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We report a water-soluble and non-toxic method to incorporate additional extracellular matrix proteins

into gelatin hydrogels, while obviating the use of chemical crosslinkers such as glutaraldehyde. Gelatin

hydrogels were fabricated using a range of gelatin concentrations (4%–10%) that corresponded to elastic

moduli of approximately 1 kPa–25 kPa, respectively, a substrate stiffness relevant for multiple cell types.

Microbial transglutaminase was then used to enzymatically crosslink a layer of laminin on top of gelatin

hydrogels, resulting in 2-component gelatin–laminin hydrogels. Human induced pluripotent stem cell

derived spinal spheroids readily adhered and rapidly extended axons on GEL-LN hydrogels. Axons dis-

played a more mature morphology and superior electrophysiological properties on GEL-LN hydrogels

compared to the controls. Schwann cells on GEL-LN hydrogels adhered and proliferated normally, dis-

played a healthy morphology, and maintained the expression of Schwann cell specific markers. Lastly,

skeletal muscle cells on GEL-LN hydrogels achieved long-term culture for up to 28 days without delami-

nation, while expressing higher levels of terminal genes including myosin heavy chain, MyoD, MuSK, and

M-cadherin suggesting enhanced maturation potential and myotube formation compared to the controls.

Future studies will employ the superior culture outcomes of this hybrid substrate for engineering func-

tional neuromuscular junctions and related organ on a chip applications.

1. Introduction

The extracellular matrix (ECM) plays an instructive role in the
development and function of tissues in vivo. Hence, a more
representative recapitulation of the ECM composition is an
important consideration in in vitro tissue engineering. In
recent years, biomimetic ECM has been engineered to recapi-
tulate the in vivo microenvironment including appropriate
elastic moduli,1,2 pore size,3,4 and major ECM proteins.5 Two

important ECM components present in most human tissues
are collagen and laminin.6 While collagen is the most abun-
dant ECM protein, the feasibility for its experimental use may
be limited, e.g. it is relatively expensive and hydrogel formation
can be challenging. As an inexpensive substitute, gelatin
hydrogels have been widely used in the culture of skeletal
muscle cells,7,8 podocytes,9 cardiomyocytes,10 and hepato-
cytes.3 The basal lamina of these organ systems however, also
contains laminin, a high molecular weight protein ECM com-
ponent, important in cell adherence and migration.11–15

Laminin (LN) coated surfaces have been frequently used to
culture neurons and Schwann cells, yet its associated pro-
perties such as stiffness and downstream cellular effects have
not been fully correlated to native neural ECM.16,17

Additionally, laminin has been successfully functionalized to
multiple synthetic and biological materials including hyaluro-
nic acid,18,19 agarose,20 collagen,21 poly(ethylene glycol),22 and
polycaprolactone.23,24 There is a need for the development of a
substrate containing both gelatin and laminin, which can
more authentically recapitulate the ECM composition and
mechanical properties. Here, a LN-coated gelatin hydrogel
demonstrated an improved ECM substrate that closely mimics
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the ECM found in many cell types and, in turn, provided
appropriate mechanical cues and characteristics beneficial to
multiple cell types.

In this study, we developed a 2-component biomaterial; a
gelatin hydrogel crosslinked with laminin using microbial
transglutaminase (mTg). mTG is a naturally occurring enzyme,
commonly used in the food industry, that catalyzes the for-
mation of covalent N-e-(gamma-glutamyl) lysine amide
bonds.4 These amino acid groups are present in many proteins
including gelatin, laminin, fibronectin, and vimentin. The
gelatin–laminin (GEL-LN) material is easy to fabricate, since
mTG is water-soluble, inexpensive, and highly biocompatible.
Additionally, the GEL-LN hydrogel can be micromolded with
the desired topography using techniques borrowed from soft
lithography.

We first fabricated micromolded gelatin hydrogels using
mTg as a crosslinker.10,25–27 After the gelatin hydrogel had
formed, a laminin layer was enzymatically crosslinked to the
top of the gelatin hydrogel using additional mTg.28

Fluorescence microscopy confirmed the presence of a thin
layer of laminin on the surface of the 2D gelatin hydrogel.
Subsequently, atomic force microscopy (AFM) was used to
confirm the maintenance of the micromolded topography
after laminin addition. The mechanical properties of the
GEL-LN hydrogel were fully characterized using AFM, rheome-
try, and swelling measurements. We then tested GEL-LN sub-
strates for the culture of 3 cell types: human induced pluripo-
tent stem cell (hiPSC) derived spinal spheroids (SpS), primary
rat Schwann cells, and C2C12 skeletal muscle cells. We sought
to determine the morphological and functional cellular out-
comes for these cell types when cultured on GEL-LN compared
to commonly used substrates. SpS were cultured on isotropic
GEL-LN hydrogels, and morphological and functional
measurements, such as calcium imaging and electrophysi-
ology, were performed. Primary rat Schwann cells were cul-
tured on the GEL-LN hydrogel and assessed for attachment,
proliferation, and expression of S100 and P75. C2C12 mouse
skeletal muscle cells were cultured on anisotropic micro-
molded surfaces for up to 28 days without delamination. We
examined the morphological changes and protein expression
over the 28-day period and compared these outcomes to cul-
tures on a pure gelatin hydrogel. Since neurons, Schwann
cells, and skeletal muscle cells form the cellular components
of neuromuscular junctions, this platform is ideally suited for
the co-culture of these cell lineages for the generation of a
functional neuromuscular junction platform. Future studies
will also explore the use of mTG to crosslink gelatin hydrogels
with additional proteins such as fibronectin and vimentin to
create chemically defined ECM scaffolds.

2. Materials and methods
2.1. Hydrogel fabrication

Gelatin hydrogels were fabricated using a previously reported
method.10 Type A porcine gelatin (Sigma, Saint Louis, MO) at

various concentrations (4%, 6%, 8%, 10% w/v) and mTg (4%
w/v; Ajinomoto, Tokyo, Japan) were dissolved in deionized
water. Once dissolved, the solution was aliquoted (150 µL)
onto 18 mm glass coverslips that had been oxidized by
exposure to 0.1 M NaOH for 5 minutes, silanized with 0.5%
(3-aminopropyl)triethoxysilane (APTES) in 95% ethanol for
5 minutes, and chemically activated by 0.5% glutaraldehyde
for 30 minutes.29 Polydimethylsiloxane (PDMS; Electron
Microscopy Sciences, Hatfield, PA) stamps were placed on top
of the gelatin solution and left overnight at room temperature to
crosslink. PDMS stamps were removed from the gelatin hydro-
gels and the hydrogels were sterilized for 20 minutes under
ultraviolet light in a biosafety hood. Laminin (10 µg mL−1;
Gibco, Carlsbad, CA) and mTg (4% w/v) solution were added at a
1 : 1 ratio to a parafilm covered surface. The gelatin hydrogel was
inverted onto the drop of laminin–mTg solution. Hydrogels were
incubated at 37 °C and under 5% CO2 for 1 hour. Once removed
from the incubator, GEL-LN hydrogels were placed in phosphate
buffered saline (PBS; Gibco) and stored at 4 °C until use (Fig. 1).

