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Liquid crystalline collagen assemblies as
substrates for directed alignment of human
Schwann cells†

Homa Ghaiedi,a Luis Carlos Pinzon Herrera,b Saja Alshafeay,c Leonard Harris,c

Jorge Almodovar b and Karthik Nayani *a

Collagen is a key component of the extracellular matrix (ECM) and well-oriented domains of collagen

are important for mimicking the local cell environment in vitro. While there has been significant

attention directed towards the alignment of collagen, formation of large-scale oriented domains remains

a key challenge. Type I collagen self-assembles to form liquid crystalline (LC) mesophases in acidic

conditions at concentrations above 100 mg mL�1. The LC mesophase provides an efficient platform for

large-scale alignment and patterning of collagen coated substrates. However, there still exist challenges

related to solubilizing and processing of collagen at such high concentrations in order to replicate the

native ECM. In this contribution, we report on centimeter-scale alignment in collagen-coated glass

substrates using solutions that are well below the LC-forming concentrations. Importantly, we are also

able to extend this method to macroscopic 3-D LC-collagen hydrogels with programmed anisotropy

within them to create a mimic of the native ECM. We show that the orientation and aspect ratio of

human Schwann cells are strongly coupled with the alignment of the collagen substrate/hydrogel.

We use a simple model to estimate the critical magnetic field strength needed for a given concentration

of collagen to permit macroscopic alignment-enabling guidance for future studies on alignment of

collagen at high concentrations.

1. Introduction

Regeneration of damaged peripheral nerve, due to trauma or
neurological disease, impacts approximately 20 million people
in the US and corresponds to an annual healthcare expense of
approximately $150 billion.1,2 Nerve guide conduits (NGCs) are
becoming more prominent as a substitution for autologous
allografts as they eliminate the need for multiple surgeries to
harvest the autologous tissue.3,4 NGCs have shown great pro-
mise in the regeneration of short nerve defects; however, they
fail in the regeneration of large nerve defects due to the lack of
guidance cues which can deterministically proliferate nerve
cells.3,4 An approach to address this challenge is by using
templated substrates as NGCs that are capable of imparting

guidance cues for the growth and proliferation of human
Schwann cells (HSCs).3,5 We wager that LCs (fluids with orien-
tational order) provide an efficient platform to design NGCs
incorporating well-defined orientational cues.3,6–8 Our hypoth-
esis is inspired by findings that collagen self-assembles within
the body to form a myriad of LC phases.9,10 From a funda-
mental perspective, our study also aims to probe the coupling
of substrate anisotropy and reconfiguration of cells in response
to mechanical cues. Our work advances biologically inspired
design of LC-based substrates and hydrogels with internal
ordering and properties that can be finely tuned, enabling
directional growth of cells.

HSCs play a vital role in the regeneration of peripheral nerve
through secretion of various proteins that affect the behavior of
glial cells in formation of cellular channels that are responsible
for guiding axons to the correct targets.11 The orientational
fidelity of HSCs promotes axonal outgrowth, which in turn
controls their orientation.12,13 Therefore, understanding the
fundamental principles by which the directional behavior of
HSCs can be mediated is necessary. Several reports have
focused on the effects of spatial configuration of the extra-
cellular matrix (ECM) on the alignment of various biological
cells including HSCs.3,14–17 There are only a few studies
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associated with the role of alignment/orientation of the sub-
strate and their influence on HSCs.5 Moreover, these studies
are primarily limited to 2D environments that are incapable of
mimicking the native ECM. 2D environments are insufficient
to replicate the native environment as, the growth pattern of
cells is highly influenced by the topography of ECM.18–20

Changes in the morphology of cells upon exposure to constraints
of a 2D environment affect the proliferation rate, signaling and
secretion.21 Alteration of phenotypic properties and loss of polar-
ity due to the poor interaction with ECM in 2D environments can
also to an insufficient response to apoptosis.22 The intracellular
interaction in the native environment also has enormous impact
on the epithelial collagen production and regulation of intercel-
lular events.23 Therefore, it is important to have a 3D environment
that can imitate the native ECM if any extracellular event is to be
accurately investigated.

The spatial arrangement of ECM plays a vital role in con-
trolling the behavior of biological cells.24–26 Collagen as a major
component of native ECM has shown to self-assemble
into chiral nematic LC structures at concentrations above
100 mg mL�1, enabling cells to anchor to and elongate along
the long axis of the composed fibrils.9,10,27–31 Additionally, the
alignment of LCs can be triggered by several stimuli including
flow, electric or magnetic field, and underlying alignment
layers.32–35 In this study, we aim to investigate how a mimic
of native-ECM using well-aligned collagen networks can affect
the directional orientation and spread of HSCs. To achieve this,
it is critical to develop facile methods to prepare films and
hydrogels constituted of anisotropically arranged collagen and
subsequently, to investigate the orientational behavior of HSCs
cultured in such environments.

