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ABSTRACT: The ability to fabricate anisotropic collagenous
materials rapidly and reproducibly has remained elusive despite
decades of research. Balancing the natural propensity of monomeric
collagen (COL) to spontaneously polymerize in vitro with the mild
processing conditions needed to maintain its native substructure
upon polymerization introduces challenges that are not easily
amenable with off-the-shelf instrumentation. To overcome these
challenges, we have designed a platform that simultaneously aligns
type I COL fibrils under mild shear flow and builds up the material
through layer-by-layer assembly. We explored the mechanisms
propagating fibril alignment, targeting experimental variables such
as shear rate, viscosity, and time. Coarse-grained molecular dynamics
simulations were also employed to help understand how initial
reaction conditions including chain length, indicative of initial
polymerization, and chain density, indicative of concentration, in the reaction environment impact fibril growth and alignment.
When taken together, the mechanistic insights gleaned from these studies inspired the design, iteration, fabrication, and then
customization of the fibrous collagenous materials, illustrating a platform material that can be readily adapted to future tissue
engineering applications.
KEYWORDS: collagen, protein, concentric cylinders, fibril alignment, Couette flow, nanofibers

■ INTRODUCTION

The extracellular matrix (ECM) is a complex, multicomponent
network that provides the mechanical strength, instructional
cues, and underlying structure of tissues and organs in the
body.1,2 These networks are customized for region-specific
architectures, where fiber diameter and organization directly
influence tissue form and function.1,3 For example, the human
Achilles tendon contains uniaxial fibrils made of type I collagen
(COL) that resist failure under load, withstanding forces and
stresses up to ∼5000 N and ∼80 MPa, respectively.3−5 On the
other hand, the cornea, also comprised of type I COL fibrils
but organized as perpendicular sheets, withstands the intra-
ocular pressure in the eye (∼1900 Pa) while maintaining
optical transparency.6−9 In an even different manner, the type I
COL fibrils in the skin are organized as a woven network that
enables the fibrils to straighten, reorient, and slide past each
other in order to resist tearing and to redistribute external
forces.10,11 Given the range of unique structure-dependent
functions of precisely aligned COL fibrils in vivo, efforts have
been made to recapitulate these features in vitro. Applications
of blended ECM-based proteins and proteoglycans, such as
Matrigel,12−14 and separated proteins and proteoglycans,15−18

as well as combinations of these biomolecules with COL,18,19

have demonstrated the broad appeal for protein-based fibrous

materials in designing engineered tissue. However, it remains
technically challenging to generate and scale pure COL fibers.
This may be due in part to the fact that the underlying
mechanisms regulating COL fibrillogenesis in vivo, specifically
the use of auxiliary biomolecules,19,20 complex fluid dynam-
ics,21 and cell-matrix tension22 as critical contributors to this
process, are not well understood.
Despite these challenges, there have been several attempts to

generate aligned COL scaffolds. One common approach
involves extruding concentrated COL as fibers or films with
the aid of external electric fields (electrospinning),23,24

centrifugal forces (rotary jet spinning),17 differential solvent
baths (wet spinning),25,26 or 3D printing.27,28 These extrusion-
based methods have demonstrated some potential for
scalability in materials applications. For instance, Lee et al.
illustrated scalability by 3D-printing a 55 × 37 mm2 replicate of
a neonatal human heart comprised solely of COL.27 In spite of
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this incredible feat, it is unclear whether the fibrillar
ultrastructure or arrangement of the monomers of the COL
fibers was retained throughout this process. The most common
approach for generating COL fibers at similar scales is
electrospinning; however, this technique is met with some
controversy in the field, as data suggests that COL is
susceptible to denaturation during the spinning process.29−31

When retention of ultrastructure is emphasized, it has often
been done so at the cost of scalability. For instance, Saeidi et al.
demonstrated that shear flow can align single COL fibrils
during the polymerization process in the direction of the
flow.32 Other techniques including microfluidics,33 flow-
induced crystallization,21 differential electrochemistry,34 mag-
netic orientation,35 spin coating,36 and nanolithography37 have
seen moderate successes in generating and aligning COL
fibrils. However, the majority of these procedures lack a
realistic pathway to scaling into full tissue replicates and remain
limited to producing individual sub-micrometer diameter fibrils
or single, long, micrometer-sized fibers.
To improve scalability without sacrificing fibrillar ultra-

structure, many researchers have focused on reorienting and
aligning preassembled fibrils with the aid of magnetic bead-
induced alignment,38,39 biaxial gel compression,40 or counter-
rotating extrusion.41,42 Perhaps the most readily scalable of the
three is counter-rotating extrusion, which was originally
designed and utilized to prepare synthetic sausage casings
but has since been adapted for tissue engineering applica-
tions.41−44 This method consists of concentric cones rotating
in opposite directions, effectively molding a preformed COL
dough into sheets, where the shear from the cones is proposed
to pull the COL fibrils into a uniaxial alignment. Yang et al. and
Hoogenkamp et al. describe collagenous materials with aligned
fibers that persist over centimeter-scale lengths, which are at
least ten times greater than the other previously mentioned
strategies.41,42 Lastly, the authors describe the utility of these
molded scaffolds in a rat Achilles tendon surgery, illustrating
their potential in promoting tenogenic differentiation for
tendon repair.42 Despite these successes, the process of
counter-rotating extrusion still requires lengthy pre- and
post-processing steps in order to both form and retain the
initial material geometry. Furthermore, the longer-term impact
of the intensive remodeling and restructuring on the integrity
and mechanics of the scaffold is still unknown.
We asked whether it would be feasible to reconfigure the