2.2. Characterization of hydrogel

2.2.1. Immunofluorescent staining. Experimental groups
were prepared to assess the presence of a chemically linked
laminin layer on top of a gelatin hydrogel: gelatin only
(control), isotropic GEL-LN, and micromolded GEL-LN
(20 µm × 10 µm, grooves and ridges). Fluoro-Max fluorescent
microspheres (1 µm, Alexa Fluor 488, Thermo Fisher
Scientific, Waltham, MA) were embedded in the gelatin
portion of the hydrogel. Subsequently, laminin was added to
all groups except the control samples. Each sample was pre-
pared and stored at 4 °C in PBS overnight. Once hydrated, the
samples were incubated with rabbit anti-laminin primary anti-
body (1 : 200; Abcam, ab11575, Cambridge, UK) followed by
Alexa Fluor 555-conjugated goat anti-rabbit secondary antibody
(1 : 200; Invitrogen, A21428, Carlsbad, CA). Samples were
mounted with prolong diamond antifade mounting solution
(Invitrogen) onto microscope slides and stored at 4 °C. Z-Stack
hydrogel images were acquired using ALS AF software and a
Leica SP5 inverted confocal microscope (Leica, Wetzlar,
Germany) and 3-dimensional images were rendered using
ImageJ software.

2.2.2. Topographical analysis. To assess the topography of
the micromolded GEL-LN hydrogels, AFM was employed.
Gelatin only and GEL-LN samples were prepared as described
above and hydrated in PBS before AFM measurements were
performed using a Bruker Dimension 3100D AFM (Bruker,
Billerica, MA). An SCM-PIT 0.01–0.025 Ohm cm antimony
doped Si cantilever (spring constant 1–5 N m−1, 2.5–2.5 µm tip
diameter, Veeco, Plainview, NY) was used in the tapping mode
to obtain the height profile of the respective samples. Section
views and 3-dimensional contour plots of the topography were
rendered using Nanoscope 5.31r1 software (Bruker) with the
height analysis tool.

2.2.3. Rheometry. The elastic modulus of the GEL-LN
hydrogels (4%, 6%, 8%, 10%) was characterized by oscillatory
tests on a HAAKE Rheostress 6000 rheometer (Thermo Fisher
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Scientific). Oscillatory tests (2 total, technical duplicates; n = 3
samples) were performed to determine the elastic modulus (E),
or stiffness, and the linear viscoelastic region (LVE). The LVE is
the region in which measurements are not affected by the
magnitude of the shear stress applied. A force-controlled fre-
quency sweep was performed from 1–100 Hz to determine the
storage modulus (G′) and loss modulus (G″) values. The ampli-
tude of shear stress was held constant at 0.5 N. The elastic
modulus (E) was obtained from the storage and loss moduli:

G ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G′2 þ G′′2

p
ð1Þ

E ¼ 2Gð1þ vÞ ð2Þ

where v is the Poisson’s ratio for hydrogels.30,31 To determine
the LVE, an amplitude sweep was performed from approxi-
mately 0–100% γ values. This test confirmed that the storage
and loss moduli obtained from the frequency sweep were
within the LVE, and therefore were viable measurements inde-
pendent of the applied stress.

2.2.4. Atomic force microscopy. To characterize the elastic
modulus of the GEL-LN hydrogel, hydrogels were prepared
(4%, 6%, 8%, and 10% gelatin w/v) in 35 mm Petri dishes and
phenol free medium was added due to the interference of red
media with the AFM laser. The dishes were stored at 4 °C over-
night to allow the hydrogels to reach equilibrium. Each hydro-
gel was submerged in phenol free media immediately prior to
elasticity characterization to preserve hydration. A custom AFM
designed for mechanical measurement was used to indent the
hydrogels; this AFM design and setup has been described

previously.32–34 To microindent the hydrogel, a sphere tipped
cantilever (spring constant 0.06 N m−1, 2 µm spherical tip dia-
meter, Novascan, Boone, IA) is fixed onto a piezoelectric actua-
tor (60 µm maximal expansion, P-841.40, Physik Instrumente,
Germany) and lowered onto the sample at 15 µm s−1 until the
piezoelectric actuator reaches its maximum displacement
value (1000 V, corresponding to ∼20 nN of the applied force).
As the cantilever indents a sample, it deflects; this resultant
deflection is measured as a function of actuator displacement.
From these measurements, force–deflection curves can be
created and fit to the Hertz model for spherical indenters
using a custom MATLAB code to obtain the Young’s modulus
of elasticity, where the Hertz model is:

F ¼ 4E
ffiffiffi
R

p

3ð1� ν2ÞD
3=2 ð3Þ

In this equation, F is the recorded force, E is the Young’s
modulus of elasticity, v is the dimensionless Poisson’s ratio, R
is the radius of the indenter, and D is the recorded indenta-
tion.35 Each gel sample was measured a minimum of 20 times,
and each curve fit was graphed and inspected to ensure proper
curve fitting before analysis.

2.2.5. Swelling. The swelling behavior of the GEL-LN hydro-
gel was analyzed using a previously reported method.36–38

Hydrogel samples (n = 10) were fabricated and measured for
each condition. To measure the wet weight (We), the hydrogel
constructs were weighed after 48 hours in high glucose DMEM
GlutaMAX media (Gibco) at 37 °C. The samples were dried at
room temperature for 7 days to achieve a constant weight,

Fig. 1 Schematic showing the GEL-LN fabrication process. (1) Gelatin and mTg are mixed together and added to the top of an activated glass cover-
slip. (2) The gelatin–mTg mixture is then micromolded under a PDMS stamp and left to cure at room temperature overnight. After curing, the stamp
is removed and the gelatin hydrogels are sterilized. (3) A laminin (10 µg mL−1) droplet is added to a non-adherent surface (ex: parafilm), after which
warm mTg is added to the laminin droplet. (4) Gelatin hydrogel is inverted onto the laminin–mTg droplet. The hydrogel is placed in a 37 °C incubator
for 1 hour. (5) The GEL-LN hydrogel is removed from the droplet and stored at 4 °C in PBS until use.
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these values were recorded as the dry weight (Wd). The average
mass of the glass coverslips was subtracted from both values.
The equilibrium percentage of swelling was calculated as
follows:

Percent Swelling ¼ ðW e �WdÞ=Wd � 100 ð4Þ

2.3. Culture of SpS

2.3.1. SpS differentiation and maintenance. Human motor
neurons were differentiated and purified according to pre-
viously published methods.17,39 Briefly, fibroblasts were
obtained from skin punch biopsies and seeded on gelatin-
coated 6-well plates. The fibroblasts were transduced with 4
retroviral vectors expressing SOX2, OCT3/4, KFL4, and C-MYC.
After 7 to 10 days hiPSCs were identified and frozen until
needed. hiPSCs were cultured until 90–95% confluency and
then differentiated into motor neurons for 24 days, which were
subsequently purified using magnetic bead sorting based on
L1CAM. The purified motor neurons were cultured with agita-
tion until they formed SpS. SpS were seeded onto GEL-LN
hydrogels or LN coated surfaces and were maintained in
DMEM/F12 GlutaMAX (Thermo Fisher) media containing
0.32% D-glucose (Thermo Fisher), 0.8 mM L-ascorbic acid
(Sigma), 2× N-2 supplement (Thermo Fisher), 2× B27 sup-
plement (Thermo Fisher), 1% penicillin/streptomycin (Thermo
Fisher), 1.5 µM retinoic acid (Sigma), 10 µM SB431542 (Sigma),
1 µM dosomorphin (Tocris, Bristol, UK), 200 nM SAG (Tocris),
2 ng mL−1 BDNF (Thermo Fisher), 2 ng mL−1 GDNF (Thermo
Fisher), and 2 ng mL−1 CNTF (Thermo Fisher).

