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ARTICLE INFO ABSTRACT

Dataset link: https://purl.stanford.edu/bw985n Natural tissue comprises fibrous proteins with complex fiber alignment patterns. Here, we develop a re-
r0021, https://doi.org/10.25740/bw985nr002 producible method to fabricate biomimetic scaffolds with patterned fiber alignment along two independent
1 orientations. While extrusion-based approaches are commonly used to align fibrous polymers in a single
Keywords: orientation parallel to the direction of flow, we hypothesized that extrusion-based 3D printing could be
Collagen inks utilized to achieve more complex patterns of fiber alignment. Specifically, we show that control of lateral
Fiber orientation spreading of a printed filament can induce fiber alignment that is either parallel or perpendicular to the flow
Extrusion-based 3D printing direction. Theoretical prediction of the printing parameters that control fiber orientation was experimentally
Cell alignment validated using a collagen biomaterial ink. The velocity ratio of the printhead movement relative to the ink

extrusion rate was found to dictate collagen fiber alignment, allowing for the informed fabrication of collagen
scaffolds with prescribed patterns of fiber alignment. For example, controlled variation of the ink extrusion
rate during a single print resulted in scaffolds with specified regions of both parallel and perpendicular
collagen fiber alignment. Human corneal mesenchymal stromal cells seeded onto the printed scaffolds adopted
a spread morphology that aligned with the underlying collagen fiber patterns. This technique worked well for
filaments either printed onto a printbed in air or extruded within a support bath using embedded 3D printing,
enabling the fabrication of 3D structures with aligned collagen fibers. Taken together, this work demonstrates
a theoretical and experimental framework to achieve the reproducible fabrication of 3D printed structures with
controlled collagen fiber patterns that guide cellular alignment.
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Natural tissues contain collagen fibers aligned in multiple directions, which are essential for guiding
cell behavior; however, most existing fabrication methods can achieve only unidirectional fiber alignment.
Here, we introduce an extrusion-based 3D printing strategy that enables precise control over collagen fiber
orientation in both parallel and perpendicular directions. This allows multidirectional collagen fiber alignment
patterned spatially within a single construct, thereby guiding corneal mesenchymal stromal cells to align
multidirectionally. This approach works when printing in air or with embedded printing in a support bath.
Thus, this strategy can enable the fabrication of complex 3D scaffolds that mimic the anisotropic architecture
of native tissues.

* Corresponding author.
E-mail address: heilshorn@stanford.edu (S.C. Heilshorn).
1 Contributed equally to this work.
2 Prof. Sarah Heilshorn was an editor of the journal during the review period of the article. To avoid a conflict of interest, Prof. William R. Wagner acted as
editor for this manuscript.

https://doi.org/10.1016/j.actbio.2025.11.013
Received 21 June 2025; Received in revised form 21 October 2025; Accepted 10 November 2025

Available online 11 November 2025
1742-7061/© 2025 Acta Materialia Inc. Published by Elsevier Inc. All rights are reserved, including those for text and data mining, Al training, and similar

technologies.



D. Singhal et al.
1. Introduction

Tissues in the body commonly include a fibrous matrix with exqui-
site fiber alignment along different directions, which guides cell align-
ment and spreading [1-9]. The most abundant fibrous protein of the
native extracellular matrix (ECM) in the human body is collagen, and
varying, complex patterns of collagen fiber alignment are observed
across different tissues, such as the cornea, cartilage, and arteries. [5,8,
10-13]. For example, in the cornea, the ECM contains orthogonal sheets
of collagen fibrils that are able to transmit light while being mechani-
cally resilient [5,14]. In articular cartilage, collagen fibril architecture
exhibits depth-dependent organization: fibrils are aligned parallel to
the surface in the superficial zone, display a more isotropic distribution
in the transitional zone, and orient perpendicular to the surface in the
deep zone, where they anchor into the calcified cartilage [12]. This
zonal arrangement restricts tissue swelling, facilitates osmotic pressur-
ization for load-bearing, and confers both compressive compliance and
shear resistance. Arterial collagen fibers are predominantly arranged
in a helical pattern, enabling them to reinforce the artery in both the
circumferential and axial directions [13,15].

