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Abstract

Traumatic brain injury (TBI), which is characterized by damage to the brain resulting from a sudden traumatic
event, is a major cause of death and disability worldwide. It has short- and long-term effects, including neuro-
inflammation, cognitive deficits, and depression. TBI consists of multiple steps that may sometimes have oppos-
ing effects or mechanisms, making it challenging to investigate and translate new knowledge into effective
therapies. In order to better understand and address the underlying mechanisms of TBI, we have developed
an in vitro platform that allows dynamic simulation of TBI conditions by applying external magnetic forces to
induce acceleration and deceleration injury, which is often observed in human TBI. Endothelial and neuron-
like cells were successfully grown on magnetic gels and applied to the platform. Both cell types showed an in-
stant response to the TBI model, but the endothelial cells were able to recover quickly—in contrast to the
neuron-like cells. In conclusion, the presented in vitro model mimics the mechanical processes of accelera-
tion/deceleration injury involved in TBI and will be a valuable resource for further research on brain injury.
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Introduction

Traumatic brain injury (TBI) is a significant burden to
healthcare worldwide, with ~ 1.7 million cases occurring
annually in the United States. It is the leading cause of
death in the adolescent population.' TBI is generally de-
scribed as an abrupt head movement in response to me-
chanical forces, which are often followed by damage to
the brain tissue. TBI is categorized from mild to severe
and has a range of short- and long-term effects on a per-
son’s quality of life, expressed by physical, cognitive, and
emotional functioning.> Whereas TBI can be associated
with focal skull fractures, ~40% of all TBI patients ad-
mitted to hospitals are non-focal injuries and are usually
identified by diffuse axonal injury (DAI).>* This type of
injury is commonly a result of inertial-induced loads
that arise when the skull is accelerated while the brain
mass continues its motion relative to the skull, which
produces strains in the brain tissue.”

A major challenge in addressing TBI is the complex
physio- and pathophysiological mechanisms associated
with TBI. Indeed, the pathophysiology of TBI involves a
complex interplay of harmful (excitotoxicity, mitochon-
drial dysfunction, oxidative stress, lipid peroxidation,
etc.) and protective factors (neurogenesis, gliogenesis,
angiogenesis, synaptic plasticity, and axonal sprouting)
that determine the extent and severity of the injury, as
well as the recovery.® Despite significant progress in
modeling”® and understanding the complex molecular
mechanisms underlying TBI, such as activation of the
inflammatory response,”'® disruption of the blood-
brain barrier,'' and release of excitatory neurotransmit-
ters,'” there is still a gap in translating this knowledge
into clinical practice and effective therapy.

The existence of a wide range of in vitro TBI models
has been well documented.''* In the context of pene-
trating injuries, one approach is to perform a transection,
which directly injures multiple cells while exposing sur-
rounding cells to secondary effects. However, this
method, though easily scalable and suitable for high-
throughput screenings, is limited in its ability to model
a small percentage of clinically relevant brain injuries.

On the other hand, to model non-penetrating brain
injuries, various forces applied to cells or tissues have
been established. Compression, shear strains, hydrostatic
pressure, and stretch models are examples of such forces.
These models offer the advantage of being easily control-
lable, widely used, and well characterized.!>!>"1°

However, it is worth noting that these models have
generally received little attention regarding the effects
of isolated acceleration and deceleration injuries and
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their subsequent pathophysiology. As a result, coup
and contrecoup injuries, which are clinically highly rel-
evant in terms of DAI, are typically not adequately rep-
resented in these models* (Fig. 1A).

This process imposes opposing forces on brain tissue,
specifically on the neurovascular unit (NVU), which
consists of brain vasculature and brain parenchyma
(Fig 1B).2! 1t is difficult to separate these two mechan-
ical processes in vivo, given that the brain is a viscoelas-
tic material that behaves, to some extent, like a spring
when compressed. Therefore, investigating TBI requires
a comprehensive and multi-disciplinary approach to
address the various physio- and pathophysiological
mechanisms involved. Currently, computational simu-
lations are the main tool to overcome this challenge.
They allow the dynamic forces on tissue to be moni-
tored, but there are no experimental tools that allow
the separation of these processes. Moreover, in silico
models do not allow to study the effects of drugs or en-
vironmental factors that affect outcome in TBI patients.

In this study, we present an in vitro platform that en-
ables dynamic tissue loading (DTL) by applying exter-
nal magnetic forces over a magnetic hydrogel, which
represents brain tissue, and inducing complex TBI con-
ditions, by rapid angular/rotational acceleration-
deceleration, with no contact injuries (Fig. 1C). Once
characterized, we demonstrated the platform’s ability
to induce injury on different cell types in mono- or co-
cultures on either side of a magnetic hydrogel.