Here, we harness the inherent anisotropic viscoelastic prop-
erties and diamagnetic susceptibility of collagen to create novel
platforms composed of long-range unidirectionally aligned
cholesteric bands (at concentrations well below the reported
critical concentration of collagen to create LC phase), both in
films and hydrogels and study the effect of anisotropy n the
alignment and spreading of HSCs. While the alignment of
HSCs along the direction of collagen orientation is intuitively
expected, our results also show that, remarkably, the aspect
ratio of HSC is a function of the alignment of collagen.

2. Results and discussion

Understanding the process driving the formation of liquid crystal-
line collagen enables greater control over the configuration of
these assemblies, ultimately enabling the design of scaffolds that
are more fitting for specific applications.6–10,16,36–38 Collagen type
I is composed of three polypeptide chains wound together in a
left-handed triple helix (depicted in Fig. 1A). Collagen self-
assembles into fibrils with diameter of 1 nm and length of
300 nm. At low concentrations, collagen exists in an isotropic
phase characterized by the absence of a preferred orientation of
the constituent collagen fibrils. Upon increasing the concen-
tration above 100 mg mL�1 in acidic environments (pH = 2.5–3),

however, collagen demonstrates liquid crystalline behaviour, as
evidenced by the formation of oriented cholesteric bands
composed of fibrils arranged in a hexagonal packing
pattern.10,39 The directional preference seen in liquid crystals
arises from the collective behaviour of macromolecular assem-
blies comprised of asymmetrical molecules. This is consistent
with an Onsager-like description wherein the LC-phase arises

Fig. 1 (A) Schematic demonstration of shear-driven alignment of col-
lagen on rubbed PI coated substrate. Collagen solution was deposited
using a doctor blade upon which a film composed of unidirectionally
aligned cholesteric bands formed spontaneously. (B) Cross-polarized
optical micrograph of LC collagen (10 mg mL�1 in aqueous acetic acid
(pH 2.5) film, which has been coated on a PI-coated glass substrate that
was previously rubbed to induce directional alignment. The characteristic
pattern of alternating light and dark bands, known as cross-striations, is
clearly visible in the cholesteric bands. (C) Cross-polarized optical micro-
graph of collagen solution (with the same concentration and pH 2.5)
between a coverslip and a microscope glass spaced by 150 mm, serving
as a control to evaluate the effect of shear on the alignment of cholesteric
bands. (The scale bar represents 100 mm in both (B) and (C)). (D) Schematic
of arrangement of collagen molecules exhibiting a left-handed twist
across parallel planes. The distance between layers, denoted as P is equal
to the full rotation of the long axes at 3601, and it is known as the pitch.
The double-sided arrows indicate the direction of analyzer and polarizer.
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from interplay between orientational entropy and excluded
volume.40 The system seeks to balance the need to maximize
the overall entropy by increasing its positional entropy and
sacrificing its orientational freedom, leading to the formation of
the LC phase.

2.1. Preparation and characterization of aligned collagen
films with microgrooves and shear

Polyimide (PI) coated glass surfaces that are rubbed uniaxially to
create microgrooves are a well-established method to create well-
defined alignment in LC films.41,42 In this vein, we create aligned
collagen films using a combination of PI-coated glass substrates and
shear force. The motivation to use shear-driven alignment stems
from the objective to use concentrations of collagen that are well-
below LC forming concentrations.43 Shear-driven alignment was
achieved using a doctor blade to deposit collagen solutions (with
concentrations as low as 10 mg mL�1) on glass substrates. Prior to
the deposition process, microgrooves were formed on PI-coated
microscope glasses, by rubbing the glass in a unidirectional manner
with a velvet cloth. Under cross-polarized illumination, a planar
arrangement of birefringent cholesteric bands was observed in the
collagen films with concentration of 10 mg mL�1 (Fig. 1B). In
contrast, Fig. 1C shows the absence of such optical features for
10 mg mL�1 collagen solution spaced between a cover slip and a
microscope slide with 150 mm spacers in between under cross-
polarized light. The complete extinction of light in this image
indicates the random orientation of fibrils in the absence of shear
force, thus highlighting the important role of shear force in the
formation of aligned cholesteric bands. Fig. 1D depicts the trajectory
of fibrillar orientation along the major axis of cholesteric bands.