Collagen fiber alignment can direct many physiological cellular
processes, such as migration [16-18], differentiation [6,19], and prolif-
eration [20]. For example, cellular alignment has been widely reported
to impact cell proliferation [21], matrix secretion [22,23], and pheno-
type maintenance [24,25]. Thus, a common goal in tissue engineering is
to control the orientation of collagen fibers to guide cell behavior [6,7,
16,26]. To date, several fabrication techniques have been used to create
substrates with aligned collagen fibers, including electro-spinning, mag-
netic flow alignment, microfluidics, mechanical strain devices, extru-
sion through a tapered nozzle, and gravity-based fluidic alignment [6,
16,26-29]. While these aligned collagen constructs have been helpful
tools to study cell-matrix interactions such as mechanosensing, cell
migration speed, and cell persistence, these techniques are typically
limited to unidirectional fiber alignment [16,30,31].

Although existing techniques like electrospinning [20,27,32,33] en-
able nanoscale fiber alignment with high precision, it is typically
limited to 2D surfaces or thin scaffolds, lacking structural complexity
and spatial control in 3D constructs. Magnetic field-based methods [28,
29,33] can orient fibers in 3D hydrogels, but they require incorporation
of magnetic nanoparticles or specialized materials, and are constrained
by the need for strong, spatially uniform magnetic fields. Shear flow-
based alignment, such as induced by microfluidic [29] or controlled
extrusion [7,26,34,35], can achieve unidirectional alignment but often
lacks the ability to spatially modulate alignment direction within a
single filament or print path. Mechanical strain-based methods [9,36],
like stretching gels post-printing or during curing, offer bulk alignment
but are unsuitable for patterning complex, heterogeneous orientations
and often compromise spatial resolution. In addition, many of these
conventional approaches rely on discrete, layer-by-layer deposition
strategies to alternate fiber alignment direction, which can introduce
inter-filamentary gaps and discontinuities while printing complex ge-
ometries. Frequent lifting and repositioning of the printhead further
interrupts material flow, reducing control over fiber orientation and po-
tentially compromising print fidelity. Creative approaches to overcome
these limitations and fabricate radial patterns of collagen fibers have
employed Marangoni flow in evaporating, aqueous sessile droplets [37]
and microextrusion of discrete filaments in different macroscopic ori-
entations [26]. Yet, it remains challenging to achieve larger constructs
with controlled fiber alignment in multiple directions.

3D printing of biological materials has emerged as a reproducible,
scalable, and versatile method to fabricate constructs with clinically
relevant dimensions and increased complexity [38-45]. In particular,
extrusion-based 3D printing offers ease of use and the potential to
produce oriented constructs. Alignment in the extrusion direction has
been achieved through different methods for a variety of polymers and
fibrous materials. For example, alignment can be induced inside the
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nozzle by subjecting the material to controlled flow profiles during
extrusion; alternatively, alignment can be induced outside of the nozzle
by subjecting the printed filament to extensional deformation [7,34,35,
46-51]. For fibrous collagen inks, shear stress-induced fiber alignment
has been achieved through extrusion-based 3D printing, resulting in
constructs with uniaxially aligned fibers in the direction of printing [7,
26].

Here, we sought to develop an easy to implement and reproducible
3D printing strategy to create constructs with dual-directionally aligned
collagen fibers. Specifically, we demonstrate the ability to pattern colla-
gen fibers both parallel to and perpendicular to the printing direction,
enabling the fabrication of constructs with more complex patterns of
fiber alignment. The primary innovation of this technique lies in its
ability to modulate collagen fiber orientation within a single printed
filament, enabling transitions between parallel and perpendicular ori-
entations in situ. This facilitates the generation of complex, spatially
patterned fiber alignments simply by adjusting the printing parame-
ters during continuous extrusion, without the need for changing the
printhead trajectory.

To achieve this, we hypothesized that two different printing regimes
could be achieved within a single printing setup. The first regime
relies primarily on extensional deformation of the collagen ink within
a tapered print nozzle to achieve fiber alignment that is parallel to the
print direction. In the second regime, we rationalized that controlling
the lateral spreading of the printed filament post-printing can be used to
induce collagen fiber alignment perpendicular to the printing direction.
To explore this idea, we first theoretically predicted how different
printing parameters might impact filament lateral spreading. We then
performed a systematic evaluation of the printing parameters for our
extrusion-based 3D printer and quantified the collagen fiber alignment
patterns for each condition. These experimental observations validated
our predictions and allowed us to define the printing parameters for
each regime of fiber alignment. We next demonstrated the ability of
these parallel and perpendicularly aligned collagen substrates to guide
the spreading morphology of cells. Using this new printing strategy, we
fabricated specimens with dual-directional collagen fiber alignment in
a single print. Taken together, this work introduces a predictable, re-
producible, and scalable approach to print biomimetic constructs with
complex patterns of collagen fiber directionality to guide cellular align-
ment, while eliminating the need for external fields, complex device
modifications, or material additives. The simplicity and compatibility of
this method with standard extrusion-based 3D printing make it broadly
applicable for engineering tissue-mimetic collagen architectures with
high spatial precision.

