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collagen hydrogel density on
integrin-linked morphogenic response of SH-SY5Y
neuronal cells†

D. Merryweather,a S. R. Moxon,b A. J. Capel, c N. M. Hooper,b M. P. Lewis c

and P. Roach *a

Cellular metabolism and behaviour is closely linked to cytoskeletal tension and scaffold mechanics. In the

developing nervous system functional connectivity is controlled by the interplay between chemical and

mechanical cues that initiate programs of cell behaviour. Replication of functional connectivity in

neuronal populations in vitro has proven a technical challenge due to the absence of many systems of

biomechanical regulation that control directional outgrowth in vivo. Here, a 3D culture system is

explored by dilution of a type I collagen hydrogel to produce variation in gel stiffness. Hydrogel scaffold

remodelling was found to be linked to gel collagen concentration, with a greater degree of gel

contraction occurring at lower concentrations. Gel mechanics were found to evolve over the culture

period according to collagen concentration. Less concentrated gels reduced in stiffness, whilst

a biphasic pattern of increasing and then decreasing stiffness was observed at higher concentrations.

Analysis of these cultures by PCR revealed a program of shifting integrin expression and highly variable

activity in key morphogenic signal pathways, such as mitogen-associated protein kinase, indicating

genetic impact of biomaterial interactions via mechano-regulation. Gel contraction at lower

concentrations was also found to be accompanied by an increase in average collagen fibre diameter.

Minor changes in biomaterial mechanics result in significant changes in programmed cell behaviour,

resulting in adoption of markedly different cell morphologies and ability to remodel the scaffold.

Advanced understanding of cell–biomaterial interactions, over short and long-term culture, is of critical

importance in the development of novel tissue engineering strategies for the fabrication of biomimetic

3D neuro-tissue constructs. Simple methods of tailoring the initial mechanical environment presented to

SH-SY5Y populations in 3D can lead to significantly different programs of network development over time.
1. Introduction

The extracellular matrix (ECM) has been implicated as an active
agent guiding cell behaviour and directing cell fate by local
variations in scaffold composition and mechanics1,2. Matrix
proteins are organized on the micro- and nano-scale to modify
local mechanics and impart functional properties. Nervous
tissues are among the soest found within the body and so
present technical difficulties in handling and reproduction in
vitro. Development of novel biomaterials that replicate this so
and highly organized matrix is lacking.3 Neuronal tissue
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engineering strategies currently seek to mimic this complex
organization in 2D and 3D culture.4 In this paper collagen is
explored as a model platform to explore the dynamic relation-
ship between neuronal populations and the 3D organization of
their environment during development in vitro as highlighted in
previous work.5 Understanding the structural cues and pro-
grammed responses that guide cell migration, neuronal differ-
entiation, and neurite outgrowth in 3D will provide further
insights in the rational design of biomaterials for 3D neuronal
tissue engineering.

In the central nervous system (CNS) mechanical properties
remain poorly modelled, with observed range in Young's
modulus of <1 to 20 kPa according to testing mode, inter-donor
variability, and regional variations within the organ.6 Collagens
are present throughout all layers of peripheral nerve ECM,
organized to provide mechanical support to this delicate tissue
with a tensile stress up to 10 MPa in human tibial and peroneal
nerves.7 The ECM of the peripheral nerve has a complex 3D
structure which is intrinsically implicated in nerve development
and repair. Individual axons are protected within the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Components and volumes used to generate collagen
hydrogel dilutions

Collagen dilution
(mg mL�1) Collagen solution/mL MEM 10�/mL DMEM/mL

1.78 850 50 100
1.00 476 50 474
0.50 238 50 712
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endoneurium and grouped into fascicles by the perineurium,
clustered to form a nerve bre by the epineurium which
encloses the whole nerve. At each level of organization, ECM
components are arranged in space to generate mechanical
support to resident glia and neuronal processes.8 Collagens of
the epineurium are arranged into 10 to 20 mm thick oblique
bundles that run parallel to the length of the nerve, straight-
ening when tension is applied to provide protection from
stretching injury.9 The perineural space is lled with a dense
mesh of collagen bres up to 3 mm in diameter, forming distinct
cell-rich layers wrapping around neuronal fascicles. This
connective layer is enriched with proteoglycans and elastic
bres forming a basal lamina for the axon that inhibits diffu-
sion of proteins and ions.10 The endoneurium consists of two
distinct layers of collagen, with a thin inner mesh layer directly
enclosing each axon, and an outer layer of 1 to 3 mm thick
collagen bundles parallel to the axis of the nerve. As in the
epineurium, an oblique arrangement of endoneurium collagen
bres provides some protection from stretch injury, whilst
application of tension to the nerve bre induces an increase in
collagen bre alignment.11

Mechanosensitivity of cells is mediated by their adhesion to
the ECM by integrin receptors. The role of mechano-
transduction in biochemical signalling has been subject to
intense study, implicating mechanical forces applied to the
cytoskeleton in transcription regulation and nuclear arrange-
ment1,12, regulation of cell differentiation13 and cell fate,14 as
well as cell migration.15 Collagen concentration in 3D culture is
a known regulator of neurite extension by variation of collagen
inter-bre spacing and hence mechanical stiffness, with higher
concentrations resulting in greater numbers of collagen bres
present in a given volume, creating reduced inter-bre spacing,
increasing stiffness, and presenting greater impedance of
growth cone pathnding.16 Alternatively reduced inter-bre
spacing may create conicting directional guidance cues that
limit the strength of any one directional cue.