The degree of alignment of cholesteric bands can be quan-
tified using the order parameter (eqn (1)). As a marker for the
alignment strength of the collagen films, we quantify the order
parameter (S) of the cholesteric bands by evaluating the align-
ment of individual cholesteric bands. In our experiments, the
order parameter for unidirectionally aligned cholesteric bands
over an area of 6 cm2 was determined to be as high as 0.85,
suggesting a high degree of alignment.35,44,45

S ¼ 3

2
cos2 y� 1

2

� �
(1)

The pitch length, denoting the extent over which a complete
rotation of collagen fibrils occurs, was quantified using ImageJ
software. Two parallel lines, aligned with the orientation of
consecutive dark regions, were delineated, and the perpendi-
cular separation between these two parallel lines was defined as
the pitch. The determined pitch value is 11.95 mm, with a
standard deviation of 0.556 mm. Fig. S1 and S2 (ESI†) display
the cholesteric bands in LC collagen films and the quantifica-
tion of their morphological features.

To further quantify the liquid crystalline nature of the
aligned collagen films, observations were conducted using
cross-polarized microscopy integrated with a rotating stage.
The stage was rotated through small incremental rotations,
and the average grayscale intensity of the resulting micrographs

was quantified. As shown in Fig. 2, the projection of the overall
intensity in the X–Z plane is well-described by a cos2 y trend
(dashed line is the fit of the grayscale intensity versus the
rotation angle), indicating the alignment of the collagen stripes
along the x-axis. This result can alternatively be inferred from
the 4-fold radial symmetry plot of the grayscale intensity in
Fig. S3 (ESI†).

2.2. Characterization of the behaviour of HSCs cultured on
aligned collagen films

Aligned collagen films were placed in 6-well culture plates
and subjected to a culture medium comprised of HSCs and a
low concentration of collagen (1 mg mL�1). The cells were
subsequently incubated at 37 1C for 72 hours. Upon the
completion of the growth phase, the morphological properties
of the cells were studied. Observations under brightfield micro-
scopy (with an integrated modulation contrast) revealed the
directional alignment of HSCs grown on LC collagen films in
comparison to the control substrate, as evidenced by Fig. 3A
and C. All images of cells in this work use IMC module of the
Leica DMIL microscope. IMC (or Hoffman modulation)
involves the use of a slit plate to enable oblique illumination
and a modulator to enhance contrast, especially for transparent
and low-contrast specimens such as cells.46 Fluorescence ima-
ging further confirmed the directional preference of HSCs
when cultured on LC collagen films as opposed to the control
sample (shown in Fig. 3B and D).

The order parameter of HSC alignment was determined by
using eqn (1), where y represents the angle between the
orientation of the long axis of each cell and the average
direction of orientation of cholesteric bands. The order para-
meter was found to be 0.9 (as shown in Fig. 3E).47 Interestingly,
the order parameter of HSCs was slightly elevated in compar-
ison to that of the cholesteric bands themselves-which could be
attributed to the tendency of cells to align with their neighbour-
ing counterparts by adhering to the fibronectin network
released by the adjacent cells.48 The order parameter of HSCs
cultured on control samples with unaligned collagen was
determined to be approximately 0.2. The disparity between
the order parameter of cells cultured on control substrate and

Fig. 2 The average intensity of grayscale value of a sequence of images of
LC collagen film under cross-polarized light versus rotation angle (1). The
fitted equation is A cos2(By + C).
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those cultured on aligned collagen film emphasizes the impor-
tance of the emergent directional signals to HSCs via aligned
cholesteric bands to achieve unidirectional orientation of cells.

In addition to the orientation of the HSCs, we quantified the
aspect ratio (AR, the ratio of the major axis to the minor axis) of

HSCs-optical micrographs clearly showed the qualitative shape
change of the cells grown on aligned collagen when compared
to cells grown on control substrates. AR was quantitatively
evaluated utilizing the ImageJ software, for a minimum of
100 cells per statistical evaluation (as depicted in Fig. 3F).
We find a significant enhancement in the AR of HSCs cultured
on LC films, as compared to the control substrates, with the
values of 4.2 and 1.7, respectively. While the exact mechanism
of the shape change of the cells is beyond the scope of this
work, it points to the possibility of sharing of strain between
the collagen and cells which has wide scale implications in
understanding cellular properties. The sharing of strain is
likely brought about by the distortion energy related to the
disruption in the orientation of collagen due to the presence of
an inclusion, HSCs in this instance. If the strain is coupled to
the cellular membrane, the collagen can release some of the
strain by stretching the cell membrane.33 A few other studies
have also observed the dependence of AR of HSCs as well as
other cell types on the topographic and alignment properties of
the substrate.49–51 Additionally, it has been shown previously
that aligned focal adhesion domains are larger and more
elongated than non-aligned ones which could in turn manifest
in increased aspect ratios of aligned substrates.52

2.3. Preparation and characterization of large-scale,
monodomain 3-D liquid crystalline collagen hydrogels

3-D replication of the native environment is critical to addres-
sing several biological questions as opposed to the simplistic
version of using 2-D substrates. Therefore, we subsequently
focused on making liquid crystalline collagen hydrogels
(LCCHs) by incubating a solution of neutralized concentrated
collagen (final concentration of 15 mg mL�1), 20% PBS 1�,
0.1 wt% glutaraldehyde, and 1 mg mL�1 fibronectin on rubbed
PI-coated glasses in 6-well plates, while being subjected to a
magnetic field with the direction of magnetic field perpendi-
cular to the plane of the glasses (shown in Fig. 4A). The
incubation was carried out at 37 1C overnight to promote
gelation and crosslinking.

