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ABSTRACT

A deeper understanding of the brain and its function remains one of the most significant scientific challenges. It not only is required to find
cures for a plethora of brain-related diseases and injuries but also opens up possibilities for achieving technological wonders, such as brain-
machine interface and highly energy-efficient computing devices. Central to the brain’s function is its basic functioning unit (i.e., the neuron).
There has been a tremendous effort to understand the underlying mechanisms of neuronal growth on both biochemical and biophysical lev-
els. In the past decade, this increased understanding has led to the possibility of controlling and modulating neuronal growth in vitro through
external chemical and physical methods. We provide a detailed overview of the most fundamental aspects of neuronal growth and discuss
how researchers are using interdisciplinary ideas to engineer neuronal networks in vitro. We first discuss the biochemical and biophysical
mechanisms of neuronal growth as we stress the fact that the biochemical or biophysical processes during neuronal growth are not indepen-
dent of each other but, rather, are complementary. Next, we discuss how utilizing these fundamental mechanisms can enable control over
neuronal growth for advanced neuroengineering and biomedical applications. At the end of this review, we discuss some of the open ques-
tions and our perspectives on the challenges and possibilities related to controlling and engineering the growth of neuronal networks, specifi-
cally in relation to the materials, substrates, model systems, modulation techniques, data science, and artificial intelligence.
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I. INTRODUCTION

The brain is undoubtedly one of the most sophisticated organs
and an unparalleled energy-efficient computing machine that can per-
form, process, and relay information much more efficiently compared
to even the best supercomputer built by humans.' * However, the
brain is highly complex as well, and because of its complexity, the cur-
rent understanding of the brain and brain-related diseases remains
limited. Central to the brain’s function are neurons and neuronal net-
works, and unraveling the basic working principles of neurons and
neural computing not only is required to gain an in-depth understand-
ing of brain-related diseases and their cure but also may provide the
key for the development of highly power-efficient computing devices,
brain reverse engineering, and brain-machine interfaces (BMIs). At
present, in vitro neuronal cell cultures remain one of the most accessi-
ble and economic surrogates to study some fundamental processes
behind the complex brain.

In earlier days, in vitro neuronal cultures were mainly used to
understand the biochemical mechanisms involved in neuron growth
and connections. The advent of new technological advancements,
such as micro-electrode arrays (MEAs),"° liquid AFM,”* and two-/
three-photon microscopies,” ' of in vitro neuronal cultures now facili-
tates the study of both biochemical and biophysical aspects of studying
neuronal growth. Additionally, a significant breakthrough in in vitro
neuronal culture has been the advancement in stem cell technology,
which has allowed the direct study of human neurons.'” In recent
years, researchers have even been able to develop in vitro 3D human
brain models (brain organoids) to replicate some of the critical multi-
cellular, anatomical, and even functional hallmarks of entire regions of
the brain at the micrometer to millimeter scale.'” '® Furthermore,
advances in micro- and nanofabrication techniques have helped to
grow neurons in artificial matrices in a controlled and precise manner
to envision the possibility of BMI and brain-on-chip technologies.
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Central to in vitro neuronal growth is the ability and efficacy to
which neurons can be controlled or manipulated as they grow, and this
has been made possible by an increasing understanding of the funda-
mental aspects of biochemical and biophysical regulations of neuronal
growth. Given its importance, several reviews cover biophysical'**® and
biochemical”” aspects of neuronal growth. However, most of these
reviews are highly concentrated on either biochemical or biophysical
aspects of neuronal growth. Given that neuroscience is increasingly
becoming a highly interdisciplinary field, a review is required that covers
the most fundamental aspects of neuronal growth that is comprehensi-
ble to a broader community. Such a review should be simplistic enough
for researchers from interdisciplinary backgrounds to understand while
also detailed enough to cover the key fundamental aspects of neuronal
growth. Such a holistic review is also important because in real situa-
tions, both biophysical and biochemical cues play a role in neuronal
growth and function. Besides, it has become increasingly clear in recent
years that biochemical and biophysical changes are not independent of
each other but, rather, are complementary. In other words, it is an
action-reaction system where a biochemical action can drive a biophysi-
cal reaction and vice versa.

In this review, we provide a holistic view of the biochemical and
biophysical mechanisms of neuronal growth by covering the funda-
mentals, recent progress, and unsolved questions in both these topics
(Fig. 1). Throughout this review, we discuss several biochemical and
biophysical mechanisms involved in neuronal growth, consciously
avoiding the list of chemical reactions or long mathematical equations
to make it accessible to interdisciplinary researchers from wide back-
grounds. Building on the basic discussion on neuronal growth mecha-
nisms, we discuss how these understandings are being used to
modulate and control and engineer neuronal growth in vitro. We have
also provided citations to several references to guide the readers to rel-
evant detailed literature for each topic. Finally, we provide an outlook
of future research directions in this field and outline our views on
prospects of engineering and modulating neuronal growth.

Il. BIOCHEMICAL REGULATION
A. Neuronal polarization: in vitro

In cell biology, polarity refers to the asymmetric distribution of
cellular components to form structurally, morphologically, and func-
tionally different regions in a cell. Neurons are highly polarized cells
with a functionally and structurally distinct axon and dendrites
attached to the soma (cell body) to facilitate the information flow
between neurons. The axon and dendrites are collectively called neu-
rites or neuronal processes. Dendrites are highly branched, relatively
small processes specialized in receiving signals from surrounding cells.
In contrast, an axon is significantly longer than dendrites but relatively
less branched and is generally responsible for information flow out of
the neuron.

Banker and colleagues provided the first detailed account of mor-
phological changes that occur during the early stages of the develop-
ment of in vitro embryonic hippocampal neurons of fetal rats.”"*
They divided the early neuronal growth into five different stages, as
shown schematically in Fig. 2. In stage 1, newly placed cells extend
their filopodia in all directions. In stage 2, these cells develop several
neurites, and each of these neurites is an equal contender for becoming
an axon. Before moving to stage 3, all these neurites go through several
cycles of growth and retraction (for details see Fig. 3), and in stage 3,
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one of these neurites starts growing much faster than the others to
form an axon. During this stage, there might also be branching in the
axon, and several small processes start protruding from the central
axon that is connected to the soma. In stage 4, the axon and its
branches elongate further, and other neurites keep going through
cycles of growth and retraction before they finally form into dendrites.
Eventually, in stage 5, the dendrites mature and develop the dendritic
spine, and connections between different neurons are established.
Here, it is important to note that even though a neuron’s polarity is
established in stage 3 itself, it is not until the later part of stage 4 that
the complete characteristic segregation between axons and dendrites
happens. It has been shown that up to early stage 4, a dendrite can
develop into an axon when an already developed axon is dissected
near the soma.”"* The complete molecular segregation of axon and
dendrites only happens at the end of stage 4 when proteins such as the
glutamate receptor subunit (GluR1) and the microtubule (MT)-associ-
ated protein 2 (MAP-2) localize to the dendrites and disappear from
the axon.”">*

One of the most intriguing questions in neuronal polarization is
how a neuron decides which one of its neurites will develop into an
axon. Based on data from studies of cell migration, axon guidance, ves-
icle exocytosis, and the regulation of actin and microtubule polymeri-
zation, Andersen and Bi provided a tentative molecular mechanism to
describe the polarization of the axon during neuronal development.”’
According to the hypothesis, the selection seems to be driven by a
complex set of positive and negative feedback loops controlled by sig-
naling factors (morphogens). Here, we briefly discuss the mechanism,

»
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FIG. 1. Synopsis of this review. Understanding
the underlying mechanisms of neuronal
growth in the brain provides an opportunity
to engineer neuronal networks and develop
novel future applications. This review pro-
vides an overview of the biophysical and
biochemical processes that guide neuronal
growth in the brain, physicochemical meth-
ods to modulate these processes, possible
future applications, and some unanswered
open questions in the field.
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but the molecules involved and their role in regulating the neuronal
polarity are out of the scope of the current review and can be found in
the literature.””

Figure 3 shows a simplified schematic of the proposed mecha-
nism for an axon specification. Initially, at stage 2 of neuronal
growth, the positive and negative feedback signals are intricately bal-
anced and in equilibrium. However, with time, this equilibrium is
disturbed by a spontaneous independent event, which may not be
related to the biochemical processes happening at the neuron. This
disturbance in biochemical balance pushes the system to a new,
more stable equilibrium, which is the initiation of neuronal polariza-
tion in the current context. It can be understood as a case of
“spontaneous symmetry breaking,” where the asymmetry emerges
from symmetric, but unstable initial conditions to reach a new, more
stable state (here, axon formation)."” First proposed by Alan
Turing,"" the concept of spontaneous symmetry breaking is not new
in biology and has readily been used to experimentally and theoreti-
cally describe the polarization in biological systems. After symmetry
breaking, one strong neurite becomes the axon and has powerful
positive feedback, which is counteracted with a strong negative sig-
nal, mainly influencing the other neurites where both the positive
and negative feedbacks are reduced or blocked.

Although the mechanism proposed by Andersen and Bi*’ pro-
vided very useful insight into the biochemical aspect of neuronal
polarization, the mechanism is not complete. As we discuss in Sec. I1I,
recent studies hypothesize physical forces as one of the prime modula-
tors of neuronal polarization.
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FIG. 2. Different stages of neuronal growth in cultured hippocampal neurons (based
on the work of Dotti et al.*). Stage 1: Within a few hours in culture, the newly
placed spherical cells extend filopodia all around the cell body. As time progresses,
the filopodia that initially extend all around the cell body break into discrete, motile
patches at intervals along the cell's periphery. Stage 2: After almost half a day in
the culture, the cells develop several minor processes (called neurites) that are vir-
tually identical in morphological appearance. Once these neurites extend to a length
of 10-15 um, there is little to no elongation; however, they remain motile and keep
extending and retracting over small distances. Stage 3: This is the first step of neu-
ronal polarization, where after several hours of the appearance of minor neurites,
one of the several minor neurites is selected to become an axon. At this point, the
chosen minor neurite grows at a significantly faster rate compared to other neurites.
Stage 4: This stage is marked by significant dendritic growth. Similar to axons, den-
drites also grow from minor neurites. However, considerable dendrite growth only
takes place after axons have outgrown for >2-3 days. Stage 5: Subsequent matu-
ration of dendritic and axonal arbors happens. Adapted with permission from C. G.
Dotti et al., J. Neurosci. 8, 1454 (1988). Copyright 1988 Society for Neuroscience.”

B. Growth cone

There are close to 100 billion neurons in a human brain, and
each of these neurons makes a connection with more than a thousand
target cells, and each connection (called synapses) has to be precise for
the proper functioning of the brain."” The question then is how can
such an intricate circuit be generated with the necessary precision and
reliability? Central to an axon and dendrite’s ability to locate and rec-
ognize their appropriate synaptic partner is a “growth cone,” a highly
dynamic and exquisitely sensitive structure situated at the extremity of
growing axons and dendrites (Fig. 4).

A growth cone contains receptors that detect and bind to neurite
guidance molecules to initiate intracellular signaling pathways, leading
to the cytoskeleton’s coordinated response, which directs the growth
cone to either pause, extend, steer, or retract. A cytoskeleton is a com-
plex system of interlinking fibers and filaments that provides the

REVIEW scitation.org/journal/bpr
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FIG. 3. A tentative model proposed by Andersen and Bi*’ to describe the mecha-
nism of axon specification during neuronal growth. Initially, at stage 2, each neurite
goes through continuous extension and retraction driven by a complex set of bio-
chemical signaling cascades that form positive feedback loops (shown by red
circles with arrow) and long-range negative (inhibitory) factors (shown by straight
yellow arrows). A positive feedback loop at the neurite growth cone promotes neu-
ron extension. Simultaneously, inhibitory signaling molecules, such as GTPase-
activating proteins and phosphatases, counteract the positive feedback loop and
cause retraction. In the transition from stage 2 to stage 3, spontaneous symmetry
breaking happens, and the balance between the positive and negative feedback
loop is disturbed. At this stage, one of the neurites has a powerful positive feedback
loop, and this neurite develops into an axon. Concurrently, a strong positive feed-
back loop is counteracted through a strong inhibiting signal, which affects other
neurites, and both the positive and negative feedbacks at other neurites are either
reduced or wholly hindered (shown using broken lines). Increased plasma mem-
brane recruitment; increased F-actin dynamics/microtubules, along with increased
concentration; and activation of signaling molecules are some of the markers of
positive cellular regulation. In contrast, negative regulation is marked by plasma
membrane reduction, degradation in the local concentration of signaling molecules,
decreased F-actin dynamics, and microtubule catastrophe. Adapted with permission
from BioEssays 22, 172-179 (2000). Copyright 2000 John Wiley & Sons.”

structure to a cell and helps in its locomotion and movement. Figure 4
shows a simplified schematic of the growth cone cytoskeleton. In most
cases, the growth cone movement is intricately controlled by F-actin
treadmilling and F-actin retrograde flow. F-actin treadmilling refers to
F-actin polymerization at the leading edge of the filopodia along with
F-actin severing and depolymerization at the transitional domain (T-
zone) and recycling of these subunits to the leading edge.”’ In contrast,
F-actin retrograde flow refers to the centripetal, rearward movement
of F-actin from the filopodial tip to the center of the growth cone.
When F-actin polymerization forces are balanced with F-actin retro-
grade flow forces, the growth cone remains stationary. However, when
a growth cone receptor binds with attractive molecular cues, tension
develops, F-actin retrograde flow is attenuated, and F-actin polymeri-
zation continues to push the membrane forward (also see Sec. 111 A).
Other than actin dynamics, MTs in the peripheral domain (P-zone)
have been shown to play an essential role in steering and turning
growth cones through dynein-mediated MT translocation.” Further
details on the mechanism of growth motility can be found in other
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FIG. 4. Schematic representation of cytoskeleton organization in a growth cone.
The leading edge of the growth cone has highly sensitive finger-like structures
called filopodia, and a sheet of membrane called lamellipodia separates each of
these filopodia. Three different regions of a growth cone, based on cytoskeleton
distribution, are (a) C-zone (green), (b) T-zone (yellow), and (c) P-zone (red). In an
axon shaft, microtubules are organized into closely packed parallel bundles,
whereas in the C-zone, they become split to extend individually through the T-zone
and then into the P-zone to become aligned with the F-actin bundle (dark blue irreg-
ular lines) in the filopodium. The P-zone contains long bundles of actin filaments
(F-actin bundles) and a mesh-like branched network of actin filaments (F-actin net-
work). F-actin bundles align with microtubules to give filopodia their finger-like
appearance. The T-zone sits in between the C- and P-zones. In the T-zone and
the periphery of the C-zone lies the F-actin arcs (thick blue lines) composed of anti-
parallel bundles of F-actin and myosin Il (actomyosin contractile structures). These
F-actin arcs organize themselves perpendicular to F-actin bundles to form a semi-
circumferential ring at the tip of F-actin bundles. Reprinted with permission from
E. A Bearce et al. Front. Cell. Neurosci. 9, 00241 (2015).”*° Licensed under a
Creative Commons Attribution (CC BY) license.

references.”*” """ Also, the growth cone’s role in axonal elongation is
discussed in Sec. III B 1.

While actin and MT cytoskeletons play a role in growth cone
movement, many biochemical cues are involved in guiding this move-
ment toward a target. In Sec. IIC, we discuss the “chemoaffinity
hypothesis,” which provides an insight into how neuronal processes
find their targets using diffusible and nondiffusible molecules that act
as intermediate checkpoints for navigation to their final destination.

C. Chemoaffinity hypothesis

In 1963, Roger Sperry proposed the chemoaffinity hypothesis
based on his work on retinotectal projection.”** It states that neurons
are guided to their target cells through a range of molecular markers
that act as short-range or long-range cues for growth cone navigation.
Based on the hypothesis, growth cone navigation can be broadly classi-
fied into four different mechanisms: contact attraction, chemoattrac-
tion, contact repulsion, and chemorepulsion™ (see Fig. 5). Contact
attraction acts through adhesive molecules that are nondiffusible and
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FIG. 5. A model representation of the chemoaffinity hypothesis. There are four
kinds of guidance forces that work in conjunction with each other to guide neurons
to their target without getting lost. These guidance cues can be long or short range.
Chemoattraction and chemorepulsion constitute the long-range guidance cues,
whereas contact attraction and contact repulsion constitute the short-range guid-
ance cues. Produced with BioRender.io.

are either present on the target cell surface [such as transmembrane
cell adhesive molecules (CAMs)] or dispersed in/on the extracellular
matrix (ECM; such as laminin and fibronectin).””*’ The growth cone
has specific receptors that can adhere to these particular molecules
and activate intracellular signaling pathways that steer the forward
movement of the growth cone.””*””’ Contact repulsion acts through
nondiffusible surface-bound molecules (such as slits and ephrins) that
do not allow sustained growth cone adherence, thereby inhibiting the
growth cones” advance as they grow.””***” The response of the growth
cone to contact repulsion can range from simple deflection to axonal
arrest to more dramatic changes in which the growth cone retracts
and collapses.”” Contact attraction and repulsion are considered
short-range cues for growth cones to follow to find their pathway to
the target. In addition to short-range cues, there are long-range cues
produced by diffusible, chemotropic molecules secreted by the axon’s
intermediate or final targets.”””' These molecules can be either attrac-
tive (chemoattraction) or repulsive (chemorepulsion) to a growth cone
based on the internal signaling pathways that are initiated in the
growth cone following their interaction with specific receptors.”””
Here, it is essential to note that neither short- nor long-range molecu-
lar cues work separately. Instead, they act in conjunction with each
other and influence each other to initiate a complicated intracellular
signaling cascade system.”

The prominent families of widely studied biomolecules with a
well-recognized role in neuronal guidance are (a) netrins, (b) sema-
phorins, (c) ephrins, and (d) slits. These molecules play a role in both
long-range and short-range mechanisms. Short descriptions of the
role of these molecules in neuronal guidance follow.

1. Netrins

Netrins can act as both chemoattractive or chemorepulsive cues
based on their interaction with different types of neurons. Also, netrins
can function as both long- and short-range cues. They act as long-
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range cues by diffusing through a source located 100 um away from
the neurons.”” In contrast, their action as short-range cues is through
immobilization on the cells.”” Some of the works dedicated to netrins
and their receptors can be found in other references.”

2. Semaphorins

The semaphorin family comprises >20 proteins that are trans-
membrane, secreted, or cell-substrate attached. Similar to netrins, sem-
aphorins can also act as both long- and short-range cues. They are
potent chemical repellents, and plexin receptors predominantly con-
trol their signaling.”” Although most semaphorins act as a repellent,
some can also act as an attractant or as both attractant and repellent
based on their interaction with receptors.”® A classic example of repul-
sive semaphorins is Sema3A and Sema3F, which are expressed during
mouse embryonic development in tissues that surround many periph-
eral nerves. Through surround repulsion, they control the motor and
sensory neuron projection to their normal trajectories.”® Reviews dedi-
cated to semaphorins and their receptors can be found in other
references.”*”’

3. Ephrins

Initially, ephrins were thought to induce a repulsive response to
neurons. However, it has become increasingly clear that even ephrins
can act as both attractive and repulsive cues for neurons.”’ There are
eight subfamilies of ephrins: (a) five class A ephrins that are tethered
to the cell surface and (b) three class B ephrins that are transmem-
brane proteins.””°" Ephrins bind with the receptors of the Eph family.
Ephrin-Eph signaling acts exclusively as short-range cues by driving
the regional differences in actin dynamics within the growth cone.
Reviews dedicated to ephrins and their receptors can be found in other
references.”’