2.3.2. Calcium imaging. SpS were seeded onto GEL-LN
(10% w/v gelatin) hydrogels or LN coated surfaces and allowed
to grow for 5 days. Dye solution was prepared by dissolving
50 µg of Oregon Green 488 BAPTA-1 (Sigma) in 25 µL of DMSO
and 25 µL of F127 pluronic acid (Sigma). On day 5, cultures
were washed with dPBS once and incubated at 37 °C with
phenol free DMEM (Gibco) containing 2 µM dye solution for
45 minutes. Since phenol red contributes to autofluorescence,
phenol-free medium was used for calcium imaging studies.
After incubation, the cells were washed 2× with dPBS and
loaded into a live imaging chamber (Warner Instruments,
Hamden, CT). Videos were taken using a Nikon Eclipse Ti
inverted microscope (Nikon, Tokyo, Japan). First, high glucose
phenol free medium (Gibco) was added to neurons and 30
second videos were taken of any spontaneous calcium cycling.
Then, phenol free medium containing 1 mM 4-aminopyridine
(Sigma) was added to cultures and 2 minute videos were taken
of calcium cycling. The videos were analyzed and graphed
using MATLAB software. To calculate the signal to noise ratio
(SNR), the videos were run through a MATLAB program.
Regions of interest were drawn that contained an axon, and
that were far away from an axon. For each frame, the intensity
of axon-free ROI was subtracted from the intensity of axon-con-
taining ROI (‘Signal’). The difference was then divided by the
intensity of axon-free ROI (‘Noise’) to arrive at the SNR of that
frame.

2.3.3. Microelectrode array recordings. MEAs (60MEA200/
30IR–TI–GR; Multichannel Systems, Reutlingen, Germany)
were prepared by either LN coating (10 µg mL−1; n = 2) or
adding a GEL-LN (10% w/v gelatin) hydrogel (n = 2) to the elec-
trode surface in the well. SpS were added inside the MEA well
and cells were allowed to adhere and were cultured for 8 days.
On days 8 and 13, extracellular electrophysiological recordings
were taken using the MEA2100 system with a temperature
(37 °C) controller and an interface board that connects the
system to a PC (Multichannel Systems). Multichannel exper-
imenter and analyzer software were used to perform on-line
recordings and off-line analysis of the data, respectively. Data
values were filtered with a high pass filter (200 Hz) and then a
low pass filter (4000 Hz) and sampled at 25 kHz. The noise in
each channel was determined and a threshold of 10 times the
standard deviation of the noise was set to determine a spike.
The average number of spikes per active channel, number of
bursts per active channel, mean burst duration, interburst
interval, and number of spikes in a burst were extrapolated
from the recordings. The number of active channels was deter-
mined by using a channel with 6 spikes per minute.40 A burst
was determined using 5 well reported criteria: minimum of 5
spikes, minimum duration of 50 ms, interburst interval of
100 ms, maximum of 50 ms interval to start a burst, and
maximum of 50 ms interval to end a burst. The recording file
was analyzed additionally using a MATLAB toolbox, provided
by Multichannel Systems, to calculate the average spike ampli-
tude of each condition.41–44

2.3.4. Immunocytochemistry. SpS were cultured for up to
21 days and fixed in 4% paraformaldehyde for 20 minutes. To
visualize SpS adherence and axonal growth, SpS were incu-
bated with primary antibody chicken/IgY anti-neurofilament
light (Thermo Fisher Scientific, PA1-10000; 1 : 2500) overnight
at 4 °C followed by a secondary antibody Alexa Fluor 647-con-
jugated AffiniPure Rabbit anti-chicken IgY (Jackson Immuno
Research Laboratories, 303-605-003; 1 : 400). SpS were mounted
with prolong diamond antifade mounting solution on micro-
scope slides and stored at 4 °C until imaging.

2.4. Culture of Schwann cells

2.4.1. Schwann cell harvest and culture. Adult female
Fischer rats (Harlan Company, Indianapolis, IN) were housed
according to NIH guidelines and the Guide for the Care and
Use of Animals. All animal procedures employed in this study
were approved by the Institutional Animal Care and Use
Committee (IACUC) of the University of Miami (IACUC
approval # 10-032, dated: 2010). Primary Schwann cells were
isolated from a rat using previously described methods
approved by the University of Miami Animal Care and Use
Committee.45 A nerve section was taken from a rat and trans-
ported in Belzer UW® Cold Storage Solution (Bridge to Life
Ltd, Columbia, SC) and processed within 24 hours. The nerve
was dissected under a microscope into fascicles in sterile
Leibovitz’s medium (Invitrogen) containing gentamicin
(40 mg mL−1; Fresenia Kabi Company, Bad Homburg,
Germany). Fascicles were cultured at 37 °C for 5–8 days with
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Schwann cell growth medium containing 1× Dulbecco’s modi-
fied Eagle’s medium (Life Technologies), 10% fetal bovine
serum (Hyclone, GE Healthcare Life Sciences, South Logan,
UT), 2 µM forskolin (Sigma-Aldrich), 10 nM human recombi-
nant heregulin β1 (Genentech, South San Francisco, CA),
4 mM L-glutamine (Life Technologies), and 0.064 mg mL−1

gentamicin (APP Pharmaceutical/Fresenius Kabi USA, Lake
Zurich, IL) and subsequently treated with dissociation
enzymes (collagenase, 0.5 PZU ml−1, and neutral protease, 2
DMCU ml−1; Serva, Tulsa, OK) for 16 to 18 hours. The isolated
cells (passage 0, P0) were seeded onto LN coated tissue culture
flasks and propagated until the cells reached 60–80% conflu-
ence and expanded up to passage 3, P3, or cryopreserved with
DMSO and stored in liquid nitrogen for long-term banking.

When ready, Schwann cells were thawed and seeded in LN
coated flasks and cultured in Schwann cell growth media until
confluent. Once the cells were confluent they were lifted from
the surface with TrypLE (Thermo Fisher Scientific), counted,
and re-suspended in an appropriate amount of media. Cell
containing medium was added to isotropic gelatin hydrogels
and GEL-LN hydrogels at a density of 25 000 cells per cm2 and
the samples were cultured for 2 days.

2.4.2. Immunocytochemistry. Primary rat Schwann cells
were cultured for 2 days and fixed in 4% paraformaldehyde for
10 minutes. To visualize the attachment and morphology of
the cells, Schwann cells were incubated with primary antibody
polyclonal rabbit anti-S100 (Dako, GA50461-2, Santa Clara, CA)
for 30 minutes at room temperature followed by a secondary
antibody Alexa Fluor 555 goat anti-rabbit (1 : 200; Invitrogen,
A21428). Schwann cells were mounted with prolong diamond
antifade mounting solution on microscope slides and stored
at 4 °C until imaging.