Integrins are a family of transmembrane cell adhesion
proteins that transduce mechanical forces experienced by the
cell matrix to an appropriate biochemical response by forma-
tion of the focal adhesion complex. Active integrins form an
alpha–beta heterodimer complex, with 18 a-subunits and 8 b-
subunits having been identied so far, producing 24 unique
integrin heterodimers each specic to a number of molecular
motifs.17 The majority of integrin-linked signalling machinery
associates with the intracellular domain of the b-subunit,18

forming distinct strata with an integrin signalling focal adhe-
sion kinase (FAK)-containing layer, a force transduction layer,
and an actin regulatory layer that directly connects to the actin
stress bre.19 Upon binding to extracellular ligands, FAK is
recruited to the intracellular domain of the b-integrin subunit
in a mitogen-activated protein kinase (MAPK) dependent
manner20 and the scaffold protein paxillin to FAK.21 Paxillin
recruited by FAK then serves as the primary adaptor protein to
which the majority of focal-adhesion associated signalling
machinery is recruited.22 FAK–paxillin interaction is mediated
by the degree of phosphorylation imparted by the MAPK/ERK
signal pathway23 and by the mechanosensitive intermediary
© 2021 The Author(s). Published by the Royal Society of Chemistry
protein vinculin,24 with the mechanosensitive conformation of
vinculin regulating the anchoring of MAPK1 and its proximity to
FAK and paxillin within the focal adhesion complex.25

Physiological development and function of neuronal
networks is closely linked to local mechanical environments
and integrin-related signalling. Studies of neuronal stem cell
fate commitment demonstrate a window as small as 24 hours in
which matrix-stiffness regulation of transcriptional factors, b-
catenin, and RhoA activity instruct cytoskeletal tension and
differentiation program.26,27 Co-activation of integrin receptors
alongside neurotrophin receptors is required to generate
spontaneous ring in the developing brain and promote
neuronal survival.28 Integrin activation and FAK activity regulate
growth cone dynamics29 and neurite extension30 according to
local mechanical properties,31 and has also been demonstrated
as a signicant factor regulating axonal growth within in vitro
models.32

Integrin activity is intrinsically linked to many aspects of
neuronal development in vivo. Understanding of integrin-
related control of neuronal function in vitro is required to
elucidate rational culture strategies to recapitulate neuronal
development in 3D and understand how observed cell pheno-
types relate to these molecular events stemming from integrin–
ECM interactions. Collagen hydrogels are a well-studied plat-
form from which neuronal response to mechanics have been
explored,16,33,34 however the complex biochemical process of
transduction to a phenotypic response has yet to be fully
dened. Research into neuronal tissue form and function has
historically been driven by animal-derived material, although
humanisation of in vitro models has seen a large increase in
human-derived cell lines such as SH-SY5Y. In this work we
present a clear in vitro investigation of the impact of collagen
hydrogel environment on a maturing SH-SY5Y neuronal
network, and the changes imparted on the 3D biomaterial
environment by the cells.
2. Materials and methods

All materials and chemicals were purchased from Thermo-
Fisher Scientic and used as received, unless otherwise stated.
2.1 Cell culture protocol

Acid solubilized rat tail collagen type I at 2.05 mg mL�1 in 0.6%
v/v acetic acid and 10� MEM (purchased from First Link, UK)
was diluted with DMEM–GlutaMAX™ (Table 1) and neutralised
with dropwise addition of 2 M sodium hydroxide. Upon
RSC Adv., 2021, 11, 33124–33135 | 33125
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neutralization pre-gel solutions were mixed with SH-SY5Y cells
at a density of 1 � 105 cells per mL and held at 4 �C for 5
minutes to allow initial brillogenesis to occur. 500 mL aliquots
of cell-laden pre-gel solution were transferred to 24-well plates
and incubated at 37 �C for 30 minutes to complete gelation of
the collagen solution forming a disc 14 mm in diameter and
3 mm in depth. A needle was run around the outside of each
well to detach the gel from the well wall. 500 mL growth medium
comprising 10% foetal bovine serum (FBS), 1% penicillin–
streptomycin (P/S) in DMEM–GlutaMAX™ was added to each
well. Acellular gels were prepared in the same manner with the
addition of acellular growth medium in place of a cell suspen-
sion. Control SH-SY5Y cultures were seeded in 24-well plates at
a density of 5 � 104 cells per well in 1 mL of growth medium.
Cultures were maintained for 3 days in growth media. Half the
media volume was replaced every day for 4 days with differen-
tiation media consisting of 2% FBS, 1% P/S in DMEM–Gluta-
MAX™ with 2 mM all-trans retinoic acid, and 50 ng mL�1 brain-
derived neurotrophic factor (BDNF).