Methods

Magnetic nanoparticle synthesis

Synthesis of magnetic nanoparticles (MNPs) was car-
ried out as previously published by Fied and col-
leagues.22 Briefly, to form magnetic Fe;O,4, FeCl,-4
H,O and FeCl; were mixed at a 1:2 ratio in a basic so-
lution of hydroxide ammonium at 85°C for 2h under
nitrogen atmosphere. After multiple magnetic decanta-
tions, to wash the MNPs, a hydrophilic coating of meso-
2,3-dimercaptosuccinic acid (DMSA) was applied.
A coating was formed by diluting the MNP into
10mL of Hexane (Biolab 110-54-3, 88.198 g.mol_l;
Biolab, Ashkelong, Israel) and 50 mL of double distilled
water. Aqueous DMSA 10% (M/V; Alfa Aesar A17909,
182.22 g.molfl; Alfa Aesar, Yehud, Israel) and 20 mL of
acetone were added after MNPs were homogeneously
suspended. The suspension was first stirred for 48h
on a low frequency and then again 48 h at a high fre-
quency at room temperature. Finally, hydrophilic solu-
ble MNPs were separated from aggregates.
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FIG. 1.

Schematic experimental description. (A) Acceleration-deceleration injury illustration. During the

acceleration movement the brain tissue is compressed inside the skull and then put under tension in the
following deceleration movement (B) Cellular response to TBI during acceleration and deceleration. Blue
neurons, cyan: astrocytes, yellow: microglia cells, green: pericyte, red: endothelial cells. (C) The DTL system
allows, by controlling the movement of the magnets, to bend the magnetic hydrogel, which causes a
tension and compression effect on the cell. DTL, dynamic tissue-loading.

Transmission electron microscope
MNPs were diluted 1000 X before mounting one drop
of the MNP solution on a transmission electron mi-
croscopy (TEM) grid (Carbon Type A). After, they
were left to dry for 48 h at room temperature.
Samples were imaged by TEM (DMi8; Leica Micro-
systems, Wetzlar, Germany) and a JEM-2010F (JEOL,
Tokyo, Japan) equipped with a UHR pole piece, oper-
ated at 200 kV. Phase-contrast and bright-field diffrac-
tion images were recorded on a K2 Summit direct

electron detector (Gatan-Ametek, Pleasanton, CA),
connected to the microscope and set to linear mode.

Fabrication of magnetic cantilevers

Preparation of magnetic cantilevers was based on a pre-
viously described technique.”’ Briefly, by dissolving
100 mg of gelatin (Gelatin Type A, 175 bloom from por-
cine skin; Sigma-Aldrich, Milwaukee, WI) in 0.5 mL of
Dulbecco’s phosphate-buffered saline (PBS), a 20%
(w/v) gelatin solution was prepared. The solution was
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mixed and placed in a 65°C water bath until completely
dissolved. To prepare the 8% (w/v) active RM transglu-
taminase solution, 40 mg of transglutaminase powder
(Active RM transglutaminase; Ajinomoto Corp,
Tokyo, Japan) was dissolved in 0.5 mL of PBS. The so-
lution was mixed and placed in a 37°C water bath until
the transglutaminase was completely dissolved.

To fabricate the magnetic cantilevers, the gelatin and
transglutaminase solutions were thoroughly mixed and
dispensed into 3D-printed PLA (RaisePro; Raise Tech-
nologies, Inc., Chapel Hill, NC) molds clamped on a
glass cover-slide. Then, 125uL of the mixture was
poured in each mold to form six 20X 6 X 0.2 mm canti-
levers per batch. Within 4 min after casting, polydime-
thylsiloxane (PDMS) stamps were placed on the still
viscous gel solution. PDMS stamps were fabricated,
as previously described,”® and presented line features
with 5-um-deep, 10-um-wide grooves and 5-pm-wide
ridges. After 24h, the PDMS stamps were carefully
detached, the PLA molds were lifted and removed,
while the magnetic cantilevers remained on the glass
slide. Cantilevers were cut to 6 mm wide using a
scalpel. To detach the cantilevers, they were soaked in
distilled water for 5min and then were carefully
scraped from the glass using a razor blade. Hydrogel
cantilevers were stored at 2°C in a parafilm-sealed
Petri dish.

Characterization of magnetic cantilevers

Profilometer. Profilometer imaging was conducted
using Olympus LEXT 4000 optical profilometer
(Olympus Corporation, Tokyo, Japan). The magnetic
cantilever was imaged to demonstrate the micro-
grooves created by patterning it with a PDMS stamp,
as previously described. Collected data were processed,
using MATLAB (V. 2020b).**

Image analysis

An iPhone 12 was placed close to the setup so that
the cantilever could be filmed from the side. Canti-
levers were recorded with a frame rate of 30 fps.
Videos were saved as .mp4 files and then converted
to .avi. Videos were further processed to binary, where-
from the x and y positioning of the cantilever tip
were subtracted for each frame, using MATLAB
(V. 2020b).**

Human neuroblastoma SH-SY5Y cell cultures
Human neuroblastoma SH-SY5Y cells, infected with o-
syn(A53T)/green fluorescent protein (GFP) adeno-
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associated virus, were provided by Prof. Uri Ashery’s
lab. Cells were grown in 1:1 RPMI/F12 (Satorius, Kib-
butz Beit Haemek, Israel) medium supplemented with
10% fetal bovine serum (FBS; Sartorius), 0.15% sodium
bicarbonate (Sartorius), 1% Glutamax (ThermoFisher-
Scientific, Waltham, MA), 100 U/mL of penicillin, and
100 ug/mL of streptomycin (Sartorius), at 37°C with
5% CO, in a humidifying incubator. For experi-
ments, cells were differentiated to “neuron-shaped-
like” as detailed in the “cell differentiation” part,
which follows.