counter-rotating extrusion approach to eliminate the need for
both a preformed COL dough as a starting material and the
salt precipitation steps to “set” the constructs once they have
been formed. To test this, we designed a device that consists of
two concentric cylinders: a rotating inner cylinder and an outer
stationary cylinder that also performs as a reservoir containing
the protein solution. In this configuration, the system employs
Couette flow to a starting solution, in our case, a monomeric
COL solution, that then simultaneously polymerizes and aligns
under shear fluid flow to create aligned, continuous fibrous
scaffolds. We explore the effect of shear stress, shear rate, and
initial polymerization time on COL fibril anisotropy and
describe underlying mechanisms potentiating this alignment
and subsequent stability without the need for additional
postprocessing steps. In support of these goals, we applied and
iterated an extensively validated coarse-grained (CG) molec-
ular dynamics model45−48 to understand how growing chains
of COL molecules (indicative of polymerized protein) or
groups of COL molecules (indicative of concentrated protein)

behave in the presence of flow. The foundation and application
of the CG model has been validated for COL molecules and
bundles that experience tension,45,46,49−53 shear,46,51 compres-
sion,51 and cross-link-related properties,45,50 making it an
important platform to help understand the events preceding
fibril growth and subsequent alignment in our reaction
chamber. Finally, given the simplicity of the system, we
demonstrate scalability across three dimensions. The primary
rate limiting step in this process remains increasing the
thickness of the scaffold; however, this challenge can be
overcome by adding material via systematic layering events.
One feature of this multilayering approach is that the
alignment of underlying formed fibrils appears to template
the alignment of the subsequent fibril layer, illustrating a facile
approach that is amenable to designing, building, and scaling
fibrous COL scaffolds in vitro.

■ MATERIALS AND METHODS
Preparation of the Sacrificial Gelatin Coating for the COL

Scaffold. A 10% (w/v) solution of gelatin (Electron Microscopy
Sciences, 9000-70-8) was prepared in diluted phosphate buffer saline
(1× PBS) via stirring and heating at 37 °C. Once dissolved, the
solution was heated to 45 °C in a water bath, and the spindle was
dipped into the gelatin. The spindle was then attached to the motor
and spun sideways at 100 rpm for 10 min to generate a smooth
coating.

Preparation of COL Solutions. Acetic acid-extracted bovine type
I collagen (Advanced Biomatrix 5026-1KIT) was mixed and
neutralized with concentrated phosphate buffer saline (10× PBS)
and sodium hydroxide for a final concentration of either 2.5, 1.5, or
0.5 mg/mL. The COL solution was pH adjusted to 7.3 ± 0.1 using
0.1 M sodium hydroxide and diluted to the desired concentration
using distilled water. An overview of COL and COL polymerization in
vitro is provided in Figure S1.

Preparation of the COL Scaffold. A 0.6 mL solution of the
neutralized COL was pipetted into the protein reservoir, and the
gelatin-coated spindle was positioned into the center of the chamber
and submerged in the solution. The motor was turned on to the
desired speed, and the solution was left to spin until the COL
completely polymerized at room temperature (Figure S2). The
process was consistently performed at 21 °C ± 2 °C so the gelatin
would remain solid during the procedure. Afterward, the reservoir was
lowered, and the remaining solution was removed. This whole process
was done five times to build up the scaffold. A vertical incision was
then made to remove the scaffold from the spindle. The spindle was
then submerged in a 37 °C 1× PBS solution to dissolve the sacrificial
gelatin layer (Figure S3). For materials that were prepared under no
shear, the collagen was allowed to polymerize in the reservoir while
the spindle remained stationary. Multiple spin cycles were not
required for this process, as the COL fibrils formed as mass at the
bottom of the reservoir that was easy to transfer. Throughout all
experiments, a negligible amount of evaporation occurred during a
single spin cycle (<0.01%), suggesting the humidity of the
surrounding environment should not significantly impact the final
product.

Scanning Electron Microscopy (SEM) Preparation and
Imaging. The scaffold was laid flat onto an aluminum SEM stage
coated with carbon tape. The side of the scaffold that was facing out
toward the solution was face-up on the stub. The scaffold was air-
dried overnight, sputter coated with 2.5 nm of platinum, and then
imaged with a SEM (Hitachi, S-4800) to show the fibril organization
in the scaffold. Five representative images were taken at different
locations of each scaffold to both obtain an accurate fibril alignment
measurement of the scaffold and ensure uniform fibril alignment
throughout the scaffold.

