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ABSTRACT: Hydrogel matrices are valuable platforms for neuro-
nal tissue engineering. Orienting gel fibers to achieve a directed
scaffold is important for effective functional neuronal regeneration.
However, current methods are limited and require treatment of gels
prior to implantation, ex-vivo, without taking into consideration the
pathology in the injured site. We have developed a method to
control gel orientation dynamically and remotely in situ. We have
mixed into collagen hydrogels magnetic nanoparticles then applied
an external magnetic field. During the gelation period the magnetic
particles aggregated into magnetic particle strings, leading to the
alignment of the collagen fibers. We have shown that neurons
within the 3D magnetically induced gels exhibited normal electrical
activity and viability. Importantly, neurons formed elongated
cooriented morphology, relying on the particle strings and fibers
as supportive cues for growth. The ability to inject the mixed gel directly into the injured site as a solution then to control scaffold
orientation remotely opens future possibilities for therapeutic engineered scaffolds.
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Neural tissue pathologies resulting from either physical
trauma or neurodegenerative diseases detrimentally affect

the quality of life of many patients worldwide. The ability of
mammalian neuronal cells to spontaneously repair and regain
functionality is limited, presenting a critical therapeutic
challenge for researchers.1,2 Major efforts have been devoted
to the development of supportive tissues and scaffolds, aimed at
creating modified environments for promoting neuronal
regeneration. It has been shown that guiding and directing
neuronal outgrowth during the regeneration period can
enhance neuronal repair and recovery.3,4

A fundamental mechanism of neuronal guidance is the
sensitivity of neurons to extracellular topography.5 Our own
and others’ previous studies have shown that interactions with
planar surfaces decorated with organized topographical
elements even of nanometer heights lead to directed neuronal
growth patterns.6−10 However, in order to develop a supportive
microenvironment for neuronal regeneration in vivo, implant-
able 3-dimensional scaffolds are required.11 Various strategies,
utilizing nanofibrous scaffolds12,13 as well as different types of
hydrogels14−16 have been examined as platforms for neuronal
tissue engineering affecting axonal extension and cell spreading.
Several methods have been used to fabricate scaffolds with
aligned fibrils as cell-directing cues including electorspin-
ning,12,17 microfluidics,18 strain-induced alignment,19,20 and
fabrication of prescribed patterns within the 3D constructs.21,22

Strong magnetic fields have also been used to modify fiber

orientation.23−25 In all of these studies, scaffolds were designed
and fabricated ex vivo, prior to the interaction with the cells or
implantation site. Facilitating scaffold alignment in situ is still a
compelling challenge.
We have developed a 3D scaffold, based on a collagen

hydrogel, combined with magnetic nanoparticles. In the body,
natural collagen forms highly organized fibers that profoundly
influence tissue mechanical properties and cell organiza-
tion.26,27 Collagen hydrogels imitate the native neuronal
extracellular matrix (ECM), exhibiting biodegradability, weak
antigenicity and good biocompatibility characteristics.28,29

Moreover, hydrogels express mechanical properties similar to
soft tissues and exhibit high porosity that facilitates nutrients
and waste. Importantly, hydrogels possess the ability to be
injected in vivo as a liquid that gels at body temperature.30,31

The use of magnetic-responsive constructs for tissue regener-
ation in which various matrices are impregnated with particles
has been investigated for bone repair,32−34 stem cell differ-
entiation,35 and tissue engineering scaffolds.36 Alginate gels
containing magnetic nanoparticles (MNPs) have promoted
endothelial cell organization.37 MNPs functionalized with
growth factors improved the growth of nasal olfactory mucosa
cells38 and PC12 differentiation.39

Received: January 11, 2016
Revised: March 1, 2016

Letter

pubs.acs.org/NanoLett

© XXXX American Chemical Society A DOI: 10.1021/acs.nanolett.6b00131
Nano Lett. XXXX, XXX, XXX−XXX

pubs.acs.org/NanoLett
http://dx.doi.org/10.1021/acs.nanolett.6b00131


Here, we report on a magnetic gel-based scaffold that can be
aligned in situ dynamically and remotely in response to a
pathological need. We embedded magnetic particles in collagen
liquid suspension and allowed the collagen to solidify under a
permanent magnetic field. Application of the magnetic field
during the solidification period leads to controlled aggregation
of magnetic particles within the gel, forming “magnetic particle
strings”, which aggregate along the magnetic field lines.
Furthermore, we found that utilizing this method with different
magnetic particles affected gel complex formation dynamics and
allowed us to achieve alignment of the collagen fibers. Once the
external magnetic field was removed the particle, aggregates
remained embedded within the collagen gel and gel fibers