2.2 Phase-contrast microscopy

Phase contrast images were collected on a Nikon TS2 micro-
scope tted with a Deltapix Invenio 3SII camera. For gel
contraction analysis images of whole gels were captured within
the 24-well plates. Culture plate images were captured in
duplicate on days 1, 5, and 7 to track the diameter of each gel
condition over the course of the culture period, with each gel
being presented as triplicate repeats.

2.3 Immunohistochemistry

Cultures were xed at day 3, prior to changing from growth to
differentiation media, and day 7 (post differentiation) to assess
relative expression and distribution of the neurolament b-III-
tubulin. Media was removed and samples were washed 3
times with PBS, before xing samples with a 3.7% v/v formal-
dehyde solution in phosphate-buffered saline (PBS). Samples
were washed and stored in PBS at 4 �C. Alternate washes with
Tris-buffered saline (TBS) and deionized water (dH2O) were
applied immediately before imaging. A blocking solution of TBS
containing 5% v/v goat serum and 0.2% Triton X-100™ was
applied for one hour. Primary staining of 0.5% v/v mouse anti-
human-b-III tubulin and 0.5% goat serum in TBS was applied
overnight. Samples were washed in alternate TBS and dH2O
steps again, before secondary staining solution of 0.5% v/v Alexa
Fluor™ 488-linked goat-derived anti-mouse antibody and 0.1%
40,6-diamidino-2-phenylindole (DAPI) was applied for 3 hours at
room temperature. Alternate washing steps were applied a nal
time immediately before imaging on a Nikon T2 inverted
microscope tted with a DynaCool camera. Filters used were ex/
em 358/461 nm and 490/525 nm for DAPI and Alexa488 neu-
rolament imaging respectively. Three wells were imaged for
each culture condition, with three images taken per well.

2.4 Cell viability assay

Cell viability was assessed at day 7 using a uorometric cell
viability assay kit (Abcam, UK) following manufacturer's
33126 | RSC Adv., 2021, 11, 33124–33135
protocols. Labelled wells were imaged on a Nikon T2 inverted
microscope tted with a DynaCool camera using ex/em 495/
515 nm for the calcein-AM live stain and 528/617 for the
ethidium homodimer. Three wells were imaged for each culture
condition, with three images taken per well. Green and red
uorescence channels were overlaid to generate images for
counting. All cells in each image frame were counted, with red-
labelled cells counted as dead and green particles counted as
live. Each sample was imaged to provide at least 3 regions of
interest to provide a good overall assessment.

2.5 Gene expression analysis

Culture RNA was isolated from cell-laden hydrogels using an
RNeasy RNA isolation kit (Qiagen). Hydrogels were rst disso-
ciated by repeated pipetting and RNA isolated according to the
kit protocol. Complementary DNA (cDNA) was synthesized from
extracted RNA by use of an iScript cDNA synthesis kit. Synthe-
sized cDNA was included in a PCR reaction mix with OneStep-
PLUS SYBR Green Dye and custom PCR primers.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used
as a housekeeping reference gene. GAPDH, ITGA1, ITGA2 and
ITGB1 custom primers were purchased from Primer Design,
and MAP3K3, FAK, ILK, and MMP-2 custom primers (Sigma-
Aldrich). Relative expression of each gene to GAPDH was
calculated by the double-delta Ct quantication method35 with
cells cultured on tissue culture plastic used as a reference
control group.

2.6 Measurement of gel mechanical remodelling

All gels were xed in 3.7% v/v formaldehyde solution in PBS
prior to analysis. Aer xation gels mechanics were assessed in
triplicate using a Discovery HR-2 rheometer (TA Instruments,
UK) with a at plate geometry, using a strain sweep, from 1 to
100% at a frequency of 10 rad s�1, to determine the linear
viscoelastic region of the gel and assess its behaviour under
stress-induced deformation of the molecular architecture of the
gel, observed as a decline in the G0 modulus. Gels were subject
to a frequency sweep from 1–10 rad s�1 to categorize stiffness.
Reported moduli are taken as a mean average from the resis-
tance of the gel at a plate rotational speed of 10 rad s�1.

2.7 Digital image analysis

All images were analysed using Fiji ImageJ processing
package.36 Gel shrinkage was measured using the standard
measure function, with values then normalized against the total
diameter of the culture well. Cell morphology was assessed
using the analyse particle function to quantify circularity,
roundness, and aspect ratio of each cell with consideration that
these measures are an approximation of 3D morphology from
a 2D image.37 NeuronJ was used to measure total neurite length.
Neurites were identied as thin projections extending from the
cell body, brightly stained positive for b-III-tubulin. Length
measurements were taken from the adjacent periphery of the
cell nucleus, tracing the convoluted path of the neurite, either to
its termination or until connecting to another cell body. Neu-
rites longer than the highest condence interval (�120 mm)
© 2021 The Author(s). Published by the Royal Society of Chemistry
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were classied as “long neurites” and their proportion within
each experimental group calculated.