To prepare the scaffolds for thickness measurements, the samples
were cross-linked using 2.5% (v/v) glutaraldehyde (in 1× PBS) and
then buffer-exchanged by replacing half of the solution volume with
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1× PBS solution seven times. They were then dehydrated in 95%
ethanol through a graded series of solution exchanges. A glass
coverslip was placed in the ethanol under the scaffold, and the ethanol
was then left to evaporate in a fume hood, which caused the material
to dry onto the glass coverslip. The coverslip with the scaffold was
then submerged in liquid nitrogen and fractured lengthwise down the
scaffold. The pieces were sputter coated with 2.5 nm of platinum
before SEM imaging. Three scaffolds were prepared for each
condition (three, five, and seven layers), and five images were taken
of each scaffold.
Fibril Alignment Analysis. Each SEM image was analyzed via a

MATLAB code designed by Dr. Edward A. Sander that measures the
fibril distribution in an image.54 Before analysis, the SEM image was
first cropped into a square for the most accurate analysis. Then, the
Fourier transform filters were adjusted. In summary, the upper
Fourier transform filter in the MATLAB code was adjusted by
measuring the average fibril diameter (10 measurements) in the
image, doubling the value, and converting it to a frequency value
based on the dimensions of the image (eq 1). This value was then
increased by 10% to improve the accuracy of the analysis and adjusted
to a filter value unique for the code (eq 2). The lower Fourier
transform filter was held constant due to a negligible effect on the
overall results.

=
×

frequency
pixel width of image

(2 average fibril diameter) (1)

=filter
adjusted frequency
pixel width of image (2)

This code first converts the square image to the frequency domain
with the fast Fourier transform method and then into polar
coordinates. The program then determines the number of points
that contribute to each angle between 0 and 360° and measures the
frequency of each angle in the image. The orientation tensor was also
calculated for each image. With this data, we determined the
percentage of fibrils that fell within ±20° of the calculated orientation
tensor of the overall image. For each trial, five images were analyzed
and averaged over three independent scaffolds. The error was
reported as plus or minus the standard deviation.
Computational Methods. In our investigation, the solvated

tropocollagen molecules are modeled as a number of beads with
multibody potential interactions of 1−1.5 amino acids, which
corresponded to 10−20 atoms. This CG model was derived from a
high-fidelity AA triple helical tropocollagen model generated from
Protein Data Bank entry 3HR2 type I COL55 to enable simulations at
larger time and length scales (see SI for full details).46 The initial
configuration of the beads was spaced at 14 Å at equilibrium, which
was close to the diameter of a COL molecule.46,56 The parameters are
fully given in Table S1, such that the fluid shear is being handled
within this implicit-solvent potential force field. The tethering is
handled by applying a point force at one end of the tropocollagen,
mimicking the starting condition, where a single tropocollagen
adheres, or tethers, to gelatin during spinning (see SI for full details).
Our simulation box was set to be longer than a molecule to avoid

interactions between opposing ends of the same chain due to the
periodic boundary conditions. The paired potentials of the interacting
beads in the CG model were described with a Lennard-Jones (LJ)
style interaction in eq 3:
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where εLJ = 11.06 kcal/mol was the dispersion energy and σLJ = 14.72
Å was the equilibrium distance between two interacting beads where
the LJ potential energy was zero. This force field and associated
parameters are derived from AA models and are validated in a series
of publications.46,49−51 The bonded interaction in this model was
described using eq 4:

l

m
oooooo

n
oooooo

=

− <

− > >

>

E

k r r r r

k r r r r r

r r

( ) ,

( ) ,

0,

bonded

1 0
2

1

2 0
2

break 1

break (4)

where k1 = 17.13 (kcal/mol)/Å2 and k2 = 97.66 (kcal/mol)/Å2 were
the spring constants in small and large strains, r0 = 14 Å was the
equilibrium distance of the spring, r1 = 18.2 Å was the critical
hyperelastic distance, and rbreak = 21 Å was the bond breaking
distance. The angular potential was calculated using eq 5:

β β= [ − ]E kangular angular 0
2

(5)

where the bending stiffness was represented as kangular = 14.98 (kcal/
mol)/rad2 and the equilibrium angles were represented by β0 values
ranging between 170° and 180°.

The local chain alignment at each bead i was described using a
vector = −

| − |
+ −

+ −
ei

r r
r r
i i

i i

1 1

1 1
. Therefore, we used the alignment parameter, P2,

which was calculated using eq 6 as

=
∑ · −=P

N

e e3( ) 1

2
i
N

i
2

1 shear
2

(6)

This value was calculated to described the orientation of the molecule
along the shearing direction, where eshear was the unit vector along the
shear direction and N represented the total number of beads (see SI
for full details).57,58

In all calculations, COL molecules were equilibrated for 2 ns before
the shear, and the shear simulations were run for enough time until
the P2 value reached a steady state, indicating that the system was in
equilibrium. All the simulations were performed using the canonical
ensemble (NVT, where the moles, volume, and temperature in the
system are conserved).59

Scaffold Thickness Analysis. The thickness of the scaffolds was
determined from the cross-section SEM images using ImageJ. Fifteen
measurements were taken for each independent sample across five
fields of view. Each condition consisted of three independent samples.
The average thickness and the standard deviations of each condition
were calculated from these measurements.