4. Slits

Slits are large secreted proteins that act as an axon repellent
through Robo family receptors. Although most slits act as short-range
repellents, some of them may diffuse to a longer distance to act as a
long-range axonal repellent. Reviews dedicated to slits and their recep-
tors can be found in other references.”

5. Others

Other than netrin, semaphorins, ephrins, and slits, morphogens
and growth factors serve as crucial biochemical guidance cues. Among
different morphogens, the most studied are the members of the
Wingless-int (Wnt), and it has been shown that they can act as both
chemoattractant in some cases and chemorepellent in others. Other
important morphogens that take part in neuronal wiring include the
transforming growth factor-f (TGF-f)/bone morphogenic protein
(BMP) and sonic hedgehog (Shh) families. The role of morphogens
and growth factors in neuronal wiring is an evolving field, and
Henriquez and Osses compiled a list of important papers related to
the topic.”

As discussed, these guidance molecules are of prime importance
for controlling neuronal growth. Keeping that in mind, in Sec. IV A,

REVIEW scitation.org/journal/bpr

we discuss different methods through which these guidance cues can
be controlled in vitro for neuronal growth.

1ll. BIOPHYSICAL REGULATION

Although most of the earlier studies on neuronal growth were
only concentrated on biochemical regulations, many recent works
point toward a substantial involvement of biophysical cues in deciding
and maintaining the fate of a neuron both in vivo and in vitro.
Moreover, it is becoming increasingly clear that the responses of a neu-
ron to biochemical or biophysical cues are not independent of each
other but, rather, are complementary. Biochemical regulations can be
understood as machinery to induce the biophysical response or vice
versa. In this section, we discuss some of these biophysical mecha-
nisms involved in neuronal growth and their correlation with already-
discussed biochemical regulations.

A. Substrate stiffness and topography

It is becoming evident that mechanosensing of the physical envi-
ronment followed by the initiation of mechanotransduction (discussed
in Secs. III A 1-1I1 A 3) pathways is strongly involved in regulating
neural cell development and its functioning.'” One of the most com-
mon means for biophysical modulation of neuronal growth is chang-
ing the substrate’s stiffness and topography on which the cells grow. It
has been shown that both surface stiffness and micro- and nanoscale
topographies of the substrate influence the behavior of in vitro neuro-
nal network formation and activity.”” "> For example, in a recent
study, Koser et al. reported that local stiffness gradient guides the
Xenopus retinal ganglion cell (RGC) neuron growth both in vitro and
in vivo and that changing the brain tissue stiffness leads to axonal
pathfinding errors.”’ Our group has also shown that by growing neu-
ronal cells on nanopillar arrays, both neuronal growth and activity can
be efficiently modulated.”” Given its importance in neuronal growth,
in the Secs. II[ A 1-1II A 3, we discuss the fundamental mechanism by
which nanotopography and stiffness influence neuronal growth. We
first provide a general description of cell-microenvironment interac-
tions, which may also apply to neurons, and at the end of this section,
we discuss the neuron-specific mechanotransduction studies.

1. Mechanotransduction pathways in stiffness sensing

Integrin has long been recognized as a prime mediator of
molecular-mechanical linkage between a substrate and a cell.”
Integrin-mediated mechanotransduction plays a critical role in the
regulation of several aspects of cellular physiology, including cell pro-
liferation, viability, differentiation, and 111igration.7(”77 Integrins are
composed of a large ectodomain (the part of a membrane protein that
extends out of the cell), which mediates substrate binding, a trans-
membrane domain, and a short cytoplasmic tail that indirectly binds
with the actomyosin (actin-myosin complex) cytoskeleton through
integrin adhesomes [Fig. 6(a)]. They can exist in three different con-
formations, including bent closed, extended closed, and extended open
configurations, each having different ligand-binding capabilities”® [Fig.
6(a)]. A shift from bent/extended closed to an extended open configu-
ration is termed “integrin activation.”’® The prevailing view on mecha-
nosensitive integrin activation is that it only requires the binding of
adaptor proteins (such as talin and kindlin) to the tail end of the integ-
rin [Fig. 6(a)]. However, most recently, Li and Springer” and Li
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FIG. 6. (a) Integrin can exist in three different configurations, including bent closed, extended closed, and extended open. Thermodynamically bent closed configuration is the
most stable, and integrins predominantly occupy this configuration, but it can also fluctuate between extended closed and extended open configurations under thermodynamic
equilibrium.”* The right end of the figure shows that the binding of integrin with ligand and adaptors applies a force from the actin cytoskeleton to the adaptors; at the same
time, a resistive force acts at the point of integrin and substrate binding. Reprinted with permission from Z. Sun et al., Nat. Cell Biol. 21, 25-31 (2019). Copyright 2019 Springer
Nature.” (b) A model showing the nanoscale localization and molecular architecture of proteins involved in focal adhesion. Starting from the bottom, the separation between
inner plasma membrane and substrate was measured ~32 nm, whereas actin was separated from the plasma membrane by another ~40 nm. In between the plasma mem-
brane and actin layer are the integrin-mediated signaling proteins [focal adhesion kinase (FAK), paxillin], cytoskeletal adaptors (vinculin, talin, zyxin), and actin-regulatory pro-
teins [vasodilator-stimulated phosphoprotein (VASP), a-actinin]. Overall, the architecture shows three spatial and functional compartments of focal adhesion: an integrin
signaling layer, a force transduction layer, and an actin regulatory layer. Reprinted with permission from P. Kanchanawong et al., Nature 468, 580-584 (2010). Copyright 2010
Springer Nature.”® (c) A physical model to describe how substrate stiffness influences the motor clutch mechanism of substrate—cell binding. It shows a myosin motor driving
the retrograde flow to exert a continuous force F, (toward left) at a velocity v/gament. The rate constant k,, and ko are, respectively, the rates at which the molecular clutch can
engage or disengage with F-actin bundles to counter the rearward retrograde flow. The clutches’ successful engagement with the actin bundles builds tension with a spring
constant r,, and the clutches are stretched to strain yucrg)- The total tension built across all the engaged springs amounts to a pulling force that is counteracted by the defor-
mation in substrate with a tension equivalent to spring constant x,. As it becomes evident, the mechanical resistance to loading is determined by . and . Reprinted with
permission from C. E. Chan and D. J. Odde, Science 322, 1687 (2008). Copyright 2008 American Association for the Advancement of Science.® (d) Figurative representation
of modified molecular clutch model proposed by Elosegui-Artola et al.** The model assumes that the actin filament is pulled by myosin motor at a speed of v, and they are con-
nected to a compliant substrate through integrin and its adaptors, such as talin. The model also includes force-mediated unfolding of talin (i.e., above a certain force threshold,
talin unbinds to strengthen the cell-substrate binding), which is not accounted for in motor clutch model shown in (c). The talin folding/unfolding rates are represented by kz,yy
and Kynroro, respectively, and ko, and ko, respectively, represent the binding and unbinding rate of integrin and its adaptor clutches with the substrate. The substrate deforma-
tion is modeled using a single elastic spring with variable stiffness. Adapted with permission from A. Elosequi-Artola et al., Nat. Cell Biol. 18, 540-548 (2016). Copyright 2016
Nature Publishing Group.**
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et al”” performed a detailed thermodynamic study to show that an
ultrasensitive integrin activation requires both adaptor binding and
cytoskeletal force.

Kanchanawong et al. used super-resolution light microscopy to
show that the molecular architecture of integrin-mediated focal adhe-
sion consists of at least three domains, including an integrin signaling
layer, a force transduction layer, and an actin regulatory layer’” [Fig.
6(b)]. They also found that the vertical arrangement of these different
focal adhesion components was highly consistent across different
shapes and sizes of focal adhesion and was not at all correlated with
the area or aspect ratio of focal adhesion.

Moreover, to explain integrin-based mechanosensing a “motor
clutch” mechanism has been proposed. Mitchison and Kirschner first
proposed this concept to describe the mechanism of force exertion on
a substrate by actin retrograde flow to initiate a forward movement in
the neuron.”” The molecular clutch refers to the mechanical linkage
that forms between the substrate and F-actin through cell adhesion
molecules, which in response, create a friction slippage bonding to
transmit traction force that reduces the F-actin retrograde flow and
advances the leading edge.”’ Chan and Odde extended this model to
test its response to substrate stiffness.”” They constructed a simple sto-
chastic physical model that treated molecular clutches and the sub-
strate as simple Hookean springs [Fig. 6(c)], and they experimentally
substantiated their model against embryonic chick forebrain neurons
transferred on substrates with different stiffness. They found that on a
compliant substrate, there are two distinct regimes of traction force
dynamics: (a) “frictional slippage” regime on stiff substrates and (b)
“load-and-fail” regime on flexible substrates. On a stiff substrate, the
clutches engage quickly to form a tension exceeding their breaking
strength, leading to shortened F-actin/clutch interaction time. A short-
ened F-actin/clutch engagement duration does not provide enough
time for other clutches to engage and strengthen the force; therefore,
on a stiff substrate, sufficient traction force cannot be generated. On
the other hand, on a soft, compliant substrate, the rate at which the
tension is built on the clutch is reduced, which increases the time for
F-actin/clutch engagement, and more clutches can now engage in
increasing the total tension to achieve sufficient traction force. As a
result of traction force, the retrograde flow of the myosin motor is
reduced, and a forward movement of the growth cone is accom-
plished. In due course, the load on one of the clutches exceeds that
breaking strength, leading to the clutch’s detachment followed by a
rapid failure and disengagement of all other clutches, causing the cell
to rest back to its initial position.*”

Chan and Odde’s model has been verified in several other experi-
ments, but it does not explain the observation of systems where there
is a monotonic increase in force transmission with stiffness.”” Most
recently, Elosegui-Artola et al improved on the Chan and Odde’s
model and included the molecular behavior of integrin, talin, and vin-
culin into the mathematical model to provide a more accurate predic-
tion of integrin-based mechanosensing and force transduction for a
wide range of substrates [Fig. 6(d)].">**

2. Mechanotransduction pathways in topography
sensing

Other than stiffness, the topography of the 2D substrate or 3D
scaffold can also regulate the neuronal outgrowth, axonal guidance,
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and neuronal activity. A complete understanding of how a cell senses
its topography is not very well understood. However, there is sufficient
evidence to support that cells can detect their environment’s nanoto-
pographical information down to <10 nm using extremely fine nano-
scale membrane projections.””®” As discussed in Sec. II[ A1, the
interaction of cells with the extracellular environment is primarily
mediated by integrin binding and integrin clustering, which leads to
an intracellular signaling cascade and regulates the engagement of the
cellular cytoskeleton in the adhesion process. Just after its interaction
with the substrate, the cell forms a force-independent nascent adhe-
sion of size of a few tens of nanometers.”**” Arnold et al. reported that
a universal-length scale for integrin clustering and activation ranges
between 58 and 73nm.”’ This result has been supported by other
authors, and it has been shown that if the global average spacing
between cell adhesive sites is >70 nm, the cell functions reduce signifi-
cantly due to restricted integrin clustering’’ [Fig. 7(b)]. Depending on
the force and other extracellular factors (such as stiffness and topogra-
phy), the nascent adhesion can disassemble quickly within 1-2 min or
mature to focal adhesion. The size of maturing or matured focal adhe-
sion can be anywhere from a few hundred nanometers to several
micrometers’” [Fig. 7(a)]. Because the nascent/focal adhesion sizes lie
in micro- and nanometer ranges, it is imperative that the growth and
behavior of cells can be modulated through the topographical patterns
of micro- or nano-sizes.” Hence, nano- and micropatterns can be
used for modulating cellular adhesion, which in turn modulates the
cellular behavior. Section IV C provides a more detailed account of
how nanotopography is being used to modulate neuronal growth.

Bischofs and Schwarz proposed a mathematical model to show
how a cell might organize in 2D/3D soft media due to active mechano-
sensing.”* They assumed that a cell would form several contacts with
its environment, and each of these will sense a different kind of
mechanical encounter with its environment’™ [Fig. 7(c)]. They
assumed that the point-contact interactions with the local elastic envi-
ronments are similar to that of a linear spring, so for each point con-
tact, there can be the same or different K, depending on whether the
cell is in the anisotropic or isotropic environment, respectively. In
other words, the cell acquires a round or star-like morphology for cell
spreading on micro-/nano-sized patterns arranged isotropically
because the Ks are equal at all points of the cell-matrix interaction. In
contrast, in an anisotropic medium, the force generated in one direc-
tion will be larger than other directions, and the cell will orient itself,
preferably in that direction. Such directionality in cell spreading has
been seen in substrates with oval micropillars and nanogratings and
substrates with stiffness gradients.” Their analysis also showed that in
cases where cells cannot deform the substrate, it will only respond to
topographical cues, whereas if it can deform the substrate, it responds
to both the stiffness and topographical cues.” In another biophysical
model, Pieuchot et al. showed that a cell responds to cell-scale curva-
ture variations and will migrate to its closest curvature minimum while
avoiding the convex regions.” They proposed that the cell migrates to
concave valleys to achieve nuclear relaxation, and this migration is
guided by the interplay of an actomyosin compressive cortex and
a stiff nucleus and not by the ECM—cell contact-triggered signaling
[Fig. 7(d)].

The mechanotransduction mechanisms discussed in Secs. ITT A 1
and 11 A 2 are not specific to neuronal cells but, rather, are a general
description of the cell’s interaction with its surroundings through
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FIG. 7. (a) Different levels of adhesion in a mouse embryonic fibroblast spread on the fibronectin-coated substrate for 30 min. The encircled dotted lines (follow the yellow
arrow) from left to right indicate the nascent adhesions, maturing adhesions, and mature adhesions, respectively. Reprinted with permission from R. Changede and M. Sheetz,
BioEssays 39, €201600123 (2017). Copyright 2016 Wiley Periodicals.” (b) A schematic representation showing that an interspacing of >70 nm between two subsequent bind-
ing sites significantly limits integrin clustering and reduces cell functions. Reprinted with permission from M. Amold et al., ChemPhysChem 5, 383-388 (2004). Copyright 2004
Wiley-VCH.™ (c) A schematic representation of Bischofs and Schwarz's model. It assumes that each point of cell contact with its environment can be assumed as a linear
spring. Furthermore, depending on the isotropic or anisotropic environment, cells can adopt round or stellate morphology or a polarized morphology, respectively. Reprinted
with permission from I. B. Bischofs and U. S. Schwartz, Proc. Natl. Acad. Sci. U.S.A. 100, 9274-9279 (2003). Copyright 2003 The National Academy of Sciences.”* (d)
Schematic representation of “curvotaxis” modeled by Pieuchot et al.*° It shows that the cell migrates to concave valleys to achieve nuclear relaxation. Reprinted with permis-
sion from L Pieuchot et al., Nat. Commun. 9, 3995 (2018). Licensed under a Creative Commons Attribution (CC BY) license.”®

topographical or stiffness cues. In Sec. III A 3, we discuss some of the
mechanotransduction studies specific to neurons and their role in
deciding the fate of neurons.

3. Neuron-specific mechanotransduction studies

Neurons extend throughout the body, crossing through tissues
that consist of complex multilayer environments displaying a broad
spectrum of morphologies, stiffness, topography, and size scales.

Therefore, given its importance, the effect of topography and stiffness
on different kinds of neurons has been widely reviewed by several
authors.””” "% Therefore, without going into detail here, we discuss
only a few of the studies where researchers have done a detailed analy-
sis to show how neurons might interact with the extracellular environ-
ment to influence their morphology and behavior.

Koch et al. studied the effect of substrate stiffness on different
kinds of neurons, comparing the neurite growth of rat dorsal root gan-
glion (DRG) and hippocampal neurite on substrates with varying
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stiffness. They showed that while the growth of hippocampal neurons
was not dependent on substrate stiffness, the DRG neurons had maxi-
mum outgrowth when the substrate had a Young’s modulus of ~1000
Pa.'”* They also found that the peripheral nervous system (PNS) neu-
rons showed a higher traction force compared to central nervous sys-
tem (CNS) neurons. Similarly, Koser et al. reported that the local
stiffness gradient guides the Xenopus RGC neuron growth both
in vitro and in vivo, and changing the brain tissue stiffness leads to
axonal pathfinding errors.”’ These results clearly show that the sensi-
tivity of neurons to substrate stiffness is neuron specific and not
universal.

Jang et al. compared the neuron orientation and outgrowth on
planar substrate and substrates with lines of nanoscale sizes.'”” They
found that line substrate with nanoscale features was sufficient to ori-
ent the neuronal outgrowth and that there was a robust increase in
neuronal outgrowth on line substrates compared to planar substrates.
Through a detailed analysis, they proposed that growth cone filopodia
play the most crucial role in the sensing of nanoscale features
[Figs. 8(a)-8(c)]. In another report, Micholt et al. proposed that neu-
ron polarization under topographical stimuli happens in five different
stages'’° [Fig. 8(d)]. Although they do not discuss the role of tension
in polarization, the polarization may be due to directional tension
(discussed in Sec. IITB3) induced due to forces exerted through
N-cadherin contacts with substrate.

Furthermore, to understand how neuronal differentiation is
influenced by nanotopography, Schulte et al. compared the neuronal
differentiation of PC12 cells on nanostructured ZrO, substrates with
that of poly-L-lysine (PLL)-coated glass and flat zirconia.'”” They
found that neuronal differentiation was higher on nanostructured
ZrO, substrates compared to both PLL-coated glass and flat zirconia
with or without the nerve growth factor. They performed ultrastruc-
tural characterization of the cell/nanostructure interface and detailed
proteomic profiling of nanostructure-induced neuritogenesis and
mechanotransduction of PC12 cells on nanostructured zirconia
(ZrO,) substrates and planar substrates. Based on the results obtained,
they postulated that higher differentiation of neurons on nanostruc-
tured ZrO, substrates compared to the planar substrate resulted from
graded focal adhesion formation due to limited integrin clustering,
which in turn activates mechanotransduction pathways that modify
the activation dynamics of transcriptional factors susceptible to
mechanosensitive inputs. These studies show that neuronal fate can
largely be decided by altering the surrounding environment’s topogra-
phy and stiffness. Another biophysical cue that plays a major role in
neuronal growth and its behavior is force. In Sec. III B, we discuss the
role of force in the modulation and control of neuronal growth.

B. Force and tension

Many processes during neuronal growth involve motion, which
means that universal laws of force must govern all those processes.
The role of some sort of mechanical tension in axonal growth was evi-
dent as early as the 1930s.'”® Experimental evidence at that time sug-
gested that once neurons form synaptic connections during early
embryonic development, their growth rate increases significantly in
coordination with expanding surrounding tissues.'”” For example, at a
peak growth rate of the human fetus, a motor axon grows at a rate of
~50 pm/h, ie., almost 100 times faster than the growth rate of an
axon before synapse formation. This rapid extension of neurons after
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synapse formation was termed as “passive stretching” by Harrison

or “towing” by Weiss.''’ Bray provided the first experimental evidence
of axonal elongation induced by externally applied mechanical tension
in 1984."% Moreover, in 2002, Lamoureux et al. were able to show
that any minor neurite can be decided to become an axon through the
application of an appropriate tension at its tip, even in the presence of
an already developed axon.''" In Sec. 111 B 1, we discuss the role of
force in axonal elongation and polarization.