SH-SY5Y cell differentiation

SH-SY5Y cells were differentiated in two phases over
11 days. First, magnetic cantilevers were coated with
10mg/mL of poly-D-lysine (ThermoFisherScientific)
and, subsequently, with 4 ug/mL of laminin (Sigma-
Aldrich). Cells were then mixed 1:1 with Matrigel
(354234; Corning Incorporated, Corning, NY) and
seeded on the coated magnetic cantilevers (150,000
cells per cantilever) and allowed to grow for 24h. In
the first phase of differentiation, half of the medium
was changed to medium containing additionally
10 uM of retinoic acid (Sigma-Aldrich). Medium was
refreshed after 48h. On day 8 of the differentiation,
all the medium was changed to FBS-free medium con-
taining 2 ng/mL of brain-derived neurotrophic factor
(PeproTech, Cranbury, NJ) for the second phase.
Differentiation was completed after 3 more days of
incubation.

Endothelial cell culture

Human endothelial cells EA.hy926 (ATCC CRL-2922;
American Type Culture Collection, Manassas, VA)
were used after stable lentiviral transfection of GFP
(a kind gift from Dr. Shelly Loewenstein from Prof.
Lahat’s lab, Tel Aviv Sourasky Medical Center). Cells
were cultured in Dulbecco’s modified Eagle’s medium
high glucose (Satorius), supplemented with 10% FBS
(Sartorius), 100 U/mL of penicillin, and 100 ug/mL of
streptomycin (Sartorius), at 37°C with 5% CO, in a hu-
midifying incubator. Cells were seeded on the magnetic
cantilevers (85,000 cells per cantilever) and used for ex-
periments 24 h later.

Cell viability assay

Cell viability was monitored using AlamarBlue Cell Via-
bility Reagent (Invitrogen, ThermoFisherScientific). Ala-
marBlue is a resazurin-based, membrane-permeable
assay in which the reduction of resazurin by living cells
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directly correlates with cell viability. The reagent was
added into the media, according to manufacturer’s
instructions, and incubated for 3h. The assay was
performed before treatment for initial cell viabil-
ity, 1 h after TBI induction and 24 h later. Fluorescent
intensity was measured with the Tecan Spark multi-
mode microplate reader and normalized to the
blank and control samples. Cell viability was calcu-
lated by determining changes between the initial
measured cell viability and at the two time points
after TBI induction.

Imaging (optical and epifluorescence)

Light microscopy images were taken by a Nikon Eclipse
TS100 microscope (Nikon Corporation, Tokyo,
Japan). Fluorescence images were captured using the
Olympus IX83 inverted microscope and Olympus
FV3000 confocal laser scanning microscope (Olympus
Corporation) and were imaged with a 10Xxor 20X
objective.

Experimental setup

The general concept is based on the platform that is de-
scribed at Hagel and colleagues.”® A schematic of the ex-
perimental setup is shown in Figure 2C. The basic
concept of the system consists of two stacks of perma-
nent magnets attached to two linear motors (LinMot
PS01-23x160-R; Fig. 2C, Supplementary Figs. S1 and
§2), which, by moving toward the magnetic cantilever
or away from it, control its actuation. The controller
(C1100 controller, LinMot) is connected to a com-
puter by a USB to an RS-485 converter adapter. The
control software, written in Visual Studio (Microsoft
Corporation, Redmond, WA), allows to modify the
systems parameters. The experimental setup con-
sists of a clear polymethyl methacrylate box (47 x
47 x 30 mm), which is positioned vertically centered
between the two linear motors, and is filled with
PBS. The cantilever is placed horizontally inside the
box, using spacers, 8 mm above its floor (Fig. 2C, Sup-
plementary Figs. S1 and S2).