Statistical Analysis. Statistical analysis was completed in
Microsoft Excel with a one-way ANOVA test where the p-value
equals 0.05. The null hypothesis stated that there was no significant
difference between the tested conditions. In the analysis, if F > Fcrit,
then at least one condition was different from the other conditions,
and the null hypothesis was rejected. To determine which conditions
were different from each other, a Tukey test was performed, where
two sets of values were directly compared, and the p-value was equal
to 0.05.

To compare the fibril alignment of our 3.0 × 1.0 cm2 scaffold to the
4.5 × 1.5 cm2 scaffold, a paired t test was completed in Microsoft
Excel. The p-value was set equal to 0.05. Results less than 0.05
indicated that the alignment in the scaffolds were significantly
different from each other.

■ RESULTS
Formation of Anisotropic COL Scaffolds. To generate

sheets of COL fibrils, we designed and built a device with two
concentric cylinders, where the inner cylinder (the spindle)
rotated, and the outer cylinder (the reservoir) remained
stationary (Figure 1A); the gap space between the two
cylinders remained constant at ∼1 mm. This setup allowed for
neutralized COL to spontaneously polymerize under shear
flow, leading to the formation of a fibrillar scaffold (Figure 1B
and Figure S3). Prior to spinning, the spindle was coated with
a uniform layer of un-cross-linked gelatin with a thickness of
28.3 ± 5.0 μm, where the gelatin acts as a surface for the
collagen to adhere, or tether, during fibrillogenesis (Figure S4).
Without the gelatin layer, polymerized COL formed only as a
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thin strip at the air−liquid interface (Figure S4A); furthermore,
if no shear is present during fibrillogenesis, then no fibrils form
on the gelatin-coated spindle. These observations point to a
synergistic relationship between the assembling COL solution
and the gelatin interface, which we believe is required to
initiate adhesion of monomers, nucleation of fibrils, and
ultimate generation of a continuous fibrous material. In the
presence of the gelatin, COL fibrils spanned the entire spindle
length, enabling their collection as a ∼3.0 × 1.0 cm2 scaffold
with a porosity of only 4.9% ± 2.1%, highlighting the tightly
packed nature of the fibrils (Figure 1C, Figure S4B, and Figure
S5). Perhaps more importantly, the gelatin served as a
sacrificial layer that allowed for an easy removal of the scaffold
from the spindle without disrupting the anisotropic sub-
structure. The presence of native D-banding on the COL fibrils
indicated that the shear-induced alignment did not disrupt the
natural polymerization of COL (Figure 1D); the bands had an
average width of 65.5 ± 3.6 nm, which is comparable to band
widths published in the literature, and the D-banding that was
imaged on a rat tail tendon (Figure S6). Furthermore, the
exquisite fibril alignment, uniform D-banding, and consistent
fibril diameters that persisted throughout the scaffolds were
comparable to those found in isolated rat tail tendons, but the
fibril alignment in the scaffolds differed significantly from fibrils
formed in a COL gel in the absence of shear (Figure 2A−C,
and Figure S6). We calculated that 74.0% ± 3.2% of the shear-
aligned fibrils were within ±20° of the orientation of all fibrils
in the scaffold. This alignment was statistically similar to the
77.7% ± 7.9% alignment calculated from fibrils in an isolated
rat tail tendon specimen and significantly differed from the
scaffold formed with no shear (Figure 2D). Despite how they

were made, fibril diameters remained consistent in each
sample, indicating that the shear flow from the device did not
inhibit the natural polymerization process (Figure 2E).

Analysis of the Mechanism behind Fibril Alignment.
After examining the effects of both shear and the presence of
the gelatin layer on the formation and alignment of COL
fibrils, the next goal was to look at the effect of these variables
on individual COL molecules in parallel to the full fibers. The
goal was to gain insight into the mechanism behind the COL
fibril alignment that is observed by examining the initial effect
that shear flow had on the COL monomers before fibril
formation. To further examine the impact of tethering on the
dynamic alignment of COL molecules under shear, a CG
simulation framework was constructed to qualitatively simulate
molecules as beads, where one bead experienced a tethering
force at the end of the chain. Here, we define tethering force as
the anchoring force that keeps one end of the molecule
stationary, such that the molecule only experiences application
of a uniaxial force. In this configuration, our simulations
emulated the initial deformation of the COL molecules
experiencing this tethering force, which we defined as the
uncoiling and alignment of the molecules on the spindle.49 To
determine if our molecules aligned in the direction of the
applied force, we calculated the uniaxial order parameter, or P2,
value in the system.57,58 Under these conditions, we observed
that a single COL molecule gradually aligned within
approximately 3 ns when the magnitude of the tethering
force was above 0.005 (kcal/mol)/Å (Figure 3A, i). When the
tethering force was below this threshold, the simulated COL
did not overcome the pairwise, long-range cohesive/attractive
forces between two interacting beads, resulting in an unaligned
structure (Figure S7). Above this threshold, the tethering force
could surmount these opposing forces and initiate the