In Fig. 4B, a typical disk-shaped LCCH with a thickness of
5 mm is presented as an example. Fig. 4C presents a cross-
polarized optical micrograph of the surface of the LCCH,
depicting parallel cholesteric bands with two prominent mor-
phological features, namely tree-like branching and braided
structure. The red arrows in Fig. 4C trace the progression of
individual cholesteric bands branching into further distinct cho-
lesteric bands and eventually leaving the plane of observation. The
extinction of the birefringent cord along the height of the frame
results in the braided-like appearance of the cholesteric bands.
Fig. 4D illustrates the occurrence of defects with concentrically
arranged cholesteric bands on the edge of the hydrogel. These
defects arise from the nucleation of disclinations, which is
triggered by the curvature-induced stresses present in the hydro-
gels. The occurrence of these defects can likely be prevented by
utilizing larger magnets, wherein the size of the hydrogel is
significantly smaller relative to the area of the magnetic field-

Fig. 3 Comparison of HSCs behavior on LC and randomly oriented
(serving as a control substrate) collagen films (A) and (B) IMC-enhanced
brightfield and fluorescent image of HSCs cultured on LC collagen film,
respectively. (C) and (D) Bright field and fluorescent image of HSCs,
respectively, cultured on the control substrate. Areas marked in blue,
and red are the nuclei and actin, which are labeled with Hoechst and
Actin Red, respectively. (E) and (F) Comparison of the order parameter, and
aspect ratio of HSCs on the LC and control film, respectively. The error
bars show the standard deviation of the mean for the average values
obtained from the 6 replicates. (G) Illustration of the angle of deviation
between the elongation axis of HSCs and the main direction of cholesteric
bands. The order parameter and aspect ratio of the cells were calculated
by averaging over the entire population in each frame. The scale bars
represent 100 mm.
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ensuring a homogenous magnetic field distribution throughout
the hydrogel.

To quantify the LC order within the hydrogels, we analyze the
variations in interference colour as a function of angular orienta-
tion. Changes in the interference colour of LCCHs were measured
under cross-polarized light as the microscope stage was rotated by
151 increments counter-clockwise (Fig. 5A), with the light intensity
and polarizer–analyzer correspondence being fixed. The anisome-
try in the optical properties of the hydrogel is depicted in Fig. 5B
via the cos2 fit of gray scale intensity versus the rotation angle. To
verify the role of magnetic forces in the formation of aligned
cholesteric bands in the hydrogels, the same precursor solution of
collagen was placed in a 6-well plate containing bare microscope
glass, in the absence of a magnetic field, until a gel structure was
formed. The complete extinction of light under the cross-polarized
optical microscope for this control test (Fig. S4, ESI†) demonstrates
the isotropic structure of collagen fibrils in the resulted hydrogel.

2.4. Characterization of the behaviour of HSCs cultured in LCCHs

LCCHs were positioned in 6-well culture plates and subjected to
a culture medium comprised of HSCs and a low concentration

of collagen (1 mg mL�1). The cells were subsequently incubated
at 37 1C for a period of 72 hours. After the growth phase, the
morphological properties of the cells were analysed. Fig. 6A and
B are optical micrographs of cells images at a plane about half
the thickness of the hydrogel (sliced with a blade). The images
were taken after allowing the cells a recovery period as cutting
of the hydrogels could result in cell death due to physical
trauma. All data in the manuscript is with the hydrogels being
incubated for 24 h after slicing, giving the cells time to recover
from any mechanical damage caused by the cutting process.
There images provide evidence that HSCs grown on LCCHs also
exhibited directional alignment when compared to the control
substrate. The cells cultured within LCCHs exhibited an order
parameter of 0.88, whereas those cultured on the controlled
collagen hydrogels displayed a value of 0.1 (Fig. 6C). Fig. 6D

Fig. 4 Formation and characterization of liquid crystalline collagen hydrogel
under applied magnetic field: (A) illustration of a 6-well plate setup in which
rubbed polyimide (PI)-coated glasses are placed inside the wells and covered
with a neutralized collagen solution (10 mg mL�1). Subsequently, the setup is
subjected to an applied magnetic field and left to crosslink for 2 hours at
37 1C. (B) Visual appearance of the liquid crystalline collagen hydrogel as
observed with the unaided eye. (C) and (D) Optical micrographs of the
collagen hydrogel, in bulk and edge, respectively, captured using cross-
polarized light. Edge-induced disclinations composed of centrically rear-
ranged cholesteric bands is visible in (D). The scale bars represent 30 mm.
The double-sided arrows indicate the direction of analyzer and polarizer.

