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The extracellular matrix (ECM) is known to play an important role in the health of cells
and tissues. Not only are chemical signals transmitted via bonds and tightly controlled
diffusion, but the structure of the ECM also provides important physical signaling for
the cells attached to it. The structure is composed of a mesh of fibrous proteins, such
as collagen, embedded in a hydrated gel matrix of glycosaminoglycans. To study cell
behavior with respect to the combined morphology and mechanics of such matrices
is not currently possible with the types of 3D cell culture matrices available. Most
of the cell culture matrices are single-phase bio- or polymeric hydrogels. Therefore,
here we developed a continuous hybrid manufacturing process to make fiber-reinforced
composite hydrogels. A far field electrospinning process was used to deposit the fibrous
component with the aid of guiding electrodes; and a gravity-assisted, droplet-based
system controlled the rate of addition of the cell-laden hydrogel component. The addition
of the fibrous component slightly increased the elastic modulus of the pure hydrogel. The
cells that were embedded into the fiber-reinforced hydrogels were viable for 8 days. The
cells were randomly placed in the matrix such that some had no contact to the fibers
and others were initially in proximity to fibers. The cells with no contact to fibers grew
into spheroidal clusters within the hydrogel, and those in proximity to the fibers spread
out and grew along the fibers showing that the fiber-reinforced hydrogels are able to
control cell behavior with morphological cues.

Keywords: extracellular matrix, electrospinning, hydrogel, mechanobiology, cell-ECM interaction

INTRODUCTION

The extracellular matrix (ECM) of connective tissues is composed of two distinctly different
morphological components. One of these is a mesh of proteinaceous fibers, such as collagen,
fibronectin, and elastin. The other is a highly hydrated gel composed of glycosaminoglycans.
Together, they provide structural, biophysical, and biologically active support to the cells within
this microenvironment (Theocharis et al., 2016). During the progression of solid tumors, the ECM
is altered through increased fibrous protein deposition, reorganization, and cross-linking (Lu et al.,
2012). The result is a stiffening, or desmoplasia, of the surrounding tissue (Croft et al., 2004).
Pathologically desmoplastic tissues are a major contributor to the biomechanical properties of the
tumor microenvironment (Berger et al., 2017). Although this phenomenon is frequently observed,
the influence of these mechanical changes on cellular behavior toward the progression of the disease
is not fully understood.
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Although the mechanobiology of tumor cells is well researched
(Makale, 2007), it is often done so in 2D Petri dishes where
interactions of the tumor cells with the 3D fiber and gel
composite structure of the ECM are ignored. This has lead
to a lack of fundamental understanding of the combined
effects of matrix stiffening and ECM fiber density on tumor
growth. Currently, many investigations utilize reconstituted
ECM proteins to mimic the physiology in vivo (Narayanan et al.,
2009). Although these systems provide 3D microenvironments
with native bioactivity, they lack mechanical relevance, as
these biomaterials cannot produce scaffolds stiff enough to
match relevant physiological or pathophysiological mechanics.
Chemical modifications have been used to increase stiffness,
but they introduce confounding variables that make it difficult
to correctly isolate only the effects of fibers (Erikson et al.,
2008). Furthermore, these techniques are unable to control
the density of fibrous proteins to correctly isolate their
influence on cellular behaviors. Thus, it has been a non-
trivial pursuit to produce a system that can capture both
morphology and mechanical properties of the evolving tumor
microenvironment.