To mimic the forces exerted on brain tissue during
TBI, the cantilever was constrained such that a part
of it was fixed by the apparatus, while the other part
was free to move. The deformation was obtained
through the interaction of the external magnets with
the magnetic nanoparticles homogenously embedded
in the cantilever. The linear motor moved the attached
magnets at ~10m/s.
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Simulations

The interaction of the magnetic field, originating from
the stacks of permanent magnets, with the magnetic
nanoparticles embedded in the elastic cantilever, as
well as the movement and deformation resulting there-
from, were simulated using COMSOL Multiphysics.”® By
utilizing the magnetic-fields module, solid-mechanics
module, and moving-mesh module, we were able to re-
construct the dynamics observed in the experiment to
within decent agreement. This allowed extraction of
the magnetic flux density distribution in space and
the forces acting on the gel, as well as the stresses devel-
oped in it, its movement and deformation, according to
the movement of the magnets (Fig. 3). Simulations were
run both in 2D as well as 3D, using first a stationary
solver to obtain the steady (resting) state of the cantile-
ver in the presence of the magnets (situated in their
farthest positions), and feeding that solution to a
time-dependent solver accounting for the dynamics
while moving the magnets under the same movement
profile captured and analyzed with the camera in the
experiment. The physical parameters of the system
were fine-tuned from their literature-based values
until the simulations sufficiently converged with the ex-
perimentally observed movement values. A 3D simula-
tion of the exact experimentally captured movement of
the gel was also run to further investigate the stress,
compressive and tensile forces acting on the gel, by forc-
ing the movement profile without addressing the actu-
ation mechanism (no magnetic fields and forces).

Statistical analysis

All experiments were performed in at least three inde-
pendent replicates. The results shown are presented as
mean * standard deviation (SD) from individual exper-
iments. Using Graphpad Prism (V. 9.4.1; GraphPad
Software Inc., La Jolla, CA) software, p values were cal-
culated for differences between multiple groups by one-
or two-way analysis of variance followed by Tukey’s
multiple comparison test. A statistically significant dif-
ference between two data sets was assessed, and p <0.05
was considered statistically significant.

Result

Dynamic tissue-loading establishment

The goal of this study was to develop a model to com-
prehend the dynamics involved in TBI, with an empha-
sis on distinguishing between the tension and
compression mechanisms of acceleration/deceleration
injuries. The first step in establishing the dynamic
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FIG. 2. Experimental setup. (Ai, ii) Representative transmission electron microscope images of the MNPs.
(B) Full-length gelatin-based hydrogel scaffold containing MNPs. (C) Side view of the platform setup,
consisting of five magnets attached to linear motors, disposed on the top and under the box. When the
magnet is moved to zero distance to the box, it has a 10-mm distance to the cantilever. (D) Reconstitution
of cantilever bending as a response to the movement of the magnets. (E) Relative angle of cantilever
movement. (F) Characterization of cantilever positions over time and (G) and correlated to the x-position.
MNPs, magnetic nanoparticles.
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tissue-loading (DTL) model was to create magneto-
responsive hydrogel (Mgel) cantilevers that would sup-
port the growth of endothelial and neuron-like cells. To
do so, we synthesized MNPs with an average diameter
of 15-17nm and incorporated them into a gelatin-
based hydrogel matrix (Fig. 2Ai,Aii,B). A platform
was then established to apply selective forces on
Mgels that mimicked brain-like tissue, enabling to sim-
ulate the effects of whiplash injury by manipulating the
movement of magnets in relation to the Mgels
(Fig. 2C,D). The gel was able to respond to the move-
ment of the magnets in ~ 2 sec, and reach its maximum
position, up to 13 mm and down to 8 mm from the ini-
tial position (0 mm; Fig. 2F,G). Placement of magnet 5
above and below the gel induced a deformation angle of
the Mgel of 54.5 and 24.5 degrees for, respectively, the
top and down magnet movement (Fig. 2E).

Figure 3 shows the simulated field landscape in the
vertical plane. The dynamic chance of the field is cor-

related with the changes in the shear that is applied
on the gels and tissues. Moreover, Figure 3B demon-
strates that the magnetic field is equally distributed
on ~85% of the tissue and the field decays in
~20%. The peak acceleration simulated because of
the magnetic fields, measuring up to ~0.125 T inside
the gel, was ~0.17 G (compared to ~0.2 G in the ex-
periment), with forces in the range of 50 uN. This sug-
gests that the experimental apparatus measures mostly
the effects of compressive and tensile forces and defor-
mations acting on the cells, while decoupling brute-
force mechanical trauma, given that all actuation is
contactless. The deformation in the full simulation
probes von Mises stresses ranging from 150 Pa
(at the resting position) to 1500 Pa (at the most de-
formed position). The purely mechanical simulation
of the experimentally captured movement, though
less accurate, puts the maximum stress closer to
50 kPa.
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Cellular integration

After computational simulation of the DTL platform,
the suitability of the model to induce TBI in vitro
was investigated. The top surface of the gel was micro-
patterned with microgrooves of 10 um width and 5 yum
depth (Fig. 4A,B) in order to achieve parallel cellular
alignment, which may improve cellular functionality
and ensures equal force distribution, applied in length
onto the neurons®” (Fig. 4C,D, Supplementary Fig. $4).
To test biocompatibility of the platform, neuron-like
differentiated neuroblastoma cells (SH-SY5Y) and en-
dothelial cells were used. Cells were successfully cul-
tured on the Mgels (Fig. 5A,B,F,G) and exhibited a
similar morphology to those grown on a Petri dish
(Fig. 5C,H; Supplementary Fig. S3). The Mgel also en-
abled the coculture of cells on both sides of the cantile-
ver. Here, with neuronal cells on the top and
endothelial cells on the bottom (Figs. 4C,D and 5), sep-
arated by a 300-um-thick gel, the thickness of the gel
can be modified to adjust the distance between the cells.