Fig. 5 (A) Demonstration of range of interference color achieved for
collagen hydrogel under cross-polarized light as the microscope platform
rotates by 201 progressively in a clockwise manner. Scale bar represents
100 mm. (B) The average intensity of grayscale value of a sequence of
images versus rotation angle (1). The fitted equation is A cos2(By + C) + D.
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shows the comparison of the aspect ratio for cells cultured on
LCCHs and control hydrogels. The aspect ratio for HSCs on
LCCH was measured at 6.31, compared to the control sample
with an aspect ratio of 5.26. Notably, we observed that some
cells did not exhibit the typical elongated, bipolar spindle-like
morphology characteristic of Schwann cells. These variations in
shape are highlighted in Fig. S5 (ESI†). Specifically, certain cells
appeared more circular in shape (as highlighted in red circles
in Fig. S5, ESI†), which we hypothesize may result from their

protrusion out of the imaging plane, where their orientation
perpendicular to the plane gives them a circular appearance in
plane of observation. Additionally, we observed some cells
displaying ellipsoidal/triangular shapes, which we attribute to
cells extending or crawling through the gel at an angle that is
neither perpendicular nor parallel to the imaging plane (high-
lighted in yellow circles in Fig. S5, ESI†).

2.5. Prediction of order parameter of LCCHs using Monte
Carlo-Metropolis algorithm of Ising model

Collagen molecules possess diamagnetic properties which can be
used to manipulate the alignment of collagen fibers.36,53 We model
the alignment of the collagen fibers under a magnetic field using
the Ising model for ferromagnetic particles as a simplistic model to
capture some of the essential features of our observations-namely
the ability to align macroscopic domains of collagen at modest
magnetic field strengths. The Ising model without a magnetic field
was first solved analytically by Lars Onsager in 1944,54 and it has
since been widely used to predict collective behaviour in a variety of
fields. In the presence of a magnetic field, the Ising model can be
numerically solved using the Metropolis algorithm, which is based
on a few assumptions, including the fact that spins can either spin
up or down with a tendency to align in the same direction as their
neighbouring spins (Fig. S6, ESI†).

To measure the distribution of probability for each state, the
Boltzmann distribution with the partition function was used
(eqn (2) and (3)). Numerically implementing the true-over-sum
term at equilibrium in eqn (4) can be challenging. Therefore, we
can assume that it is valid for each individual term and enforce
this by utilizing eqn (5). To initiate the directional configuration,
a random lattice of spins was generated. The system is then
subjected to a temperature bath, and the equilibrium state of the
orientation distribution of spins is determined numerically
(eqn (6)). The energy associated with each state is computed
using eqn (7) with a normalization factor J and summation over
multiplication of spin directions for each 4 neighbouring spins.
The system undergoes fluctuations governed by the Boltzmann
equation until it reaches an equilibrium state.

Pm ¼
1

Z
e�bEm (2)

Z ¼
X
m

e�bEm (3)

X
u

PmP m! uð Þ ¼
X
m

PuP u! mð Þ (4)

PmP m! uð Þ ¼ PuP u! mð Þ (5)

P m! uð Þ
P u! mð Þ ¼

Pu

Pm
¼ e�b Eu�Emð Þ (6)

Em ¼
X
i; jh i
�Jsisj (7)

At the equilibrium state, the average spin direction can be
determined, which serves as an analogy to the order parameter

Fig. 6 IMC-enhanced brightfield images of HSCs cultured on (A) random
and (B) LC hydrogel, respectively. Scale bar is 100 mm. (C) and (D)
Comparison of the order parameter, and aspect ratio of HSCs on LC and
randomly oriented (serving as a control substrate) collagen hydrogels,
respectively, cultured on the LC and control collagen hydrogels. The error
bars show the standard deviation of the mean for the average values
obtained from the 6 replicates.
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of collagen fibrils. To account for the combined influence of
collagen concentration and the strength of the external mag-
netic field, b in eqn (2) was substituted with a modified
parameter (eqn (8)), where Hc and Cc represent the critical
magnetic field strength and collagen concentration required
for the formation of the LC phase.

bm ¼
b
KT

H

Hc

C

Cc
(8)

Fig. 7 depicts the results obtained from computational analysis,
showing the magnetic field strength required to align collagen at
various concentrations. The plot displays values for two different
order parameters, 0.4 and 0.8, derived from the absolute average
spin direction (AASD). As the concentration (CR) increases along
a constant order parameter (traceable by each curve), the mag-
netic strength required to align the collagen decreases, indicat-
ing enhanced collaborative self-assembly of cholesteric bands at
higher concentrations. On the other hand, for a constant CR,
increasing the magnetic strength raises the order parameter,
reflecting a higher degree of alignment.