2.8 Statistical analysis

Graphing of collected data was carried out using Origin v2019.
Data normality was assessed using D'Agostino K2 test. Statistical
analysis was conducted by Student's t-test or ANOVA with
bootstrapped Tukey's range test for normally distributed data
with values of p < 0.05 considered signicant. Error reporting in
all plotted data represent�1 standard deviation from themean.
Each assay was conducted in triplicate unless specied. Image
analysis was conducted on three images taken of each experi-
mental repeat, giving a total of nine images per group.

3. Results
3.1 Evolution of collagen hydrogel mechanics during SH-
SY5Y culture

3D culture of SH-SY5Y cells within collagen hydrogels resulted
in signicant variations in hydrogel shrinkage over the course
Fig. 1 Variation in shape and mechanical characteristics of SH-SY5Y-se
collagen gels and their measured diameters, N ¼ 9; (C and D) rheologica
reported as �st dev.

© 2021 The Author(s). Published by the Royal Society of Chemistry
of the culture period as demonstrated by 2-way ANOVA of
culture time and collagen concentration (F(5,48) ¼ 66.218, p <
0.001) (Fig. 1). Acellular gels were not observed to change in
diameter over the course of the culture period (Fig. S1†).
Signicant differences in gel diameter were not observed by day
1 in culture (F(2,15) ¼ 3.004, p ¼ 0.125), however gels were
observed to shrink over later time periods, showing signicant
differences in terms of gel diameter: at day 3 (F(2,15) ¼ 300.921, p
< 0.001), day 5 (F(2,15) ¼ 379.858, p < 0.001), and day 7 (F(2,15) ¼
523.097, p < 0.001).

Rheological analysis of xed gel samples indicated
a complex relationship between gel contraction and gel stiff-
ness, Fig. 1C and D. Acellular gels were found to increase in G0

storage modulus with increasing collagen concentration from
15.9 � 1.0 Pa (0.5 mg mL�1) to 22.9 � 4.7 Pa (1.0 mg mL�1), and
nally to 27.0 � 6.3 Pa (1.78 mg mL�1). This trend remained
once inoculated with SH-SY5Y cultures, however cell culture in
each gel condition resulted in signicantly different changes in
stiffness over time (F(2,8) ¼ 9.482, p ¼ 0.01). In 0.5 mg mL�1

collagen gels, G0 reduced with culture time, Fig. 1C. The 1.0 mg
eded collagen hydrogels over culture period: (A and B) contraction of
l properties of the gels, N ¼ 3. * ¼ significant variance p > 0.05. Errors

RSC Adv., 2021, 11, 33124–33135 | 33127



Fig. 2 Changes in viability of SH-SY5Y populations in hydrogels with increasing collagen concentration: (A–C) present 0.5, 1.0 and 1.78mgmL�1

collagen, respectively, plotted in (D) N ¼ 3 for all samples measured with �st dev.
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mL�1 gels showed a biphasic evolution with G0 rst increasing,
before falling slightly by day 7. In contrast, G0 in 1.78 mg mL�1

gels was observed to increase signicantly throughout the
culture period. A similar relationship was observed in the G00

loss modulus, Fig. 1D with 0.5 mg mL�1 collagen gels showing
no signicant change from day 0 to day 7, 1.0 mgmL�1 gels rst
increasing and then falling, and 1.78 mg mL�1 gels rising
consistently across the 7 days. Calculation of the dynamic
viscosity, assessing resistance to ow38 for each gel across the
range of stress frequency, demonstrated a clear negative linear
trend between 1 to 10 rad s�1 following the established pattern
Fig. 3 Representative immunofluorescent microscopy images of SH-S
plastic. Green ¼ bIII tubulin, blue ¼ DAPI.

33128 | RSC Adv., 2021, 11, 33124–33135
of evolution over the culture period according to the polymer
concentration, as would be expected. These measurements are
in good accordance with previously observed changes in
collagen gel stiffness following culture of dorsal root ganglia16

and PC12 cells39where increasing gel stiffness is associated with
decreased neuronal migration, decreased neurite extension,
and reduction in observed gel shrinkage.
3.2 Variance in SH-SY5Y morphology in collagen hydrogels

Collagens are oen used as a 3D matrix to support in vitro
studies, with results here highlighting the impact of matrix
Y5Y cultures in collagen hydrogel dilutions and on flat tissue culture

© 2021 The Author(s). Published by the Royal Society of Chemistry
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density on the culture viability. Signicant variation in cell
viability at day 7 was observed between cultures (F(2,8) ¼ 12.703,
p ¼ 0.007), with viability decreasing with increased gel collagen
concentration (Fig. 2). Viability was highest in 0.5 mg mL�1

collagen gels at 72.67 � 16.07%. This was not signicantly
higher than in 1.0 mg mL�1 collagen gels displaying a mean
viability of 44.27 � 11.98% but was signicantly higher (p ¼
Fig. 4 Changes in SH-SY5Y morphology in dilutions of collagen hydrog
aspect ratio and (E and F) neurite length. * ¼ significant variance p > 0.0

© 2021 The Author(s). Published by the Royal Society of Chemistry
0.005) than viability in 1.78 mg mL�1 gels, with a mean viability
of 24.33 � 4.03%.