Our main goal, therefore, was to create a 3D in vitro ECM
model comprised of both fiber and hydrogel components into
which cells may be embedded. Furthermore, the fiber density in
this model must be readily tunable to capture tissue morphologies
from healthy to cancerous. A common method for producing
polymeric nano- to micro-scale fibers, often used in cell–material
interaction studies, is electrospinning. Typical electrospinning
setups produce aligned or random mats of densely packed fibers
up to generally a few hundred microns in thickness. Whereas
such 2D mats may be used to explore, for example, the contact
guidance behavior of cells (Nisbet et al., 2008), they do not
capture the 3D nature of the in vivo environment. It has proven to
be challenging to extend the electrospinning process from easily
producing 2D mats to producing 3D fiber networks. Researchers
have sought to expand upon the electrospun mats to create
hybrid fiber-gel 3D matrices. One method has been to build
layered electrospun fiber mat-hydrogel structures (McCullen
et al., 2010; Jang et al., 2013; Xu et al., 2013). Briefly, an
electrospun mat is covered in a coating of hydrogel and then
a second electrospun mat is layered on top and covered in
a coating of hydrogel, and so on. This structured approach,
however, leads to an imposed layered morphology, which will
a priori influence the way the cells behave. To our knowledge,
only one other research group has attempted to randomly mix
electrospun polymeric fibers with a hydrogel matrix. Coburn et al.
(2011) report manually collecting fibers that were spun into an
organic solvent and mixing them with a poly(ethylene glycol)-
diacrylate (PEG-DA) solution before UV exposure to cure the
PEG-DA gel.

Here, we report a proof-of-principle study in which we
developed a continuous hybrid manufacturing process capable
of creating a uniformly random fiber-reinforced hydrogel
composite matrix. Without the need for layering or post-
electrospinning mixing, we demonstrate the ability to tune the
fiber density between samples over a wide range. The process has
been designed to incorporate cells into the hydrogel component

FIGURE 1 | Schematic of the novel hybrid manufacturing process.

during production, therefore, fully embedding the cells in the 3D
matrix.

MATERIALS AND METHODS

Manufacturing System
In order to create three-dimensional fiber-reinforced hydrogels,
as opposed to mats of hydrogel-soaked electrospun fibers,
we developed a continuous hybrid manufacturing process
(Figure 1). The process involves the combination of far-
field electrospinning of polymer fiber reinforcement with
droplet deposition of the cell-infused hydrogel solution. In
order to allow for the combined deposition of both the
fiber reinforcement and cell-infused hydrogel droplets, the far-
field electrospinning printhead was angled at 30◦ off of the
z-axis, while the path of the cell-infused hydrogel droplets was
collinear to the z-axis. In addition, the build reservoir was
also rotated about the z-axis. The major premise behind our
hybrid manufacturing process is that the wavefront created
by the hydrogel droplet impact (Worthington, 1882; Rein,
1993; Manzello and Yang, 2002; Yarin, 2006; Kavehpour,
2015), when combined with rotation of the reservoir, will
result in the effective three dimensional distribution of the
fibers.

The sequential steps of the droplet impact cycle to create
the 3D fiber networks within the hydrogel matrix are as follows
(Figure 2):

• Step 1: The hydrogel droplet lands on the surface of the
build reservoir with its impact velocity.
• Step 2: A wave front is created as the kinetic energy from the

droplet is dissipated into the surrounding fluid. The wave
front displaces and mixes the electrospun fibers within the
three dimensional build volume.
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FIGURE 2 | Sequential steps of the droplet impact cycle to create the 3D fiber networks within the hydrogel matrix.

• Step 3: The wave front dissipates, and the next droplet in the
sequence proceeds to impact the fluid surface.
• Step 4: Steps 1–3 are repeated until the desired thickness of

the sample is achieved.
• Step 5: Upon gelation, the cross-section of the fiber network

is characterized.

It should be noted the rotational motion of the build
reservoir augments the mechanisms at play in Steps 2 and
3. This additional energy not only mixes the electrospun
fibers in the fluid (Step 2) but it also introduces a new
deposition zone for the eletrospun fibers and hydrogel solution
(Step 3).