2.5. Culture of C2C12 skeletal muscle cells

2.5.1. Long-term culture. Commercially available mouse
C2C12 skeletal muscle cells (bought from ATCC, Manassas, VA,
catalog# CRL-1772) were seeded on either micromolded
(20 µm × 10 µm, grooves and ridges) gelatin (10% w/v) or
GEL-LN (10% w/v gelatin) hydrogels and maintained in culture
over a period of 35 days. Approximately 25 000 cells per cm2

were seeded onto each hydrogel in a 12-well plate. The cells
were cultured in growth media containing high glucose DMEM
GlutaMAX (Gibco), 10% FBS (Gibco), and 1% penicillin–strep-
tomycin, until confluency was achieved. Once confluent, the
media were replaced with muscle differentiation media con-
taining high glucose DMEM, 2% horse serum (ATCC), and 1%
penicillin–streptomycin. Experimental tests were performed on
the specified days within the 35-day culture period.

2.5.2. Immunocytochemistry and flow cytometry. C2C12
skeletal muscle cells were cultured for up to 35 days and sub-
sequently fixed in 4% paraformaldehyde for 15 minutes. To
visualize the sarcomeric structure, determine the number of
total nuclei, and analyze the myogenic index, C2C12 were incu-
bated with a primary antibody mouse monoclonal anti-
α-sarcomeric actinin (1 : 200; Sigma, A7732) or mouse anti-
MHC (1 : 200; clone A4.1025; EMD Millipore, 05-716,

Burlington, MA) followed by Alexa Fluor 647-conjugated goat
anti-mouse secondary antibodies (1 : 200; Invitrogen, A21237),
Phalloidin Alexa Fluor 488 (Invitrogen, A12379) and DAPI
(1 : 200). All cultures were mounted with prolong diamond
antifade mounting solution onto microscope slides and stored
at 4 °C until imaging.

At 7 days, biological duplicates of C2C12 cells seeded on
gelatin or GEL-LN were collected by trypsinization (0.25%
trypsin-EDTA; Gibco) and pelleted. Samples were re-suspended
in sterile staining buffer containing PBS with bovine serum
albumin (0.005%; Sigma-Aldrich) and 1 mM EDTA (pH 7.5;
Gibco) and then stained with PE-conjugated anti-mouse ITGA7
(Invitrogen) and Ghost Dye™ Red 780 viability dye (Tonbo
Biosciences, San Diego, CA) for 20 minutes at 4 °C. The cells
were subsequently washed twice with staining buffer, and
50 000 events were acquired using CytExpert Software with a
CytoFLEX C0-B5-R3 Flow Cytometer (Beckman Coulter Life
Sciences; Indianapolis, IN) for each sample. Events were ana-
lyzed by forward and side-scatter followed by live–dead dis-
crimination and ITGA7 expression of unstained and stained
samples using Kaluza v2.1 software (Beckman Coulter Life
Sciences). The generated histograms demonstrate the positive
ITGA7 expression of duplicates (blue and green lines) based on
the gating strategy against the respective unstained controls
(red lines) which was quantitatively compared.

2.5.3. Quantitative reverse transcription polymerase chain
reaction. C2C12 cell samples seeded onto gelatin or GEL-LN
hydrogels were collected during differentiation. At 7 days after
the start of differentiation, triplicate samples for each con-
dition were collected by trypsinization, and total RNA was iso-
lated using the RNeasy Plus Kit (Qiagen, Germantown, MD)
according to the manufacturer’s instructions. RNA (1 μg) for
each sample was synthesized into complementary DNA using
SuperScript IV VILO Mastermix (Thermo Fisher Scientific).
Quantitative reverse transcription polymerase chain reaction
(RT-qPCR) was performed for each sample using mouse-
specific primers for myogenin, MHC, MyoD, muscle-specific
tyrosine kinase (MuSK), LDL receptor related protein-4 (Lrp4),
cadherin-2 (CDH2, N-cadherin), cadherin-15 (CDH15,
M-cadherin), and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) with sequences previously reported.46 Quantitative
comparison of each gene expression level for each sample was
analyzed by the ΔΔCt method, and values for C2C12 samples
cultured on GEL-LN were represented as the relative fold
change normalized to those cultured on gelatin (n = 3).

2.5.4. Morphological analysis. On days 7, 14, 21, 28, and
35, C2C12 cells were fixed and immunostained for MHC (n =
2) or α-sarcomeric actinin (n = 2) to assess the morphology of
the tissue. A Nikon Eclipse Ti inverted microscope was used to
take images of the cultures (5 fields of view per slide) and
ImageJ was used to analyze the images. To assess total nuclei,
the number of nuclei in each field of view was counted.
Subsequently, the number of nuclei contained in myotubes
positively stained for MHC or α-sarcomeric actinin was
counted. The myogenic index was calculated by dividing the
number of nuclei contained in myotubes by the number of
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total nuclei. Protein levels for MHC and F-actin were quanti-
fied by totaling the number of fluorescent pixels in each field
of view using ImageJ software (National Institute of Health,
Bethesda, MA).

2.6. Statistical analysis

All statistical analysis was performed using Prism v8 software
(GraphPad, San Diego, CA). Student’s t-tests and one-way ana-
lysis of variance followed by Tukey’s post hoc test were used for
statistical comparisons. All values were reported as the mean ±
standard error of the mean unless reported otherwise, and p <
0.05 was considered statistically significant.

3. Results
3.1. Hydrogel fabrication

mTg is an enzyme commonly used to crosslink gelatin for the
formation of gelatin hydrogels. mTg catalyzes the formation of
N-e-(gamma-glutamyl) lysine amide bonds, which are present
in various proteins and ECM components.4 While the side
reactions catalyzed by reaction intermediates have been
recently hypothesized in the pathogenesis of auto-immune
disease47 and neurological disease,48 the enzyme itself or the
ammonia side product has not been implicated in any in vitro
toxicity.

In this study, we used mTg to enzymatically crosslink a thin
laminin layer to a 2-dimensional gelatin hydrogel. Initially,

mTg (4% w/v) was added to porcine gelatin (4%, 6%, 8%, and
10% w/v) and subsequently inverted to obtain a homogeneous
mixture (Fig. 1). The solution was then added to 18 mm chemi-
cally activated glass coverslips, patterned using a polydimethyl-
siloxane (PDMS) stamp, and allowed to cure overnight. Once
the gelatin hydrogel was fully formed, a droplet of laminin
(10 µg mL−1) and mTg (4% w/v) was added to a parafilm-lined
Petri dish and the gelatin hydrogel was inverted onto the
laminin–mTg solution (Fig. 1).