maintained their induced orientation. Both particles and fibers
may serve as topographic guiding cues for directing neurite
outgrowth (Figure 1).
To better control gel complex structure orientation and in

order to achieve maximal collagen fiber alignment, we examined
magnetic particles of different sizes and compositions. Nano-
and micro-particles with different parameters were mixed with a
collagen precursor gel solution (collagen-type-I, diluted by the
addition of 10X L-15 and brought to neutral pH by 7.5%
sodium carbonate; detailed description in Supporting Informa-
tion). The liquid solution was then placed on a tunable
platform between two bar magnets and allowed to solidify
under effective magnetic fields of 162G to 2110G (Figure S1).

Figure 1. Schematic overview of the experimental procedure showing collagen fiber alignment induced by magnetic particles and magnetic actuation:
(A) Liquid collagen suspension was prepared containing neurons (orange) and MPs (red). (B) Suspension was plated on top of coverslips and
allowed to solidify either spontaneously (top), or under the influence of a magnetic field of 255G set by two parallel bar magnets (red-green bars)
(bottom). (C) Zoom into collagen gels. (Top) control gel reveals random distribution of MNP aggregates (red) and random collagen fiber
orientation (blue lines). (Bottom) In gels solidified under the influence of a magnetic field MPs form aggregate strings aligned along the direction of
the magnetic lines (red particles) and collagen fibers align as well (blue lines). (D) Neuronal growth was followed for 7 days as neurons developed
neurites in the direction of the magnetically aligned cues.

Figure 2. Formation of aligned magnetic particle strings within the collagen gels. Two gel concentrations were examined: 1.4 mg/mL (top panels)
and 3 mg/mL (bottom panels). The effect of one magnetic field is presented (255G).(A) MPs (1 μm) mixed into collagen gels (1.4 mg/mL) and
solidified with no magnetic field form random aggregates distributed homogeneously in the gel. (B) MNPs (100 nm) form magnetic strings in
collagen gels (1.4 mg/mL) solidified in the presence of a magnetic field (255G). (C) MPs (1 μm) form magnetic strings in collagen gels (1.4 mg/
mL) that have solidified in the presence of a magnetic field. (D) MNPs (100 nm) mixed into collagen gels (3 mg/mL) and solidified with no
magnetic field. Aggregates are formed and distributed randomly (lighter aggregates are out of phase aggregates). (E) Magnetic strings are formed in
gels (3 mg/mL) containing MNPs (100 nm) solidified in the presence of a magnetic field. (F) MPs (1 μm) form magnetic strings in gels (3 mg/mL)
solidified in the presence of a magnetic field. Scale bar = 100 μm.
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Applying relatively weak magnetic field, around 255G, has
resulted in more uniform distribution of the magnetic strings,
therefore, it was chosen as the actuator magnetic field (the
influence of higher magnetic field on cell alignment is discussed
below). Two gel concentrations were examined, 3 mg/mL
(Figure 2, bottom panels) and 1.4 mg/mL (Figure 2, top
panels). For both concentrations, the embedded magnetic
particles aggregated into distinct line-shaped strings, whereas,
without the external magnetic field the particles were
homogeneously dispersed within the gel (Figure 2A,D). In
the low concentration gels (1.4 mg/mL) magnetic strings
tended to aggregate at a lower Z-plane and did not disperse in
3D. In high concentration gels (3 mg/mL) multiplane
aggregation was observed which is beneficial for 3D scaffolds.
Therefore, we based the 3D platforms on the 3 mg/mL
collagen gels. Next, we have compared the effect of magnetic
particle size on gel alignment, focusing on particles at the
nanoscale, suitable for tissue engineering platforms. Using
uncoated MNPs of 50 and 100 nm (hydrodynamic diameter)
has demonstrated better gel fiber alignment for the 100 nm
MNPs (for both magnetite and maghemite cores). Notably,
functional coating of the MNPs (with dextransulfate, starch, or
citric acid salt, Supporting In formation) has led to less fiber
alignment than the uncoated MNPs. To note, embedding in the
complex gels micron size magnetic particles (diameter of 1 and
3 μm) also demonstrated nonsufficient level of fiber alignment.
To characterize gel complex formation, we have used the