1. Force and axonal elongation

The mechanism of axonal elongation has been a long-debated
subject and is still evolving. The conventional growth cone-mediated
axonal elongation model assumes that the axonal outgrowth is medi-
ated only by the growth cone and happens in three steps, namely pro-
trusion, engorgement, and consolidation [Figs. 9(a)-9(d)]. First
proposed by Goldberg and Burmeister in 1986, this model has been at
the center stage of research involving axonal elongation.''* The second
model is the stretch and intercalation model [Figs. 9(e)-9(h)] of axonal
growth, which is relatively new and is particularly useful to describe
the axonal growth in the presence of mechanical tension. These two
models differ in ways that the mass addition happens during axonal
growth. The first model assumes that mass addition occurs at the
growth cone through organelles’ engorgement (vesicles, mitochondria,
etc.) and assembly of microtubules in the central domain (C-zone) of
the growth cone. In contrast, the former implies that mass acquisition
occurs along the length of the neuron through the assembly and depo-
sition of new materials. Several reviews have covered growth cone-
mediated axonal outgrowth,”''”''® whereas other works provide
details on the model of tension-induced elongation."”'** A more
recent model has been proposed by Miller and Suter that assumes a
combination of subcellular forces and subcellular fluidic motion.”

Although these models can describe axonal growth in most cases,
there are still cases where these models do not fit. Given that both the
models assume that the mass addition requires transport of organelles
and cellular components to the distal region of the axon, it is logical to
think that the maximum rate of elongation of a neuron can only be
equal to the rate of most slowly transported essential components
(e.g. tubulin that has a transport rate of Nlmm/day).ll However,
there have been reports of neuronal growth rate as high 8 mm/day."”’
Furthermore, a large animal can undergo enormous neuronal growth
during its development phase even when integrated axons do not have
growth cones from which they can extend. One example of the most
extreme axonal growth is the spinal cord axon growth rate in blue whales,
which can be as high as 3 cm/day.'”” To describe such extreme neuronal
growth under stretch, most recently, Purohit and Smith presented a
mathematical model, but they do mention that a more detailed experi-
mental investigation is required to reach any conclusion,'”* '**

Given that the mathematical models remain the most accepted
tool to describe force-induced neuronal growth, in Sec. I11 B 2, we dis-
cuss two of the most accepted models of force-induced neuronal
growth, namely Dennerll's and O’Toole’s models.

2. Mathematical models for axonal elongation under
tension

Dennerll et al. provided the first biophysical model to mathemati-
cally describe the axonal elongation and retraction in response to an
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by the F-actin cytoskeleton, leading to an increased number of collapses and retraction of the growth cone. PUA, polyurethane-acrylate. Reprinted with permission from K.-J.
Jang et al., PLoS One 5, e15966 (2011). Licensed under a Creative Commons Attribution (CC BY) license.'” (d) Events showing neuronal polarization on a patterned pillar
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(stage 4). Finally, from this point of first
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externally applied mechanical tension.'”” They assumed that the defor-
mation response of a neurite under tension has both fluid- and solid-
like properties [Figs. 10(a) and 10(b)]. One of Dennerll’s model’s most
critical aspects was that it was able to explain an experimentally
observed three-step process in the axonal response to an applied
mechanical tension. More specifically, the model predicted two phases

%rowth, the neuron polarizes. Reprinted with permission from L. Micholt et al., PLoS One 8, e66170 (2013). Licensed under a Creative

of neuronal responses in a low-force regime (approximately <1 nN)
and three phases of neuronal responses in a high-force regime. In a low-
force regime, the two phases included a rapid stretching for a short
duration followed by longer viscoelastic damping. However, if the force
(approximately >1 nN) was sufficient to induce axonal elongation, the
neuron had three phases of response to tension. Phase 1 and 2 were
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FIG. 9. (a)-(d) The model for growth con-
e-mediated axonal elongation. Axonal
elongation in response to the force
exerted due to binding of the growth cone
receptor with a permissive and adhesive
substrate (a) happens in three different
stages: protrusion, engorgement, and con-
solidation. (b) At the protrusion stage, the
binding of the distal portion of the growth
cone receptor with a permissive substrate
strengthens  significantly, and the retro-
grade flow of F-actin firmament is attenu-
ated (creating space for microtubule
advance), while F-actin polymerization
continues in front, leading to a forward
movement of filopodia and lamellipodia
and elongation of the P- and T-domains of
the growth cone. (c) Engorgement occurs
when microtubules invade the protrusion,
causing fast transport of cell organelles
and vesicles (mitochondria, endoplasmic
reticulum) to the tip of the C-domain of the
growth cone. At this stage, the C-domain
moves forward to align below the P- and
T- domains. (d) Finally, the C-domain’s

Adhesive and permissive substrate

Adhesive and permissive substrate

(e) Initial state (g) Stretching

(f) Protrusion in response to tension (h) Intercalated mass addition

Old axon shaft

similar to the former, but the neuron applied with high tension had an
additional phase that consisted of a continued elongation for a longer
time [Figs. 10(c) and 10(d)]. In other words, the model was also able to
show that to induce neuronal growth, a sufficiently high tension was
required, which was consistent with experimental results.

O’Toole et al. extended Dennerll’s model [Figs. 11(a) and 11(b)],
assuming that the axon is a series of Burgers elements.'*’ This allowed
them to study the effect of tensile forces at each point along the length
of an axon. Furthermore, by including the effect of the adhesion in the

New axon shaft

consolidation happens through mass addi-
tion at the proximal end of the growth
cone to form a new segment of the axon
shaft. (e)-(h) The model for axonal elon-
gation in the presence of mechanical ten-
sion. Similar to the previous model, the
application of a mechanical tension leads
to the protrusion (f) in the growth cone
and a forward extension of filopodia due
to attenuated retrograde flow and a contin-
uous F-actin polymerization. However,
unlike engorgement, this model assumes
that the axon goes through viscoelastic
stretching and thinning (g), pulling
together the axon’s distal region and the
C-domain forward. Finally, over a few
hours, the stretched portion of neurons
recovers its original volume through inter-
calated mass addition (h). Also, stretching
and intercalation seem to be cyclic pro-
cesses such that one can precede or
supersede the other or happen simulta-
neously. Arrow in figures denote the direc-
tion of force. Based on Fig. 2 in Suter and
Miller.”

neuron’s proximal regions, they could account for both the tension
generation at the growth cone (i.e., distal part of the neuron) and its
dissipation along the length. They postulated that the two factors that
play the biggest role in defining the velocity profile of an axon under
tension include (a) axonal axial viscosity, given by g, and (b) the con-
stant of friction, given by # (accounts for the interaction between the
substrate and the axon)."”’ Their model predicted that the neurons’
velocity profile is linear in the region not attached to the substrate and
nonlinear in the neuron segment attached to the substrate. Moreover,
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FIG. 10. (a) A three-element model proposed by Dennerll et al.'** The model assumes a relatively stiff spring constant of k;, which accounts for solid deformation under ten-
sion; a Voight element, which accounts for passive viscoelasticity causing damping and reduced tension; and an additional dashpot in series, which accounts for neuronal elon-
gation leading to tension dissipation such that there is a linear relationship between applied tension and elongation rate. (b) A figurative representation of three possibilities of
tension-regulated axonal response. It shows that above some given tension set point, the axons are stimulated to elongation, whereas below a given tension threshold, neu-
rons are stimulated to retract, and between these tension thresholds, neurons act passively as a viscoelastic solid. (c) Three phases of neuronal response under tension.
Phase 1 is a rapid increase in neurite length under tension. Phase 2 slows damping and saturation in neuron length. Phase 3 continues elongation over a long duration. (d) If
the tension is not sufficient, neurons only go through phase 1 and phase 2 and do not show long-duration elongation (i.e., phase 3). However, with a tension higher than a few
nanonewtons, the neurons showed continuous elongation for a longer duration. Reprinted with permission from T. J. Dennerll et al., J. Cell Biol. 109, 3073-3083 (1989).

Copyright 1989 Rockefeller University Press.'*®

the elongation rate of the substrate-attached segment of the axon was
directly proportional to FO/(Gn)” %, where F, is the constant tension
along the distal region of the axon, and G is a product of the g and
axon cross-sectional area A [Figs. 11(c) and 11(d)]. One of the most
critical aspects of the model is that it predicted whether a neuron will
follow growth cone-mediated growth or stretch growth (Fig. 9),
depending on the force at the tip of the growth cone and the adhesion
between the substrate and the neuron, which is consistent with the
previous report.'”° More specifically, the model showed that if the
traction force due to axon adhesion on a substrate reduces rapidly
while moving away from the growth cone and decreases to zero along
the axon, the neuron follows growth cone-mediated elongation,
whereas when the traction force reduces gradually toward the length
of the axon, it supports stretch growth. Another critical aspect of their
model was that it predicted that the axon thinned dramatically due to
the transport of a sizeable cytoskeletal mass away from the cell body
when neurons elongated rapidly in a towed experiment. In contrast,
no such thinning was observed in a naturally growing axon.

3. Axon polarization using force

In addition to enhancing the growth rate of neurons, tension can
also help the specification or polarization of an axon. Here, we discuss
some of the studies where force and tension alone could decide which

neurite becomes an axon. Initially, it was thought that neuronal polari-
zation requires one of the neurites to achieve a critical length, after
which the said neurite starts elongating at a faster rate than other neu-
rites. However, now it is becoming increasingly clear that tension plays
a vital role in deciding the fate of a neuron and plays a central role in
the axonal specification.””'*"'* This is not surprising considering
that neurons are in constant subjugation of tension during their devel-
opment."””"”" Lamoureux et al. provided the first direct evidence that
any neurite can be stimulated to become an axon solely by application
of mechanical tension.''" In another set of experiments, Gomez et al.
simultaneously compared the effect of nerve growth factor (chemical
cues) and microtopography (which indirectly influenced the tension
across neurites) on neuronal polarization and found that the impact of
microtopography was more pronounced compared to immobilized
nerve growth factors.”>'*” In yet another report, Micholt et al.
showed that only surface topography was sufficient to determine the
neuronal polarization in vitro.'"

A clear understanding of the mechanism of how tension plays a
role in the axonal specification is still elusive. One of the possible
mechanisms can be that the immature neurites go through several
cycles of retraction and growth before one of the neurites becomes sta-
bilized through cell-cell interaction or cell-substrate interaction to cre-
ate enough tension to initiate polarization.”*””'"" However, some of
the research findings have also shown that the dynamics and transport
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FIG. 11. (a) Diagrammatic representation of a neuron under towing. The distal portion of the neuron adjacent to the towing needle is detached from the substrate, even though
the neuron itself remains firmly attached to the substrate through several adhesion sites in the proximal region. (b) O'Toole’s model assumes each segment of an axon as the
free or frictional Burgers element. This model treats the distal part of the neuron, which is under constant tension, as a series of free dashpots because under continual force,
the Burgers element's behavior is dominated by its free dashpots, whereas the proximal region of neuron adhering to the substrate is treated as a friction dashpot with the con-
stant of friction given by #. (c) The rate of axonal elongation is directly correlated to the axonal viscosity. When the viscosity is very high, there is almost no elongation in the
neuron (broken line lying straight near the x axis), whereas for low viscosity, the elongation rate increases rapidly and may lead to rupturing of the neuron. (d) Similarly, for a
large value of 7 (i.e., strong adhesion), forces dissipate quickly, and very little bulk transport is observed. In contrast, when there is no adhesion (7 = 0), force is not dissipated,
and the velocity profile of bulk transport is linear. Reprinted with permission from M. O'Toole et al., Biophys. J. 94, 2610-2620 (2008). Copyright 2008 The Biophysical

Society. '’

of microtubules in the axon are directly affected by tension and may
play some role in tension-induced axonal specification.'”*"**

So far, we have covered several different biophysical and bio-
chemical mechanisms of neuronal growth. One of the prime motiva-
tions of understanding these mechanisms has been to achieve a high
level of artificial control over neuronal growth. In Sec. I'V, we discuss
some of examples of how an increased understanding of neuronal
growth mechanisms is helping researchers to control in vitro neuronal
growth.

IV. NEURONAL GROWTH CONTROL USING EXTERNAL
CUES

An increased understanding of different biophysical and bio-
chemical cues of neuronal growth has led researchers to develop inno-
vative methods to control neuron growth in vitro. These methods for
controlling neuronal growth can have a far-reaching impact in the bio-
medical field and are critical for fulfilling the human ambitions of
brain-machine interface and brain-on-a-chip. Therefore, in this sec-
tion, we cover some of the basic neuronal growth mechanisms that
have been used for controlling neuronal growth in vitro.

A. Molecular guidance cues

The most basic requirement for neuron survival in vitro is that
the substrate’s surface (or 2D/3D extracellular matrix) should support
the cell attachment.'”> However, this is not always the case, and most
often, commonly used substrates, such as glass, do not promote cell
adhesion. In such cases, to achieve cell growth compatibility, a surface
is usually coated or functionalized with (a) polymers (such as

polyamino acids and polycations like polylysine) that can interact with
the negatively charged cell membrane, (b) ECM components (such as
laminin, collagen, and fibronectin), (c) self-assembled monolayers
(SAMs), (d) cell adhesion proteins, and (e) hydrophobic modification
using biological molecules such as polysaccharides.'””'*’ The process
of surface patterning may also allow for the formation of biphasic
regions of adhesive and nonadhesive surfaces by selectively coating the
regions with cell-compatible biomolecules.

However, an in vivo neuron’s molecular environment is far more
complex, and only cellular adhesion is not sufficient. The neural con-
nection, as discussed in Sec. 11 C, is guided by chemotropic molecules.
Therefore, to achieve precise control on the guidance of neurons
in vitro requires precise control of molecular guidance cues as well.
There have been several different ways of controlling neuronal growth
in vitro by controlling guidance molecules.'*" As a rule of thumb, an
ideal guidance method should be to achieve the following goals: (a)
precise control of molecular cue gradients both in space and time, (b)
easy compatibility with neuronal culture methods and with live-cell
imaging, and (c) responsiveness to large throughput acquisition of

data."”” We briefly describe some of the in vitro methods (Fig. 12) for
controlling spatiotemporal ~distribution of neuronal guidance
molecules.

1. Co-culture guidance assay

Co-culture refers to a cell culture technique where two or more
cell types are grown together such that one affects the other. In an ini-
tial version of 3D coculture assay, an explant containing nascent
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FIG. 12. (a) In a classical coculture, a tissue explant containing the nascent neu-
rons is cultured with a target tissue in a semisolid biologically derived matrix, such
as collagen gel or plasma clot. The target tissue expresses guidance factors, which
influence the growth of explant neurons. (b) In modern and improved quantitative
co-culture, guidance molecules are patterned on top of a 3D matrix containing the
explant. The stripped molecules diffuse through the 3D matrix to create a predict-
able gradient. (c) In a micropipette assay method for neuron guidance control, guid-
ance molecules are introduced to the culture through a pipette (generally held at a
45° angle) with a known volume of guidance molecules in the vicinity of the growth
cone. (d) Optically induced uncaging can be used to release guidance molecules
with higher spatiotemporal control of neuron guidance. (e) Photorelease is similar to
uncaging in concept, but the guidance molecule’s release is achieved through pho-
tolysis (i.e., breakage of a bond using light). (f) A schematic representation of a
Dunn chamber. The chamber has an inner well (gray circular area), an outer well
(red circular area), and an annular area (white circular area) where diffusion takes
place. Here, neurons can be exposed to an almost linear gradient of guidance
cues. (g) A shear-free microfluidic device has a Y-shaped fluidic microcircuit that is
interfaced with a semipermeable membrane. The cells are cultured in the microwell,
having a gradient of guidance cues. (h) A simplified schematic of a neuron-benign
microfluidic device. It has a central open-surface reservoir connected and fed later-
ally through two microchannels termed “sink channel” and “source channel.”
Neurons are cultured into the reservoir, having the gradient of the guidance mole-
cules. Reprinted with permission from . Dupin et al., J. Neurosci. 33, 17647 (2013).
Licensed under a Creative Commons Attribution (CC BY) license.'** (i) Different
kinds of microfluidic channels along with an approximate diffusion profile created by
those channels. Reprinted with permission from B. Lin and A. Levchenko, Front.
Bioeng. Biotechnol. 3, 39 (2015). Licensed under a Creative Commons Attribution
(CC BY) license.'®’
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neuronal cells was grown together with a target tissue in a biologically
derived 3D matrix. The target tissue expressed the guidance molecules
for explant neurons, which controlled the neuronal growth. One of the
significant advantages of this technique is that it allows for direct visu-
alization of results, and several different experiments can be conducted
at the same time. In contrast, one of the major drawbacks is that it
does not enable quantitative control of guidance cues. Several different
kinds of 3D quantitative co-culture assays have been developed in
recent years to achieve more precise, reproducible, and stable gradients
of molecular cues.'*”"'** Dedicated reviews on the co-culture techni-
ques can be found in other references.'** '**

2. Methods for local control of guidance cues

One of the easiest ways to control the local concentration of guid-
ance cues is through a micropipette. In this technique, a micropipette con-
taining a known concentration of guidance cues is held at an angle for the
steady release of the guidance cues in the vicinity of the growth cone.
Often, micropipettes can also be coupled with a microfluidic platform for
more advanced spatiotemporal control."*’ Moreover, a more advanced
technology that mimics the guidance control similar to the micropipette
is microfluidic multi-injector (MMI). %0 MMI can generate arbitrary over-
lapping gradients of multiple guidance cues through simultaneous exploi-
tation of microfluidic integration and the actuation of many pulsatile
injectors and has a very high level of temporal controllability."”’

An alternative approach to achieving spatial and temporal preci-
sion of local guidance cues is through using light. This method requires
a light-sensitive caged compound that can encapsulate guidance mole-
cules and can liberate them under light stimulation through uncaging or
photolysis.'”*'** Given that light can be both modulated and controlled
in time and amplitude, light-induced uncaging can be used to produce a
rapid and repetitive release of biomolecules or can be finely tuned for
graded changes in the magnitude of molecular release.’””

3. Dunn chamber for diffusible control of guidance cues

A Dunn chemotaxis chamber allows the study of cell behavior
under a linear concentration gradient of guidance molecules. When
combined with fluorescent cell labeling techniques and time-lapse
microscopy, the Dunn chamber can allow for real-time analysis and
visualization.””® The Dunn chamber is made from glass. It contains
two circular wells separated by an ~1-mm-wide annular platform set
at 20 um below the chamber surface'”” [Fig. 12(f)]. For chemotaxis
study, cells adhering to a coverslip are inverted and lowered onto the
chamber such that there is a small slit left in the outer well to transfer
the molecules. After molecules have been transferred to the outer well,
it diffuses radially to the inner well while the cells remain positioned
over the annular bridge (because it is 20 um below the chamber sur-
face)."” Since the first report in 1991, Dunn chemotaxis has become a
popular tool for guidance studies mainly because of its simplicity and
possibility of real-time visualization of the response of multiple neu-
rons at the same time.'*”

4. Microfluidics for diffusible control of guidance cues

Microfluidics refers to the science of manipulating and control-
ling small quantities of fluids generally ranging from microliters
(107 to picoliters (10712 through networks of channels of
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dimensions tens to hundreds of micrometers. In recent times, with
microtechnology advancements, microfluidic devices have become a
popular choice for in vitro neuronal culture. One of the most critical
aspects of these microfluidic devices is that they can be designed to
selectively target individual processes of neurons independent of each
other in a highly controllable and reproducible manner, which was not
possible with traditional methods."””'®” There are several different
designs of microfluidic devices, some of which are shown in Figs.
12(g)-12(i). Moreover, given the importance of microfluidics and its
application of neuronal culture, it has been widely covered in several
of the referenced reviews, and readers should refer to them for more
detaﬂs.]4] ,161-167

5. Micropatterning for control of substrate-bound
guidance cues

Another common technique to control guidance cues in in vitro
neuronal culture is micropatterning. Micropatterns are formed by
selectively coating the substrate with different forms of micrometer-
scale architectures of guidance cues.'**'®” Several different kinds of
micro-architectures can be formed to achieve either continuous or gra-
dient profiles of guidance molecules. It is probably one of the most effi-
cient and fastest methods for controlling the distribution of guidance
molecules on 2D substrates.””” "

To conclude this section on control of molecular guidance cues
for neuronal growth, Table I lists the common advantages and limita-
tions of methods used to control guidance cues during in vitro neuro-
nal growth and references for further information. In addition to

REVIEW scitation.org/journal/bpr

controlling neuronal growth biochemically, neuronal growth can be
controlled by controlling the neuron’s biophysical aspects. Table 11
summarizes some of the different ways in which biophysical aspects of
neuronal growth can be modulated to control in vitro neuronal
growth.