To confirm the presence of laminin, fluorescence
microscopy was performed, and 3-dimensional renderings of
the GEL-LN hydrogels were created (Fig. 2D–F). When prepar-
ing samples for imaging, fluorescent microbeads (1 µm dia-
meter) were embedded in the bulk gelatin hydrogel (10% w/v).
Fabrication of 3 conditions was performed including an isotro-
pic gelatin only hydrogel (control), an isotropic GEL-LN hydro-
gel, and a micromolded (20 µm grooves separated by 10 µm
ridges) GEL-LN hydrogel. All 3 experimental groups were
immunostained for laminin and imaged using a confocal
Leica SP5 inverted microscope. The control hydrogel only
fluoresced in the FITC channel (beads) while no fluorescence
in the TRITC channel (laminin) was observed (Fig. 2A and D).
Conversely, under both GEL-LN hydrogel conditions, fluo-
rescent beads and a thin laminin layer were visible (Fig. 2B, C
and E, F). While the thickness of the laminin layer was not
directly measured, it is estimated to be approximately one
protein layer thick. Additionally, images obtained for the
micromolded GEL-LN hydrogels indicate that the laminin fol-

Fig. 2 Fluorescence microscopy visualized and validated each experimental substrate. The gelatin (10% w/v) layer of the hydrogel was embedded
with 1 µm fluorescent beads (green), and each hydrogel was immunostained for the presence of laminin (10 µg mL−1; red). Z-stack images were
taken of each experimental group. Three experimental groups were analyzed: (1) isotropic gelatin hydrogel, (2) isotropic GEL-LN hydrogel, and (3)
micromolded (µM) GEL-LN hydrogel. (A–C) Maximum projection of z-stack images visualizes the topography of each substrate. Scale bar represents
100 µm. (D–F) 3D rendered images of z-stack images show protein distribution and patterning of each hydrogel.
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lowed the patterning and did not fill the grooves with protein,
which would result in a flat surface (Fig. 2C and F).

Hydrogel topography is an important feature for the culture
of multiple cell types including skeletal muscle cells,7 cardio-
myocytes,49 neurons,50 and podocytes.51 Adding grooves and
ridges to the hydrogel surface will help align the skeletal
muscle tissue, aiding in muscle maturation. To confirm that
the groove and ridge structure was maintained, the AFM
tapping mode was employed to perform an assessment of the
surface topography of both control gelatin hydrogel (Fig. 3A–C)
and GEL-LN hydrogel (Fig. 3D–F). The resulting section ana-
lysis graph shows a height difference along a 90 µm × 90 µm
section of the hydrogel. The ridge and groove topography of
the hydrogel was maintained after the addition of laminin to
the hydrogel surface. This indicates that a thin laminin layer
was added to the surface while preserving the hydrogel surface
topography.

3.2. Characterization of gelatin–laminin hydrogel

GEL-LN hydrogels are biocompatible and have highly tunable
mechanical properties. We assessed the bulk elastic moduli,
surface elastic moduli, swelling behavior, and degradation of
GEL-LN hydrogels. The degradation of the material under
sterile conditions was assessed after 3 weeks. Fig. 4A depicts a
GEL-LN hydrogel with micromolded features on day 1 of fabri-
cation and day 21 after fabrication. GEL-LN hydrogels were
stored in PBS for 21 days and the micromolded features
remain with no indication of degradation. Additionally, this
experiment was performed in cell culture media and the
GEL-LN stability was maintained. The swelling behavior of the

material was characterized by comparing the dry weight and
wet weight of the material. The degree of swelling was inversely
proportional to the gelatin concentration and ranged from
620% at 4% gelatin to 340% at 10% gelatin (Fig. 4B). The
elastic modulus of GEL-LN hydrogels at 4%, 6%, 8%, and 10%
(w/v) gelatin and 4% (w/v) mTg was characterized using rheo-
metry and AFM. These techniques are complementary and
provide 2 sets of information for the material mechanical pro-
perties. AFM will measure the elastic modulus of the material
in small areas on the hydrogel surface; however there can be
differences in the level of crosslinking occurring in different
locations on the surface.52 In contrast, rheometry measures
the bulk elastic modulus of the hydrogel and any regional
differences in crosslinking or stiffness will be lost, allowing
the average value to be obtained. The surface elastic modulus
ranged from 4.29 ± 2.35 kPa to 24.1 ± 12.9 kPa (Fig. 4C), while
the bulk elastic modulus of the GEL-LN material ranged from
1.46 ± 0.33 kPa to 8.40 ± 0.73 kPa (Fig. 4D). These values are
within the in vivo elastic moduli of multiple cellular ECMs
including neuronal and muscle tissue. Rheological measure-
ments were performed for gelatin concentrations ranging from
4%–10% (w/v) and mTg concentrations at 2% and 4% (w/v).
The measurements were then used to create a 2D-contour plot
of the elastic modulus based on the gelatin and mTg concen-
tration (Fig. 4D). Complete rheometry results for 4%, 6%, 8%,
and 10% GEL-LN are compiled in ESI Fig. 1–5.†

3.3. Motor neuron culture

hiPSCs were cultured until 90–95% confluent and sub-
sequently differentiated into motor neurons. Magnetic bead

Fig. 3 Surface topography of gelatin and GEL-LN hydrogels was analyzed using atomic force microscopy (AFM). A 90 µm × 90 µm section was ana-
lyzed in the tapping mode to assess the height differential. Section analysis of 20 µm × 10 µm (A) µM gelatin hydrogel and (D) µM GEL-LN hydrogel.
Red, green, and white arrows on section analysis correspond to the arrows on the topography plot. Topography plot of height differences for (B)
gelatin and (E) GEL-LN hydrogels. 3D contour plot of µM features on (C) µM gelatin and (F) µM GEL-LN hydrogels.
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sorting was used to sort iPSC-derived motor neurons and
obtain a pure population. iPSC-motor neurons were aggregated
to form 3D SpS. SpS were seeded on both isotropic 10% (w/v)
gelatin hydrogels and GEL-LN hydrogels (10% w/v) and cul-
tured overnight in neuronal media. After 24 hours, adherence
and presence of neural processes were assessed. On the gelatin
hydrogel, SpS did not adhere and therefore did not extend any
axons (data not shown). Conversely, on GEL-LN hydrogels, SpS
readily adhered and started to extend axons after 24 hours
(Fig. 5A). The axons continued to grow and increase in density
over time (Fig. 5B). After 21 days, SpS were fixed and immunos-
tained for the presence of neurofilament light (NFL) (Fig. 5C).
Images showed the positive presence of NFL and axons
extended from the SpS body in a radial manner similar to SpS
cultured on LN coated surfaces.

The functional characteristics of SpS on LN coated surfaces
and GEL-LN hydrogels were assessed by performing calcium
imaging and recording electrophysiology. For calcium
imaging, SpS were seeded on glass coverslips that were either
coated with LN (n = 2) or the GEL-LN hydrogel (n = 2). After 5
days, the medium was removed, and the cells were stained
with Oregon Green 488 BAPTA-1 calcium dye (Fig. 5D and E).
Initially, SpS were imaged for 30-second increments for spon-
taneous signaling. SpS sparking was rare and inconsistent
when no stimulation was employed. To induce regular calcium
signaling, 1 mM 4-aminopyridine, a potassium channel agonist,
was added to the culture media and 2-minute videos were
recorded (see ESI Videos 1 and 2† for representative videos of
SpS calcium signaling under LN and GEL-LN conditions,
respectively). All videos were analyzed using MATLAB program

for signaling (Fig. 5F). On both LN coated surfaces and
GEL-LN hydrogels, SpS displayed regular calcium signaling
(Fig. 5G). While the number of spikes was similar for both con-
ditions, the intensity of the signaling for SpS on GEL-LN was
higher. This increase in intensity could be due to axonal bund-
ling occurring on GEL-LN, leading to thicker axons and there-
fore increased intensity (Fig. 5E).