The components of the manufacturing system include the
far-field electrospinning print head the electrospinning solution
syringe pump (R99, Razel, St. Albans, VT, United States), two
positive-polarity, high-voltage power supplies (ES-50P, Gamma
High Voltage, Ormond Beach, FL, United States), the hydrogel
dispensing printhead, the hydrogel solution syringe pump (R99,
Razel, St. Albans, VT, United States) with syringe heating pad
and controller (New Era Pump Systems, Farmingdale, NY,
United States), and build reservoir on a rotary stepper motor
stage (maximum rotational speed of 30 revolutions per minute).
The manufacturing system was placed inside of an environmental
enclosure (Figure 3) constructed from polypropylene, due to its
high electrical resistivity and chemical resistance. The following
section describes the components and process methodology of
the system in detail.

Electrospinning Process
The electrospinning process utilized a far-field setup, with
guiding electrodes located underneath the spinneret needle.
The spinneret design consists of a round, aluminum-6061-
T6 alloy manifold (where the polymer solution was fed
from a syringe pump). The spinneret voltage was applied
to the manifold via a positive-polarity, high-voltage power
supply in order to charge the polymer solution and blunt-
ended needle (21-gauge by 12 mm long, stainless steel).

FIGURE 3 | Implementation of the hybrid manufacturing system for
cell-infused fiber reinforced hydrogel production.

TABLE 1 | Electrospinning process parameters.

Spinneret voltage +16–19 kV

Guiding electrode voltage +9–10 kV

Stainless steel needle size 820 µm (21 G)

Solution feed rate 0.1 mL/min

Spinneret distance 25–30 cm

The round shape of the manifold was selected so that it
would better transmit the electric field to the collection
substrate.

The use of guiding electrodes has been used in previous
electrospinning experiments to reduce the spread of the fiber
deposition (Deitzel et al., 2001; Lee et al., 2012; Martinez-Prieto
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et al., 2015). With the addition of these guiding electrodes (i.e.,
copper rings), a second positive-polarity, high-voltage power
supply was required to allow for the independent control of
both the spinneret voltage (applied to the needle), and the
focusing electrode voltage (applied to the rings). Here, the
guiding electrodes were two solid copper rings (rolled diameter
75 mm, tube diameter of 4 mm), mounted concentric to the
manifold and needle assembly. The rings were rolled to a
ring diameter of 75 mm. The two copper rings were located
40 and 60 mm, respectively, below the bottom surface of the
manifold.

The electrospinning process parameters used in this setup
are listed in Table 1. The ground electrode, required for
electrospinning, was a round sheet of aluminum foil affixed to
the bottom of the build reservoir (a 100 mm diameter polystyrene
Petri dish).

Hydrogel Dispensing
The hydrogel dispensing system was a gravity-assisted, droplet-
based deposition system. The hydrogel solution was supplied
to a dispensing head located directly above the build reservoir

through the use of a syringe pump. The syringe pump supplied
pressure to force a droplet to grow at the tip of a tapered
polypropylene dispensing needle (14-gauge, 1.6 mm inside
diameter). The height at which the hydrogel dispensing head
was located above the build reservoir dictated the velocity
(and energy) of the impacting droplet. This was set constant
at a height of 45 cm above the build reservoir, which
resulted in a droplet velocity of approximately 3 m/s. When
embedding cells, they were suspended in the hydrogel at
40◦C (see section “Hydrogel” below) and aspirated into the
syringe just before the manufacturing process began. The cell-
infused hydrogel solution was maintained at a temperature
of 40◦C in the syringe using the syringe heater. The entire
manufacturing process for one sample lasts approximately
3 min.

Electrospinning and Hydrogel Materials
Electrospinning Solution
Polycaprolactone (PCL) (Mn = 80,000, Sigma-Aldrich, St.
Louis, MO, United States) was used as the material for the
electrospun fiber-reinforcement. A concentration of 17 wt.%.