B. Tension

Initial experiments on tension-induced control of neuronal
growth were performed using towing needles.'””"'""'"* However, most
probably, one of the significant milestones in tension-induced neuro-
nal growth has been extreme stretch growth of integrated axon tracts
using a specially designed experimental setup first reported by Smith
et al. in 2001.""” Since then, the same group has published several
papers on the subject,’””’ '**'"” and have been able to demonstrate
that this method can be exploited to engineer transplantable living
nervous tissue constructs. Figures 13(a)-13(d) shows some of the
selected results on extreme stretch growth along axon tracts from
Smith’s lab. Similar results through another process have been
reported by Abe et al””" They induced indirect nerve elongation
through the leg-lengthening process at a 1 mm/day rate, with only a
small percentage of neurons showing degradation after 70mm of
growth. Most recently, Sahar and colleagues have proposed devices
that can mimic this axon stretch growth in vivo.”""*"*

In another report, Nguyen et al. demonstrated another way to
control in vitro neuronal growth using tension in a microfluidic
device.”” Figures 13(e) and 13(f) show the working model of the
device, and Fig. 13(g) shows a photograph of the setup. To apply

TABLE I. Advantages and limitations of methods used for controlling molecular guidance cues to modulate in vitro neuronal growth.

Method Advantages Limitations References
Co-culture guidance assay A variety of cell types can be cultured together. Conventional co-culture methods do not allow 146-148
It also allows for direct and real-time visualiza- ~ for quantitative control of guidance cues.
tion of results.
3D quantitative co-culture Same as co-culture assays but with more quan- The relative change in concentration of guid- 146-148

assay titative control over guidance cues.

Micropipette injection
possible.

Extremely localized control of guidance cues is

ance cues is relatively small along the growth
cone’s width. The method requires relatively
expensive equipment.

Low throughput: At a time, only one cell can
be exposed to a varying concentration of guid-
ance cues.

Poor control due to the high possibility of
human error.

150, 151

Dunn chemotaxis
chamber

Light-induced photolysis
or release
Micropatterning and
microprinting
Microfluidic devices

Low-cost systems available commercially. Can
be combined with optical methods for real-
time tracking and observation.

High spatiotemporal control of guidance cues.

Precise characterization of neuronal response
to graded guidance cues.
High spatiotemporal control with high
throughput.

The system is limited to dissociated cells. The
gradient shape is almost linear and cannot be
modified.

Finding the appropriate compound is difficult.

Require high-cost instruments and lack tem-
poral control.
Limited gas and nutrient exchange due to con-
strained environment.
In some cases, there might be sheer stress that
may damage cells.

142, 156-158, 175

141, 161-167
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TABLE II. Different methods for biophysically modulating in vitro neuronal growth.
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Method Hypothesis and mechanisms involved References
Tension Force can be used to enhance neuronal growth rate without compromising its 109, 111, 121-123, 176, 177
function.
Magnetothermal Localized heat generation due to rotating magnetic nanoparticles can modulate 178, 179
neuronal growth.
Magnetoelectric Magnetoelectric effect can be used to remotely control voltage-gated channels 180
Magnetic force Magnetic force can be used to orient magnetic nanostructures to one specific 181-184

direction to achieve guided force-induced neuronal growth.

Topography Topography can be used to modulate neuronal growth in several ways by 19, 98, 103, 185-190
influencing cell spread, adhesion, and activity.
Electric field Growth cone direction can be controlled by the application of a voltage, most 191-199
likely through the redistribution of charged proteins.
Optics Light may influence neuronal growth by (a) optically enhanced actin polymeri- 196-200

zation and (b) localized heat-induced microtubule and actin polymerization.

tension, they connected one of the microfluidic wells that are connected
to cultured cells (through microchannels) to a pump through a tube.
They achieved a growth rate of 12.5 um/h under an applied pressure of
—400 Pa in PC12 neurons. Furthermore, they calculated that for given
dimensions of microchannel openings and an ~3 um neurite diameter,
the applied pressure of —400 Pa created an initiating force of ~20000
pN and an extending force of ~2800 pN. Given that the method can be
integrated with microfluidic devices, it can be highly useful because
microfluidic devices are already prevalent for neuronal culture.

At the same time, more precise control of neuronal tension on a
single neuron level can be achieved by using a micropipette attached to
a suction pump and a positively charged polymer bead. This method
relies on the connection formed between the axon and microbeads
coated with a positively charged polymer [poly-D-lysine (PDL) and
netrin], which pulls the axons upward.””* **® This method can further
be combined with microfluidic devices to achieve a higher level of con-
trol and reproducibility.”>*"° Moreover, Magdesian and colleagues
have shown that this method can be used to achieve a growth rate
>0.33 pum/s over millimeter-scale distances, which is several times
higher than the normal in vitro-cultured neuron growth rate.”””*"°

C. Topography

Other methods that have been used for neuronal growth control
and modulation is through micro- and nanoscale patterning and
topography. The micropatterning method relies on the premise that
neurons will have a different level of adhesion on different geometries
or materials. Therefore, these adhesion-induced tensions can be
exploited to control neuronal growth. One way to apply tension using
micropatterning is by culturing neurons on isolated anchoring sites.
While the neuron cell body attaches to one of these anchors, the axon
remains under constant tension due to pulling from other anchors.
Hanein et al.””” and Anava et al.””* have shown that carbon nanotu-
bule (CNT)-based anchors [Figs. 13(h) and 13(i)] can very well mimic
the mechanical tension to influence neuronal networking.

Besides, researchers have also widely used different kinds of top-
ographies to control neuronal adhesion and tension, which in turn can
control neuronal polarization,”)("'28’132 growth rate and neuronal

136,187,209 73,210

regeneration, neuronal guidance, cell morphology and
alignment,”"*"* and branching'””*'" in in vitro cultures. Several dif-
ferent kinds of topographical variations, such as anisotropic topogra-
phy (e.g., alternating grooves and ridges, gratings, and parallel fibers),
isotropic topography (e.g., pillars, posts, cones, and linear-, circular-,
and dot-shaped patterns), and random topographical gradient (micro-
and nano-roughness) have been used by researchers to influence
neuronal growth. To perform a detailed and systematic study of the
influence of topography on neuronal growth, Li et al. fabricated a
range of 71 different isotropic and anisotropic nano/micropatterns on
a single chip.”'’ A few of the different micropatterns they used are
shown in Figs. 14(a)-14(f). As expected, their results showed that
topography plays a significant role in the determination of axon and
dendrite length as well as their branching and guidance.”" Similarly,
we have also demonstrated that neuronal growth can be engineered
using nanoscale topography in the form of nanopillars.”” Figures
14(g)-14(i) show the neurite growth of rodent neurons on InP nano-
wires. Our work showed for the first time that neurite growth could
be guided along the nanoscale topography of vertically aligned
InP nanowires. We further showed that when presented with such
topographical cues, neurons form a highly interconnected network
with each other and exhibit synchronized calcium activity, implying
intercellular communications via synaptic connections.””

Moreover, recent advances have made it possible to generate sev-
eral-meters-long microfibers with tunable morphology, topography,
and chemical and physical characteristics similar to tissues, particu-
larly to generate a 3D scaffold for neuronal growth.”” *"° Due to the
vastness of this topic and scope of this review, we refer readers to more
dedicated reviews for more information,'””*'?>1#>~1%0

D. Magnetic field

A magnetic field is one of the noninvasive techniques that can be
used to control neurons in vitro. Although the magnetic field has a
wide range of applications in neuroscience, here, we will only discuss
those related to the use of magnetic nanomaterials to influence neuro-
nal growth. Because of their remote controllability, small size (a few
nanometers to a few hundred nanometers), and high biocompatibility,
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FIG. 13. (a) The condition within which
stretch-induced neuronal growth happens.
The conditions should be maintained simi-
lar to the white region; otherwise, neurons
disconnect. (b) A photograph of a dorsal
root ganglion that was extended from 100
um (adjacent length across) up to 5cm in
<2 weeks of stretch. (c) Ultrastructure of
neurons showing that they were healthy.
The extended neurons were found to be
of greater diameters compared to non-
stretched axons taken from a sister cul-
ture. This might occur due to the natural
adaptive process of development, which
facilitates  structural integrity.  (d)
Schematic of a setup used to check the
responsiveness of stretched neurons. The

% —-60mV

graph below shows the potential transmis-
sion across neurons when one of the

100 mV
msolﬁs ends was exposed to KCI. Reprinted with
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magnetic nanoparticles make an ideal candidate for high spatiotempo-
ral and dynamic control of neuron growth as well as neuronal activity.
Some of the possible ways of using magnetic nanoparticles for neuro-
nal growth control are depicted in Fig. 15. When put in a nonuniform
magnetic field, a magnetic particle aligns itself toward a high magnetic
field direction and applies a positive force if energy gained due to mag-
netic movement is higher than the thermal fluctuations.”' This force
has been used to control axon growth rate as well as guidance.'*'~'*
In another set of experiments, researchers have shown that an
anisotropic magnetic nanoparticle may also overturn or swing due to
torque generation under the magnetic field with low frequency and

permission from D. H. Smith, Prog.
Neurobiol. 89, 231-239 (2009). Copyright
2009 Elsevier.'” (e) Comparative sche-
matic representation of neuronal growth
under vacuum applied to the microfluidic
device. (f) The neuron is cultured in the
central portion of the microfluidic well,
which is connected through other wells
through a microchannel for feeding culture
medium and application of vacuum. (g) A
photograph of the microfluidic device con-
nected to a vacuum pump through a pipe.
The scale bar is 1.cm. Reprinted with per-
mission from T. D. Nguyen et al.,, Lab on a
Chip 13, 3735-3740 (2013). Copoynght
2009 Royal Society of Chemistry.”*
and (i) The carbon nanotube mlcroan
chors on which neurons are cultured.
Neurons attached to these anchors act as
though they are under constant tension.
The scale bars are 50 um in (h) and
10 um in (). Reprinted with permission
from S. Anava et al, Biophys. J. 96,
1661-1670 (20092. Copyright 2009
Biophysical Society.””*

100 M Kl

influence the cell behavior through selective activation of mechanosen-
sitive or chemosensitive channels.'*"*'”?'” For example, the thermal
energy can be generated near or around cells using a magnetic nano-
particle by alternating rotating or spinning of anisotropic magnetic
nanoparticles under a changing magnetic field or through energy loss
during the hysteresis loop, which in turn can be used to modulate neu-
ronal growth.”””””" Besides, magnetoelectric materials are a special
kind of composite material that can be polarized by the coupling of a
magnetic field and an electric field.”*'”” Given that cells are highly
responsive to changes in the electric field around them, these magneto-
electric nanomaterials provide comfortable remote control over the
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FIG. 14. (a)—(e) Axonal outgrowth on different 2D microscale topographical patterns after 2 days in vitro. It is apparent in (a)—(c) that the axons follow the transition edges
between ridges and grooves for guidance, whereas on isolated and sporadic patterns, such as the one shown in (d) and (e), neuronal growth had minimal guidance effect. (f)
A planar control structure with no microtopography and almost no neuronal guidance. (a)—(f) BF stands for bright field, scale bar: 100 um. Reprinted with permission from W. Li
et al., Sci. Rep. 5, 8644 (2015). Copyright 2009 Biophysical Society.”"” (g) Rat hippocampal neurons labeled with f-IlI-tubulin grown on a vertically aligned InP nanowire array
show neurite alignment on the nanowires. The dashed square highlights the area with the nanowires. (h) Scanning electron microscope images showing vertically aligned InP
nanowires and a mouse cortical neuron growing on them. (i) Fine details of the neurites originating from the neuron in (h). Reprinted with permission from V. Gautam et al.,

Nano Lett. 17, 33693375 (2017). Copyright 2017 American Chemical Society.”*

222223

behavior of neurons.” " Moreover, if the particles are <20 nm, they
can also be applied to cross the blood-brain barrier to stimulate the
neurons inside the brain.””’

E. Electric field and conductivity

The notion that neuron growth can be controlled using voltage
gradients (i.e., electric field) is very old./7>19322 Ag early as 1920,
Ingvar reported that neuron cultures of fibers from explanted chick
brain tissue behaved differently at the anode and cathode when a DC
of extremely low strength was applied.”** According to him (no sup-
porting figures were present), the outgrowth of cells and fibers was
confined entirely along the line of the galvanic field. There was also a

morphological difference in the neurons growing at the anode and
cathode. Although Ingvar’s results remained highly debated and irre-
producible, in 1946, Marsh and Beams”** were able to show convinc-
ingly that neuronal growth responds to electric current. However,
their results were very different from Ingvar’s, and they did not see
morphological differences between neurons growing at the cathode
and anode.””***” Also, they showed that at only >100 yuA/mm® of
electric current density (calculated for the cross-sectional area of the
medium), neurites of chick medullary explants grew away from the
anode, and at 120 pA/ mm?, the neurites turned toward the cathode.”””
Since then, cathode-oriented growth of neurons has been confirmed
and validated by several other researchers.'”'"'*” Nonetheless, a com-
plete mechanism of the electric field-induced orientation of the
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FIG. 15. (a) A magnetic nanoparticle can be used to apply a force or torque. To be able to generate torque, the magnetic particle should be asymmetric. (b) Magnetoelectricity
is the property of a material through which it can be polarized when a coupling between magnetic and electric fields is established. (c) Loops of hysteresis can be used to gener-
ate a thermal response. (d) A neuron’s mechanosensitive ion channel can be modulated through the generation of force or torque using a magnetic nanoparticle. (e) A magneto-
electric nanoparticle can be polarized remotely to control voltage-gated channels. (f) Magnetothermal properties can be used to modulate the behavior of heat-sensitive
channels. (g) Magnetic nanoparticles can be attached with moieties that release themselves under the magnetic field to influence chemosensitive ion channels. (a)—(g): B is the
magnetic flux density, M is the magnetization, and H is the magnetic field strength. Whereas, B vs x shows the spatial variation of magnetic field, and B vs t shows the change

in magnetic field as a function of time. Reprinted with permission from M. G. Christiansen et al., Annu. Rev. Neurosci. 42, 271-293 (2019). Copyright 2019 Annual Reviews.

growth cone is not clear. Some experiments suggest that because most
proteins have a net negative charge at physiological pH when a con-
stant extracellular voltage is applied in the medium, these proteins
tend to redistribute through electrophoresis or electroosmosis to create
an asymmetry similar to chemotropic gradients to influence growth
cone guidance.””**”” However, it is important to note that the attrac-
tion of the growth cone toward a cathode is not universal, and whether
it will be repelled, attracted, or remain static depends on a wide range
of factors, including nerve cell type, the substrate, and its adhesion,
and whether the neurite process is axonal or dendritic.”**

Moreover, other than simple neuronal guidance, the electric field
can also increase the outgrowth of neurons toward cathodes. For
example, Patel and Poo showed that the neuron outgrowth is signifi-
cantly enhanced toward the cathode in the presence of an electric
field."”” Similarly, McCaig et al. showed that the neurons preferentially
outgrow toward the cathode, while they are retracted or reabsorbed at
the anode.””’ Also, McCaig et al. were able to induce regrowth in
~47% of reabsorbed neurons by reversing the polarity. This later
inspired them to use an alternating DC electric field for the repair of

216

adult mammalian spinal cord lesions.”*® In another work, Lichtenstein

et al. showed that large-charge-capacity nanostructured electrodes
after short-term electrostimulation could enhance neural repair
in vitro™" [Figs. 16(c) and 16(d)]. Moreover, in addition to neuronal
outgrowth, the applied DC electric field has also been shown to
enhance the branching of neurons.'”*""”” In some studies, the AC elec-
tric field has been proposed as a better alternative to the DC electric
field because the AC electric field can limit the risk of electrolysis at
the electrodes.””"

In 1998, Catalano and Shatz showed that neuronal electrical
activity was essential for axon pathfinding and target selection in tha-
lamic axons.””” This provided the basis for another way to influence
in vitro neuronal growth by inducing neuronal activity through electri-
cal stimulation. Several experiments have demonstrated that electroni-
cally induced neuronal activity can be used to modulate and control
neuronal growth in vitro.””” For example, Ming et al. were able to
influence the behavior of growth guidance factors such as netrin-1 and
myelin-associated glycoprotein (MAG) using electrical stimulation'*”
[Figs. 16(c)-16(e)]. Their results demonstrated that depending on
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whether a culture of spinal neurons was young (<10 h in culture) or old
(>16 h in culture), the response to the netrin-1 gradient can, respec-
tively, be repulsive or attractive. However, if the same young cultures of
spinal neurons were exposed to a short duration of electrical stimula-
tion, the repulsive response of netrin-1 changed to an attractive
response. Additionally, a short course of electrical stimulation on the
older cultures produced an increased attraction to netrin-1.""” Similarly,
Ming et al. also found that although recombinant MAG (rMAG) caused
a repulsive turn for the growth cone of older cultures; after an external
electrical stimulation, the repulsive turning changed to attractive.