SpS were seeded on microelectrode arrays (MEAs) either
coated with LN (n = 2) or a GEL-LN hydrogel (n = 2), the SpS
were cultured in neuronal media and recordings were taken on
day 8 and day 13 (Fig. 6A and B). Additionally, SpS were seeded
on the control gelatin only hydrogels; however recordings were
not taken due to the complete absence of cellular adherence.
Recordings were taken of spontaneous SpS electrical activity;
each recording was 3 minute long and analyzed for spikes,
bursts, active channels, burst duration, average amplitude of a
spike, mean interburst interval, and number of spikes in a
burst (Fig. 6E–K). Representative images of MEA electrical
recordings on LN coated surfaces and GEL-LN hydrogels are
presented in Fig. 6C and D. There was a significant increase in
the number of spikes per active channel (p < 0.05) and the
number of bursts per active channel (p = 0.015) on the GEL-LN
hydrogel compared to the LN coated MEA; however the number
of active channels remained the same. The average number of
spikes in a burst and the mean burst duration remained con-
stant across cultures. The interburst interval, which is the time
between bursts, was not statistically longer; however there was
an upward trend between the LN coated and GEL-LN con-
ditions. The spike amplitude showed a significant increase for
the SpS cultured on the GEL-LN hydrogel (p < 0.0001).

Fig. 4 GEL-LN hydrogels were fabricated with 4% mTg and various gelatin concentrations (4%, 6%, 8%, and 10%). (A) GEL-LN hydrogel was visually
assessed at day 1 and day 21 for degradation. (B) Degree of swelling was calculated using dry mass of the hydrogel and wet mass at equilibrium (n =
10). (C) The elastic modulus of varying gelatin concentrations was measured with multiple indentations using AFM. (D) GEL-LN hydrogels were fabri-
cated using mTg (2% and 4%) and gelatin (4%, 6%, 8%, and 10%). The elastic modulus was determined with a rheometer and a contour plot was con-
structed (n = 3). Scale bar represents 50 μm. Values represent mean ± SEM. * p < 0.05 compared to 4%; # p < 0.05 compared to 6%.
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3.4. Schwann cell culture

Primary rat Schwann cells were isolated from female rats. The
Schwann cells were cultured on a LN coated surface until con-
fluent; the cells were then collected and seeded on isotropic
10% (w/v) gelatin hydrogels and GEL-LN hydrogels (100 000
cells per 18 mm coverslip). The cells were cultured for 2 days
and attachment and proliferation were assessed. After
24 hours, the cells adhered to both gelatin and GEL-LN sur-
faces; however at the 2-day time point many of the Schwann
cells cultured on gelatin had detached (Fig. 7A). Conversely, on
day 2 of culture the Schwann cells on GEL-LN remained
adhered and were present at higher densities (Fig. 7B). On day
2, Schwann cells were fixed and immunostained for S100 and
DNA (Fig. 7C–F); 5 images were taken for each condition,

gelatin (n = 7) and GEL-LN (n = 8). The images were analyzed
for total nuclei and S100 positive area. The result showed a sig-
nificant increase in the number of total nuclei (p < 0.0001)
and S100 positive area (p < 0.0001) for Schwann cells cultured
on GEL-LN (Fig. 7G and H). Cell viability and proliferation
were assessed for each condition using a live/dead assay and a
Click-it EdU assay, respectively. After 2 days of culture, the
Schwann cells were alive and proliferating at a rate of approxi-
mately 50% on both gelatin hydrogels and GEL-LN hydrogels
(ESI Fig. 6†).

3.5. Skeletal muscle tissue culture

To assess the ability to culture skeletal muscle tissue long
term, C2C12 cells were cultured on micromolded (20 µm ×

Fig. 5 Visual and functional characterization of SpS cultures. SpS cultured on isotropic 10% (w/v) GEL-LN for (A) 1 day and (B) 21 days show the
extension of axonal projections. Scale bar represents 100 µm. (C) SpS were cultured for 21 days and then immunostained for neurofilament light
(NFL) to visualize the spatial arrangement of projections. Scale bar represents 100 µm. SpS cultured on (D) a LN coated glass coverslip and (E)
GEL-LN hydrogel were stained with Oregon Green 488 BAPTA-1 calcium dye. Scale bar represents 50 µm. (F) Videos were subsequently taken for 30
seconds of unstimulated calcium signaling. 1 mM 4-aminopyridine was added to each condition and 2-minute videos were recorded of calcium sig-
naling. A MATLAB program was used to quantify spiking and graph. (G) Spikes for each stimulated condition were quantitatively compared for SpS
cultures. Values represent mean ± SEM.
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10 µm, grooves and ridges) GEL-LN hydrogels (10% w/v). Once
the cells became confluent, growth medium was replaced with
differentiation medium (day 0). The cells were cultured up to

35 days and were fixed on days 7, 14, 21, 28, and 35. The skel-
etal muscle tissue was then immunostained for myosin heavy
chain (MHC; Fig. 8A) or α-sarcomeric actinin (Fig. 8B), F-actin,

Fig. 6 Substrates promote the distinguishable electrophysiology of SpS cultures. SpS were cultured on (A) LN coated MEAs and (B) isotropic 10%
(w/v) GEL-LN hydrogels adhered to MEAs. Scale bar represents 200 µm. Recordings were taken on day 8 and day 13 of culture. Each recording was a
total of approximately 3 minutes. 10-second representative image of SpS spiking under a (C) LN coated condition and a (D) GEL-LN condition. (E)
Number of average active channels within the conditions. An active channel was designated as any channel with 6 spikes per minute. (F) Average
spike amplitude in mV between LN coated and GEL-LN conditions. Average number of (G) spikes and (H) bursts per active channel. (I) Average
number of spikes in a burst between LN coated and GEL-LN conditions. (J) Average interburst interval time in milliseconds. Interburst interval is
defined as the amount of time between the end of one burst and the beginning of the next. (K) Mean burst duration in milliseconds between LN
coated and GEL-LN conditions (n = 4 for all experiments). Values represent mean ± SEM. *p < 0.05; ****p < 0.0001.