Visual inspection of cell-seeded hydrogels over the course of
the culture period readily showed a variety of cell morphologies
adopted in response to local collagen concentration. In all gel
conditions a wide range of cell morphologies were observed to
form over time, with signicant differences in the predominant
el. Morphological aspects reported as (A and B) circularity; (C and D)
5.

RSC Adv., 2021, 11, 33124–33135 | 33129



Fig. 5 Fold-change in relative gene expression of target genes to the GAPDH housekeeping reference gene. * ¼ significant variance p > 0.05, N
¼ 3. Errors reported as �st dev.
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morphology correlating to the collagen concentration of each
gel condition. Cells displaying a range of morphologies were
observed in all gels, Fig. 3, however the rate of change in cell
33130 | RSC Adv., 2021, 11, 33124–33135
circularity and cell aspect ratio was found to correlate with
collagen gel density, Fig. 4. In each gel condition a population of
neurons with an aspect ratio > 5 was observed to develop, with
© 2021 The Author(s). Published by the Royal Society of Chemistry
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greatest frequency of these cells found within 1.0 mg mL�1

collagen gels. By day 3 such high aspect ratio cells were
observed within 0.5 and 1.0 mg mL�1 gels, with the highest
frequency occurring in 1.0 mg mL�1 conditions but were absent
at 1.78 mg mL�1 collagen. By day 7 high aspect ratio cells were
present in all gel conditions, with the highest frequency again
present in 1.0 mg mL�1 conditions.

Neurites were not visibly extended in any gel condition by
day 3. Neurite extension was found to be signicantly greater by
day 7 in 0.5 mgmL�1 gels relative to 1.0 mgmL�1 gels (p¼ 0.03)
and 1.78 mg mL�1 gels (p ¼ 0.005), with no signicant differ-
ence identied in neurite length between 1.0 and 1.78 mg mL�1

gels (p ¼ 0.747), Fig. 4E and F. In all conditions a morphology
extending neurites above �120 mm (above 1 SD in the highest
observed mean in 0.5 mg mL�1 gels) was observed with this
morphology representing 18.75%, 15.38%, and 9.4% of the
imaged cell population in 0.5, 1.0 and 1.78 mg mL�1 collagen
gels respectively.
3.3 Analysis of SH-SY5Y metabolism in collagen gels

Normalized expression of the collagen specic integrins ITGA1,
ITGA2, and ITGB1 demonstrated variances between each gel
condition at each timepoint, with the change in expression
between day 3 and day 7 also varying according to the collagen
concentration of each gel, Fig. 5. Expression of ITGA1 rose from
1.78 � 0.73-fold increase relative to at controls to 2.00 � 0.59
in 0.5 mg mL�1 collagen gels and from 0.37 � 0.10 in 1.0 mg
mL�1 gels. In contrast expression fell from 1.28� 0.44 to 0.32�
Fig. 6 (A) Integrin dimers form at the cell membrane. (B) Activation of t
kinase, paxillin, and further integrins to the nascent focal adhesion comp
such as talin. The mechanosensitive vinculin serves as a binding site for ER
the cellular response to integrin–ECM signalling. Produced in Biorender

© 2021 The Author(s). Published by the Royal Society of Chemistry
0.08 in 1.78 mg mL�1 gels. A similar trend was observed in the
expression of ITGB1. Expression of ITGA2 was comparatively
low in all culture conditions by day 3, falling below the detection
threshold in 1.78 mg mL�1 collagen gels. Expression of this
gene was observed to increase in all culture conditions by day 7.

Analysis of integrin-linked metabolic genes showed a less
clear pattern in evolution. In general, expression increased from
day 3 to day 7, however, the observed trend did not hold true for
all genes analysed. Expression of FAK increased signicantly in
all time periods but the magnitude of this increase was lower in
more concentrated gels, whereas an increase in ILK was much
more signicant in 1.0 mg mL�1 collagen gels.

Expression of MAP3K3 displayed variable trends in the
evolution over the culture period according to culture condi-
tions similar to that of integrin expression, with the most
signicant increase in 1.0 mg mL�1 collagen gels. Expression of
the collagenase MMP2 was found to increase signicantly
(F(1,17) ¼ 8.479, p ¼ 0.01) in all conditions from day 3 to 7.
4. Discussion

Neuronal differentiation, morphology, and neurite outgrowth
are known to be closely linked to the machinery of cellular
mechano-sensing,39 with control of neuronal cytoskeletal
tension being a key regulator of axonal growth and develop-
ment.40 Neuronal functionality is also closely linked to neuronal
morphology, controlling the rate of propagation of action
potentials across the cell soma.41 Here, we demonstrate a direct
he integrin–ligand complex initiates the recruitment of focal adhesion
lex. (C) Integrins are associated with the actin cytoskeleton by linkers
K/MAPK which induces phosphorylation of FAK and paxillin, regulating
.

