system
leading to failures in clinical trials.[®”] More-

1. Introduction

The human nervous system, which consists of the central
nervous system (CNS) and peripheral nervous system (PNS),
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over, innervation is often overlooked in TE
applications despite its pivotal role in the de-
velopment, maturation, regulation, and re-
generation of tissues and organs.l®! Thus,
increasing e ort has been put into developing human cell-based
artificial 3D TE constructs to understand the functions of the
human nervous system in health, disease, and injury.

Neuronal tissue has an organized, distinct architecture com-
posed of neurons, supporting neuroglial cells, and extracellular
matrix (ECM). The specific 3D organization of the cells and
the ECM structure of the neuronal tissue varies depending
on the location in the body.®] However, the axonal pathways
in both the CNS and the PNS share an aligned and unidirec-
tional architecture of axon fascicles.*®! Axonal organization
during development and after injury relies on the multifarious
responses of axons to extracellular biophysical and biochemical
guidance cues.'®! The biophysical cues of the ECM, including
elasticity and structure, as well as surface topography, are known
to a ect cellular behavior such as controlled neuron migra-
tion, nerve regeneration, and axon growth.*?! The brain ECM
consists of glycosaminoglycans, proteoglycans, glycoproteins,
and low amounts of proteins. The main structural component
is hyaluronic acid (HA), and proteins such as collagens and
laminins are also components of the ECM in both the CNS
and the PNS.I®] They have all been utilized in neuronal TE
applications in vitro.[**! Biochemical cues have either attractive
or repellent e ects on axonal growth. The guidance molecules
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in both the CNS and PNS include netrins, slits, ephrins,
semaphorins, a family of neurotrophins, and various growth
factors, such as nerve growth factor (NGF).[*! Moreover, axons
use contact guidance cues o ered by other cells!*3'%! and tissue
structures, e.g., the vasculature,l*’! for aligned axon growth.
Thus, to achieve directed axonal growth in 3D, natural-like guid-
ance cues need to be included in the engineered structure, which
is challenging with conventional fabrication techniques and ho-
mogeneous counterparts.[*81° Approaches such as electrospun
fibrous sca olds,[?>2 aligning self-assembled ECM proteins
with microfluidic flow,[??) composite structures of hydrogels and
electrospun nano/microfibers?®-?1 and orienting short fibers in
hydrogels(?®! have been utilized for aligned topographies within
3D matrices for neuronal guidance. They, however, possess
some challenges, such as a complex sca old manufacturing
process, nontransparent sca olds, and rigidity that hinders
neuron growth and induction of damage.*!

3D bioprinting enables automated, repeatable fabrication of
complex tissue structures according to predesigned 3D mod-
els with high precision spatial positioning of cells, biomateri-
als, and bioactive factors that mimic the dynamic properties
of human tissues and thus has become a vital technique for
TE applications.[?’ Bioink creates a supportive microenviron-
ment for cellular growth and function and needs to meet the
demands of bioprinting technology and provide structural in-
tegrity to the designed sca old.[?82°! Polymeric hydrogels are of-
ten used for neuronal tissue applications because of their tun-
able mechanical properties and ability to mimic the natural,
soft neuronal ECM composition.?®! Natural, soft polymers (HA,
gelatin, collagen, alginate, chitosan, fibrin, laminin, and decellu-
larized ECM)[273%] have been utilized as 3D sca olds for neurons,
whereas synthetic, sti er polymers (PLGA, PLA, and PCL)[031
polymers have been used in supporting structures. HA is one
of the most common polymers used in various TE applications
as it can be chemically modified and enzymatically cleared in
vivo.[??! Its initially poor mechanical properties are easily im-
proved with di erent functional groups, such as polydopamine
which is a synthetic polymer derived from dopamine (DA). DA
is traditionally considered a neurotransmitter but has recently
been shown to enhance sca old stability and facilitate entrap-
ment on cell-secreted laminin and growth factors stimulating
hydrogel’s remodeling properties.*3! Moreover, DA enhances cy-
tocompatibility and ECM deposition without inducing cell sig-
naling and neuronal di erentiation, making it ideal for more
physiologically relevant neuronal in vitro applications.** The re-
cent trend to develop bioinks mimicking native ECM as closely
as possible has been implemented by using ECM components,
functionalized synthetic polymers, and multicomponent bioinks
for extrusion-based,?®! inkjet,*® microfluidic,®®! laser-based!"!
and stereolithography!®®! bioprinting. Extrusion-based bioprint-
ing has the advantage of being a simple, low-cost technology with
the possibility of using multiple bio-inks with varying viscosities
and cell densities simultaneously®®! and has already been used
in a few neuronal TE applications in vitro and in vivo.[?”]