FIGURE 4 | (A) Schematic of the micro-indentation system used to characterize the mechanical properties of the fiber-reinforced hydrogels. (B) Schematic and
image of the 3 mm diameter glass bead and the view of the camera as it indents the hydrogel surface. (C) Samples of characteristic force-indentation depth curves
(dashed lines) and their corresponding Hertz equation fits for fiber-reinforced hydrogels with 10% fiber concentration (green), 5% fiber concentration (red), and pure
agarose (blue).
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FIGURE 5 | Representative images of the fiber-reinforced hydrogels with varying fiber concentration (Petri dish has a diameter of 100 mm).

was dissolved in glacial acetic acid (Sigma-Aldrich, St. Louis,
MO, United States). While being biocompatible, PCL suffers
from exhibiting hydrophobic properties, which can inhibit cell
adhesion (Liverani and Boccaccini, 2016; Mirhosseini et al.,
2016). In order to improve these wetting properties, pluronic acid
F-127 (concentration 1.0 wt.%) was added to the electrospinning
solution. The solution was mixed for 12–18 h at 60◦C.

Hydrogel
Low gelling temperature agarose (Sigma-Aldrich, St. Louis, MO,
United States) was dissolved in incomplete McCoys 5A (Gibco)
cell culture medium. For these experiments, the concentration of
agarose used was 0.3% w/v to simulate the native ECM stiffness
of the cells being used (Mills et al., 2011, 2014; Yu et al., 2011).
When creating cell-laden matrices, cells were mixed into the
agarose solution at a density of 80,000 cells/mL immediately
prior to deposition. After the agarose was deposited, the sample
was placed in the refrigerator (4◦C) for 30 min to hasten
gelation. After gelling, the sample was washed in incomplete
medium three times for 5 min. The incomplete medium was
then replaced with supplemented medium and the sample placed
in the incubator. The washing steps removed traces of the
solvent needed to create the fibers and brought the sample to
physiological pH.

Cell Culture and Staining
Human colon cancer cells (HCT 116) were embedded in
the fiber-reinforced hydrogels. Once cells were embedded, the
samples were hydrated with McCoys 5A cell culture medium
supplemented with 10% fetal bovine serum, and 1% penicillin,
streptomycin, and amphotericin. Samples were incubated at
37◦C and 5% CO2. The cell-culture medium was changed
every 48 h.

After 8 days of incubation and observation, cell-laden
fiber-reinforced hydrogel samples were fixed and stained for
fluorescence imaging with the confocal microscope. First, the
samples were washed three times for 5 min each in phosphate

buffered saline (PBS). They were then fixed overnight at 4◦C in
4% paraformaldehyde. After three more 5 min washes in PBS,
the samples were permeabilized in 0.2% Triton X-100 detergent
for 30 min followed by three further 5 min washes in PBS. The
samples were blocked in 1% bovine serum albumin solution for
30 min before incubating in rhodamine phalloidin (1:75 dilution
in PBS) to stain F-actin. The nuclei were then stained with
Hoechst (0.2 µg/mL, Hoechst 33342, Thermo Fisher) at room
temperature in dark for 4 h.

Microscopy
For Fiber Characterization
To obtain clean cross-sections for imaging, the fiber-reinforced
hydrogel samples were dehydrated and cooled prior to sectioning.
The samples were dehydrated in a series baths, of increasing
ethanol concentration, over a period of 24 h. The sample
was first placed in a 33% ethanol bath for 8 h, a 66%
ethanol bath for 8 h, and finally in a 100% ethanol bath
for 8 h. Then, the samples were cooled in a refrigerator
(2–4◦C) for 12 h. Finally, the samples were mechanically
sectioned using a tungsten-carbide cutter. The cross-sections
of these samples were imaged using an optical microscope
(Zeta 20, Zeta Instruments, San Jose, CA, United States),
at a magnification of 50×. Cross-sectional images were then
analyzed in ImageJ image analysis software to measure the fiber
diameter distribution, and fiber number density of the produced
samples.

For Cell Morphological Characterization
For the cell-incorporated fiber-reinforced hydrogels, an inverted
optical microscope (Axio Vert.A1, Zeiss, Jena, Germany) was
used to take images daily. Ten images were captured per
sample in random regions, while making sure to document
cell behavior near or on fibers and away from fibers.
Fluorescence images of cells and fibers were acquired with a
laser scanning confocal microscope (LSM 510 Meta, Zeiss, Jena,
Germany).