Cellular response to mechanical perturbation

After we validated that the Mgel can support the cellu-
lar viability of multiple cell types (endothelium and
neurons), we identified the cellular response to the
DTL (e.g., compression, tension, and compression +
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tension [full TBI]). To do so, we characterized cellular
viability, number of cells, and morphology.

As shown in Figure 6, endothelial cells respond to
force induction (compression, tension, and compres-
sion + tension [full TBI]) in the parameters that were
used (Fig. 3), and that the force induction significantly
reduces cell viability 1h after induction (Fig. 6A).
Whereas the control continued to grow, viability for
TBI samples dropped to ~70% of the initially deter-
mined viability. However, no significant differences be-
tween the forces applied were observed. After 24h,
endothelial cells recovered and started to proliferate
again with the total amount of cells comparable to
the control sample (Fig. 6B). Moreover, there were no
changes in morphology of the endothelial cells ob-
served (Fig. 6C).

In contrast to endothelial cells, DTL causes an irre-
versible effect on the neuronal culture. As shown in
Figure 7A, 1h after force induction, cellular viability
decreased to ~40% of the initial viability and contin-
ued to drop to ~30% over the following 24 h, as ob-
served in the images taken after 24 h (Fig. 7B,C).

Similar to the results observed for endothelial cells,
the application of compression, tension, or full TBI
(compression + tension) did not cause significantly dif-
ferent responses in neuronal cultures.

i

101.5 15225 203

0 5075 253.75 pm \

FIG. 4. Depositing cells on the magnetic cantilevers. (A) Optical micrograph of the micropatterning stamp,
with a pattern line of 10 um wide with a spacing of 5 um. (B) Topography of the stamped groove pattern
on the scaffold. (C,D) lllustration of micropattern hydrogels with (C,Ci) aligned differentiated SH-SY5Y cells
and (D,Di) endothelial cells. Scale of the confocal imaging, 100 um.
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FIG. 5. Coculture of endothelial and neuron-line cells on Mgels. (A) Representative confocal microscope
image of differentiated SH-SY5Y cells on magnetic cantilevers (B), zoom of (A). Comparison to (C) brightfield
microscope image of differentiated SH-SY5Y cell morphology, grown in a Petri dish. (D) lllustration of
magnetic cantilevers with neurons on top and endothelial cells in the bottom. (E) 3D reconstitution from
Z-stack confocal microscopy of the magnetic cantilevers with SH-SY5Y on the top face and endothelial cells
on the bottom face. (F) Representative confocal microscope image of endothelial cells on magnetic
cantilevers (G), zoom of (F). Comparison to (H) brightfield microscope image of endothelial cell morphology,
grown in a Petri dish. Mgels, magneto-responsive hydrogels.

Discussion

Previous studies'® demonstrated that rapid angular/
rotational acceleration-deceleration injuries consistently
evoked physiological responses that were paralleled by
pathological changes observed throughout the subcorti-
cal white matter in contusion models on fixed heads.
These mechanical forces also lead to the release of chem-
icals that further contribute to the development of oxida-
tive stress and inflammation, damaging brain cells. One

of the challenges in studying mechanobiology is to un-
derstand how those mechanical forces contribute to the
development and progression of brain damage. To ad-
dress this challenge, we developed a dynamic tissue load-
ing system that allowed us to analyze the various effects
of the fundamental components of acceleration-
deceleration injury. This enables us to further understand
the mechanisms underlying this complex condition.
Though TBI can range in severity and the forces applied
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Endothelial response to force induction. (A) Viability quantification overtime in percentage of
initially determined cell viability. (B) Quantification of cells in percentage relative to control 24 h after force
induction. (C) Epifluorescent microscope images of endothelial cells 24 h after TBI: control, full TBI
(compression + tension), tension, and compression. Scale, 100 um. The results shown are presented as
mean = SD from individual experiments. SD, standard deviation; TBI, traumatic brain injury.
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to the brain tissue up to 1000 kPa in severe cases,”® the
dynamic tissue loading system is modular and can sim-
ulate TBI with different acceleration rates and shear in-
tensities, by controlling the speed of the motor,
geometry of the magnetic cantilever, and distance of
the magnets from the magnetic cantilevers.

In this study, shear stresses up to 50 kPa were used,
which are in the range of shear values applied during a
mild TBL.”

The platform’s ability to separate the processes of
mechanical force (compression and tension) while
tracking the cellular response enables the investigation
of various mechanobiological responses to TBI. One
advantage of the platform is the use of gels as a cell
growth substrate, which more closely mimics the natu-
ral cellular microenvironment. Stiffness of the gels is
significantly softer than the glass or plastic commonly
used in neuronal cultures. Gels also allow for the cul-
ture of cells in a 3D environment or on the surface of

the gel (as is the case in this study). Additionally, gels
enable the use of many traditional biological tools for
cellular analysis, such as fluorescents assays, immuno-
histochemistry, transcriptomics, etc., but may not be
suitable for functional assays like transepithelial electri-
cal resistance or multi-electrode array recording.