Figure 1. Development of highly aligned COL scaffolds under
Couette flow. (A) Complete platform, where (i) COL scaffolds were
generated with a custom-built device composed of two concentric
cylinders. Top cylinder (spindle) was connected to a motor and
rotated, and bottom cylinder (protein reservoir) could be (ii) lowered
and (iii) raised to disengage or engage the system. The spindle is 25.2
mm long (but only ∼14 mm gets submerged in the reservoir) and
10.6 mm in diameter. The reservoir is 15.2 mm deep and 12.6 mm in
diameter. (B) The spinning process involves multiple steps where
monomeric COL simultaneously polymerizes and tethers to the thin,
sacrificial layer of gelatin. (C) After spinning, a ∼3.0 × 1.0 cm2

scaffold was collected off the spindle, where (D) the resultant fibrils
have high alignment and the signature D-banding of fibrillar COL as
seen in the representative scanning electron microscope image. Scale
bar = 2 μm.

Figure 2. Comparison of the COL scaffolds to rat tail tendons and
COL gels spontaneously formed with no shear. Representative SEM
images of (A) a five-layered COL scaffold prepared with 2.5 mg/mL
COL and spun at 75 s−1, (B) a rat tail tendon, and (C) a fibrous COL
gel that spontaneously polymerized under no shear. (D) Fibril
alignment was determined by measuring the percentage of fibrils that
fell within ±20° of the orientation tensor for the image. In this
analysis, n = 15, where five measurements were taken on three
independent samples and error is reported as ±SD (standard
deviation). (E) Variation of fibril diameter for each structure, where
n = 300 fibrils over three independent samples and error is reported as
±SD. Statistically significant differences for both sets of results are
denoted with an asterisk where p < 0.05. Scale bars = 2 μm.
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uncoiling of the COL molecule, which eventually facilitated
overall alignment of the structure.49

To expand on these findings, we next calculated the
threshold force required to align COL chains that were 1, 5,
and 10 monomers long. We observed an increase in threshold
force as the chain length increased likely due to the larger
intramolecular adhesion and pairwise attractive forces that
intensified as the number of CG beads increased (Figure 3A).
Interestingly, we also found that the minimal force needed to
align multiple monomers of COL was the same as that of a
single COL molecule, suggesting that the starting COL
concentration should not significantly impact alignment
(Figure 3B). The intermolecular interactions experienced
between multiple chains of the shorter, monomeric COL
molecules during shear were beneficial for catalyzing alignment
within our system.
We next explored the role of molecular tethering on the

overall alignment of the multichained systems. In these studies,
we varied the percentage of molecules that experienced
tethering and monitored how these changes impacted the P2
value (Figure 3C). In a system with only 25 COL chains,
alignment was worse when 66% of the chains were tethered, as
indicated by the low P2 value (Figure 3C. i). However, we
found that overall alignment increased in a 625-chain system
when either 100% (Figure 3B, iii) or 66% (Figure 3C, ii) of all

chains were tethered, and misalignment reigned when only
33% of the chains were tethered (Figure 3C, iii). This
difference indicated that tethering was necessary for over-
coming entropic effects and inducing system-wide alignment
within starting solutions consisting of concentrated monomers
(e.g., more available chains of shorter COL molecules). Based
on these findings, we deduced that a portion of the molecules
needed to be tethered to drive scaffold formation and ultimate
alignment.
To expand on these results, we monitored effects of

prepolymerization (indicative of a growing COL chain) on
alignment (Figure 4A−C). In our studies, we delayed the
spinning process for 1 and 5 min after triggering COL
polymerization and compared changes to alignment with a
solution that was simultaneously polymerized under shear
(e.g., 0 min delay). Fibril alignment in the scaffold decreased
from 74.0% ± 4.9% to 64.4% ± 13.0% to 40.2% ± 12.5% at a
0, 1, and 5 min spin delay, respectively (Figure 4D). These
results suggest that the COL fibrils had grown long enough
during the delay period, where shear flow was no longer
capable of aligning the structure. In each case, there were also
no notable changes to fibril diameter (Figure 4E). When the
COL was left to polymerize for 10 min before spinning was
engaged, the fibrils were unable to adhere to the gelatin
coating; instead, they formed a bundle of isotropic fibers at the