Frontiers in Physiology | www.frontiersin.org 5 July 2018 | Volume 9 | Article 966

https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-00966 July 20, 2018 Time: 15:0 # 6

Williams et al. Fiber Reinforced Hydrogels

FIGURE 6 | Optical microscopy characterization of fiber-reinforced hydrogels.
(A) Characteristic cross-sectional images (scale bar is 100 µm).
(B) Distribution of measured fiber diameters. (C) Fiber number density.

Mechanical Characterization
Micro-indentation tests were performed using a high-precision
piezo-electric actuator controlled microcompression system

FIGURE 7 | Summary of the micro-indentation experimental results for pure
0.3% agarose hydrogel (0% nominal fiber concentration) and 0.3% agarose
hydrogel reinforced with 2.5, 5, and 10% nominal fiber concentration. The bar
heights represent the average elastic modulus calculated from the Hertz
contact equation fit to at least four indentation measurements on at least three
separate samples for each condition. The error bars represent the standard
error of the measurements. Significance was tested using one-way ANOVA
with Tukey’s post hoc test for multiple comparisons.

(CellScale Biomaterials Testing, Waterloo, ON, Canada;
Figure 4A). The hydrogels were indented with a 3 mm
glass bead, which was glued to the end of cantilevered steel
microbeams of 0.2032 or 0.4064 mm diameter (Figure 4B).
Indentation force, F, and depth, δ, were continuously calculated
during the experiment based on the deflection of the indenter
end of the cantilevered beam (measured optically) and the
piezo-controlled z-displacement of the cantilevered beam’s
fixed end. Experimental force-indentation depth curves were
fit to determine the sample’s elastic modulus, E, using the Hertz
contact model for a spherical indenter (Yang et al., 2007):

F =
4
3

ER1/2(
1− ν2

)δ3/2

where R is the radius of the indenter and ν is the Poisson’s
ratio, which was assumed to be 0.49 for the hydrogels
(Figure 4C).

When testing, fiber-reinforced hydrogel samples were
kept in 60 mm Petri dishes with the walls carefully removed,
and the entire sample and microbeam were submerged
in PBS. The indentation and retraction rates were the
same and kept constant between tests at 4 µm/s. The
maximum indentation depth was 10% of the height of the
sample.
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FIGURE 8 | The fiber reinforced hydrogel appearance at macro-scale (left, 100 mm diameter Petri dish) and at increasingly smaller micro-scales (middle, scale bar
100 µm; right, scale bar 50 µm). In the middle image, cell clusters appear in focus (white arrow head) or out of the focus plane (white arrow); oddly shaped cell
clusters at this magnification often indicate cell attachment to fibers (red arrow). In the right image, a higher-magnification, confocal image of cells attached to fibers
at a junction where fibers cross (red is F-actin, blue is autofluorescence of the fibers).

RESULTS

Fiber-Reinforced Hydrogels Microscale
Morphology
The use of a syringe pump allows for the volumetric flow rate
of the hydrogel solution to be tailored to allow for varying fiber
densities in the final fiber-reinforced hydrogel samples. Varying
the volumetric flow rate of the hydrogel solution between 3.8
and 0.9 mL/min, with the electrospinning rate held constant at
0.1 mL/min, we observed nominal fiber densities between 2.5 and
10%, respectively (Figure 5).

Representative samples at the different fiber densities were
selected for cross-sectioning and imaging (Figure 6A). From
these images we observed the morphology of the fibrous network
and whether it was deposited uniformly through the thickness
of the sample, we also measured the fiber diameter (Figure 6B)

FIGURE 9 | Comparison of phase contrast images of cell morphology away
from fibers and on fibers directly after seeding on day 0 and on days 4 and 8.
Scale bar is 50 µm.

and fiber number density (Figure 6C). Visually we observe
(Figure 6A) that the fibrous network uniformly penetrates the
full imaged depth of the samples. The network appears to be
comprised of randomly oriented fibers, both in-plane (observed
as bright lines) and out-of-plane (observed as bright dots).