RSC Adv., 2021, 11, 33124–33135 | 33131
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interplay between 3D cell scaffold characteristics and neuronal
morphology, which causes downstream changes in cellular
function. Assessment of integrin-related gene expression
demonstrates a functional link between expression of integrins
and integrin-linked kinases, the adoption of an elongated
neuronal morphology, and gel scaffold shrinkage.

It is not uncommon to nd that so hydrogels will deform
over culture time, with stresses imparted by attaching cells;
oen this is used within regenerative medicine strategies to
align the collagen bres into an axis parallel with the average
forces.42,43 Here we have found that SH-SY5Y cells signicantly
reform collagen hydrogel networks, with higher gel concentra-
tions of greater starting stiffness showing lesser change, Fig. 1.
Cells were found to attach well in all cases, yet stiffer gels
demonstrated lower viability over the culture period, Fig. 2. Cell
morphology, being directly related to attachment and response
to environmental cues, indicated signicant differences across
the gels over time. This highlights the dynamic feedback cycle
of cell–surface interactions affecting the local cell environment,
which in turn reciprocally impact on cell function and attach-
ment via integrins.

Whilst both the a1b1 and a2b1 integrin heterodimers
specically mediate cell adhesion to collagenous substrates,
(Fig. 6) activation upon ligand binding of each induces variable
responses to this chemical environment.44 It has been estab-
lished that of the two heterodimers, a1b1 is far more promis-
cuous in its ligand specicity, binding to multiple collagen
isoforms and other neuronal ECM constituents such as lam-
inin, whilst the a2b1 dimer has a far higher specicity to type-I
collagens and much lower binding affinity to laminin.45 The
expression of a1 integrin is largely restricted to early stages of
neurogenesis during development and early maturation of the
CNS of model organisms.46 Expression of both integrin a1 and
b1 is downregulated in vitro when maximal neurite outgrowth is
achieved.45 Integrin a2 in contrast is distributed lightly through
the mature CNS47 and is also localized to active nerve termini in
the PNS.48 In terms of functionality, the a1b1 dimer is known to
mediate functions of cell adhesion such as neurite outgrowth49

and plays a unique role regulating proliferation of cells during
development in vivo.50 The a2b1 dimer has been implicated
regulating the turnover of MMPs and focal adhesion
complexes,51 in the formation of mature collagen brils by
a RhoA-mediated cytoskeletal pathway,52 and in controlling
contraction of free-oating collagen matrices.53

Variations in rate of gel shrinkage observed across the dilu-
tion range of collagen utilized here (Fig. 1) also mirror the
expression of the two integrin dimers a1b1 and a2b1, Fig. 5.
ITGA2 is upregulated signicantly in all gel conditions by day 7,
reecting the reported role of the a2b1 dimer in formingmature
isotropic collagen bres, remodelled from a more diffuse
polymer network of collagen brils.54 In contrast the a1b1 dimer
is thought to primarily regulate cell migration and early-stages
of remodelling.55 In lower gel dilutions integrin–ligand-
binding results in contraction of the gel as collagen brils are
manipulated by cytoskeletal forces and arranged in a suitable
manner to support increasing cell polarity. As the gel polymer is
reordered in this way, the number of interactions between
33132 | RSC Adv., 2021, 11, 33124–33135
anisotropic brils is reduced, resulting in decreased steric
hindrance between these brils in response to rotational
shearing forces, resulting in lower apparent G0 stiffness over
time (Fig. 1). In contrast, at the higher collagen concentration of
1.78 mg mL�1 the initial polymer network is presumably suffi-
ciently dense that adhered SH-SY5Y cells are unable to generate
sufficient force along individual brils to manipulate the
surrounding matrix. Instead, increased cell–matrix interactions
are formed around the circular periphery of the cell (Fig. 3). The
gel is contracted around the entirety of the cell membrane,
forming small lacunae of increased density and resulting in
increased apparent stiffness in response to rotational shear
forces as the diffuse network is doped throughout by regions of
increased stiffness around cells or cell clusters (Fig. 1C and D).