Although electric field application has immense potential for
application in control of neuronal growth, before it can be applied for
any useful application, a more concentrated effort is required to
understand how the electric field influences neurons, especially in
terms of electrochemical changes at the cellular level. In Sec. IV F, we
discuss the optical control of neuronal growth.

z
(9]
=t
(9]
(]
o
o]
c
<
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F. Optics

Photobiomodulation [low-level laser (light) therapy] and its
application to neurology and neuroscience are not new and have been
known for several decades.”* Although a complete photobiomodula-
tion mechanism is not yet clear, it has already found its usage as a
potential therapy for traumatic brain injury.”** *** A detailed discus-
sion on photobiomodulation is out of the scope of this review, and
readers should refer to other excellent reviews on the subject.””***>**
Here, we limit our discussion to a part of photobiomodulation that
concerns the control of in vitro neuronal growth using light. Perhaps
the first direct evidence of control of in vitro neuronal growth using
light was provided by Ehrlicher et al”*® Using both rat and mouse
neuronal cell lines, they showed that the optical effect on neuronal
growth is highly robust and can successfully be reproduced for a broad
range of laser powers.””” They were able to guide and bifurcate the
neuron growth cone using light and showed that light exposure could

FIG. 16. (a) and (b) An example of the
redistribution of growth factors under an
electric field. Shown is the redistribution of
epidermal growth factor (EGF) receptors to
the cathode side of migrating corneal epithe-
lial cells, thereby suggesting that the asym-
metric distribution of growth factors in the
presence of an electric field may be instru-
mental in the electric field-directed guidance
of axons. Reprinted with permission from C.
D. McCaig et al., Physiol. Rev. 85, 943-978
(2005). Copyright 2005 The American
Physiological Society.””* (c) and (d) The
spontaneous neurite outgrowth of scratched
cortical neuron cultures on the cathode and
anode, respectively, for different electrode
materials in the presence of an electric field.
It is evident that electroactive materials,
such as bilayers of poly(3,4-ethylenedioxy-
thiophene) (PEDOT) and polypyrrole with
lysine counterions (B-Lys) or iridium oxide
with pristine graphene hybrids (IrOx-eG),
promote higher regeneration in the
scratched region compared to only platinum
electrode or control. EF denotes electric
field. Reprinted with permission from M. P.
Lichtenstein et al., Appl. Mater. Today 6,
29-43 (2017). Copyright 2016 Elsevier.”
(e)~(g) Growth cone micrographs at the
start (right) and end (end) of exposure to a
gradient of growth factor. () The growth
cones of young Xenopus neurons (6-10 h
in cultures) are repelled when they are
exposed to netrin-1's gradient of 5 ug/ml
through a pipette. (f) However, if the same
neurons were electrically stimulated before
nefrin-1  exposure, the growth cones
responded atractively to exposure to a simi-
lar gradient of netrin-1. (g) The repulsive
behavior of MAG can be transformed into
an attractive response if the neurons are
electrically stimulated before rMAG expo-
sure. Reprinted with permission from G.I.
Ming et al, Neuron 29, 441-452 (2001).
Copyright 2016 Elsevier.'”
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also enhance the growth rate of a neuron [Fig. 17(a)]. Their analysis
showed that the heating due to the laser was very limited, and there
was no optical trap effect (i.e., there was no mechanical force),m
which led them to conclude that the outcome of their experiments
must be a result of increased polymerization of actin monomers,
which drives the growth cone in the direction of light and enhances
the neuron growth rate. In another report, Carnegie et al. designed a
computer-controlled spatial light modulator (SLM) [Fig. 17(b)] to
steer and manipulate the shape of a laser beam to guide the neuronal
growth.”” Similarly, Rochkind et al. were able to show that embryonic
rat brain culture showed accelerated fiber sprouting and neuronal cell
migration when exposed to 780-nm laser irradiation for more than 1
min** [Fig. 17(c)]. In contrast, Higuchi et al. were able to both sup-
press and enhance neuronal growth by modulating the wavelength
and power of visible lasers.”*"*** Ebbesen and Bruss proposed that
laser-induced effects on neuronal growth may arise due to localized
heating (instead of light-induced polymerization).”* The work of
Ebbesen and Bruss was further substantiated by Oyama et al, who
were able to achieve a very high neurite elongation rate (>10 xm/min)
using a microheater platform.”** For local microheating, they used a
focused laser beam under a microscope. Through a detailed investiga-
tion, Oyama et al. concluded that the increase in neurite growth rate
due to localized (microscopic) heating is due to the activation of
microtubule polymerization and microtubule sliding.”** In yet another
example, Paviolo et al. were able to control the neuronal branching
through plasmonic-assisted heating.”*” They showed that NG108-15
cells did not show any enhancement in neuronal branching or out-
growth after irradiation with a laser of wavelength 780nm and a
power of 1.2-7.5 W/cm?. However, after the uptake of Au nanorods,
when these cells were illuminated with the same power laser, they
showed a higher level of branching and outgrowth [Fig. 17(d)].
Additionally, to show that the neuronal branching was not an effect of
the nanorod surface, they coated the Au nanorod surface with poly(4-
styrene sulfonic acid) (PSS) and SiO, and did not see any difference in
neuronal outgrowth or branching after laser irradiation [Fig. 17(d)].
Obviously, more investigations are needed, but at this point, it seems
that laser irradiation leads to localized heating, which in turn initiates
actin and microtubule polymerization. The increased actin polymeri-
zation reduces the retrograde flow and induces the pushing forces
within the growth cone for forwarding movement, while the microtu-
bule polymerization provides an impetus for the outgrowth of
neurons.

V. FUTURE OUTLOOK

Our review provides an overall background on the various bio-
logical processes involved in the growth of neural networks in vitro. It
is clear that these biochemical and biophysical processes are not inde-
pendent of each other but play a complementary role in formulating
the underlying mechanisms of neuronal growth. Furthermore, the
understanding of neuronal growth in response to physical and chemi-
cal cues from the surrounding environment has opened up possibili-
ties for controlling and engineering neuronal growth for various
applications in biomedical engineering. Nonetheless, there are still sev-
eral open questions pertaining to better understanding neuronal
growth. At the same time, there is a lot of untapped potential for appli-
cations of what we already know about neuronal growth until now. In
this section, we present our perspective on some of the open questions
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FIG. 17. (a) Neuronal outgrowth with and without laser illumination. It is evident that
the growth cone under laser illumination (laser spot marked by a red circle) shows
greater extension in the presence of a 20-mW laser spot. From top to bottom, each
photo was taken at a 10-min interval. Reprinted with permission from A. Ehrlicher
et al,, Proc. Natl. Acad. Sci. U.S.A. 99, 16024 (2002). Copyright 2002 The National
Academy of Sciences.”** (b) Automatic control of the growth cone using a line profile
created and controlled by a computer-controlled spatial light modulator. Left to right
(1-6), each photo was taken 2 min apart. Reprinted with permission from D. J.
Camegie et al., J. Biophotonics 2, 682-692 (2009). Copyright 2009 Wiley-VCH.**
(c) Comparative microscopic image of nerve cell body size and neuronal branching
in control cells and cells illuminated with the laser for 1 and 4 min, respectively. It is
evident that the branching in neuronal cultures illuminated with the laser is signifi-
cantly high compared to control. Also, those illuminated with the laser have thicker
branches (original magpnification x300). Reprinted with permission from S. Rochkind
et al,, Lasers Surg. Med. 41, 277-281 (2009). Copyright 2009 Wiley-Liss.**’ (d) The
photos show the effect of laser irradiation on NG108-15 cells without Au nanorods,
with Au nanorods, with Au nanorods coated with PSS, and with Au nanorods coated
with SiO,. It is evident that cells with Au nanorods showed maximum neurite length.
Also, the neurite length was not dependent on the surface of Au nanorods, as both
PSS/Au and SiO,/Au samples showed similar neurite length compared to bare nano-
rods. Reprinted with permission from C. Paviolo et al,, Biotechnol. Bioeng. 110,
2277-2291 (2013). Copyright 2013 Wiley Periodicals.”**
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and opportunities in this regard. We believe that four areas require
specific consideration.

A. Materials and substrates

The mechanisms behind physical, chemical, mechanical, or elec-
tronic modulation of neuronal growth remain highly debated. Hence,
there is a requirement for designing substrates from biocompatible
materials, which can support neuronal growth while also providing
the ability to study these parameters. While a lot of materials and sub-
strates have been used for neuronal growth, part of the issue in under-
standing mechanisms behind neuronal growth is that there is a
mismatch between the requirements of biological tissues with the
available techniques, especially in vivo. For instance, electronic modu-
lation mainly utilizes hard/sharp metal electrodes that suffer from
modulus mismatch and chemical corrosion in biological environ-
ments, hence adversely affecting the extracellular matrix. Therefore, in
addition to biocompatibility, the chemical, physical, and electrical
properties of the substrates need to be better designed for understand-
ing their influence and role in engineering neuronal growth. In fact,
modulation of substrate properties provides an opportunity to create
gradients in chemical composition, electrical conductivity, and forces
to engineer neuronal growth as well as to understand the biochemical
and biophysical mechanisms involved in neuronal network formation.
For example:

¢ The mechanisms behind stretch-induced neuronal growth and
tension-induced polarization in neurons are still not understood.
While mechanotransduction is thought to be involved in these
processes, its precise role in neuronal polarization in response to
force or tension is not understood. In this regard, flexible sub-
strates can be used to introduce various forces to study the effect
of stress and tension on neuronal growth.”****”

* Materials such as hydrogels are known to better mimic the
brain’s extracellular matrix compared to inorganic substrates due
to their soft and biocompatible nature.'*” Electrically conductive
hydrogels are one of the recent material systems being tested for
neural tissue engineering.”***"" Having electrical cues along a
biomimicking environment provides a better substrate system to
study electrical field effects and modulate neuronal networks
compared to conventional substrates like glass.

* To understand the extent of how extrinsic or intrinsic growth
factors influence neuronal growth, substrates can be designed to
incorporate and have a controlled release of specific growth fac-
tors, an7d neuronal growth can be studied in response to their
release.””

B. 3D model systems

Most of the studies for neuronal growth in response to physico-
chemical cues are done in vitro on 2D substrates. While this simplifies
the system, it limits the scaling of the proposed mechanisms in vivo, as
the real tissues, which are a three-dimensional environment, cannot be
entirely and accurately mimicked. For neuronal systems, brain organo-
ids have emerged as a current-generation 3D model system to over-
come the fundamental limitations of 2D systems. Working with brain
organoids will enable understanding of various mechanisms in 3D
while also providing a better model system to use optical, physical,

REVIEW scitation.org/journal/bpr

chemical, and electrical stimulation in 3D to pnderstand better several
aspects of neuronal growth and engineering,””' >

C. Recording and modulation techniques

Given the complexity and variety of neuronal systems, we need
in vitro systems that can run many experiments in parallel while also
having a very high resolution of the output. The latest developments
in high-density multielectrode arrays are impressive. Various groups,
including ours, are now focusing on developing nanometer-sized
recording electrodes as a step forward to provide better spatial resolu-
tion.””***® At the same time, multiwell systems with high pixel output
are needed to achieve single-neuron resolution as well as to allow
simultaneous measurements on multiple cells.”””*** Such systems can
also be combined with different techniques to measure real-time
changes in the chemical or physical environment of a neuron.

Magnetic nanoparticles may be the next step for large-scale
neuronal growth control and studying cellular interconnection
mainly because they provide noninvasive, wireless control over
neurons.”'°

Also in the future, combining two or more external cues or
modulation techniques for more advanced control of neuronal
growth will be interesting. That is, one could explore the possibility
of doing programmable neuron growth by combining either light,
electrical, magnetic, or mechanical stimulation. This will also pro-
vide an opportunity to untangle the effects of one technique over
another.

D. Data and artificial intelligence

Neuronal studies result in complex and large datasets. It is
becoming imperative to use new techniques in deep learning and arti-
ficial intelligence to understand neuronal growth, signaling, and mech-
anisms better.

Most importantly, given the extreme complexity and limited
understanding of neuronal growth and function, interdisciplinarity
and collaboration among engineers, physicists, chemists, nanotechnol-
ogists, computer scientists, stem cell biologists, and neurobiologists
have become the need of the hour to overcome the challenges.

E. Concluding remarks

Research in neuroscience and especially neuroengineering is
becoming increasingly interdisciplinary, and it is often difficult for
beginners from different backgrounds to develop a comprehensive
overview of the basics of neuronal growth. Therefore, our goal in
this review has been to unify different aspects of neuronal growth
under a common framework such that it is acceptable to both
established and new researchers from a wide range of disciplines. It
should be noted that most biochemical and biophysical concepts
presented in this review are based on studies of neuronal growth
and development in vitro, which differ in specific ways from in vivo
nervous systems. This limitation is expected to propagate to our
understanding of the mechanisms and the technological applica-
tions listed here. This review is a quick reference guide for estab-
lished researchers on several of the budding research topics related
to neuronal growth. At the same time, for new researchers, this
review is an essential academic source to develop an understanding
of the principles behind neuronal growth and neuroengineering.

Biophysics Rev. 2, 021303 (2021); doi: 10.1063/5.0043014
© Author(s) 2021

2, 021303-23


https://scitation.org/journal/bpr

Biophysics Reviews

Moreover, we expect that our perspective on future approaches for
engineering and modulating neural networks will provide the path-
way for further advancement in the field.

ACKNOWLEDGMENTS

The Dementia Australia Research Foundation (DARF) and
Yulgilbar Foundation are gratefully acknowledged for financial
support. V. Gautam also acknowledges the support from the
Australian Research Council’s Discovery Early Career Researcher
Award DE180100775.

DATA AVAILABILITY

Data sharing is not applicable to this article as no new data were
created or analyzed in this study.

REFERENCES

D. Attwell and S. B. Laughlin, “An energy budget for signaling in the grey
matter of the brain,” J. Cereb. Blood Flow Metab. 21, 1133-1145 (2001).

2P, Lennie, “The cost of cortical computation,” Curr. Biol. 13, 493-497 (2003).

3J. M. Cruz-Albrecht, M. W. Yung et al, “Energy-efficient neuron, synapse
and STDP integrated circuits,” IEEE Trans. Biomed. Circuits Syst. 6, 246-256
(2012).

“M. E. J. Obien, K. Deligkaris et al, “Revealing neuronal function through
microelectrode array recordings,” Front. Neurosci. 8, 423 (2015).

5B. Ghane-Motlagh and M. Sawan, “A review of microelectrode Array technol-
ogies: Design and implementation challenges,” paper presented at the 2013
2nd International Conference on Advances in Biomedical Engineering,
Tripoli, Lebanon, 11-13 September 2013.

M. Ferguson and D. Sharma et al., “A critical review of microelectrode arrays
and strategies for improving neural interfaces,” Adv. Healthc. Mater. 8,
1900558 (2019).

7K. Franze, “Atomic force microscopy and its contribution to understanding the
development of the nervous system,” Curr. Opin. Genet. Dev. 21, 530-537 (2011).

8]. Maja Jazvinicak, S. Goran et al., “Atomic force microscopy as an advanced
tool in neuroscience,” Transl. Neurosci. 6, 117-130 (2015).

®A. A. Lanin, A. S. Chebotarev et al, “Two- and three-photon absorption
cross-section characterization for high-brightness, cell-specific multiphoton
fluorescence brain imaging,” J. Biophotonics 13, €201900243 (2020).

'°N. G. Horton, K. Wang et al., “In vivo three-photon microscopy of subcortical
structures within an intact mouse brain,” Nat. Photonics 7, 205-209 (2013).
K. Svoboda and R. Yasuda, “Principles of two-photon excitation microscopy

and its applications to neuroscience,” Neuron 50, 823-839 (2006).

2] M. Keller and M. Frega, “Past, present, and future of neuronal models
in vitro,” in In Vitro Neuronal Networks: From Culturing Methods to Neuro-
Technological Applications, edited by M. Chiappalone, V. Pasquale, and M.
Frega (Springer International Publishing, 2019) pp. 3-17.

3G. Rossi, A. Manfrin ef al, “Progress and potential in organoid research,” Nat.
Rev. Genet. 19, 671-687 (2018).

M. A. Lancaster, N. S. Corsini ef al., “Guided self-organization and cortical plate
formation in human brain organoids,” Nat. Biotechnol. 35, 659-666 (2017).

'5G. Quadrato, T. Nguyen et al., “Cell diversity and network dynamics in photo-
sensitive human brain organoids,” Nature 545, 48-53 (2017).

16]. A. Bagley, D. Reumann et al., “Fused cerebral organoids model interactions
between brain regions,” Nat. Methods 14, 743-751 (2017).

78, Birey, J. Andersen et al, “Assembly of functionally integrated human fore-
brain spheroids,” Nature 545, 54-59 (2017).

8], Jo, Y. Xiao et al, “Midbrain-like organoids from human pluripotent stem
cells contain functional dopaminergic and neuromelanin-producing neurons,”
Cell Stem Cell 19, 248-257 (2016).

M. Chighizola, T. Dini et al., “Mechanotransduction in neuronal cell develop-
ment and functioning,” Biophys. Rev. 11, 701-720 (2019).

207 Sun, S. S. Guo et al,, “Integrin-mediated mechanotransduction,” J. Cell
Biol. 215, 445-456 (2016).

REVIEW scitation.org/journal/bpr

ZIK. Franze and J. Guck. “The biophysics of neuronal growth,” Rep. Prog. Phys.
73, 094601 (2010).

22D, M. Suter and K. E. Miller, “The emerging role of forces in axonal
elongation,” Prog. Neurobiol. 94, 91-101 (2011).

25Y.Yang, K. Wang, X. Gu, and K. W. Leong “Biophysical regulation of cell
behavior-cross talk between substrate stiffness and nanotopography,”
Engineering 3, 36-54 (2017).

24K. Franze, “Integrating chemistry and mechanics: The forces driving axon
growth,” Annu. Rev. Cell Dev. Biol. 36, 61-83 (2020).

255, P. Mutalik and A. Ghose, “Axonal cytomechanics in neuronal devel-
opment,” |. Biosci. 45, 64 (2020).

26K, E. Miller and DM Suter, “An integrated cytoskeletal model of neurite out-
growth,” Front. Cell. Neurosci. 12, 447 (2018).

27M. Tessier-Lavigne and C. S. Goodman, “The molecular biology of axon
guidance,” Science 274, 1123 (1996).

28T, McLaughlin and D. D. M. O’Leary, “Chemoaffinity hypothesis:
Development of topographic axonal projections,” in Encyclopedia of
Neuroscience, edited by L. R. Squire (Academic Press, 2009), pp. 819-825.

295, S. L. Andersen and G.-q. Bi, “Axon formation: A molecular model for the
generation of neuronal polarity,” BioEssays 22, 172-179 (2000).

39T Betz, D. Koch, Y.-B. Lu, K. Franze, andJ. A. Kis, “Growth cones as soft and
weak force generators,” Proc. Nat. Acad. Sci. 108(33), 13420 (2011).

31G. Banker, “The development of neuronal polarity: A retrospective view,” J.
Neurosci. 38, 1867 (2018).

32C. G. Dotti, C. A. Sullivan et al., “The establishment of polarity by hippocam-
pal neurons in culture,” J. Neurosci. 8, 1454 (1988).

33, Bradke and C. G. Dotti, “Differentiated neurons retain the capacity to gen-
erate axons from dendrites,” Curr. Biol. 10, 1467-1470 (2000).

3*K. Goslin and G. Banker, “Experimental observations on the development of
polarity by hippocampal neurons in culture,” J. Cell Biol. 108, 1507-1516
(1989).

354, Caceres, G. A. Banker et al., “Immunocytochemical localization of tubulin
and microtubule-associated protein 2 during the development of hippocam-
pal neurons in culture,” |. Neurosci. 6, 714 (1986).

36A. M. Craig, C. D. Blackstone et al., “The distribution of glutamate receptors
in cultured rat hippocampal neurons: Postsynaptic clustering of AMPA selec-
tive subunits,” Neuron 10, 1055-1068 (1993).

57N. Arimura and K. Kaibuchi, “Neuronal polarity: From extracellular signals
to intracellular mechanisms,” Nat. Rev. Neurosci. 8, 194-205 (2007).

38p 1. Cheng and M.-m. Poo, “Early events in axon/dendrite polarization,”
Annu. Rev. Neurosci. 35, 181-201 (2012).

*9T. Namba, Y. Funahashi et al, “Extracellular and intracellular signaling for
neuronal polarity,” Physiol. Revs. 95, 995-1024 (2015).

“ON. Inagaki, M Toriyama et al., “Systems biology of symmetry breaking during
neuronal polarity formation,” Dev. Neurobiol. 71, 584-593 (2011).