3. Conclusion

Here, we harness the inherent anisotropic viscoelastic proper-
ties and diamagnetic susceptivity of collagen to create novel
platforms composed of long-range unidirectionally aligned
collagen (at concentrations well below the reported critical
concentration of collagen to create LC phase). Both, films and
hydrogels present with the anisotropy. While the alignment of
HSCs along the direction of collagen orientation is intuitively
expected, our results also show that, remarkably, the aspect
ratio of HSC is a function of the alignment of collagen. IMC
enhanced-brightfield and fluorescent microscopy images
demonstrate a higher aspect ratio and order parameter in HSCs
when cultured on LC platforms as compared to the control

substrates. Our metropolis-based model of alignment of col-
lagen provides guidance on magnetic field strength required to
form aligned collagen substrates for a range of concentrations.
Future work will explore the 3-D organization of HSCs within
the LC-collagen hydrogels. Further, we seek to determine the
effects LC orientation of HSC migration as directed migration is
a key-step in the deployment of an effective NGC. Long term
studies will explore the neuron growth and the formation of the
myelin sheet surrounding neurons on the LC substrates.

4. Materials and methods
4.1. Materials

4.1.1. Preparation of concentrated collagen solutions.
A stock mixture of collagen type I at a concentration of 7–
11 mg mL�1 in 0.02 N acetic acid was concentrated to prepare
solutions with concentrations ranging from 15 to 40 mg mL�1.
The concentration procedure involved dialyzing the stock
collagen solution against various concentrations of PEG35k
(35–50% w/v) in 150 mM acetic acid using 2k MWCO Lyzer
cassettes. As the cassette only permitted water to pass through,
the ultimate collagen concentration was calculated by deducing
the volume of removed water from the initial volume, with the
duration of the dialysis serving as the determining factor.

4.1.2. Preparation of polyamide (PI)-coated substrates.
Microscope slides with a thickness of 0.5 mm underwent a
thorough cleaning procedure involving sonication in Alconox
solution for 15 minutes, followed by washing with deionized
water and ethanol. Following this, the slides were dried using
an air gun and baked at 150 1C for 1 hour, after which they were
allowed to cool to room temperature. A spin coating technique
was then employed, using a 1 : 10 ratio of polyimide (PI) to
thinner, with a spin speed of 1000 rpm for 10 seconds, followed
by 3000 rpm for 30 seconds. The coated slides were subse-
quently baked at 250 1C for 2 hours. The resulting coating
thickness was B100 nm.

4.1.3. Formation of liquid crystalline films. Collagen fibrils
in films were aligned utilizing a shear flow-driven method.
The alignment layer comprised of PI was manually rubbed in a
unidirectional manner using a velvet cloth, thereby creating
parallel guiding grooves. The PI-coated glasses were subse-
quently washed with isopropyl alcohol and affixed in place using
double-sided tape. 50 mL of collagen solution was chosen as the
initial volume to cast using a doctor blade to result in films with
a thickness of approximately 150 mm-which is the same thick-
ness of the unaligned samples. The shear rate was continually
increased until we observed alignment of collagen fibrils.
Beyond a shear rate of 100 (s�1), we did observe an increase in
the alignment of the collagen fibrils. The coated substrates were
allowed to air dry overnight at room temperature. Birefringence
properties of the coatings were measured using an Olympus
BX41 optical microscope with cross-polarized light.

4.1.4. Fabrication of liquid crystalline hydrogels. The PI-
coated substrates were placed in 6-well glass culture plates.
To each well, a solution of neutralized concentrated collagen

Fig. 7 Simulation-derived plot illustrating the magnetic field strength
required for collagen alignment at various concentrations. The order
parameter (S) is derived from the AASD. The critical concentration for
the LC-formation of collagen is 80 mg mL�1.
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(final concentration of 15 mg mL�1), 20% PBS 1�, 0.1 wt%
glutaraldehyde, and 1 mg mL�1 fibronectin was added. Two
magnetic beads were placed on the top and bottom of the wells
to induce the alignment of collagen fibrils in the direction
perpendicular to the magnetic field, thereby promoting a
parallel orientation with the grooves. The culture plates were
then incubated at 37 1C overnight to facilitate the gelation and
crosslinking of the collagen.