uncoated 100 nm MNPs (magnetite core, average dry diameter

of 10 nm) that have resulted in maximal fiber alignment. A
scanning electron microscope (SEM) image of a control gel
containing the same MNPs that has been solidified without the
influence of an external magnetic field, presents no preferred
fiber orientation (Figure 3A). Under an external magnetic field,
the fibers of the particle-containing gel tended to align
according to the particle strings orientation (Figure 3B).
A confocal reflectance microscopy (CRM) of the 3D

collagen gels (illumination with 488 nm, detection between
474 and 494 nm) was performed (Figure 3D−E). It can be
seen that the control samples show a random distribution of the
collagen fibers, in all dimensions (Figure 3D), whereas in the
magnetically actuated gels, collagen fibers align along the
direction of the magnetic particle strings (Figure 3E) (Figure
S3A−C,E and Movie S1). In order to obtain a quantitative
evaluation of the effect on the fibers, images of magnetically
aligned gels (SEM and CRM) were compared to control
samples either without actuating magnetic fields or without
magnetic particles. Two-dimensional (2D) fast Fourier trans-
form (FFT) was calculated40 for the SEM images (Figure 3C)
and for the CRM images (Figure 3F). We have acquired CRM
images from random areas of the gels at different depths (not
shown) and demonstrated a significantly higher degree of
correlation between fibers in the aligned magnetic gels than in
the control gels, solidified under 255G with no MNPs (an
average peak value of 0.06 ± 0.01 [au] and 0.03 ± 0.004 [au]
respectively). In addition, using the same FFT analysis, the
orientation of fibers of the magnetically actuated gels was

Figure 3. Collagen fiber alignment induced by magnetic string formation. (A) SEM image of collagen gel (3 mg/mL) containing 100 nm MNPs
showing random fiber orientation. (B) SEM image of the same collagen gel solidified under the influence of 255G magnetic field, showing partial
alignment of collagen fibers (white arrow) correlating to magnetic aggregate string direction (red arrows). (C) FFT analysis plot showing fiber
orientation corresponding to indent depicted area in image B in blue (no particles are included within the analyzed area) compared to image A in
red. (D) CRM image of collagen gel (3 mg/mL) solidified under the influence of 255G magnetic field without MNPs and (E) CRM image of the 3
mg/mL collagen gel containing 100 nm MNPs solidified under the influence of 255G magnetic field, showing fiber alignment (light blue). FFT
analysis images for areas depicted in D and E are shown in corresponding top right corner of CRM images. Scale bar = 75 μm. (F) FFT analysis plot
of same depicted areas in D (blue) and E (red).
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compared to the orientation of the corresponding image of
particle strings demonstrating closely matched peak angles
(Figure S3D).
To have a better understanding of the gel complex formation

along with fiber alignment, time lapse microscopy imaging was
performed (NIKON TE2000 with a mounted Retiga camera).
Collagen gel samples, with and without MNPs, were imaged

along the entire gelation process, starting from the liquid phase
and up to 25 min. During spontaneous gel polymerization,
collagen nucleates and elongates, creating the hydrogel matrix.
This process is usually random, leading to tangled fibers of no
discernible organization, as can be seen in Movie S2.
Embedding the 100 nm MNPs in the collagen without applying
an actuating magnetic field has led to the formation of

Figure 4. Measurements of physical properties of magnetically MNPs containing gels. (A) Rheometry measurements of complex modulus curves for
control gels, with or without particles, solidified under the presence of magnetic field, compared to magnetically aligned gels. (B) Turbidity
measurements of gelation kinetics for gels with and without MNPs.

Figure 5. Neuronal orientation in magnetically aligned gels (A) Confocal z stack image of a leech neuron grown in a magnetically aligned gel (3 mg/
mL, MNPs of 100 nm, a magnetic field of 255G). Neuron is fluorescently labeled in red. Background is a single CRM image from stack, showing
fiber alignment. Yellow indent shows neurite following aligned collagen fibers. (B) Corresponding 3D cuboid representation of the neuron with
neurite tracing analysis. The long axis of the cuboid represents the direction of growth. Red arrow represents the orientation of the magnetic particle
strings. (C) Elongation of neurons is measured by the aspect ratio between the long axis and the short axis of the cuboid for neurons in magnetically
aligned gels and in control gels. (D) Histogram of deviation of orientation angle Δθ binned ±15°. Deviation of orientation angle is defined as the
difference between the cuboid representation angle and magnetic string orientation (depicted in green arrow). Statistical analysis of the distribution
of Δθ is not normal or uniform (one sample Kolmogorov−Smirnov Test). Scale bar = 100 μm, *** p < 0.0005.
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dispersed aggregates of MNPs with no effect on fiber
orientation. It can be seen that aggregates can move freely
when in collagen liquid phase and stabilize during the gelation
process (Movie S3). Applying the actuating magnetic field
during solidification presents a movement of the forming MNP
strings up the magnetic gradient, leading to flow. As gel fibers
polymerize, the MNP strings are no longer free to move. It
seems that the orientation of strings movement together with
the collagen flow at the beginning of the gelation phase lead to
preferable directionality of the newly formed fibers. Following
MNP stabilization, collagen fibers keep elongating, retaining the
initial orientation in a template-like manner (Movie S4). To
note, gel complexes with less particle movement, such as the
gels containing microscale particles under 255G, demonstrate
nonoriented gel fibers.
Rheological measurements (detailed description in Support-