“1A. M. Turing, “The chemical basis of morphogenesis,” Philos. Trans. R. Soc.
Lond. B Biol. Sci. 237, 37-72 (1952).

%23, Herculano-Houzel, “The human brain in numbers: a linearly scaled-up pri-
mate brain,” Front. Hum. Neurosci. 3, 31 (2009).

“3L. A. Lowery and D. Van Vactor, “The trip of the tip: Understanding the
growth cone machinery,” Nat Rev. Mol. Cell Biol. 10, 332-343 (2009).

“*K. McElmurry, JE Stone ef al., “Dynein-mediated microtubule translocation
powering neurite outgrowth in chick and Aplysia neurons requires microtu-
bule assembly,” J. Cell Sci. 133, jcs232983 (2020).

“5E. W. Dent and F. B. Gertler, “Cytoskeletal dynamics and transport in growth
cone motility and axon guidance,” Neuron 40, 209-227 (2003).

63, Geraldo and P. R. Gordon-Weeks, “Cytoskeletal dynamics in growth-cone
steering,” J. Cell Sci. 122, 3595 (2009).

“7E. M. Craig, D. Van Goor et al., “Membrane tension, myosin force, and actin
turnover maintain actin treadmill in the nerve growth cone,” Biophys. J. 102,
1503-1513 (2012).

“8J, T, Schmidt, “Chapter 2 - Early work supports chemoaffinity with one con-
tradictory result,” in Self-Organizing Neural Maps: The Retinotectal Map and
Mechanisms of Neural Development, edited by J. T. Schmidt (Academic Press,
2020), pp. 15-35.

“9R. A. Oakley and K. W. Tosney, “Contact-mediated mechanisms of motor
axon segmentation,” |. Neurosci. 13, 3773 (1993).

Biophysics Rev. 2, 021303 (2021); doi: 10.1063/5.0043014
© Author(s) 2021

2, 021303-24


https://doi.org/10.1097/00004647-200110000-00001
https://doi.org/10.1016/S0960-9822(03)00135-0
https://doi.org/10.1109/TBCAS.2011.2174152
https://doi.org/10.3389/fnins.2014.00423
https://doi.org/10.1002/adhm.201900558
https://doi.org/10.1016/j.gde.2011.07.001
https://doi.org/10.1515/tnsci-2015-0011
https://doi.org/10.1002/jbio.201900243
https://doi.org/10.1038/nphoton.2012.336
https://doi.org/10.1016/j.neuron.2006.05.019
https://doi.org/10.1038/s41576-018-0051-9
https://doi.org/10.1038/s41576-018-0051-9
https://doi.org/10.1038/nbt.3906
https://doi.org/10.1038/nature22047
https://doi.org/10.1038/nmeth.4304
https://doi.org/10.1038/nature22330
https://doi.org/10.1016/j.stem.2016.07.005
https://doi.org/10.1007/s12551-019-00587-2
https://doi.org/10.1083/jcb.201609037
https://doi.org/10.1083/jcb.201609037
https://doi.org/10.1088/0034-4885/73/9/094601
https://doi.org/10.1016/j.pneurobio.2011.04.002
https://doi.org/10.1016/J.ENG.2017.01.014
https://doi.org/10.1146/annurev-cellbio-100818-125157
https://doi.org/10.1007/s12038-020-00029-2
https://doi.org/10.3389/fncel.2018.00447
https://doi.org/10.1126/science.274.5290.1123
https://doi.org/10.1002/(SICI)1521-1878(200002)22:2<172::AID-BIES8>3.0.CO;2-Q
https://doi.org/10.1073/pnas.1106145108
https://doi.org/10.1523/JNEUROSCI.1372-16.2018
https://doi.org/10.1523/JNEUROSCI.1372-16.2018
https://doi.org/10.1523/JNEUROSCI.08-04-01454.1988
https://doi.org/10.1016/S0960-9822(00)00807-1
https://doi.org/10.1083/jcb.108.4.1507
https://doi.org/10.1523/JNEUROSCI.06-03-00714.1986
https://doi.org/10.1016/0896-6273(93)90054-U
https://doi.org/10.1038/nrn2056
https://doi.org/10.1146/annurev-neuro-061010-113618
https://doi.org/10.1152/physrev.00025.2014
https://doi.org/10.1002/dneu.20837
https://doi.org/10.1098/rstb.1952.0012
https://doi.org/10.1098/rstb.1952.0012
https://doi.org/10.3389/neuro.09.031.2009
https://doi.org/10.1038/nrm2679
https://doi.org/10.1242/jcs.232983
https://doi.org/10.1016/S0896-6273(03)00633-0
https://doi.org/10.1242/jcs.042309
https://doi.org/10.1016/j.bpj.2012.03.003
https://doi.org/10.1523/JNEUROSCI.13-09-03773.1993
https://scitation.org/journal/bpr

Biophysics Reviews

SOH. Aberle, “Axon guidance and collective cell migration by substrate-derived
attractants,” Front. Mol. Neurosci. 12, 148 (2019).

S1C. D. Heffner, A. G. Lumsden et al, “Target control of collateral extension
and directional axon growth in the mammalian brain,” Science 247, 217
(1990).

52]. K. Chilton, “Molecular mechanisms of axon guidance,” Dev. Biol. 292,
13-24 (2006).

53A. L. Kolodkin and M. Tessier-Lavigne, “Mechanisms and molecules of neu-
ronal wiring: A primer,” Cold Spring Harb. Perspect. Biol. 3, 2001727 (2011).

545, W. Moore, M. Tessier-Lavigne et al., “Netrins and their receptors,” in Axon
Growth and Guidance, edited by D. Bagnard (Springer New York, 2007), pp.
17-31.

55N. P. Boyer and S. L. Gupton, “Revisiting netrin-1: One who guides (axons),”
Front. Cell. Neurosci. 12, 221 (2018).

56K, L. W. Sun, J. P. Correia et al., “Netrins: Versatile extracellular cues with
diverse functions,” Development 138, 2153 (2011).

575 w. Moore, N. Biais et al., “Traction on immobilized netrin-1 is sufficient to
reorient axons,” Science 325, 166 (2009).

SBL. T. Alto and J. R. Terman, “Semaphorins and their signaling mechanisms,”
in Semaphorin Signaling: Methods and Protocols, edited by J. R. Terman
(Springer New York, 2017), pp. 1-25.

59. Hu and L. Zhu, “Semaphorins and their receptors: From axonal guidance
to atherosclerosis,” Front. Physiol. 9, 1236 (2018).

69K S. Cramer and 1. J. Miko, “Eph-ephrin signaling in nervous system devel-
opment,” F1000Res. 5, 413 (2016).

®M. Hruska and M. B. Dalva, “Ephrin regulation of synapse formation, func-
tion and plasticity,” Mol. Cell. Neurosci. 50, 35-44 (2012).

62A. Kania and R. Klein, “Mechanisms of ephrin-Eph signalling in develop-
ment, physiology and disease,” Nat. Rev. Mol. Cell Biol. 17, 240-256 (2016).

®3W. D. Andrews, M. Barber et al., “Slit-Robo interactions during cortical
development,” J. Anat. 211, 188-198 (2007).

4], H. Simpson, K. S. Bland et al., “Short-range and long-range guidance by slit
and its Robo receptors: A combinatorial code of robo receptors controls lat-
eral position,” Cell 103, 1019-1032 (2000).

Y. Gonda, T. Namba et al., “Beyond axon guidance: Roles of slit-Robo signal-
ing in neocortical formation,” Front. Cell Devel. Biol. 8, 1691 (2020).

©8]. P. Henriquez and N. Osses, “Editorial: Morphogens in the wiring of the
nervous system,” Front. Cell. Neurosci. 9, 502 (2016).

S7K. Franze, J. Gerdelmann et al., “Neurite branch retraction is caused by a
threshold-dependent mechanical impact,” Biophys. . 97, 1883-1890 (2009).
88p_C. Kerstein, B. T. Jacques-Fricke ef al., “Mechanosensitive TRPC1 channels
promote calpain proteolysis of talin to regulate spinal axon outgrowth,” J.

Neurosci. 33, 273 (2013).

89Q.-Y. Zhang, Y.-Y. Zhang et al., “Stiff substrates enhance cultured neuronal
network activity,” Sci. Rep. 4, 6215 (2014).

7°D. E. Koser, A. J. Thompson et al, “Mechanosensing is critical for axon
growth in the developing brain,” Nat. Neurosci. 19, 1592-1598 (2016).

7IN. R. Blumenthal, O. Hermanson et al., “Stochastic nanoroughness modulates
neuron-astrocyte interactions and function via mechanosensing cation
channels,” Proc. Natl. Acad. Sci. U.S.A. 111, 16124 (2014).

72M. Iwashita, N. Kataoka et al., “Systematic profiling of spatiotemporal tissue
and cellular stiffness in the developing brain,” Development 141, 3793 (2014).

73V. Gautam, S. Naureen et al., “Engineering highly interconnected neuronal
networks on nanowire scaffolds,” Nano Lett. 17, 3369-3375 (2017).

747, Li and T. A. Springer, “Integrin extension enables ultrasensitive regula-
tion by cytoskeletal force,” Proc. Natl. Acad. Sci. U. S. A. 114, 4685-4690
(2017).

75y, 7. Kechagia, J. Ivaska et al, “Integrins as biomechanical sensors of the
microenvironment,” Nat. Rev. Mol. Cell Biol. 20, 457-473 (2019).

767. Sun, M. Costell et al., “Integrin activation by talin, kindlin and mechanical
forces,” Nat. Cell Biol. 21, 25-31 (2019).

77S. E. Winograd-Katz, R. Fissler et al, “The integrin adhesome: From genes
and proteins to human disease,” Nat. Rev. Mol. Cell Biol. 15, 273-288 (2014).

78]. Li, Y. Su et al, “Conformational equilibria and intrinsic affinities define
integrin activation,” EMBO J. 36, 629-645 (2017).

79p. Kanchanawong, G. Shtengel et al, “Nanoscale architecture of integrin-
based cell adhesions,” Nature 468, 580-584 (2010).

REVIEW scitation.org/journal/bpr

80T, Mitchison and M. Kirschner, “Cytoskeletal dynamics and nerve growth,”
Neuron 1, 761-772 (1988).

81a. Katsumi, A. W. Orr et al, “Integrins in mechanotransduction,” J. Biol.
Chem. 279, 12001-12004 (2004).

82C. E. Chan and D. J. Odde, “Traction dynamics of filopodia on compliant
substrates,” Science 322, 1687 (2008).

83y, Swaminathan and C. M. Waterman, “The molecular clutch model for
mechanotransduction evolves,” Nat. Cell Biol. 18, 459-461 (2016).

84A. Elosegui-Artola, R. Oria et al, “Mechanical regulation of a molecular
clutch defines force transmission and transduction in response to matrix
rigidity,” Nat. Cell Biol. 18, 540-548 (2016).

851, E. McNamara, T. Sjostrom et al., “Investigation of the limits of nanoscale
filopodial interactions,” J. Tissue Eng. 5, 2041731414536177 (2014).

86M. J. Dalby, N. Gadegaard et al., “Harnessing nanotopography and integrin—-
matrix interactions to influence stem cell fate,” Nat. Mater. 13, 558-569
(2014).

87M. J. Dalby, M. O. Riehle et al., “Investigating the limits of filopodial sensing:
A brief report using SEM to image the interaction between 10 nm high nano-
topography and fibroblast filopodia,” Cell Biol. Int. 28, 229-236 (2004).

88R. Changede, X. Xu et al, “Nascent integrin adhesions form on all matrix
rigidities after integrin activation,” Dev. Cell 35, 614-621 (2015).

89R. Changede and M. Sheetz, “Integrin and cadherin clusters: A robust way to
organize adhesions for cell mechanics,” BioEssays 39, €201600123 (2017).

9OM. Arnold, E. A. Cavalcanti-Adam et al., “Activation of integrin function by
nanopatterned adhesive interfaces,” ChemPhysChem 5, 383-388 (2004).

oy, Huang, S. V. Griter et al., “Impact of order and disorder in RGD nanopat-
terns on cell adhesion,” Nano Lett. 9, 1111-1116 (2009).

92|, Monteiro A, T. Kollmetz et al., “Engineered systems to study the synergistic
signaling between integrin-mediated mechanotransduction and growth fac-
tors (review),” Biointerphases 13, 06D302 (2018).

93], H. Slater and W. Frey, “Nanopatterning of fibronectin and the influence of
integrin clustering on endothelial cell spreading and proliferation,” J. Biomed.
Mater. Res. A 87A, 176-195 (2008).

941, B. Bischofs and U. S. Schwarz, “Cell organization in soft media due to active
mechanosensing,” Proc. Natl. Acad. Sci. U.S.A. 100, 9274-9279 (2003).

95Y. Yang, K. Wang et al, “Biophysical regulation of cell behavior—cross talk
between substrate stiffness and nanotopography,” Engineering 3, 36-54
(2017).

961, Pieuchot, J. Marteau et al., “Curvotaxis directs cell migration through cell-
scale curvature landscapes,” Nat. Commun. 9, 3995 (2018).

7). P. Myers, M. Santiago-Medina et al., “Regulation of axonal outgrowth and
pathfinding by integrin-ECM interactions,” Dev. Neurobiol. 71, 901-923
(2011).

98C. Simitzi, A. Ranella et al., “Controlling the morphology and outgrowth of
nerve and neuroglial cells: The effect of surface topography,” Acta Biomater.
51, 21-52 (2017).

Pw. J. Tyler, “The mechanobiology of brain function,” Nat. Rev. Neurosci. 13,
867-878 (2012).

100K Franze, P. A. Janmey et al, “Mechanics in neuronal development and
repair,” Annu. Rev. Biomed. Eng. 15, 227-251 (2013).

1015, W. Moore and M. P. Sheetz, “Biophysics of substrate interaction: Influence
on neural motility, differentiation, and repair,” Dev. Neurobiol. 71, 1090-1101
(2011).

102, R. Carvalho, J. Silva-Correia et al., “Nanotechnology in peripheral nerve
repair and reconstruction,” Adv. Drug Deliv. Rev. 148, 308-343 (2019).

193D, Jain, S. Mattiassi ef al., “Extracellular matrix and biomimetic engineering
microenvironment for neuronal differentiation,” Neural Regen. Res. 15,
573-585 (2020).

194D, Koch, W. J. Rosoff et al., “Strength in the periphery: Growth cone biome-
chanics and substrate rigidity response in peripheral and central nervous sys-
tem neurons,” Biophys. ]. 102, 452-460 (2012).

105K . Jang, M. S. Kim et al., “Two distinct filopodia populations at the growth
cone allow to sense nanotopographical extracellular matrix cues to guide neu-
rite outgrowth,” PLoS One 5, €15966 (2011).

1981, Micholt, A. Girtner ef al, “Substrate topography determines neuronal
polarization and growth in vitro,” PLoS One 8, e66170 (2013).

Biophysics Rev. 2, 021303 (2021); doi: 10.1063/5.0043014
© Author(s) 2021

2, 021303-25


https://doi.org/10.3389/fnmol.2019.00148
https://doi.org/10.1126/science.2294603
https://doi.org/10.1016/j.ydbio.2005.12.048
https://doi.org/10.1101/cshperspect.a001727
https://doi.org/10.3389/fncel.2018.00221
https://doi.org/10.1242/dev.044529
https://doi.org/10.1126/science.1173851
https://doi.org/10.3389/fphys.2018.01236
https://doi.org/10.12688/f1000research.7417.1
https://doi.org/10.1016/j.mcn.2012.03.004
https://doi.org/10.1038/nrm.2015.16
https://doi.org/10.1111/j.1469-7580.2007.00750.x
https://doi.org/10.1016/S0092-8674(00)00206-3
https://doi.org/10.3389/fcell.2020.607415
https://doi.org/10.3389/fncel.2015.00502
https://doi.org/10.1016/j.bpj.2009.07.033
https://doi.org/10.1523/JNEUROSCI.2142-12.2013
https://doi.org/10.1523/JNEUROSCI.2142-12.2013
https://doi.org/10.1038/srep06215
https://doi.org/10.1038/nn.4394
https://doi.org/10.1073/pnas.1412740111
https://doi.org/10.1242/dev.109637
https://doi.org/10.1021/acs.nanolett.6b05288
https://doi.org/10.1073/pnas.1704171114
https://doi.org/10.1038/s41580-019-0134-2
https://doi.org/10.1038/s41556-018-0234-9
https://doi.org/10.1038/nrm3769
https://doi.org/10.15252/embj.201695803
https://doi.org/10.1038/nature09621
https://doi.org/10.1016/0896-6273(88)90124-9
https://doi.org/10.1074/jbc.R300038200
https://doi.org/10.1074/jbc.R300038200
https://doi.org/10.1126/science.1163595
https://doi.org/10.1038/ncb3350
https://doi.org/10.1038/ncb3336
https://doi.org/10.1177/2041731414536177
https://doi.org/10.1038/nmat3980
https://doi.org/10.1016/j.cellbi.2003.12.004
https://doi.org/10.1016/j.devcel.2015.11.001
https://doi.org/10.1002/bies.201600123
https://doi.org/10.1002/cphc.200301014
https://doi.org/10.1021/nl803548b
https://doi.org/10.1116/1.5045231
https://doi.org/10.1002/jbm.a.31725
https://doi.org/10.1002/jbm.a.31725
https://doi.org/10.1073/pnas.1233544100
https://doi.org/10.1016/J.ENG.2017.01.014
https://doi.org/10.1038/s41467-018-06494-6
https://doi.org/10.1002/dneu.20931
https://doi.org/10.1016/j.actbio.2017.01.023
https://doi.org/10.1038/nrn3383
https://doi.org/10.1146/annurev-bioeng-071811-150045
https://doi.org/10.1002/dneu.20947
https://doi.org/10.1016/j.addr.2019.01.006
https://doi.org/10.4103/1673-5374.266907
https://doi.org/10.1016/j.bpj.2011.12.025
https://doi.org/10.1371/journal.pone.0015966
https://doi.org/10.1371/journal.pone.0066170
https://scitation.org/journal/bpr

Biophysics Reviews

197¢. Schulte, S. Rodighiero ef al., “Conversion of nanoscale topographical infor-
mation of cluster-assembled zirconia surfaces into mechanotransductive
events promotes neuronal differentiation,” ]. Nanobiotechnol. 14, 18 (2016).

BR. G. Harrison, “The Croonian lecture on the origin and development of the
nervous system studied by the methods of experimental embryology,” Proc. R.
Soc. Lond. B Biol. Sci. 118, 155-196 (1935).

109 Bray. “Axonal growth in response to experimentally applied mechanical
tension,” Dev. Biol. 102, 379-389 (1984).

TOp, Weiss. “Chapter 21 - nerve patterns: The mechanics of nerve growth, ” in
Dynamics of Development: Experiments and Inferences, edited by P. A. Weiss
(Academic Press, 1968), pp. 445-485.

Mp. Lamoureux, G. Ruthel et al, “Mechanical tension can specify axonal fate in
hippocampal neurons,” J. Cell Biol. 159, 499-508 (2002).

"2D. J. Goldberg and D. W. Burmeister, “Stages in axon formation: Observations
of growth of Aplysia axons in culture using video-enhanced contrast-differen-
tial interference contrast microscopy,” J. Cell Biol. 103, 1921-1931 (1986).

T3p. R. Gordon-Weeks, “Microtubules and growth cone function,” J. Neurobiol.
58, 70-83 (2004).