4.1.5. Cell culturing human Schwann cells (HSCs) on collagen
substrates. HSCs from ATCC were cultured in a complete culture
medium solution prepared with Dulbecco’s modified Eagle’s med-
ium from Sigma Aldrich (Cat. #D5648), supplemented with 10%
fetal bovine serum from Gibco (Cat. #10-437-028), and 1% peni-
cillin–streptomycin from Sigma-Aldrich (Cat. #P4333), along with
sodium bicarbonate and sodium pyruvate. The cells were incubated
in a humid incubator at 37 1C with an air atmosphere containing
5% CO2 for 72 h. Nearly confluent samples (B82%) were used for
analysing the data presented here. Initial cell seeding density was
initial cell seeding density of 10 000 cells per cm2. In case of
collagen hydrogels, the hydrogels were sliced transversely for
imaging, ensuring that the slices were thin enough to allow
adequate light transmission while maintaining the structural integ-
rity of the collagen matrix and the embedded cells. The hydrogels
were incubated for 24 h after slicing to give the cells sufficient time
to recover from any physical damage caused by the cutting. The
images were taken after this incubation period.

4.1.6. Characterization of morphological and orientational
properties of cells using ImageJ software. Characterization of
the orientational profiles of the cells cultured on both collagen
films and collagen hydrogels (controls and LC substrates) was
performed manually using ImageJ. For each frame, a large
population of cells (the number varied depending on cell
density in each frame) was analyzed. For aspect ratio determi-
nation, the following steps were followed. The image was
magnified sufficiently to distinguish the cell boundaries at
the pixel level. The cell’s long axis was determined by drawing
a line from one end to the other, and the length was recorded.
The width of the cell was measured by drawing a perpendicular
line across the short axis, from one edge to the other. The
aspect ratio for each cell was calculated as the ratio of the
length to the width. These individual aspect ratios were then
averaged across the cell population to obtain the aspect ratio
for the sample. Regarding the order parameter, the absolute
deviation of the long axis of each cell from the nematic director
was calculated-first we measure the angles of the cells with
respect to an arbitrary line (which is roughly the line they
appeared to be aligned) and taking an average of the deviations
to find the director. Then, we measure the angles of each cell
with respect to the director.

4.1.7. Instruments. The morphology of collagen substrates
was observed using Olympus BX41 microscope integrated with
a rotating stage. Bright field microscopy as well as fluorescent
microscopy were used to observe the morphology of HSCs upon
culturing. Ossila spin coater was used to apply the polymer
solution on the microscope slides. Imaging of cells was per-
formed with a Leica DMIL LED inverted routine fluorescence

microscope which is equipped with an integrated modulation
contrast.

Data availability

Optical and fluorescence microscopy images can be provided
upon request to the corresponding author.
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23 S. A. Lelièvre and M. J. Bissell, Three dimensional cell culture:
the importance of microenvironment in regulation of function,
Reviews in Cell Biology and Molecular Medicine, 2006.

24 W. F. Liu and C. S. Chen, Cellular and multicellular form
and function, Adv. Drug Delivery Rev., 2007, 59(13),
1319–1328.

25 L. G. Griffith, Emerging design principles in biomaterials
and scaffolds for tissue engineering, Ann. N. Y. Acad. Sci.,
2002, 961(1), 83–95.

26 F. Rosso, A. Giordano, M. Barbarisi and A. Barbarisi, From
cell–ECM interactions to tissue engineering, J. Cell. Physiol.,
2004, 199(2), 174–180.

27 R. O. Hynes, The extracellular matrix: not just pretty fibrils,
Science, 2009, 326(5957), 1216–1219.

28 T. B. Saw, W. Xi, B. Ladoux and C. T. Lim, Biological tissues
as active nematic liquid crystals, Adv. Mater., 2018,
30(47), 1802579.

29 D. Gray, Chiral nematic ordering of polysaccharides, Carbo-
hydr. Polym., 1994, 25(4), 277–284.

30 I.-C. Khoo, Liquid crystals, John Wiley & Sons, 2007, vol. 64.
31 K. Nayani, P. Rai, N. Bao, H. Yu, M. Mavrikakis, R. J. Twieg

and N. L. Abbott, Liquid crystals with interfacial ordering
that enhances responsiveness to chemical targets, Adv.
Mater., 2018, 30(27), 1706707.

32 J. Y. Kim, K. Nayani, H. S. Jeong, H.-J. Jeon, H.-W. Yoo,
E. H. Lee, J. O. Park, M. Srinivasarao and H.-T. Jung,
Macroscopic alignment of chromonic liquid crystals using
patterned substrates, Phys. Chem. Chem. Phys., 2016, 18(15),
10362–10366.