Fig. 7 Characterization of Schwann cell cultures. Schwann cells were cultured on gelatin isotropic 10% (w/v) GEL hydrogels and GEL-LN hydrogels
for 2 days. Brightfield image after 48 hours on (A) GEL and (B) GEL-LN. Scale bar represents 100 µm. Fluorescent images of S100 after 48 hours on
(C) GEL and (D) GEL-LN. Scale bar represents 100 µm. Magnified views of (C) and (D) on (E) GEL and (F) GEL-LN, respectively. Scale bar represents
50 µm. (G) Quantification of the average percent area of each field of view covered by S100 (n = 7 gel, n = 8 GEL-LN). (H) Quantification of the
average total nuclei in each field of view (n = 7 gel, n = 8 GEL-LN). Values represent mean ± SEM. ****p < 0.0001.
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and DNA and imaged on a Leica inverted confocal microscope.
The cells were analyzed for the positively stained area, myo-
genic index, and total nuclei. The total MHC positive area frac-
tion increased until day 21 (p < 0.0001), then slightly
decreased on day 28, and had a significant reduction by day 35
(p < 0.0001; Fig. 8C). The total F-actin positive area increased
up to day 28 (p < 0.0001), and on day 35 there was a significant
decrease of F-actin (p < 0.0001; Fig. 8D). Similarly, the myo-
genic index increased significantly until day 28 (p < 0.0001),
after which there was a significant drop on day 35 (p < 0.01;
Fig. 8E). The myogenic index on day 35 was still significantly
higher than that on day 7 (p < 0.01). Lastly, the total nuclei
increased until day 28 (p < 0.0001) and then plateaued for the
rest of the culture period (Fig. 8F). These results indicate that
the skeletal muscle tissue can form and remain adherent on
GEL-LN for up to 28 days of culture. After 28 days, myoblasts
remained present; however there was a delamination phase for
differentiated myotubes. To determine if GEL-LN was compar-
able to gelatin hydrogels, skeletal muscle cells were cultured
on gelatin and GEL-LN hydrogels and the myogenic index was
calculated over 28 days (ESI Fig. 7A†). Both substrates sup-
ported similar muscle differentiation over the 28-day period.
Additionally, two geometries were assessed and 20 µm × 10 µm
was used for subsequent experiments (ESI Fig. 7B†).

Skeletal muscle cells were cultured on either micromolded
gelatin hydrogels or GEL-LN hydrogels. Cells were seeded and
allowed to become 80–90% confluent before they were
switched to differentiation medium. On day 7, cells were pel-
leted and RT-qPCR was performed. Gene expression levels for
differentiation and maturation including MHC, MyoD, and
myogenin were analyzed. MyoD was significantly upregulated
when cultured on GEL-LN (fold 1.60 ± 0.064) compared to
gelatin (fold 1.02 ± 0.019; p < 0.001; Fig. 9A). MHC and myo-
genin show slight increases in gene expression on day 7 of
culture on GEL-LN (Fig. 9B and C). We assessed the expression
of genes present in the pathway for acetylcholine receptor
(AChR) cluster formation, an important pathway for the for-
mation of neuromuscular junctions. Lrp4 was comparable on
gelatin and GEL-LN hydrogels; however MuSK was significantly
upregulated for the GEL-LN condition (fold 1.54 ± 0.130; p <
0.05; Fig. 9D and E). Cell–cell junction markers, N-cadherin
(CDH2) and M-cadherin (CDH15), were analyzed. N-Cadherin
remained the same across conditions; however M-cadherin was
significantly upregulated on GEL-LN (fold 1.26 ± 0.012; p <
0.0001; Fig. 9F and G). Integrin alpha 7 (ITGA7) is an important
protein in the laminin binding mechanism. Flow cytometry was
performed on day 7 to assess the percentage of cells which were
positive for ITGA7. On GEL-LN, 93 ± 0.21% of the skeletal

Fig. 8 Analysis of morphology, differentiation, and maturation of skeletal muscle cells cultured on GEL-LN (10% w/v gelatin, 10 µg mL−1 laminin).
Skeletal muscle cells were cultured up to 35 days and assessed on days 7, 14, 21, 28, and 35. (A) Cells stained for MHC and DNA on days 7–35. Scale
bar represents 50 µm. (B) Cells expressing α-sarcomeric actinin on days 7–35. Red arrows indicate organized sarcomeric structures. Scale bar rep-
resents 50 µm. (C) A MATLAB program was used to determine the total number of pixels fluorescing for MHC. This number was divided by the total
number of pixels to determine the total MHC positive area fraction. Area fraction on day 7 to day 35 is shown. (D) Similarly, total F-actin positive area
fraction was quantified. Area fraction on day 7 to day 35 is shown. (E) Myogenic index was determined by assessing the number of nuclei present in
MHC positive myotubes and dividing by the total nuclei in the field of view. (F) Total nuclei was counted for each image and day 7 to day 35 were
plotted. Values represent mean ± SEM. **p < 0.01; ****p < 0.0001.
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muscle cells were ITGA7 positive, which is a significant increase
compared to the gelatin condition (83.71 ± 0.09%; Fig. 9H).

4. Discussion
4.1. Hydrogel design rationale

Gelatin, which itself is composed of collagen subunits, has
been widely implemented as the ECM component in tissue
engineering and organ on a chip applications. Gelatin hydro-
gels are simple to fabricate, easily molded with the desired
topography, and considerably low-cost.53 While gelatin has
excellent cell-adhesivity and biocompatibility, the ECM of
most tissues has a rich composition of many additional pro-
teins. Specifically, laminin and collagen are important ECM
components in many human tissues including liver, heart,
kidney, muscle, and neuron.11–15 Despite the prevalence and
pertinence of collagen and laminin, there remains a need for
an easy-to-fabricate, affordable material which contains both
proteins for an improved ECM substrate.54–57

Several techniques have been evaluated for conjugating pro-
teins to generate hybrid substrates.58 A simple and widely used
cross-linking method uses chemical reagents to cross-link

aldehyde and amino groups, also known as the Schiff reaction.
Glutaraldehyde59 is typically used to form strong covalent
bonds; however the neurotoxic effects of unreacted glutaralde-
hyde are well documented.60 Another popular bioconjugation
technique utilizes N-hydroxysulfosuccinimide–carbodiimide
chemistry61 or Michael addition between a nucleophile and a
vinyl group62,63 requiring multiple steps with control over pH
and solvents. Photocrosslinking strategies have also been
employed to couple proteins to hydrogels to create biomimetic
ECM culture substrates;64 however prolonged irradiation and
use of a photosensitizer can often lead to local heating and cell
damage.65 We demonstrate the use of an enzymatic crosslinker,
transglutaminase, to not only create thermally stable gelatin
hydrogels66 with engineered topography and mechanical
properties,7,10 but to also covalently tether laminin, is signifi-
cantly more facile than other crosslinking methods to create
bioconjugated ECM hydrogels. Furthermore, the 2D nature of
this platform allows for the defined architecture of the substrate
surface, which would not be possible in a 3D system.67,68

4.2. Matrix stiffness and the effects on neuron maturation

The importance of matrix stiffness for improved neuron differ-
entiation and morphology has been well reported in the