Cell morphology was shown to be responsive to hydrogel
concentration, with circularity decreasing as the aspect ratio of
cells increased, due to extension of neurites, Fig. 4. The
comparative rate of neurite extension observed within fabri-
cated type-I collagen hydrogel scaffolds reects the biphasic
response observed in the developing nerve in vivo56 and in vitro
culturing explants of dorsal root ganglia within collagen gels,16

with maximal cellular elongation and neurite extension occur-
ring at a midpoint in studied material stiffness. It is notable
however that whilst neurite extension is mediated by integrin
activation, this is required to sustain a chemotactic response.57

Decreased material stiffness within gel-like materials generally
corresponds to greater porosity and increased inter-bre
spacing, restricting the physical space within and along which
neurite extension might occur. Hence greater measured neurite
outgrowth in lower concentration gels may result from
restricted neurite pathnding towards a local target that is more
accessible within the dense polymer network presented to the
cell at higher gel concentrations. Responses to changes in
scaffold mechanics may then relate both to the implied struc-
tural forces imparted to the cytoskeleton as well as changes to
the physical organization of the supporting scaffold in space, as
observed across the multiple hierarchical layers of organization
within biological structures such as the peripheral nerve bre.

5. Summary and conclusions

The local environment presented to cells both in vitro and in
vivo is of primary importance when considering scaffold tech-
nology, medical devices and tissue engineering strategies.
Hydrogels present a desirable range of scaffold biomaterials
used to support cells due to their ability to support 3D culture
and distribute media nutrients throughout the volume. Inter-
action between cells and their scaffold impact hugely on
internal cellular mechanics, largely via integrin-mediated
control. This is particularly relevant for so tissues such as
the nervous system where small changes in biomaterial
composition or presentation can have drastic effects on neural
morphology, neurite extensions and overall tissue function.
Here we have demonstrated the close connectivity between
collagen gel concentration and development response of
a model neuronal population, with higher collagen concentra-
tions displaying lesser shrinkage during culture, lower cell
© 2021 The Author(s). Published by the Royal Society of Chemistry
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viability, and directly linked integrin expression with key
morphogenic signal pathways. Small variations in mechanical
properties presented by the initial hydrogel result in profound
variations in cell program downstream, demonstrating the
genetic impact of biomaterial interactions via mechano-
regulation. This work presents an accessible platform from
which the inuence of hydrogel mechanics and polymer orga-
nization have on the development of 3D neuronal networks can
be explored in vitro, with relevance to the development of novel
biomaterials and neuronal tissue engineering strategies.
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Aznar, Combined experimental and computational
characterization of crosslinked collagen-based hydrogels,
2018, DOI: 10.1371/journal.pone.0195820.

39 K. Franze, P. A. Janmey and J. Guck, Mechanics in neuronal
development and repair, Annu. Rev. Biomed. Eng., 2013, 15,
227–251, DOI: 10.1146/annurev-bioeng-071811-150045.

40 S. P. Mutalik, J. Joseph, P. A. Pullarkat and A. Ghose,
Cytoskeletal Mechanisms of Axonal Contractility, Biophys.
J., 2018, 115(4), 713–724, DOI: 10.1016/j.bpj.2018.07.007.

41 R. Yamada and H. Kuba, Structural and functional plasticity
at the axon initial segment, Front. Cell. Neurosci., 2016, DOI:
10.3389/fncel.2016.00250.

42 S. Thomopoulos, G. M. Fomovsky and J. W. Holmes, The
development of structural and mechanical anisotropy in
broblast populated collagen gels, J. Biomech. Eng., 2005,
127(5), 742–750, DOI: 10.1115/1.1992525.

43 M. A. Roberts, et al., Stromal Cells in Dense Collagen
Promote Cardiomyocyte and Microvascular Patterning in
Engineered Human Heart Tissue, Tissue Eng., Part A, 2016,
22(7–8), 633–644, DOI: 10.1089/ten.tea.2015.0482.

44 J. Heino, Cellular signaling by collagen-binding integrins,
Adv. Exp. Med. Biol., 2014, 819, 143–155, DOI: 10.1007/978-
94-017-9153-3_10.

45 G. Carmeliet, B. Himpens and J. J. Cassiman, Selective
increase in the binding of the a1b1 integrin for collagen
type IV during neurite outgrowth of human neuroblastoma
TR 14 cells, J. Cell Sci., 1994, 107(Pt 12), 3379–3392.

46 J. L. Duband, A. M. Belkin, J. Syfrig, J. P. Thiery and
V. E. Koteliansky, Expression of a1 integrin, a laminin-
collagen receptor, during myogenesis and neurogenesis in
the avian embryo, Development, 1992, 116(3), 585–600.

47 M. M. Zutter and S. A. Santoro, Widespread histologic
distribution of the a2b1 integrin cell-surface collagen
receptor, Am. J. Pathol., 1990, 137(1), 113–120.

48 P. S. Khalsa, C. Zhang, D. Sommerfeldt andM. Hadjiargyrou,
Expression of integrin a2b1 in axons and receptive endings
of neurons in rat, hairy skin, Neurosci. Lett., 2000, 293(1),
13–16, DOI: 10.1016/S0304-3940(00)01482-8.

49 P. Rossino, P. Delippi, L. Silengo and G. Tarone, Up-
regulation of the integrin a1/b1 in human neuroblastoma
cells differentiated by retinoic acid: correlation with
increased neurite outgrowth response to laminin, Mol.
Biol. Cell, 1991, 2(12), 965–1113, DOI: 10.1091/
mbc.2.12.1021.