33 K. Nayani, A. A. Evans, S. E. Spagnolie and N. L. Abbott,
Dynamic and reversible shape response of red blood cells in
synthetic liquid crystals, Proc. Natl. Acad. Sci. U. S. A., 2020,
117(42), 26083–26090.

34 K. Nayani, R. Chang, J. Fu, P. W. Ellis, A. Fernandez-Nieves,
J. O. Park and M. Srinivasarao, Spontaneous emergence of
chirality in achiral lyotropic chromonic liquid crystals con-
fined to cylinders, Nat. Commun., 2015, 6(1), 1–7.

35 M. Chernousov and D. Carey, Schwann cell extracellular
matrix molecules and their receptors, Histol. Histopathol.,
2000, 15(2), 593–601.

36 C. Alliraja, J. R. Rao and P. Thanikaivelan, Magnetic col-
lagen fibers stabilized using functional iron oxide nano-
particles in non-aqueous medium, RSC Adv., 2015, 5(27),
20939–20944.

37 S. A. Khadem and A. D. Rey, Theoretical Platform for Liquid-
Crystalline Self-Assembly of Collagen-Based Biomaterials,
Front. Phys., 2019, 7, DOI: 10.3389/fphy.2019.00088.

38 P. De Sa Peixoto, A. Deniset-Besseau, M.-C. Schanne-Klein
and G. Mosser, Quantitative assessment of collagen I liquid
crystal organizations: role of ionic force and acidic solvent,
and evidence of new phases, Soft Matter, 2011, 7(23),
11203–11210.

Soft Matter Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
no

vi
em

br
e 

20
24

. D
ow

nl
oa

de
d 

on
 1

8/
02

/2
02

6 
5:

34
:5

2.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://doi.org/10.3389/fphy.2019.00088
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm00534a


9006 |  Soft Matter, 2024, 20, 8997–9006 This journal is © The Royal Society of Chemistry 2024

39 A. I. Brown, L. Kreplak and A. D. Rutenberg, An equilibrium
double-twist model for the radial structure of collagen
fibrils, Soft Matter, 2014, 10(42), 8500–8511.

40 L. Onsager, The effects of shape on the interaction of
colloidal particles, Ann. N. Y. Acad. Sci., 1949, 51(4), 627–659.

41 S. Varghese, S. Narayanankutty, C. Bastiaansen, G. Crawford
and D. Broer, Patterned Alignment of Liquid Crystals by
(micro)-Rubbing, Adv. Mater., 2004, 16(18), 1600–1604.

42 C. Peng, Y. Guo, T. Turiv, M. Jiang, Q. H. Wei and
O. D. Lavrentovich, Patterning of lyotropic chromonic liquid
crystals by photoalignment with photonic metamasks, Adv.
Mater., 2017, 29(21), 1606112.

43 H. Baza, T. Turiv, B.-X. Li, R. Li, B. M. Yavitt, M. Fukuto and
O. D. Lavrentovich, Shear-induced polydomain structures of
nematic lyotropic chromonic liquid crystal disodium cro-
moglycate, Soft Matter, 2020, 16(37), 8565–8576.

44 M. A. Chernousov, S. S. Scherer, R. C. Stahl and D. J. Carey,
p200, a collagen secreted by Schwann cells, is expressed in
developing nerves and in adult nerves following axotomy,
J. Neurosci. Res., 1999, 56(3), 284–294.

45 R. Milner, M. Wilby, S. Nishimura, K. Boylen, G. Edwards,
J. Fawcett, C. Streuli and R. Pytela, Division of labor of
Schwann cell integrins during migration on peripheral
nerve extracellular matrix ligands, Dev. Biol., 1997, 185(2),
215–228.

46 R. Hoffman, The modulation contrast microscope: princi-
ples and performance, J. Microsc., 1977, 110(3), 205–222.

47 P. Clark, P. Connolly, A. Curtis, J. Dow and C. Wilkinson,
Topographical control of cell behaviour: II. Multiple
grooved substrata, Development, 1990, 108(4), 635–644.

48 Y. Abiko and D. Brunette, Immunohistochemical investiga-
tion of tracks left by the migration of fibroblasts on tita-
nium surfaces, Cells Mater., 1993, 3(2), 4.

49 A. S. Crouch, D. Miller, K. J. Luebke and W. Hu, Correlation
of anisotropic cell behaviors with topographic aspect ratio,
Biomaterials, 2009, 30(8), 1560–1567.

50 K. Anselme and M. Bigerelle, Role of materials surface
topography on mammalian cell response, Int. Mater. Rev.,
2011, 56(4), 243–266.

51 C. Masciullo, R. Dell’Anna, I. Tonazzini, R. Böettger, G. Pepponi
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