Another challenge, which is relevant for many
in vitro TBI models, is the heterogenous injury induced
to the cells on the gels. The cells in the middle of the gel
will experience a stronger deformation than the cells
sitting at the tip of the gel. These differences in degree
of injury must be taken into account during quantifica-
tion of cell injury. In perspective, to overcome this
problem, it would be possible to use shorter gels to re-
duce the variability of induced injury.

A possible next step for the experimental platform
presented here, which displays primarily the effects of
tensile and compressive dynamics during deformation,
is modifications that will address the extreme opposite
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FIG. 7.

Behavior of neuron-like SH-SY5Y cells on cantilever bending. (A) Viability quantification overtime in
percentage of initially determined cell viability. (B) Quantification of cells in percentage relative to control
24 h after force induction. (C) Epifluorescent microscope images of SH-SY5Y cells 24 h after TBI: control, full
TBI (compression + tension), tension, and compression. Scale, 100 um. The results shown are presented as
mean £ SD from individual experiments. SD, standard deviation; TBI, traumatic brain injury.
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end of the scale, where deformation of the gel will be
minimal, but acceleration of the cells will be sudden
and more significant—again without any external me-
chanical contact. Having the capability to probe, sepa-
rately and controllably, damage attributable to
deformation, and attributable to sudden acceleration,
can dramatically enhance our ability to understand the
mechanisms of TBI. Further steps for the experimental
platform will be to expose the cultures to novel drugs in
the search for effective pharmacological strategies.

The aim of this study was to develop a modular plat-
form that allows the application of separate mechanical
stimuli, including the compression and tension that in-
duce diffuse axonal injury, in order to better understand
the response of endothelial and neuronal cells to these
forces after TBI. We found a significant decrease in via-
bility for both cell types 1 h after the application of me-
chanical force. However, no significant differences
were observed between the application of tension, com-

pression, or both together. This may be attributable to a
number of factors, including the moderate shear forces
applied during the cantilever contraction, which are sim-
ilar to those experienced in mild TBI, and the sensitivity
of both neuronal and endothelial cells to mechanical per-
turbation, which has been previously demonstrated in
the literature.’>*' In contrast to neurons, endothelial
cells have the ability to proliferate, as shown 24 h after
injury, when the total number of cells was similar to
the control sample. These findings highlight the differ-
ences in the response of these two cell types to injury,
including their ability to recover, the number of live
cells, and morphological changes, which is consistent
with previous research on the cellular response of endo-
thelial and neuronal cells to injury.”>>?

In conclusion, we have established a DTL platform
suitable to separate the mechanical forces in TBI.
Using the capabilities of this novel model system,
under different conditions (such as intensities,
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acceleration rates, etc.), will be beneficial in better un-
derstanding the mechanobiology and cellular responses
post-TBI and contribute to the ongoing attempts to
bring promising therapies into clinical practice.

Acknowledgments

Illustrations were created with BioRender.com. We are
especially grateful to Eran Rosen for the work done in
the machine shop, Yifat Wiess for her assistance with
the SH-SY5Y cells, and Ronja Boneberg for the art-
work. We are grateful for the funding agencies, which
supported our work and enabled us to write this per-
spective.

Authors’ Contributions

L.S. (equal): methodology, experimental data, data
analysis, and writing original draft. M.B.L. (equal):
methodology, experimental data, data analysis, and
writing original draft. M.H.: experimental data and
experimental platform. M.Y.: experimental platform.
K.F.: experimental platform and programming. E.F.:
experimental platform and programming. A.R.B.:
simulations. K.H.: writing, review and editing. E.S.
writing, review and editing. Y.L.B.: conceptualization,
mentoring and reviewing the manuscript. B.M.M.:
conceptualization, mentoring and reviewing the
manuscript.

Data Availability

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Transparency, Rigor,

and Reproducibility Summary

This study was not formally registered because the ar-
ticle does not contain clinical studies or patient data.
The analysis plan was not formally pre-registered, but
the team member with primary responsibility for the
analysis (corresponding author) certifies that the anal-
ysis plan was pre-specified. A sample size of at least
three independent cell cultures was planned and con-
ducted. Handling of biomechanical data was per-
formed by team members who were aware of relevant
characteristics of the samples. All data were acquired
in the same time frame and with the same devices.
Authors are aware of the limitations of the assays
used, and assay-specific limitations can be found on
manufacturer websites. All equipment and analytical
reagents used to perform the biomechanical measure-

571

ments are widely available from companies. The statis-
tical tests used were based on the assumptions of
normal distributions, and the sample sizes and degrees
of freedom reflect the number of independent mea-
surements. Methods that do not require correction
for multiple comparisons were used. No replication
or external validation studies have been performed or
are planned/ongoing at this time to our knowledge.