ing Information) have showed that our gels are fairly compliant
and correlate previous studies of neuronal growth in hydrogels
as well as moduli of nervous tissue.41−43 No significant changes
of the physical properties of the gels and gelation kinetics have
been detected following the addition of MNPs to the gels
(Figure 4).
Next, to examine the magnetically aligned gel as a scaffold for

directed neuronal growth, primary neurons were seeded within
the gel, prior to the gelation. We used neurons of a simple
model system, the medicinal leech (Hirudo medicinalis), that
can develop at low density cultures allowing for tracking of
single neurons and neurites. Neurons were dissociated out of
the adult central nervous system (CNS), similarly to 2D culture
protocol8,9 and were incorporated in the collagen gel precursor
liquid solution. We allowed the gel solution containing
magnetic particles and cells to solidify under an external
magnetic field (255G) for 40 min. Once the field was removed
and the solidification process was complete, growth medium
was added (conditioned L15) to allow neuronal regeneration.
During the outgrowth period within the gel neurites initiated

from the cell soma then branched and developed into a

complex 3D dendritic tree. After 7 days of growth, neurons
were stained (α-tubulin, Santa Cruz Biotechnology, Inc.) and
imaged by confocal microscopy (Figure 5A and Movies S5 and
S6). 3D data from confocal z stacks was extracted and analyzed
semiautomatically using a neurite tracer44 (ImageJ plugin, US
National Institutes of Health, Bethesda, MD) and a MATLAB
script. Then, the representation of the spatial arrangement of
each cell was plotted as a cuboid (Figure 5B) and the aspect
ratio between the long axis and the short axis was measured.
High aspect ratio represents an elongated neuronal shape and
an aspect ratio closer to 1 represents a multidirectional growth.
We found that growth within the oriented gels have led to
significantly elongated neuronal shape with an aspect ratio close
to 3 (twice the aspect ratio of the control) (Figure 5C). To
examine the effect on the neuronal directionality, we designated
the orientation of the longest axis as the direction of neuronal
growth and measured the deviation angle Δθ from magnetic
string orientation (detailed measurements of single neurons are
presented in Figure S4). Notably, the growth of neurons that
regenerated within the aligned gels was cooriented; the
majority of the cells exhibited highly significant correlation
with the magnetic line orientation (60% of the cells developed
within the range of Δθ < ±15° compared to the magnetic lines
and additional 12% of cells exhibited moderate correlation of
cell orientation of Δθ < ±30°; chi-square value of −16.88 df 2;
Figure 5D).
To reveal the nature of neuronal alignment within the

magnetically actuated gels, we have examined the neuronal
growth in several gel complexes with different gel concen-
trations, particles, and magnetic fields. Neurons grown in gels
containing aligned magnetic strings but without fiber alignment
(for example, 3 mg/mL gels with particles of 1 μm, solidified
under 255G and 3 mg/mL gels with MNPs, solidified under
620G) have demonstrated less elongation and less direction-
ality (Figure S5) than within the aligned gel complex (as
presented in Figure 5) suggesting that the induced alignment of
collagen fibers is key in neurite pathfinding.