Figure 3. Evaluation on the effect of force on molecular alignment. (A) Threshold tethering force value required to align COL chains composed of
(i) 1, (ii) 5, and (iii) 10 molecules in the direction of the flow. Results show that as the chain length increased, the amount of force required to
achieve a high P2 value increased. (B) When the number of COL monomers increased from 1 to (i) 25, (ii) 196, and (iii) 625 monomers, the same
threshold force value was needed to align all of the molecules in the system. (C) The percentage of molecules that experience the tethering force
was shown to influence the final alignment of the system. (i) If only two-thirds of a 25-monomer system was exposed to the force, the molecules
were unable to align, highlighting the importance of the tethering. However, in a 625-chain system, (ii) the monomers achieved a certain degree of
alignment when two-thirds of the molecules were tethered. (iii) If only one-third of all molecules experienced tethering, the alignment was worse.
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bottom of the reservoir (Figure S8). These results were in
agreement with the computational predictions, supporting that
the shear force in our system was required to trigger adhesion
between the spindle and COL monomers and that partial
prepolymerization under no shear decreased the number of
tethered COL molecules and fibril alignment. When taken
together, our computational and experimental findings
suggested that a combination of larger critical forces and
longer spinning times would be necessary to align the
prepolymerized COL fibers. In summary, both the gelatin
tethering layer and simultaneous spinning and polymerization
of COL were needed to achieve eventual alignment; without
these design features, the resultant material became disordered.
Tuning Shear Rate to Maintain Fibril Alignment.

Given the dependence on spin time and tethering capacity on
the alignment and growth of the scaffolds, we asked what other
variables regulated scaffold formation. Shear rates of 50, 75,
and 100 s−1 were first investigated, and we found 69.7% ±
18.9%, 74.0% ± 3.2%, and 65.5% ± 14.8% of fibrils fell within
±20° of the orientation tensor, respectively, and that the shear
rate had no influence of fibril diameter (Figure S9A−C). To
establish the maximum shear rate that we could achieve
without losing alignment, we also prepared scaffolds at 1000
s−1 and found that the alignment was not significantly different
from that in our other scaffolds (Figure S9A(iv),B). This is not
surprising, as the calculated Reynolds numbers suggested that
the flow produced by the rotating spindle at these shear rates
was laminar (Table S2). At shear rates above 1000 s−1, the
gelatin coating was torn off the spindle, preventing scaffold
formation altogether. Even though the results were not

significantly different from each other, fibril organization was
greatest at 75 s−1 and was sufficient to induce broad area
alignment across the entire scaffold (Figure S10).
Because we observed negligible changes to fibril alignment

as a function of shear rate, we next asked if maintaining the
shear stress of the system would preserve fibril alignment at
multiple concentrations of COL. Because shear stress is
directly related to the shear rate and viscosity, we
approximated that a constant shear stress of 1.7 N/m2 (the
amount of shear the system applies at 75 s−1) could be
maintained by adjusting the rotational speed for solutions
prepared at different concentrations of COL (Figure 5A).

When shear stress was maintained, we were able to achieve
statistically similar alignment for each condition (67.1% ±
6.1%, 66.1% ± 10.4%, and 74.0% ± 3.2% for 0.5, 1.5, and 2.5
mg/mL, respectively, Figure 5B,C). These findings supported
that shear stress was critical to maintaining fibril alignment
(Figure 5C) and fibril diameter (Figure 5D) even when other
parameters (i.e., shear rate and concentration) were altered.

Increasing Scaffold Dimensions and Composition. To
investigate the tunability of this platform, we next varied the
dimensions (length, width, and thickness) of the scaffold and
measured the impact on fibril alignment. We started by
changing the number of COL layers in the scaffold and found
that the thickness of dried 3-, 5-, and 7-layered scaffolds (e.g.,
repetitive spin cycles) increased to 369 ± 73 nm, 625 ± 32 nm,

Figure 4. Neutralized COL solution (2.5 mg/mL) was left to partially
polymerize while exposed to no shear in the protein reservoir for (A)
0, (B) 1, and (C) 5 min, where (i) SEM images and (ii) measured
histograms illustrate the distribution of fibrils formed in each
condition. The red boxes in part ii of each panel illustrate the ±20°
range that was utilized to quantify fibril alignment in panel D. In this
analysis, n = 15, where five measurements were taken on three
independent samples and error is reported as ±SD. (E) Average fibril
diameter in the scaffolds for each condition, where n = 300 fibrils over
three independent samples and the error is reported as ±SD. For both
graphs, an asterisk indicates that the results were significantly different
from each other (p < 0.05). Scale bar = 2 μm.