Fig. 9 Skeletal muscle cell gene and protein expression after 7 days of skeletal muscle cell cultures. Gene expression analysis of cells cultured on
GEL and GEL-LN was performed and results were plotted for genes active in skeletal muscle differentiation (A) MyoD and (B) myogenin; maturation
(C) MHC; acetylcholine signaling pathway (D) Lrp4 and (E) MuSK; and relevant cadherins (F) CDH2 (N-cadherin) and (G) CDH15 (M-cadherin). Values
represent mean ± SEM. *p < 0.05, ***p < 0.001, ****p < 0.0001.
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literature.69–72 Neural progenitor cells and stem cell derived
neurons differentiate and mature more readily on softer sub-
strates compared to stiffer hydrogels or glass surfaces.
Furthermore, softer surfaces when compared to glass are less
favorable for the differentiation of neural progenitor cells into
astrocytes.71,73 Here, hiPSC-derived SpS were cultured on
GEL-LN hydrogels, which more closely represented the appro-
priate in vivo neural ECM in composition and mechanical pro-
perties, improved morphology and electrophysiology outcomes
were observed. In future studies, neurons, Schwann cells, and
skeletal muscle cells will be cultured together on a single
GEL-LN hydrogel. Notably, the average spike amplitude of SpS
cultured on GEL-LN was significantly higher than that on the
LN coated surface. Habibey et al. reported an in vitro system
which allowed electrophysiology of the neuronal body and
axons to be recorded separately revealing a significantly higher
amplitude in the axon bundles as compared to the cell body
and accompanying singular axons.74 Similarly, the thick
axonal bundles created on the GEL-LN hydrogel produced
higher spike amplitudes in comparison with the notably
thinner axons on the LN-coated glass. Additionally, increases
in neural spiking and bursting have been linked to neuronal
maturation.42,75,76 Therefore, the SpS cultured on GEL-LN
appear to be more morphologically and functionally mature.
Another feature worth noting is that GEL-LN substrates could
be stored for up to 21 days before being used for SpS seeding,
with no appreciable difference in cell adhesion, indicating that
the laminin coating was stable and preserved over that period.

Another attractive feature of the GEL-LN hydrogel is the
ability to mold the desired features onto its surface. Surface
topography has been shown to enhance neurite length, influ-
ence polarity, improve axonal guidance and subsequently
increase burst propagation.50,77–79 In future studies, GEL-LN
will be micromolded with different topographical designs to
further enhance axonal growth, help determine burst propa-
gation, and guide axons towards skeletal muscle for neuromus-
cular junction formation.

4.3. Ideal substrate stiffness for Schwann cells

Schwann cells are commonly cultured on LN coated glass or
tissue culture plastic, neither of which properly mimics the
composition or elastic modulus of the native ECM. Various
types of collagen are the principal molecules of the native
Schwann cell ECM, while laminin is an important glycoprotein
in the basal lamina.80 Laminin has been shown to play an
important role in Schwann cell differentiation, proliferation,
bipolar morphology, and myelin production.80,81 A recent
report from Gu et al. explored the functional and morphologi-
cal outcomes of Schwann cells cultured on hydrogels with
different elastic moduli.82 Substrates with an elastic modulus
of 7.45 kPa were suggested to improve the adherence, shape,
proliferation, and expression of neurotrophic factors of
Schwann cell cultures. Similarly, GEL-LN composed of 10%
gelatin possesses an elastic modulus of 8.4 kPa, suggesting
that targeting this range of elastic moduli for ECM substrates
recapitulates the native in situ environment.69,83 Here,

Schwann cells cultured on a gelatin only control were prolifera-
tive; however, without a laminin component, the cells quickly
detached from the substrate indicating the need for laminin
for prolonged attachment and proliferation. In future studies,
the effect of the appropriate ECM composition in combination
with the representative elastic modulus on Schwann cell func-
tional outcomes, such as myelin production and polarity, will
be explored.

4.4. Biomimetic ECM composition for the culture of the
skeletal muscle tissue

Skeletal muscle cells cultured in vitro readily delaminate from
commonly used surfaces, such as LN coated glass, after a few
days of culture. The ability to culture muscle cells long-term
using gelatin hydrogels was recently reported by Bettadapur
et al.7 The reported gelatin hydrogel greatly improved the
ability to culture muscle cells over longer periods of time;
however the addition of a laminin component could enhance
the culture conditions considering the prevalence of laminin
in skeletal muscle basal lamina. Accordingly, we cultured skel-
etal muscle cells on GEL-LN for 28 days without delamination,
similar to the gelatin only condition; however improved gene
and protein expression was observed on the GEL-LN substrate.
ITGA7 is a laminin binding integrin that stabilizes muscle to
the underlying matrix.84–87 Muscle cells cultured on GEL-LN
had significantly more ITGA7 expressing cells when compared
to the gelatin only control, indicating a more stable attach-
ment to the underlying substrate. MyoD, myogenin, and
M-cadherin are genes active in muscle differentiation.88–92 By
day 7, MyoD and M-cadherin were significantly upregulated on
GEL-LN substrates, indicating enhanced differentiation poten-
tial. MHC, a gene corresponding to muscle maturation, was
also upregulated after 7 days on GEL-LN, and confocal
imaging revealed high protein expression over a period of 35
days.46 Taken together, these results indicate that the pro-
perties of the GEL-LN substrate greatly improve the maturation
and differentiation of skeletal muscle cells. Furthermore,
laminin is integral to the formation of AChR clustering on the
skeletal muscle membrane.93,94 Another important component
of the AChR clustering pathways is MuSK, which binds agrin
and induces clustering on the muscle membrane. When skel-
etal muscle cells were cultured on GEL-LN, MuSK expression
was significantly upregulated compared to muscle cells cul-
tured on gelatin hydrogels. Increased MuSK expression is
suggested to facilitate more AChR clusters on muscle cells cul-
tured on GEL-LN, and therefore improve the formation of func-
tional neuromuscular junctions.

Collectively, our study demonstrates the significance of
integrating and diversifying proteins in efforts to engineer
improved in vitro substrates. The implications of this study are
geared to generating ideal platforms of multicellular tissues to
study diseases and recapitulate in situ mechanisms such as
functional neuromuscular junction formation. SpS generated
enhanced electrophysiological properties and improved the
morphology, Schwann cells improved attachment, and skeletal
muscle cells significantly upregulated genes associated with
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AChR formation. Both SpS and muscle cells adhered to the
substrate readily and were cultured for over 3 weeks, indicating
that these cells could be combined in a co-culture system for
an extended time period, increasing neuromuscular junction
formation and maturation. The technique used in this manu-
script could be adapted to utilizing other ECM components,
such as fibronectin and vimentin, on gelatin or any protein-
based hydrogel, making it a useful technique to fabricate bio-
mimetic hydrogels for numerous cell types.

5. Conclusions

In summary, we describe the use of a naturally occurring and
water soluble enzyme, microbial transglutaminase, to fabricate
a new biomimetic hydrogel containing gelatin and laminin.
GEL-LN hydrogels were engineered in a range of elastic
moduli, and maintained their topography after laminin
coating, a feature important for recapitulating a native environ-
ment as cells respond to topographical cues. Multiple cell
types were cultured on the GEL-LN material including hiPSC-
derived SpS, Schwann cells, and skeletal muscle cells. GEL-LN
was determined to be superior to commonly used substrates
such as gelatin hydrogels or LN coated glass. While these
selected cells cultured on GEL-LN hydrogels are implicated for
generating a functional neuromuscular junction platform, the
mTg crosslinking scheme itself can be extended to cross-
linking other ECM motifs to gelatin hydrogels.
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