50 A. Pozzi, K. K. Wary, F. G. Giancotti and H. A. Gardner,
Integrin a1b1 mediates a unique collagen-dependent
proliferation pathway in vivo, J. Cell Biol., 1998, 142(2),
587–594, DOI: 10.1083/jcb.142.2.587.

51 Z. G. Zhang, et al., Interactions of primary broblasts and
keratinocytes with extracellular matrix proteins:
contribution of a2b1 integrin, J. Cell Sci., 2006, 119(9),
1886–1895, DOI: 10.1242/jcs.02921.

52 S. Li, C. Van Den Diepstraten, S. J. D’Souza, B. M. C. Chan
and J. G. Pickering, Vascular smooth muscle cells
© 2021 The Author(s). Published by the Royal Society of Chemistry



Paper RSC Advances
orchestrate the assembly of type I collagen via a2b1 integrin,
RhoA, and bronectin polymerization, Am. J. Pathol., 2003,
163(3), 1045–1056, DOI: 10.1016/S0002-9440(10)63464-5.

53 J. Jokinen, et al., Integrin-mediated cell adhesion to type I
collagen brils, J. Biol. Chem., 2004, 279(30), 31956–31963,
DOI: 10.1074/jbc.M401409200.

54 J. A. Schiro, et al., Integrin a2b1 (VLA-2) mediates
reorganization and contraction of collagen matrices by
human cells, Cell, 1991, 67(2), 403–410, DOI: 10.1016/0092-
8674(91)90191-Z.

55 W. Carver, I. Molano, T. A. Reaves, T. K. Borg and L. Terracio,
Role of the a1b1 integrin complex in collagen gel contraction
© 2021 The Author(s). Published by the Royal Society of Chemistry
in vitro by broblasts, J. Cell. Physiol., 1995, 165(2), 425–437,
DOI: 10.1002/jcp.1041650224.

56 G. Rosso and J. Guck, Mechanical changes of peripheral
nerve tissue microenvironment and their structural basis
during development, APL Bioeng., 2019, 3, 036107, DOI:
10.1063/1.5108867.

57 J. P. Myers, M. Santiago-Medina and T. M. Gomez,
Regulation of axonal outgrowth and pathnding by
integrin-ecm interactions, Dev. Neurobiol., 2011, 71(11),
901–923, DOI: 10.1002/dneu.20931.
RSC Adv., 2021, 11, 33124–33135 | 33135


	Impact of type-1 collagen hydrogel density on integrin-linked morphogenic response of SH-SY5Y neuronal cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra05257h
	Impact of type-1 collagen hydrogel density on integrin-linked morphogenic response of SH-SY5Y neuronal cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra05257h
	Impact of type-1 collagen hydrogel density on integrin-linked morphogenic response of SH-SY5Y neuronal cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra05257h
	Impact of type-1 collagen hydrogel density on integrin-linked morphogenic response of SH-SY5Y neuronal cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra05257h
	Impact of type-1 collagen hydrogel density on integrin-linked morphogenic response of SH-SY5Y neuronal cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra05257h
	Impact of type-1 collagen hydrogel density on integrin-linked morphogenic response of SH-SY5Y neuronal cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra05257h
	Impact of type-1 collagen hydrogel density on integrin-linked morphogenic response of SH-SY5Y neuronal cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra05257h
	Impact of type-1 collagen hydrogel density on integrin-linked morphogenic response of SH-SY5Y neuronal cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra05257h
	Impact of type-1 collagen hydrogel density on integrin-linked morphogenic response of SH-SY5Y neuronal cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra05257h
	Impact of type-1 collagen hydrogel density on integrin-linked morphogenic response of SH-SY5Y neuronal cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra05257h
	Impact of type-1 collagen hydrogel density on integrin-linked morphogenic response of SH-SY5Y neuronal cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra05257h

	Impact of type-1 collagen hydrogel density on integrin-linked morphogenic response of SH-SY5Y neuronal cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra05257h
	Impact of type-1 collagen hydrogel density on integrin-linked morphogenic response of SH-SY5Y neuronal cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra05257h
	Impact of type-1 collagen hydrogel density on integrin-linked morphogenic response of SH-SY5Y neuronal cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra05257h
	Impact of type-1 collagen hydrogel density on integrin-linked morphogenic response of SH-SY5Y neuronal cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra05257h

	Impact of type-1 collagen hydrogel density on integrin-linked morphogenic response of SH-SY5Y neuronal cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra05257h
	Impact of type-1 collagen hydrogel density on integrin-linked morphogenic response of SH-SY5Y neuronal cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra05257h
	Impact of type-1 collagen hydrogel density on integrin-linked morphogenic response of SH-SY5Y neuronal cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra05257h
	Impact of type-1 collagen hydrogel density on integrin-linked morphogenic response of SH-SY5Y neuronal cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra05257h