Figure 5. Scaffolds were produced at three concentrations, which
generated three distinct viscosity profiles. (A) Shear rate was
increased to maintain a constant shear stress in the system. (B)
Representative SEM images for (i) 0.5 mg/mL, (ii) 1.5 mg/mL, and
(iii) 2.5 mg/mL illustrated the alignment that persisted in each
condition, which was also quantified from calculating the percentage
of fibrils that fell within ±20° of the orientation tensor (C). Here, n =
15 where five measurements were taken on three independent
samples and error is reported as ±SD. Results in panel D show that
neither the varying concentrations of COL nor the increased shear
rate significantly influenced fibril diameter, where n = 300 fibrils over
three independent samples and error is reported as ±SD. Scale bar =
5 μm.
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and 813 ± 76 nm, respectively (Figure 6A,B). It was
interesting to note though that when the shear rate was held

constant, fibril alignment increased when the number of COL
layers increased from 3 to 5, suggesting that previous layers
partially templated the alignment of new fibrils (Figure S11).
However, there was no significant improvement in fibril
alignment between the 5- and 7-layered scaffolds, indicating
that the fibril organization is maintained even when the
thickness is further increased. Finally, we noted the porosity of
the 3- and 7-layered scaffolds remained statistically similar to
the previously mentioned porosity of the 5-layered scaffold at
4.1% ± 2.0%, 4.9% ± 2.1%, and 3.4% ± 1.1% for the 3-, 5-, and
7-layered scaffolds, respectively (Figure S5).
To complement the results from the thickness analysis, we

next asked how an increase in the length and width of the
scaffolds impacted structure formation and ultimate alignment.
To test this, we increased the footprint of the device by 50% in
a new design which, as a result, increased the size of the
scaffold to approximately 4.5 × 1.5 cm2 (Figure 6C, i). This
increase in size did not significantly alter the fiber alignment
throughout the scaffold when compared to the smaller 3.0 ×
1.0 cm2 scaffold, indicating that scaling this design was feasible
without sacrificing the underlying substructure of the scaffolds
(Figure 6C, ii). Finally, we tested whether we could
incorporate other fibrillar proteins to diversify the scaffold
composition. To test this final variable, we blended soluble
fibronectin (FN) into the starting COL solution and prepared
the scaffolds. We observed the presence of fibrillar FN that
persisted throughout the scaffolds (fluorescently labeled green
in Figure S9). To confirm that the FN was indeed in its fibrillar
form, we incubated the scaffold in 2% sodium deoxycholate, a
chemical that digests globular but not fibrillar FN and observed

a FN positive fluorescence signal that indicated its presence in
the fibrillar form in the scaffold (Figure S12). When taken
together, our findings suggested that our system can be tuned
to enable the production of multicomponent and multi-
dimensioned scaffolds; both are important characteristics when
considering designs for future tissue engineering applications.

■ DISCUSSION
We have designed, built, and tested a device that leverages
Couette flow to generate shear and align COL as it
spontaneously polymerizes under ambient conditions. While
the use of shear to align COL fibrils is not new, our approach is
among the first to incorporate fluid flow together with dynamic
polymerization to align and grow COL scaffolds with
anisotropic substructures. Our optimal shear rate of 75 s−1 is
comparable to other reports that have generated aligned COL
fibrils including Saeidi et al. (20 and 80 s−1), Nerger et al. (100
s−1), and Lai et al. (∼200 s−1).13,32,60 Unlike previous work, we
validated that proper COL polymerization has occurred
through the presence of D-banding along each of our fibrils,
where the banding was comparable to those in the rat tail
tendons and from native COL fibrils reported in the literature
(Figure S6).56 Because our process can simultaneously
nucleate, tether, and grow COL fibrils during scaffold
formation, these signature anisotropic features with negligible
surface defects are retained across the centimeter scale of our
materials.
The incorporation of the sacrificial gelatin layer during

scaffold formation is another differentiating but essential
feature of our platform that not only improved the dimensions
and practical handling of the material, but also contributed to
fibril alignment during polymerization. COL monomers
interact with each other via noncovalent interactions, and we
suspect that electrostatic and hydrogen bonding occurs during
polymerization; since gelatin is simply denatured COL, it is
likely that similar interactions occur during scaffold develop-
ment.61 Despite this natural interaction, scaffold formation on
the spindle only occurs under shear flow. These findings were
further supported by our computational analysis, which
suggested that once the molecular alignment process was
initiated under flow, it facilitated the uncoiling of neighboring,
unaligned molecules via intermolecular repulsion as a result of
limited wiggle room. This hypothesis was supported by the
steep increase in P2 in Figure 3C, ii, which denoted the
structural evolution of the tethered molecules, followed by its
gradual increase over time attributed to an increased
susceptibility of untethered molecules to align in the presence
of the tethered chains. Because we are simulating the single
tropocollagen molecule with a concentration calculated to be
0.3 × 10−4 mg/mL, which is about 4 orders of magnitude more
dilute than our most dilute experimental COL solution (0.5
mg/mL), we are only simulating the very initial stages of the
aligning process to provide some fundamental, qualitative
insight compared to the experimental large scale of micro- to
millimeters. When taken together with our experimental data,
these findings highlighted that molecular tethering is a
requirement for alignment. When the start time for spinning
the COL was delayed, indicative of a conversion of molecules
to fibrils, a lower percentage of molecules could be tethered,
making alignment inconsistent and, in some cases, impossible.
The exploration and characterization of the planar fibril

structures produced in this report were necessary for
understanding the molecular mechanisms underlying scaffold