"0, 1. Kahn and P. W. Baas, “Microtubules and growth cones: Motors drive the
turn,” Trends Neurosci. 39, 433-440 (2016).

TI5p, Letourneau, “Regulation of actin filaments during neurite extension and
guidance,” in Neurobiology of Actin: From Neurulation to Synaptic Function,
edited by G. Gallo and L. M. Lanier (Springer New York, 2011), pp. 23-44.

T8E, W. Dent, S. L. Gupton et al., “The growth cone cytoskeleton in axon out-
growth and guidance,” Cold Spring Harb. Perspect. Biol. 3, 2001800 (2011).

7S, R. Heidemann, P. Lamoureux et al, “Cytomechanics of axonal devel-
opment,” Cell Biochem. Biophys. 27, 135-155 (1997).

18], Zheng, P. Lamoureux ef al., “Tensile regulation of axonal elongation and ini-
tiation,” J. Neurosci. 11, 1117 (1991).

T9R, B. Campenot, “The regulation of nerve fiber length by intercalated elonga-
tion and retraction,” Dev. Brain Res. 20, 149-154 (1985).

20M. O'Toole, P. Lamoureux et al, “A physical model of axonal elongation:
Force, viscosity, and adhesions govern the mode of outgrowth,” Biophys. J. 94,
2610-2620 (2008).

1215 ]. Pfister, A. Iwata et al., “Extreme stretch growth of integrated axons,” J.
Neurosci. 24, 7978 (2004).

22D, H. Smith, “Stretch growth of integrated axon tracts: Extremes and
exploitations,” Prog. Neurobiol. 89, 231-239 (2009).

123p_ K. Purohit and D. H. Smith, “A model for stretch growth of neurons,” J.
Biomech. 49, 3934-3942 (2016).

124p, K. Purohit, “Tension dependent growth and retraction of neurites,” Proc.
TUTAM 12, 185-192 (2015).

1257, J. Dennerll, P. Lamoureux ef al., “The cytomechanics of axonal elongation
and retraction,” J. Cell Biol. 109, 3073-3083 (1989).

1265, Chang, V. L. Rodionov et al., “Transport and turnover of microtubules in
frog neurons depend on the pattern of axonal growth,” J. Neurosci. 18, 821
(1998).

1275, C. Sousa and M. M. Sousa, “The cytoskeleton as a modulator of tension
driven axon elongation,” Develop. Neurobiol. 81, 300-309 (2021).

28] Y. Lee, C. A. Bashur et al., “Enhanced polarization of embryonic hippocam-
pal neurons on micron scale electrospun fibers,” J. Biomed. Mater. Res. A
92A, 1398-1406 (2010).

1295, Roth, M. Bisbal et al., “How morphological constraints affect axonal polarity
in mouse neurons,” PloS One 7, €33623 (2012).

130T J. Dennerll, H. C. Joshi et al., “Tension and compression in the cytoskeleton

of PC-12 neurites. II: Quantitative measurements,” J. Cell Biol. 107, 665-674

(1988).

J. Rajagopalan, A. Tofangchi et al., “Drosophila neurons actively regulate axo-

nal tension in vivo,” Biophys. . 99, 3208-3215 (2010).

32N. Gomez, Y. Lu et al., “Immobilized nerve growth factor and microtopogra-
phy have distinct effects on polarization versus axon elongation in hippocam-
pal cells in culture,” Biomaterials 28, 271-284 (2007).

33N. Gomez, S. Chen et al., “Polarization of hippocampal neurons with competi-
tive surface stimuli: Contact guidance cues are preferred over chemical
ligands,” J. R. Soc. Interface 4, 223-233 (2007).

134D, Seetapun and DJ Odde, “Cell-length-dependent microtubule accumulation
during polarization,” Curr. Biol. 20, 979-988 (2010).

10

131

REVIEW scitation.org/journal/bpr

33A. Farrukh, S. Zhao et al., “Microenvironments designed to support growth
and function of neuronal cells,” Front. Mater. (published online 2018).

136y .-P. Lu, C.-H. Yang et al., “Guidance of neural regeneration on the biomi-
metic nanostructured matrix,” Int. J. Pharm. 463, 177-183 (2014).

137, S. Lunn, S. A. Sakowski ef al., “Stem cell technology for neurodegenerative
diseases,” Ann. Neurol. 70, 353-361 (2011).

38C. A. Custédio and J. F. Mano, “Cell surface engineering to control cellular
interactions,” ChemNanoMat 2, 376-384 (2016).

1395, Khan and G. Newaz, “A comprehensive review of surface modification for
neural cell adhesion and patterning,” J. Biomed. Mater. Res. A 93A,
1209-1224 (2010).

140M. J. Cooke, K. Vulic ef al., “Design of biomaterials to enhance stem cell sur-
vival when transplanted into the damaged central nervous system,” Soft
Matter 6, 4988-4998 (2010).

1L, J. Millet and M. U. Gillette, “Over a century of neuron culture: From the
hanging drop to microfluidic devices,” Yale J. Biol. Med. 85, 501-521 (2012).

2] Dupin, M. Dahan ef al., “Investigating axonal guidance with microdevice-
based approaches,” |. Neurosci. 33, 17647 (2013).

143y, J. Rosoff, J. S. Urbach et al., “A new chemotaxis assay shows the extreme
sensitivity of axons to molecular gradients,” Nat. Neurosci. 7, 678-682 (2004).

1447, Pujic and G. J. Goodhill, “A dual compartment diffusion chamber for
studying axonal chemotaxis in 3D collagen,” ]. Neurosci. Methods 215, 53-59
(2013).

1435, Tharin, C. R. Kothapalli ef al, “A microfluidic device to investigate axon
targeting by limited numbers of purified cortical projection neuron subtypes,”
Integr. Biol. 4, 1398-1405 (2012).

146N, Chaicharoenaudomrung, P. Kunhorm et al., “Three-dimensional cell cul-
ture systems as an in vitro platform for cancer and stem cell modeling,”
World J. Stem Cells 11, 1065-1083 (2019).

%7E, G. Z. Centeno, H. Cimarosti et al., “2D versus 3D human induced pluripo-
tent stem cell-derived cultures for neurodegenerative disease modelling,” Mol.
Neurodegener. 13, 27 (2018).

1481, Goers, P. Freemont et al, “Co-culture systems and technologies: Taking

synthetic biology to the next level,” J. R. Soc. Interface 11, 20140065 (2014).

J. Y. Park, S.-K. Kim et al., “Differentiation of neural progenitor cells in a

microfluidic chip-generated cytokine gradient,” Stem Cells 27, 2646-2654

(2009).

1598, G. Chung, F. Lin et al., “A microfluidic multi-injector for gradient gener-
ation,” Lab on a Chip 6, 764-768 (2006).

515, Kim, H. J. Kim ef al, “Biological applications of microfluidic gradient
devices,” Integr. Biol.2, 584-603 (2010).

152G, Pinato, D. Cojoc et al., “Less than 5 netrin-1 molecules initiate attraction
but 200 Sema3A molecules are necessary for repulsion,” Sci. Rep. 2, 675
(2012).

153G, C. R. Ellis-Davies, “Caged compounds: Photorelease technology for control
of cellular chemistry and physiology,” Nat. Methods 4, 619-628 (2007).

54T, M. Gomez and N. C. Spitzer, “In vivo regulation of axon extension and
pathfinding by growth-cone calcium transients,” Nature 397, 350-355 (1999).

155H. Akiyama, T. Matsu-ura et al., “Control of neuronal growth cone navigation
by asymmetric inositol 1,4,5-trisphosphate signals,” Sci. Signal. 2, ra34 (2009).

1565, Chaubey, A. J. Ridley et al., “Using the Dunn chemotaxis chamber to ana-
lyze primary cell migration in real time,” in Cell Migration: Developmental
Methods and Protocols, edited by C. M. Wells and M. Parsons (Humana Press,
2011), pp. 41-51.

57D, Zicha, G. A. Dunn et al., “A new direct-viewing chemotaxis chamber,” J.

Cell Sci. 99, 769 (1991).

J. Monypenny, D. Zicha et al., “Cdc42 and Rac family GTPases regulate mode

and speed but not direction of primary fibroblast migration during platelet-

derived growth factor-dependent chemotaxis,” Mol. Cell Biol. 29, 2730 (2009).

159G. Jocher, S. H. Mannschatz et al., “Microfluidics of small-population neurons
allows for a precise quantification of the peripheral axonal growth state,”
Front. Cell. Neurosci. 12, 166 (2018).

169A. M. Taylor, S. Menon et al., “Passive microfluidic chamber for long-term
imaging of axon guidance in response to soluble gradients,” Lab on a Chip 15,
2781-2789 (2015).

168, Lin and A. Levchenko, “Spatial manipulation with microfluidics,” Front.
Bioeng. Biotechnol. 3, 39 (2015).

149

158

Biophysics Rev. 2, 021303 (2021); doi: 10.1063/5.0043014
© Author(s) 2021

2, 021303-26


https://doi.org/10.1186/s12951-016-0171-3
https://doi.org/10.1098/rspb.1935.0053
https://doi.org/10.1098/rspb.1935.0053
https://doi.org/10.1016/0012-1606(84)90202-1
https://doi.org/10.1083/jcb.200207174
https://doi.org/10.1083/jcb.103.5.1921
https://doi.org/10.1002/neu.10266
https://doi.org/10.1016/j.tins.2016.04.009
https://doi.org/10.1101/cshperspect.a001800
https://doi.org/10.1007/BF02738107
https://doi.org/10.1523/JNEUROSCI.11-04-01117.1991
https://doi.org/10.1016/0165-3806(85)90099-9
https://doi.org/10.1529/biophysj.107.117424
https://doi.org/10.1523/JNEUROSCI.1974-04.2004
https://doi.org/10.1523/JNEUROSCI.1974-04.2004
https://doi.org/10.1016/j.pneurobio.2009.07.006
https://doi.org/10.1016/j.jbiomech.2016.11.045
https://doi.org/10.1016/j.jbiomech.2016.11.045
https://doi.org/10.1016/j.piutam.2014.12.020
https://doi.org/10.1016/j.piutam.2014.12.020
https://doi.org/10.1083/jcb.109.6.3073
https://doi.org/10.1523/JNEUROSCI.18-03-00821.1998
https://doi.org/10.1002/dneu.22747
https://doi.org/10.1002/jbm.a.32471
https://doi.org/10.1371/journal.pone.0033623
https://doi.org/10.1083/jcb.107.2.665
https://doi.org/10.1016/j.bpj.2010.09.029
https://doi.org/10.1016/j.biomaterials.2006.07.043
https://doi.org/10.1098/rsif.2006.0171
https://doi.org/10.1016/j.cub.2010.04.040
https://doi.org/10.1016/j.ijpharm.2013.08.006
https://doi.org/10.1002/ana.22487
https://doi.org/10.1002/cnma.201600047
https://doi.org/10.1002/jbm.a.32698
https://doi.org/10.1039/c0sm00448k
https://doi.org/10.1039/c0sm00448k
https://doi.org/10.1523/JNEUROSCI.3277-13.2013
https://doi.org/10.1038/nn1259
https://doi.org/10.1016/j.jneumeth.2013.02.008
https://doi.org/10.1039/c2ib20019h
https://doi.org/10.4252/wjsc.v11.i12.1065
https://doi.org/10.1186/s13024-018-0258-4
https://doi.org/10.1186/s13024-018-0258-4
https://doi.org/10.1098/rsif.2014.0065
https://doi.org/10.1002/stem.202
https://doi.org/10.1039/b512667c
https://doi.org/10.1039/c0ib00055h
https://doi.org/10.1038/srep00675
https://doi.org/10.1038/nmeth1072
https://doi.org/10.1038/16927
https://doi.org/10.1126/scisignal.2000196
https://doi.org/10.1242/jcs.99.4.769
https://doi.org/10.1242/jcs.99.4.769
https://doi.org/10.1128/MCB.01285-08
https://doi.org/10.3389/fncel.2018.00166
https://doi.org/10.1039/C5LC00503E
https://doi.org/10.3389/fbioe.2015.00039
https://doi.org/10.3389/fbioe.2015.00039
https://scitation.org/journal/bpr

Biophysics Reviews

162]. Wang, L. Ren et al., “Microfluidics: A new cosset for neurobiology,” Lab on
a Chip 9, 644-652 (2009).

'3, Neto, L. Leitdo et al, “Compartmentalized microfluidic platforms: The
unrivaled breakthrough of in vitro tools for neurobiological research,” J.
Neurosci. 36, 11573 (2016).

1641, 7. Millet and M. U. Gillette, “New perspectives on neuronal development via
microfluidic environments,” Trends Neurosci. 35, 752-761 (2012).

185R. 1i, X. Lv et al., “Microfluidics for cell-cell interactions: A review,” Front.
Chem. Sci. Eng. 10, 90-98 (2016).

166, Halldorsson, E. Lucumi et al., “Advantages and challenges of microfluidic
cell culture in polydimethylsiloxane devices,” Biosens. Bioelectron. 63,
218-231 (2015).

1671, Dudanova and R. Klein, “Integration of guidance cues: Parallel signaling
and crosstalk,” Trends Neurosci. 36, 295-304 (2013).

'68W. C. Chang and D. W. Sretavan, “Novel high-resolution micropatterning for
neuron culture using polylysine adsorption on a cell repellant, plasma-
polymerized background,” Langmuir 24, 13048-13057 (2008).

169p_ Garcia-Parra, F. Cavaliere ef al, “Modeling neural differentiation on micro-
patterned substrates coated with neural matrix components,” Front. Cell.
Neurosci. 6, 10 (2012).

704, Kumar and G. M. Whitesides, “Features of gold having micrometer to cen-
timeter dimensions can be formed through a combination of stamping with
an elastomeric stamp and an alkanethiol ‘ink’ followed by chemical etching,”
Appl. Phys. Lett. 63, 2002-2004 (1993).

71A. A. Oliva, C. D. James et al., “Patterning axonal guidance molecules using a
novel strategy for microcontact printing,” Neurochem. Res. 28, 1639-1648
(2003).

172} Voskuhl, J. Brinkmann et al., “Advances in contact printing technologies of
carbohydrate, peptide and protein arrays,” Curr. Opin. Chem. Biol. 18, 1-7
(2014).

737, Offenhiusser, S. Bocker-Meffert et al., “Microcontact printing of proteins
for neuronal cell guidance,” Soft Matter 3, 290-298 (2007).

1741, M. Hong, F. M. Ozkeskin et al., “A micromachined elastomeric tip array for
contact printing with variable dot size and density,” ]. Micromech. Microeng.
18, 015003 (2007).

175A. J. Muinonen-Martin, D. M. Veltman et al., “An improved chamber for
direct visualisation of chemotaxis,” PLoS One 5, 15309 (2010).

178p, Lamoureux, S. R. Heidemann et al, “Growth and elongation within and
along the axon,” Dev. Neurobiol. 70, 135-149 (2010).

77D, H. Smith, J. A. Wolf et al., “A new strategy to produce sustained growth of
central nervous system axons: Continuous mechanical tension,” Tissue Eng. 7,
131-139 (2001).

178y, Kitagawa, Y. Hiraoka et al., “Low-field magnetoelectric effect at room tem-
perature,” Nat. Mater. 9, 797-802 (2010).

79M. Fiebig, “Revival of the magnetoelectric effect,” J. Phys. D Appl. Phys. 38,
R123-R152 (2005).

1801, Chen, C. Chen, P. Wang, and T. Song, “Mechanisms of cellular effects
directly induced by magnetic nanoparticles under magnetic fields,” J.
Nanomater. 2017, 1564634.

T81A. Falconieri, S. De Vincentiis et al., “Recent advances in the use of magnetic
nanoparticles to promote neuroregeneration,” Nanomedicine 14, 1073-1076
(2019).

182y Raffa, F. Falcone et al., “Piconewton mechanical forces promote neurite
growth,” Biophys. ]. 115, 2026-2033 (2018).

83M. B. Steketee, S. N. Moysidis et al., “Nanoparticle-mediated signaling endo-
some localization regulates growth cone motility and neurite growth,” Proc.
Natl. Acad. Sci. U. S. A. 108, 19042 (2011).

184p_ Tseng, J. W. Judy et al., “Magnetic nanoparticle-mediated massively parallel
mechanical modulation of single-cell behavior,” Nat. Methods 9, 1113-1119
(2012).

185p, Madhusudanan, G. Raju et al, “Hydrogel systems and their role in neural
tissue engineering,” J. R. Soc. Interface 17, 20190505 (2020).

'88M. Marcus, K. Baranes et al., “Interactions of neurons with physical environ-
ments,” Adv. Healthc. Mater. 6, 1700267 (2017).

87D, Hoffman-Kim, J. A. Mitchel et al. “Topography, cell response, and nerve
regeneration,” Annu. Rev. Biomed. Eng. 12, 203-231 (2010).

REVIEW scitation.org/journal/bpr

881, M. Y. Yu, N. D. Leipzig et al. “Promoting neuron adhesion and growth,”
Mater. Today 11, 36-43 (2008).

189G. D. Mahumane, P. Kumar et al., “3D scaffolds for brain tissue regeneration:
Architectural challenges,” Biomater. Sci. 6, 2812-2837 (2018).

1905, K. Seidlits, J. Y. Lee et al, “Nanostructured scaffolds for neural
applications,” Nanomedicine 3, 183-199 (2008).

1911 F. Jaffe and M.-M. Poo, “Neurites grow faster towards the cathode than the
anode in a steady field,” . Exp. Zool. 209, 115-127 (1979).

192C. D. McCaig, “Nerve guidance: A role for bio-electric fields?” Prog.
Neurobiol. 30, 449-468 (1988).

193¢, D. McCaig and A. M. Rajnicek, “Electrical fields, nerve growth and nerve
regeneration,” Exp. Physiol. 76, 473-494 (1991).

19%A. M. Rajnicek, N. A. Gow et al., “Electric field-induced orientation of rat hip-
pocampal neurones in vitro,” Exp. Physiol. 77, 229-232 (1992).

195N Patel and M. M. Poo, “Orientation of neurite growth by extracellular elec-
tric fields,” J. Neurosci. 2, 483 (1982).

196C. D. McCaig, “Nerve branching is induced and oriented by a small applied
electric field,” J. Cell Sci. 95, 605 (1990).

197C. D. McCaig, L. Sangster et al, “Neurotrophins enhance electric field-
directed growth cone guidance and directed nerve branching,” Dev. Dyn. 217,
299-308 (2000).

1981, Zhao, A. Steiger et al., “Specific intensity direct current (DC) electric field
improves neural stem cell migration and enhances differentiation towards
PUI-tubulin+ neurons,” PLoS One 10, e0129625 (2015).

199G.-1. Ming, J. Henley et al., “Electrical activity modulates growth cone guid-
ance by diffusible factors,” Neuron 29, 441-452 (2001).

2001 Abe, N. Ochiai ef al., “Internodes can nearly double in length with gradual
elongation of the adult rat sciatic nerve,” | Orthop. Res. 22, 571-577 (2004).

201\, S, U. Sahar, T. Mettyas et al., “Development of a nerve stretcher for in vivo
stretching of nerve fibres,” Biomed. Phys. Eng. Express. 5, 045026 (2019).

202)\(, S, U. Sahar, M. Barton et al., “Design and fabrication of a nerve-stretching
device for in vivo mechanotransduction of peripheral nerve fibers,”

HardwareX 7, 00093 (2020).