Here, we utilized a multimaterial bioprinting approach to pro-
duce a 3D axonal guidance structure. Two HA-based bioinks
with di erent sti nesses were printed as alternating, paral-
lel filaments. The soft bioink incorporated with the attractants
NGF and laminin formed passages for axonal elongation of hu-
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man pluripotent stem cell (hPSC)-derived neurons, and the sti
bioink provided structural support and contact guidance. The
multi-material bioprinting process and 3D axonal guidance scaf-
fold preparation were first optimized without cells. The e ects
of the two crosslinking densities of the HA-based bioink on neu-
ronal growth and their mechanical properties were subsequently
characterized. The e ects of NGF, laminin, and cell density on
enhancing 3D neuronal network formation were optimized in
the soft bioink. Finally, the innervation potential of human cor-
tical and peripheral neurons in the formed 3D axonal guidance
structure was demonstrated. This novel, stable, and completely
human cell-based axonal guidance structure o ers opportunities
for long-term modeling of 3D innervation and axonal dynamics
in vitro in health and disease.

2. Results

2.1. NGF and Laminin Supplemented Medium Increased
Formation of the Neuronal Network in the Bulk HA-DA Bioink

HA-based bioink was supplemented with NGF, and mouse
laminin, and the two combined to enhance neuronal net-
work formation with the selected cell concentrations. NGF
(400 ng mLSH“0! and elevated concentrations of laminin(!]
have previously been reported to increase the neurite length in
vitro. 3D neuronal networks were characterized with immuno-
cytochemical staining (ICC) after 14 experimental days in vitro
(EDIV) with the neuronal markers MAP-2 and tub,,,. ICC im-
ages were visualized with Imaris, and the neuronal networks
were further quantified using Imaris filament tracing and vol-
ume reconstruction tools (Figure a,c). In all the groups, the
neurons expressed long neurites and dense network formation
(Figure 1a). A higher cell concentration, 10 x 10° cells mL5! (10
m), resulted in a trend toward longer total network length in all
the groups except the control. The di erence was significant in
the NGF+laminin group, as the total network length at 10 m
reached over 100 000 um. (Figure 1b)

To further evaluate the networks and the e ects of NGF and
laminin, total network volume was analyzed from neuronal net-
work reconstructions (Figure 1c). NGF and laminin alone did not
increase the total network volume (Figure 1d) or network con-
nectivity (Figure 1e). The average volume fraction of the largest
connected component was >80% for all the groups except for
the NGF 10 m group, for which it was <70%. The highest con-
nectivity, 98%, was found for the NGF+laminin 10 m group.
Thus, NGF+laminin (10 m) performed the best in terms of all
the parameters, indicating that supplementing the bioink with
NGF+laminin with a cell concentration of 10 m could also be
used to increase the axonal growth in 3D printed samples.

2.2. E ect of Sti ness on the Formation of the Neuronal Network

Next, the e ect of bioink sti ness on neuronal cell growth was
studied. First, the mechanical properties of soft and sti  bioinks
were evaluated separately via oscillatory rheology. Both the stor-
age modulus (G) and loss modulus (G ) clearly di ered be-
tween the soft and sti  bioinks, indicating di erences in me-
chanical strength due to the increased crosslink density in the
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