Figure 6B displays a histogram of the measured fiber
diameters pooled across all the samples, consisting of
varying fiber concentrations produced (n = 9 samples). The
distribution of fiber diameter followed a lognormal distribution,
with a mean and standard deviation of 2.40 and 0.98 µm,
respectively. No significant changes in fiber diameter were
seen across samples with different fiber concentrations,
as the electrospinning parameters (listed in Table 1), and
electrospinning solution (detailed in section Electrospinning
Solution) remained constant throughout the production of all
samples.

The fiber number density was also computed for the samples
produced at different fiber concentrations. Figure 6C presents
value of the fiber number density (i.e., number of fibers per
unit area), seen in the optical microscopy images. A total
of three optical microscopy images were analyzed for each
fiber concentration on the plot. As the fiber concentration
increases, the fiber number density also increases. Using this
process, the fiber number density increase up to ∼850 fibers
per sq. mm at the highest fiber concentration (10%) that was
created.

Mechanical Characterization of the
Fiber-Reinforced Hydrogels
At least three samples were produced of pure 0.3% agarose
hydrogel and fiber-reinforced hydrogels with fiber densities of
2.5, 5, and 10% for mechanical testing by micro-indentation.
The elastic moduli for pure 0.3% agarose and 2.5% fiber-
reinforced hydrogel were found to be 385 ± 13 Pa and
368 ± 28 Pa, respectively, and not significantly different from
one another. Upon the incorporation of higher concentrations
of fibers, however, the elastic modulus rose to 1,500 ± 387 Pa
with 5% fiber concentration and 3,830 ± 466 Pa with 10%
fiber concentration (Figure 7). At least four indentation
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FIGURE 10 | Measurements of cell cluster development over 8 days. (A) The growth of cell clusters was quantified as their projected area and (B) their morphology
as their aspect ratio (mean ± standard error). For cell clusters growing away from fibers, N0 = 35, N4 = 43, N6 = 27, and N8 = 12; for cell clusters growing on fibers,
N4 = 3, N6 = 4, N8 = 7. Significance was tested using one-way ANOVA with Tukey’s post hoc test for multiple comparisons (∗p < 0.05, ∗∗p < 0.001).

FIGURE 11 | Images of cell clusters growing away from fibers and on fibers.
The brightfield, nuclei (Hoechst, blue), membrane (GFP, green), and actin (RFP
phalloidin, red) images are the maximum projection of z-stacks of images
taken with a confocal microscope. Scale bar is 50 µm.

measurements per sample (12 total per condition) were
collected for the averages and standard errors presented
here.

Cell Growth and Morphological
Characterization
For this proof of principle study we chose an approximately
4% fiber concentration as we found this was an optimal
density that maximized the probability of cell–fiber interaction
while maintaining optical transparency of the matrix to obtain
microscope images of the cells (Figure 8 and Supplementary
Figure 1). In order to initiate cell-fiber contact, a cluster of
cells must be embedded in proximity to a fiber or bundle
of fibers. Growth and morphology of the embedded HCT-
116 cell clusters were monitored over an 8 days period in
the fiber-reinforced hydrogels (Figures 9, 10). Characteristic
images of cell clusters growing away from and on the fibers
within the hydrogels show the obvious effects of the fibers
on growth morphology (Figures 9, 11). We quantified the
growth rates of the cell clusters as their projected area in the
micrographs and their morphology as their projected aspect
ratio over 8 days of growth (Figure 10). Initially (day 0), the
embedded cell clusters are not apparently attached to fibers;
therefore, no data is recorded for that day and condition.
Cell clusters that are away from fibers and on fibers both
exhibit steady growth (Figure 10, left). The most significant
effect of the presence of the fibers on cell growth, however,
is the morphology. Whereas cell clusters away from the fibers
maintain an approximately spherical morphology (Figure 10,
right; Figure 11, top rows), the clusters on fibers extend out
along the fibers and project a more elongated shape over time
(Figure 10, right; Figure 11, bottom rows). Since the probability
of a cell cluster being embedded in contact with a fiber is relatively
low, there are significantly fewer measurements for “on fiber”
clusters as compared to “away from fibers” clusters. After the
8 days growth period, the samples were fixed and stained with
either Hoechst (to visualize the nuclei) or RFP phalloidin (to
visualize the F-actin network). Although the characterization of
cell growth and morphology has been presented here for the
HCT-116 colon cancer cell line, the applicability of the method
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to a second cell line (MDA-MB-231 breast adenocarcinoma)
is presented in the Supplementary Materials (Supplementary
Figure 2).