The data that support the findings of this study are
available from the corresponding author upon reason-
able request. There is no analytical code associated with
this study. All materials used to conduct the study were
obtained from a widely available source, as stated in the
Methods section. The authors agree or have agreed to
publish the manuscript using the Mary Ann Liebert
Inc. “Open Access” option under the appropriate
license.

Funding Information

This work was supported by the Azrieli Foundation,
Israel Science Foundation 2248/19, 1934/23, ERC Sweet-
Brain 851765, TEVA, Israel Ministry of Science and
Technology (grant no.: 3-17351), Zimin Foundation,
the Aufzien Family Center for the Prevention and Treat-
ment of Parkinson’s Disease, AMRF (Adelson Medical
Research Foundation; grant to E.S.), and the German
Research Foundation (DFG; GRK2154, materials4-
brain).

Author Disclosure Statement
No competing financial interests exist.

Supplementary Material
Supplementary Figure S1
Supplementary Figure S2
Supplementary Figure S3
Supplementary Figure S4

References

1. Asemota AO, George BP, Bowman SM, et al. Causes and trends in trau-
matic brain injury for United States adolescents. J Neurotrauma 2013;
30(2):67-75; doi: 10.1089/neu.2012.2605

2. Ng SY, Lee AYW. Traumatic brain injuries: pathophysiology and potential
therapeutic targets. Front Cell Neurosci 2019;13:528; doi: 10.3389/fncel
.2019.00528

3. De Kruijk JR, Twijnstra A, Leffers P. Diagnostic criteria and differential
diagnosis of mild traumatic brain injury. Brain Inj 2001;15(2):99-106; doi:
10.1080/026990501458335

4. Monte VE de, Geffen GM, Massavelli BM. The effects of post-traumatic
amnesia on information processing following mild traumatic brain injury.
Brain Inj 2006;20(13-14):1345-1354; doi: 10.1080/02699050601082073

5. Johnson VE, Stewart W, Smith DH. Axonal pathology in traumatic brain
injury. Exp Neurol 2013;246:35-43; doi: 10.1016/j.expneurol.2012.01.013



Schlotterose et al.; Neurotrauma Reports 2023, 4.1
http://online.liebertpub.com/doi/10.1089/neur.2023.0026

20.

21.

22.

23.

24,
25.

26.
27.

28.

. Loane DJ, Stoica BA, Faden Al. Chapter 22—Neuroprotection for trau-

matic brain injury. Handb Clin Neurol 2015;127:343-366; doi: 10.1016/
B978-0-444-52892-6.00022-2

. Nikolakopoulou P, Rauti R, Voulgaris D, et al. Recent progress in transla-

tional engineered in vitro models of the central nervous system. Brain
2020;143(11):3181-3213. doi: 10.1093/brain/awaa268

. Maoz BM, Asplund M, Maggio N, et al. Technology-based approaches

toward a better understanding of neuro-coagulation in brain homeostasis.
Cell Tissue Res 2022;387(3):493-498; doi: 10.1007/500441-021-03560-2

. Morganti-Kossmann MC, Rancan M, Stahel PF, et al. Inflammatory re-

sponse in acute traumatic brain injury: a double-edged sword. Curr Opin
Crit Care 2002;8(2):101-105; doi: 10.1097/00075198-200204000-00002

. Schlotterose L, Cossais F, Lucius R, et al. Breaking the circulus vitiosus of

neuroinflammation: resveratrol attenuates the human glial cell response
to cytokines. Biomed Pharmacother 2023;163:114814; doi: 10.1016/j
.biopha.2023.114814

. Barretto TA, Park E, Telliyan T, et al. Vascular dysfunction after modeled

traumatic brain injury is preserved with administration of umbilical cord
derived mesenchymal stromal cells and is associated with modulation of
the angiogenic response. J Neurotrauma 2021;38(19):2747-2762; doi: 10
.1089/neu.2021.0158

. Katayama Y, Becker DP, Tamura T, Hovda DA. Massive increases in ex-

tracellular potassium and the indiscriminate release of glutamate fol-
lowing concussive brain injury. J Neurosurg 1990;73(6):889-900; doi: 10
.3171/jns.1990.73.6.0889

. Morrison B IlI, Elkin BS, Dollé JP, et al. In vitro models of traumatic brain

injury. Annu Rev Biomed Eng 2011;13:91-126; doi: 10.1146/annurev-
bioeng-071910-124706

. Hamilton KA, Santhakumar V. Current ex vivo and in vitro approaches to

uncovering mechanisms of neurological dysfunction after traumatic
brain injury. Curr Opin Biomed Eng 2020;14:18-24; doi: 10.1016/j.cobme
.2020.05.001

. Schlotterose L, Beldjilali-Labro M, Schneider G, et al. Traumatic brain in-

jury in a well: a modular three-dimensional printed tool for inducing
traumatic brain injury in vitro. Neurotrauma Rep 2023;4(1):255-266; doi:
10.1089/neur.2022.0072

. Kumaria A, Tolias CM. In vitro models of neurotrauma. Br J Neurosurg

2008;22(2):200-206; doi: 10.1080/02688690701772413

. Kumaria A. In vitro models as a platform to investigate traumatic brain

injury. Altern Lab Anim 2017;45(4):201-211; doi: 10.1177/
026119291704500405

. Kobeissy FH, Dixon CE, Hayes RL, et al (eds). Injury models of the central

nervous system, Methods and protocols. Humana Press: New York, NY;
2016.