2037 D. Nguyen, 1. B. Hogue ef al., “Tension-induced neurite growth in micro-
fluidic channels,” Lab on a Chip 13, 3735-3740 (2013).

20%M. Rigby, M. Anthonisen et al., “Building an artificial neural network with
neurons,” AIP Adv. 9, 075009 (2019).

205M. H. Magdesian, M. Anthonisen et al., “Rewiring neuronal circuits: A new
method for fast neurite extension and functional neuronal connection,” J. Vis.
Exp. 124, 55697 (2017).

206)\1. H. Magdesian, G. M. Lopez-Ayon et al., “Rapid mechanically controlled
rewiring of neuronal circuits,” . Neurosci. 36, 979 (2016).

207y, Hanein, O. Tadmor et al., “Neuronal soma migration is determined by
neurite tension,” Neuroscience 172, 572-579 (2011).

2085 Anava, A. Greenbaum ef al. “The regulative role of neurite mechanical ten-
sion in network development,” Biophys. J. 96, 1661-1670 (2009).

209y _A. Huang, C. T. Ho et al., “Nanoimprinted anisotropic topography prefer-
entially guides axons and enhances nerve regeneration,” Macromol. Biosci.
18, 1800335 (2018).

Z19W. Li, Q. Y. Tang et al., “Large-scale topographical screen for investigation of
physical neural-guidance cues,” Sci. Rep. 5, 8644 (2015).

2], Nissan, H. Schori et al., “Topographical impact of silver nanolines on the
morphology of neuronal SH-SY5Y cells,” J. Mater. Chem. B 5, 9346-9353
(2017).

212G, Bugnicourt, J. Brocard et al., “Nanoscale surface topography reshapes neu-
ronal growth in culture,” Langmuir 30, 4441-4449 (2014).

2135, Tachizawa, H. Takahashi et al., “Bundle gel fibers with a tunable microenvi-
ronment for in vitro neuron cell guiding,” ACS Appl. Mater. Interfaces 9,
4325043257 (2017).

Z%H. Onoe, T. Okitsu et al, “Metre-long cell-laden microfibres exhibit tissue
morphologies and functions,” Nat. Mater. 12, 584-590 (2013).

215Y. Yu, L. Shang et al., “Design of capillary microfluidics for spinning cell-
laden microfibers,” Nat. Protocols 13, 2557-2579 (2018).

Z16M. G. Christiansen, A. W. Senko ef al., “Magnetic strategies for nervous sys-
tem control,” Annu. Rev. Neurosci. 42, 271-293 (2019).

2173, Hughes, S. McBain et al., “Selective activation of mechanosensitive ion
channels using magnetic particles,” ]. R. Soc. Interface 5, 855-863 (2008).

Biophysics Rev. 2, 021303 (2021); doi: 10.1063/5.0043014
© Author(s) 2021

2, 021303-27


https://doi.org/10.1039/B813495B
https://doi.org/10.1039/B813495B
https://doi.org/10.1523/JNEUROSCI.1748-16.2016
https://doi.org/10.1523/JNEUROSCI.1748-16.2016
https://doi.org/10.1016/j.tins.2012.09.001
https://doi.org/10.1007/s11705-015-1550-2
https://doi.org/10.1007/s11705-015-1550-2
https://doi.org/10.1016/j.bios.2014.07.029
https://doi.org/10.1016/j.tins.2013.01.007
https://doi.org/10.1021/la8021479
https://doi.org/10.3389/fncel.2012.00010
https://doi.org/10.3389/fncel.2012.00010
https://doi.org/10.1063/1.110628
https://doi.org/10.1023/A:1026052820129
https://doi.org/10.1016/j.cbpa.2013.10.022
https://doi.org/10.1039/B607615G
https://doi.org/10.1088/0960-1317/18/1/015003
https://doi.org/10.1371/journal.pone.0015309
https://doi.org/10.1002/dneu.20764
https://doi.org/10.1089/107632701300062714
https://doi.org/10.1038/nmat2826
https://doi.org/10.1088/0022-3727/38/8/R01
https://doi.org/10.1155/2017/1564634
https://doi.org/10.1155/2017/1564634
https://doi.org/10.2217/nnm-2019-0103
https://doi.org/10.1016/j.bpj.2018.10.009
https://doi.org/10.1073/pnas.1019624108
https://doi.org/10.1073/pnas.1019624108
https://doi.org/10.1038/nmeth.2210
https://doi.org/10.1098/rsif.2019.0505
https://doi.org/10.1002/adhm.201700267
https://doi.org/10.1146/annurev-bioeng-070909-105351
https://doi.org/10.1016/S1369-7021(08)70088-9
https://doi.org/10.1039/C8BM00422F
https://doi.org/10.2217/17435889.3.2.183
https://doi.org/10.1002/jez.1402090114
https://doi.org/10.1016/0301-0082(88)90031-7
https://doi.org/10.1016/0301-0082(88)90031-7
https://doi.org/10.1113/expphysiol.1991.sp003514
https://doi.org/10.1113/expphysiol.1992.sp003580
https://doi.org/10.1523/JNEUROSCI.02-04-00483.1982
https://doi.org/10.1242/jcs.95.4.605
https://doi.org/10.1002/(SICI)1097-0177(200003)217:3<299::AID-DVDY8>3.0.CO;2-G
https://doi.org/10.1371/journal.pone.0129625
https://doi.org/10.1016/S0896-6273(01)00217-3
https://doi.org/10.1016/j.orthres.2003.08.019
https://doi.org/10.1088/2057-1976/ab2ca7
https://doi.org/10.1016/j.ohx.2020.e00093
https://doi.org/10.1039/c3lc50681a
https://doi.org/10.1063/1.5086873
https://doi.org/10.3791/55697
https://doi.org/10.3791/55697
https://doi.org/10.1523/JNEUROSCI.1667-15.2016
https://doi.org/10.1016/j.neuroscience.2010.10.022
https://doi.org/10.1016/j.bpj.2008.10.058
https://doi.org/10.1002/mabi.201800335
https://doi.org/10.1038/srep08644
https://doi.org/10.1039/C7TB02492D
https://doi.org/10.1021/la5001683
https://doi.org/10.1021/acsami.7b14585
https://doi.org/10.1038/nmat3606
https://doi.org/10.1038/s41596-018-0051-4
https://doi.org/10.1146/annurev-neuro-070918-050241
https://doi.org/10.1098/rsif.2007.1274
https://scitation.org/journal/bpr

Biophysics Reviews

Z18R. Munshi, S. M. Qadri et al., “Transient Magnetothermal Neuronal Silencing
Using the Chloride Channel Anoctamin 1 (TMEM16A),” Front. Neurosci. 12,
560-560 (2018).

219G. Romero, M. G. Christiansen et al., “Localized excitation of neural activity
via rapid magnetothermal drug release,” Adv. Funct. Mater. 26, 6471-6478
(2016).

220R. Chen, G. Romero et al, “Wireless magnetothermal deep brain stim-
ulation,” Science 347, 1477 (2015).

221C, P. Moerland, L. J. van Ijzendoorn et al., “Rotating magnetic particles for
lab-on-chip applications - a comprehensive review,” Lab on a Chip 19,
919-933 (2019).

222y Wang and L. Guo, “Nanomaterial-enabled neural stimulation,” Front.
Neurosci. 10, 69 (2016).

225K Yue, R. Guduru et al, “Magneto-electric nano-particles for non-invasive
brain stimulation,” PloS One 7, e44040 (2012).

2245 Ingvar, “Reaction of cells to the galvanic current in tissue cultures,” Exp.
Biol. Med. 17, 198-199 (1920).

225G, Marsh and H. W. Beams. “In vitro control of growing check nerve
fibers by applied electric currents,” J. Cell. Comp. Physiol. 27, 139-157
(1946).

226 A, M. Rajnicek, “Neuronal growth cone guidance by physiological DC electric
fields,” in The Physiology of Bioelectricity in Development, Tissue Regeneration
and Cancer, edited by C. E. Pullar (CRC Press, 2011), pp. 201-232.

227C. D. McCaig, A. M. Rajnicek et al., “Has electrical growth cone guidance
found its potential?” Trends Neurosci. 25, 354-359 (2002).

228¢_p, McCaig, A. M. Rajnicek et al, “Controlling cell behavior electri-
cally: Current views and future potential,” Physiol. Rev. 85, 943-978
(2005).

229¢ p. McCaig, “Spinal neurite reabsorption and regrowth in vitro depend on
the polarity of an applied electric field,” Development 100, 31 (1987).

230M. P. Lichtenstein, E. Pérez et al., “Short-term electrostimulation enhancing
neural repair in vitro using large charge capacity nanostructured electrodes,”
Appl. Mater. Today 6, 29-43 (2017).

25T, Honegger, M. A. Scott et al., “Electrokinetic confinement of axonal growth
for dynamically configurable neural networks,” Lab on a Chip 13 589-598
(2013).

2525, M. Catalano and C. J. Shatz, “Activity-dependent cortical target selection by
thalamic axons,” Science 281, 559 (1998).

233p, p. Aplin and G. Y. Fridman, “Implantable direct current neural modulation:
Theory, feasibility, and efficacy,” Front. Neurosci. 13, 379 (2019).

234M. R. Hamblin, “Shining light on the head: Photobiomodulation for brain dis-
orders,” BBA Clin. 6, 113-124 (2016).

235D, Gigo-Benato, S. Geuna et al., “Phototherapy for enhancing peripheral
nerve repair: A review of the literature,” Muscle Nerve 31, 694-701
(2005).

238A. Oron, U. Oron et al., “Low-level laser therapy applied transcranially to
mice following traumatic brain injury significantly reduces long-term neuro-
logical deficits,” |. Neurotrauma 24, 651-656 (2007).

2571 F. de Freitas and M. R. Hamblin, “Proposed mechanisms of photobiomodu-
lation or low-level light therapy,” IEEE J. Sel. Topics Quantum Electron. 22,
7000417 (2016).

238 A, Ehrlicher, T. Betz et al., “Guiding neuronal growth with light,” Proc. Natl.
Acad. Sci. U. S. A. 99, 16024 (2002).

REVIEW scitation.org/journal/bpr

239, J. Carnegie, T. Cizmar et al., “Automated laser guidance of neuronal
growth cones using a spatial light modulator,” J. Biophotonics. 2, 682-692
(2009).

2405, Rochkind, D. El-Ani et al., “Increase of neuronal sprouting and migration
using 780 nm laser phototherapy as procedure for cell therapy,” Lasers Surg.
Med. 41, 277-281 (2009).

2417, Higuchi, H. Kitamura, K.-I. Shishimine, S. Konishi, B. O. Yoon, and M.
Hara, “Visible light is able to regulate neurite outgrowth,” J. Biomater. Sci.,
Polymer Ed. 14(12), 1377-1388 (2003).

2427 Higuchi, T. Watanabe et al., “Visible light regulates neurite outgrowth of
nerve cells,” Cytotechnology 54, 181-188 (2007).

243, L. Ebbesen and H. Bruus, “Analysis of laser-induced heating in optical neu-
ronal guidance,” |. Neurosci. Methods 209, 168-177 (2012).

244K Oyama, V. Zeeb et al., “Triggering of high-speed neurite outgrowth using
an optical microheater,” Sci. Rep. 5, 16611 (2015).

245C, Paviolo, J. W. Haycock ef al., “Laser exposure of gold nanorods can increase
neuronal cell outgrowth,” Biotechnol. Bioeng. 110, 2277-2291 (2013).

2465, Higgins, J. S. Lee et al., “Inducing neurite outgrowth by mechanical cell
stretch,” BioResearch Open Access 2, 212-216 (2013).

247E, Bianchi, J. H. George et al., “Engineering a uniaxial substrate-stretching
device for simultaneous electrophysiological measurements and imaging of
strained peripheral neurons,” Med. Eng. Phys. 67, 1-10 (2019).

248Y Liu, J. C. Kim et al. “Electrically conductive nanocomposite hydrogels
embedded with functionalized carbon nanotubes for spinal cord injury,” New
J. Chem. 42, 1767117681 (2018).

249G. L. Mario Cheong, K. S. Lim et al., “Conductive hydrogels with tailored bio-
activity for implantable electrode coatings,” Acta Biomater. 10, 1216-1226
(2014).

2507, Wang, Z. Wang et al., “Novel biomaterial strategies for controlled growth
factor delivery for biomedical applications,” NPG Asia Mater. 9, e435 (2017).

2511, Ooi, M. Dottori et al, “If human brain organoids are the answer to under-
standing dementia, what are the questions?” Neuroscientist 26, 438-454 (2020).

252X, Qian, H. Song et al, “Brain organoids: Advances, applications and
challenges,” Development 146, dev166074 (2019).

253, Di Lullo and A. R. Kriegstein, “The use of brain organoids to investigate
neural development and disease,” Nat. Rev. Neurosci. 18, 573-584 (2017).
25"]4 Abbott, T. Ye et al., “A nanoelectrode array for obtaining intracellular
recordings from thousands of connected neurons,” Nat. Biomed. Eng. 4,

232-241 (2020).

255), T. Robinson, M. Jorgolli ef al., “Vertical nanowire electrode arrays as a scal-
able platform for intracellular interfacing to neuronal circuits,” Nat.
Nanotechnol. 7, 180-184 (2012).

256R. Liu, R. Chen ef al., “High density individually addressable nanowire arrays
record intracellular activity from primary rodent and human stem cell derived
neurons,” Nano Lett. 17, 2757-2764 (2017).

257D, Kim, H. Kang et al. “Compact 256-channel multi-well microelectrode array
system for in vitro neuropharmacology test,” Lab on a Chip 20, 3410-3422
(2020).

258 R, McConnell, M. A. McClain et al., “Evaluation of multi-well microelec-
trode arrays for neurotoxicity screening using a chemical training set,”
Neurotoxicology 33, 1048-1057 (2012).

259, A. Bearce, B. Erdogun ef al., “TIPsy tour guide: How microtubule plus-end
tracking proteins (+TIPs) facilitate axon guidance,” Front. Cell. Neurosci. 9,
00241 (2015).

Biophysics Rev. 2, 021303 (2021); doi: 10.1063/5.0043014
© Author(s) 2021

2, 021303-28


https://doi.org/10.3389/fnins.2018.00560
https://doi.org/10.1002/adfm.201602189
https://doi.org/10.1126/science.1261821
https://doi.org/10.1039/C8LC01323C
https://doi.org/10.3389/fnins.2016.00069
https://doi.org/10.3389/fnins.2016.00069
https://doi.org/10.1371/journal.pone.0044040
https://doi.org/10.3181/00379727-17-105
https://doi.org/10.3181/00379727-17-105
https://doi.org/10.1002/jcp.1030270303
https://doi.org/10.1016/S0166-2236(02)02174-4
https://doi.org/10.1152/physrev.00020.2004
https://doi.org/10.1242/dev.100.1.31
https://doi.org/10.1016/j.apmt.2016.12.002
https://doi.org/10.1039/c2lc41000a
https://doi.org/10.1126/science.281.5376.559
https://doi.org/10.3389/fnins.2019.00379
https://doi.org/10.1016/j.bbacli.2016.09.002
https://doi.org/10.1002/mus.20305
https://doi.org/10.1089/neu.2006.0198
https://doi.org/10.1109/JSTQE.2016.2561201
https://doi.org/10.1073/pnas.252631899
https://doi.org/10.1073/pnas.252631899
https://doi.org/10.1002/jbio.200910043
https://doi.org/10.1002/lsm.20757
https://doi.org/10.1002/lsm.20757
https://doi.org/10.1163/156856203322599716
https://doi.org/10.1163/156856203322599716
https://doi.org/10.1007/s10616-007-9087-y
https://doi.org/10.1016/j.jneumeth.2012.02.006
https://doi.org/10.1038/srep16611
https://doi.org/10.1002/bit.24889
https://doi.org/10.1089/biores.2013.0008
https://doi.org/10.1016/j.medengphy.2019.02.014
https://doi.org/10.1039/C8NJ03038C
https://doi.org/10.1039/C8NJ03038C
https://doi.org/10.1016/j.actbio.2013.12.032
https://doi.org/10.1038/am.2017.171
https://doi.org/10.1177/1073858420912404
https://doi.org/10.1242/dev.166074
https://doi.org/10.1038/nrn.2017.107
https://doi.org/10.1038/s41551-019-0455-7
https://doi.org/10.1038/nnano.2011.249
https://doi.org/10.1038/nnano.2011.249
https://doi.org/10.1021/acs.nanolett.6b04752
https://doi.org/10.1039/D0LC00384K
https://doi.org/10.1016/j.neuro.2012.05.001
https://doi.org/10.3389/fncel.2015.00241
https://scitation.org/journal/bpr

	s1
	s2
	s2A
	f1
	s2B
	f2
	f3
	s2C
	s2C1
	f4
	f5
	s2C2
	s2C3
	s2C4
	s2C5
	s3
	s3A
	s3A1
	f6
	s3A2
	s3A3
	f7
	s3B
	s3B4
	s3B5
	f8
	f9
	s3B6
	f10
	s4
	s4A
	s4A1
	f11
	s4A2
	s4A3
	s4A4
	f12
	s4A5
	s4B
	t1
	s4C
	s4D
	t2
	f13
	s4E
	f14
	f15
	s4F
	f16
	s5
	f17
	s5A
	s5B
	s5C
	s5D
	s5E
	l
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41
	c42
	c43
	c44
	c45
	c46
	c47
	c48
	c49
	c50
	c51
	c52
	c53
	c54
	c55
	c56
	c57
	c58
	c59
	c60
	c61
	c62
	c63
	c64
	c65
	c66
	c67
	c68
	c69
	c70
	c71
	c72
	c73
	c74
	c75
	c76
	c77
	c78
	c79
	c80
	c81
	c82
	c83
	c84
	c85
	c86
	c87
	c88
	c89
	c90
	c91
	c92
	c93
	c94
	c95
	c96
	c97
	c98
	c99
	c100
	c101
	c102
	c103
	c104
	c105
	c106
	c107
	c108
	c109
	c110
	c111
	c112
	c113
	c114
	c115
	c116
	c117
	c118
	c119
	c120
	c121
	c122
	c123
	c124
	c125
	c126
	c127
	c128
	c129
	c130
	c131
	c132
	c133
	c134
	c135
	c136
	c137
	c138
	c139
	c140
	c141
	c142
	c143
	c144
	c145
	c146
	c147
	c148
	c149
	c150
	c151
	c152
	c153
	c154
	c155
	c156
	c157
	c158
	c159
	c160
	c161
	c162
	c163
	c164
	c165
	c166
	c167
	c168
	c169
	c170
	c171
	c172
	c173
	c174
	c175
	c176
	c177
	c178
	c179
	c180
	c181
	c182
	c183
	c184
	c185
	c186
	c187
	c188
	c189
	c190
	c191
	c192
	c193
	c194
	c195
	c196
	c197
	c198
	c199
	c200
	c201
	c202
	c203
	c204
	c205
	c206
	c207
	c208
	c209
	c210
	c211
	c212
	c213
	c214
	c215
	c216
	c217
	c218
	c219
	c220
	c221
	c222
	c223
	c224
	c225
	c226
	c227
	c228
	c229
	c230
	c231
	c232
	c233
	c234
	c235
	c236
	c237
	c238
	c239
	c240
	c241
	c242
	c243
	c244
	c245
	c246
	c247
	c248
	c249
	c250
	c251
	c252
	c253
	c254
	c255
	c256
	c257
	c258
	c259