Figure 6. (A) Representative cross-sectional SEM image of a (i)
three-, (ii) five-, and (iii) seven-layer COL scaffold. (B) Comparison
of the thickness of a three-, five-, and seven-layer scaffolds where
results illustrate a significant increase in the thickness of the scaffold,
indicating that the scaffold thickness can be increased without
negatively influencing fibril organization. The final result is n = 75,
where three independent scaffolds were prepared for each condition,
and five images were taken of each scaffold. Five measurements were
then taken on each image, and the error is reported as ±SD. To
increase the length and width of the scaffold, (C, i) a larger device was
designed that produced a scaffold with a 50% increase in the length
and width of the scaffold compared to the original one. (C, ii) Fibril
alignment results indicate that the anisotropic nature of the fibrils was
preserved in the larger scaffold. In this analysis, n = 5 where five
measurements were taken across a single scaffold and error is reported
as ±SD. Results with an asterisk between them indicates a significant
difference between values (p < 0.05). Scale bar = 1 μm.
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formation; however, the true translatable features of our
approach lie its design versatility and compositional custom-
izability, two attributes that we demonstrate in a proof-of-
concept approach in Figure 6. Because the spindle and outer
chamber are CAD-based designs, they can be easily
reconfigured and scaled to generate multiple shapes and
structure. We demonstrated two dimensions of a cylinder, but
the design could conceivably be reconfigured to multiple
geometries and structures. By systematically increasing the
number of spin cycles, we can also increase the thickness of the
scaffold while maintaining fibril anisotropy, which has shown
to be a critical step in generating a usable material. If the spin
cycle is not repeated, it is difficult to both remove and handle
the resulting scaffold without causing significant damage.
However, performing multiple spin cycles not only adds to the
durability of the material but also contributes to fibril
alignment (Figure S11). Other researchers have utilized
aligned materials, such as dextran fibers and micropatterned
glass slides to align COL fibrils during the polymerization
process.62,63 It is possible that in our system the already
polymerized fibers act as a template for polymerizing fibrils and
may (1) serve as nucleation sites for further layers or (2)
display stronger electrostatic and hydrogen-bonding inter-
actions with the polymerizing COL than the smooth gelatin
layer does. Overall, the process of repeating spin cycles is
crucial in improving both the durability and alignment of the
scaffold. However, the thickness of the scaffolds cannot be
scaled to the same degree as the other two scaffold dimensions.
Future experiments and modifications focusing on more
efficiently increasing the thickness of the scaffold, such as
changing the gap distance between the spindle and reservoir,
or determining how to adhere two scaffolds together, are
necessary to further enhance the utility of this material.
Finally, because scaffold formation is dependent on initial

solution viscosity, we can adjust the operating parameters (e.g.,
shear rate) of our system to account for compositional changes
that would enable the addition of other components during
fiber formation. We utilized FN as our proof-of-concept
molecule, given its ability to unfold under shear and known co-
dependent relationship with COL, to demonstrate that other
biomolecules can be integrated into our scaffold along with the
COL. Rinsing the FN−COL scaffold in sodium deoxycholate
indicated that the FN present in the scaffold was indeed
fibrillar. Although the exact alignment of these FN fibers is
unknown, there is a plethora of evidence from the literature
that suggests that the FN fibers are in alignment with the COL
fibrils. For example, Ejim et al. used the shear flow generated
from a stirred cell to trigger FN fibrillogenesis and create mats
of FN.15 Results showed that the orientation of the FN fibers
was in the direction of the flow, much like the COL fibrils in
our material. In addition, Paten et al. demonstrated that in a
cell-free environment, collagen polymerization initiated FN
fibrillogenesis and, more importantly, that there was a high
degree of colocalization between the two protein fibers; since
our setup produced highly aligned COL fibrils, it is likely that
the FN fibers in the scaffold match the orientation of the COL
fibrils.19 Future studies will be aimed at expanding the
repertoire of biomolecules that can be added to these scaffolds
while including an assessment of their biological performance
in vitro.64,65

■ CONCLUSIONS
Overall, we have developed a platform that leverages the
natural polymerization process of COL to reproducibly
generate scaffolds with highly aligned fibril substructures.
Parameters in the system such as shear rate, polymerization
time, and concentration were explored and adjusted to both
optimize the fibril alignment in the material and understand
the process behind the uniaxial fibril orientation. Furthermore,
we utilized CG molecular dynamics simulations to understand
the initial stage of the alignment process where the COL
monomers are first introduced to shear flow. Our system is
tunable, as it produces structures at multiple dimensions
without sacrificing fibril structure and alignment, both of which
closely mimic collagenous fibrils from isolated rat tail tendon.
Perhaps most interesting is that previous layers of aligned
fibrils further improve the alignment of future layers of fibrils
up to a degree. Future work consists of developing a more
efficient approach to increasing the thickness of the material.
Furthermore, while our scaffolds currently consist of layered,
type I COL fibrils, preliminary data suggests the immediate
potential to incorporate a broad spectrum of biological
molecules for tuning the scale and types of tissues formed.
These features enable a streamlined pathway to generate
customizable materials for future tissue engineering applica-
tions.
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