. Campolettano ET, Gellner RA, Smith EP, et al. Development of a concus-

sion risk function for a youth population using head linear and rotational
acceleration. Ann Biomed Eng 2020;48(1):92-103; doi: 10.1007/510439-
019-02382-2

Payne WN, De Jesus O, Payne AN. Contrecoup Brain Injury. StatPearls
Publishing: Treasure Island, FL; 2022.

Zhou Y, Chen Q, Wang Y, et al. Persistent neurovascular unit dysfunction:
pathophysiological substrate and trigger for late-onset neurodegenera-
tion after traumatic brain injury. Front Neurosci 2020;14:581; doi: 10.3389/
fnins.2020.00581

Fried T, Shemer G, Markovich G. Ordered two-dimensional arrays of ferrite
nanoparticles. Adv Mater 2001;13(15):1158-1161.

McCain ML, Agarwal A, Nesmith HW, et al. Micromolded gelatin hydrogels
for extended culture of engineered cardiac tissues. Biomaterials 2014;
35(21):5462-5471; doi: 10.1016/j.biomaterials.2014.03.052

The MathWorks, Inc. MATLAB. The MathWorks, Inc: Natick, MA.

Hagel M, Yadid M, Beldjilali-Labro M, et al. A platform for assessing cel-
lular contractile function based on magnetic manipulation of magneto-
responsive hydrogel films. Adv Sci (Weinh) 2023; doi: 10.1002/advs
202207498

COMSOL AB. COMSOL Multiphysics®. COMSOL AB: Stockholm, Sweden.
Braun NJ, Liao D, Alford PW. Orientation of neurites influences severity of
mechanically induced tau pathology. Biophys J 2021;120(16):3272-3282;
doi: 10.1016/j.bpj.2021.07.011

Turner RC, Naser ZJ, Logsdon AF, et al. Modeling clinically relevant blast
parameters based on scaling principles produces functional & histological
deficits in rats. Exp Neurol 2013;248:520-529; doi: 10.1016/j.expneurol
.2013.07.008

29.

30.

31.

32

572

Madouh FA, Ramesh KT. The influence of shear anisotropy in mTBI: a
white matter constitutive model. Ann Biomed Eng 2019;47(9):1960-1970;
doi: 10.1007/510439-019-02321-1

Tavalin SJ, Ellis EF, Satin LS. Mechanical perturbation of cultured cortical
neurons reveals a stretch-induced delayed depolarization. J Neurophysiol
1995;74(6):2767-2773; doi: 10.1152/jn.1995.74.6.2767

Tabouillot T, Muddana HS, Butler PJ. Endothelial cell membrane sensi-
tivity to shear stress is lipid domain dependent. Cell Mol Bioeng 2011;4(2):
169-181; doi: 10.1007/512195-010-0136-9

Gaasch JA, Lockman PR, Geldenhuys WJ, et al. Brain iron toxicity: differ-
ential responses of astrocytes, neurons, and endothelial cells. Neurochem
Res 2007;32(7):1196-1208; doi: 10.1007/511064-007-9290-4

. McKinney JS, Willoughby KA, Liang S, et al. Stretch-induced injury of

cultured neuronal, glial, and endothelial cells: effect of polyethylene
glycol-conjugated superoxide dismutase. Stroke 1996;27(5):934-940; doi:
10.1161/01.5tr.27.5.934

Cite this article as: Schlotterose L, Beldjilali-Labro M, Hagel M, et al.
Inducing mechanical stimuli to tissues grown on a magnetic gel al-
lows deconvoluting the forces leading to traumatic brain injury.
Neurotrauma Reports 2023:4(1):560-572. doi: 10.1089/neur.2023.0026.

Neura
Reports

4 N\
Abbreviations Used
DAI = diffuse axonal injury
DMSA = meso-2,3-dimercaptosuccinic acid
DTL = dynamic tissue-loading platform
FBS = fetal bovine serum
GFP = green fluorescent protein
Mgel = magneto-responsive hydrogel
MNPs = magnetic nanoparticles
PBS = phosphate-buffered saline
PDMS = polydimethylsiloxane
SD = standard deviation
TBI = traumatic brain injury
TEM = transmission electron microscopy
o _/
~

Publish in Neurotrauma Reports

Saiia = |[mmediate, unrestricted online access
= Rigorous peer review

= Compliance with open access mandates
= Authors retain copyright

= Highly indexed

= Targeted email marketing

liebertpub.com/neur


http://www.liebertpub.com/neur