DISCUSSION

Morphological guidance cues play an important role in
determining cell behavior, from spreading and proliferation
to apoptosis. It has been recognized for some time the need
to culture cells in environments that more closely resemble
their native 3D, soft, and structured ECM than 2D, stiff Petri
dish plastic. However, the commonly used bio- and synthetic
polymeric hydrogels lack the important protein fiber structures
that are present in the body. Furthermore, the protein fiber
structure is known to become significantly denser and stiffer
due to increased deposition and cross-linking in diseases like
fibrosis and cancer. Since no in vitro cell culture matrix is
available that combines both the fibrous and gel components of
the ECM, nor the ability to tune the fiber density and mechanical
properties of the matrix, our major goal here was to produce
such a matrix and demonstrate cell viability and morphological
differences in it.

Here, we developed a continuous hybrid manufacturing
process to make fiber-reinforced composite hydrogels. A far
field electrospinning process was used to deposit the fibrous
component with the aid of guiding electrodes; and a gravity-
assisted, droplet-based system controlled the rate of addition of
the cell-laden hydrogel component. An environmental enclosure
was designed in which to carry out the manufacturing of the
samples to avoid contamination. For these proof of principle
experiments, we used PCL for the electrospun fibers and 0.3%
agarose for the gel matrix due to their ease of use and cost
effectiveness, but other commonly electrospun materials and
hydrogels may also be implemented with little effort.

Cells were introduced into the fiber-reinforced hydrogels
by suspending them in the hydrogel solution prior to its
droplet deposition. The cells were therefore randomly placed
in the matrices, sometimes lying near to or on fibers and
sometimes away from fibers. We tracked how the cells grew and
responded with respect to their position in the gels. Obvious
differences could be seen between cells that were growing away
from fibers, and cells growing along fibers. Such distinctive
phenotypic differences were expected. Agarose is a bioinert,
non-cell-adhesive hydrogel that only provides tissue-mechanics-
mimicking structural support for cell growth. Therefore, it was
not surprising that cell clusters that were only in contact with
this gel maintained a compacted spheroidal shape. The use of
other, bioactive hydrogels would add another layer of complexity
to this system. With little to no modification of the manufacturing

system, other thermo-sensitive gelling materials may be used
(e.g., gelatin; Supplementary Figure 3). Cells that were embedded
near to or in contact with the PCL fibers, however, displayed
a completely different phenotype. They attached to the PCL
fibers, spreading out along them in long thin bundles. This
demonstrated the ability to control cell behavior with a randomly
embedded, 3D polymeric fiber mesh embedded in a hydrogel
matrix. This will be a useful tool to study how cells interact with
fibrotic and desmoplastic tissues, which are known to be part of
the pathophysiology of tumor growth and metastasis. Excessive
fibrous structures in and surrounding the tumor are known, for
example, to provide highways upon which tumor cells migrate
(Condeelis and Segall, 2003).

Continuous improvement of this manufacturing process will
allow greater control over fiber density, and possibly fiber
orientations, within the hydrogel matrix. Such fully tunable
matrices will provide mechanobiologists a useful tool with which
to study the interactions of cells with the ECM and determine
their influence in health and disease.
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