Figure 6. Neuron viability assay. (A) At 7 days after seeding, viability of leech neurons in magnetically aligned gels was measured using a live/dead
assay. (B) Electrophysiological activity of a single neuron after 6 days in a magnetically aligned gel. (C) Schematic representation of a neuron
illustrating the measured morphometric parameters. Numbers indicate neurites, green arrow represents neurite length. (D) Average neurite length of
neurons in magnetically aligned gels vs control gels. (E) Average total branching length of neurons in treated vs control gels. (F) Average neurite
number of neurons in magnetically aligned gels vs control gels. *p < 0.05, **p < 0.01.
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To examine further the scaffold as a regenerative platform,
we have assessed viability. After 7 days in culture, live and dead
cells were labeled (Live/Dead imaging kit R37601, Life
Technologies). We found that there was no decrease in
viability within the magnetic gel in comparison to the control
gels (Figure 6A) similarly to MNPs effects on viability in
previous studies.45,46 We also used a standard current-clamp
intracellular recording to monitor spike activity. Neuronal
spikes were sampled for several neurons demonstrating
characteristic spontaneous spikes as well as action potentials
in response to 2−10 nA stimuli (Figure 6B). Moreover,
measurements of morphometric parameters of neurons within
the magnetically aligned gel demonstrated a similar neurite
length, less branched dendritic trees and slightly shorter total
tree length, compared to control cells, within gels with no
particles or magnetic field (Figure 6C−E). Within the aligned
gels, neurons presented an elongated and directed growth with
less branching as can be expected for efficient neuronal
pathfinding within an anisotropic environment. Such branching
formation and shape maturation also have been observed in
other 2D and 3D setups for directed growth.10,47−49

To further validate the tunability and efficiency of the
magnetically aligned gels in directing neuronal growth, we
examined mammalian cell lines. We seeded PC12 cells and
used the collagen gel as the differentiating platform.50

Following treatment with nerve growth factor (NGF), PC12
cells have developed neurites in three dimensions within the gel
matrix (for detailed description see Supporting Information).
After 5 days in culture, cells were stained and analyzed. As in
the primary neurons, PC12 cells grown in the magnetically
aligned gels developed cooriented neurites (Figure S6A).
Growth orientation analysis revealed that 56.5% of the cells
exhibited a significant correlation of growth with the magnetic
line orientation, within Δθ < ± 30° (Figure S6C; chi-square
value of 9.739 df 2). Within this range, 34.7% exhibited high
correlation (Δθ < ±15°; not shown). Additionally, we have
used these cells to examine the response to magnetically aligned
gels of low collagen concentration (Figure S6B) demonstrating
similar trend (Figure S6D; Δθ < ±30° chi-square value of 8.313
df 2). To note, within the low concentration gels, oriented
neurons were observed more clearly in proximity to the
magnetic strings. Because these gels are more diluted and
formed thinner fibers, neurons have relied on the particles as
topographical cues.
In summary, we have developed a method to create 3D

platforms based on collagen hydrogel combined with MNPs, as
scaffolds for functional neuronal regeneration. Our method
allows controlling the alignment of the magnetic gel-based
scaffolds dynamically and remotely. By actuating a relatively low
external magnetic field, the magnetic elements have aggregated
into magnetic particle strings along the magnetic lines within
the gel. We have demonstrated that these strings have served as
physical cues for neurons that developed in close proximity to
the particles, leading to elongated and directed growth pattern.
Interestingly, the movement and alignment of the magnetic
particles during the gelation period (less than an hour) have led
to the alignment of the collagen fibers as well. As gelation
proceeds, following MNP stabilization, collagen fibers keep
elongating, retaining the initial orientation in a template-like
manner. We found this process sensitive to the formation and
dynamics of the MNP strings within the collagen.
We have shown that in gels that combined the alignment

process of both particles and fibers, the neuronal branching tree

was significantly cooriented with the scaffold. On the basis of
the neuronal response to the different examined gels, we have
concluded that high-concentration collagen gels mixed with
nanometric magnetic particles (10 nm core diameter)
demonstrate optimal conditions for directing neuronal
regeneration.
Recent studies have focused on controlling micro- and

nanostructures, scaffold properties, and orientation, including
those of hydrogels, for enhanced regeneration.15,51,52 For
example, embedding metallic nanometric elements has been
found to be effective in promoting cell−scaffold interactions,
affecting growth as well as the activity of excitable membrane
cells.53,54 Usually, these methods require ex-vivo manipulations
prior to implantation. The ability to implant a scaffold directly
into the injured site, then manipulating its orientation
according to the pathological need, is still a therapeutic
challenge. We propose a method to overcome this challenge by
controlling gel orientation remotely post implantation during
the gelation period. In our method, the MNP-containing
collagen can be injected as a liquid directly into the injured site
and orientated via a short-term application of an external
magnetic field. Such an approach holds the potential to fill
complex defect shapes and to be aligned according to the
pathology need. The ability to program the magnetic fields
allows designing different microstructure orientations of the
regenerative platform. Our study, together with recent advances
involving magnetic nanoparticles55 and the penetrability of
magnetic fields into human tissue, open future possibilities for
remotely controlled scaffolds for tissue engineering applica-
tions.
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