2. Materials and methods
2.1. Materials

The collagen ink used was the commercial bovine type I neutralized
35 mg mL~! Lifeink 200 (Advanced Biomatrix). Carbopol ETD2020
powder (Lubrizol) was dissolved by rotating overnight at room temper-
ature at 6.94 mg mL~! in 100 mL of sterile, ultrapure deionized water
(Millipore) with 0.8 mL of 10 M NaOH (Sigma) to balance the pH to 7.
Subsequently, the solution was degassed overnight before use.

2.2. Rheometry

The mechanical properties of the collagen and Carbopol were eval-
uated through rheological characterization. Small-amplitude oscilla-
tory shear and rotational measurements were performed on an ARG2
rheometer (TA Instruments) equipped with a Peltier plate and a solvent
trap to prevent evaporation, using a parallel-plate geometry with a
diameter of 8 mm. The absence of wall slip was confirmed through
measurements at a different measuring gap having excellent agreement
with each other. Collagen gelation was examined through time-sweep
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measurements at an angular frequency (o) of 1 rad s~! and a shear
strain amplitude (y) of 1% at a temperature between 4 °C and 37 °C.
Amplitude-sweep measurements were conducted at 4 °C and 23 °C at
an angular frequency of 1 rad s~! between a shear strain amplitude
of 0.01% and 200%. Frequency-sweep measurements were conducted
after the storage modulus (G’) had reached a plateau at a shear strain
amplitude of 1%, in the linear viscoelastic regime, between an angular
frequency of 0.1 and 100 rad s~!. Step-shear measurements were
conducted with an alternating shear strain amplitude of 0.1% and 300%
using a parallel-plate geometry with a diameter of 8 mm and at an
angular frequency of 6 rad s~!. For Carbopol, each shear step lasted
30 s and the measurements took place at room temperature, while for
the collagen ink, the low-shear step lasted 300 s and the high-shear step
40 s and the measurements were conducted at 4 °C. Three replicates
using a fresh sample were conducted for all measurements.

2.3. 3D printing

3D printing experiments were conducted using a custom-built dual-
extruder bioprinter, adapted from a MakerGear M2 Rev E plastic 3D
printer, following previously established protocols [41,52,53]. Briefly,
the original thermoplastic extruder was replaced with a custom mount
supporting two Replistruder 4 syringe pumps, and the control system
was upgraded to a Duet 2 WiFi board running RepRapFirmware. For
both acellular and cellular printing, the syringe was wrapped with Gel
Finger Ice Pack (stored at —20 °C) to retain the collagen at 4 °C,
as suggested by the manufacturer. This was done to keep the self-
assembly kinetics constant during printing. The printing was performed
with nozzles having a diameter of 1.55 mm (14G), 0.84 mm (18G),
0.42 mm (22G), and 0.16 mm (30G) and the plunger distance varied
from E 0.003 mm to E 0.04 mm. The printing speed (F =
99920 mm min~!), the step distance (4x = 0.5 mm) and the syringe
diameter (D = 7.29 mm) were kept constant for all samples. The
entire printing took place in the air at room temperature. Acellular
prints were printed as a single 2 cm long filament while the diameter
varied ranging from (1 mm to 4.8 mm) depending on the printing
parameters. The G-code used was manually written in a text file and
no retraction step was included. For prints that were subsequently
seeded with cells, the printing process was carried out in a sterile
tissue culture cabinet and each sample consisted of three sequentially
printed filaments with a length of 2 cm to increase seeding area. All
the samples had a thickness of at least 100 pm. Constructs printed in
the Carbopol support bath were printed with same printing conditions
as in air to allow for comparisons. The 3D structure was printed in
Carbopol with hollow features having 9 layered structure. Each layer
traced the four walls of a cuboid having length of 3 cm at each wall.
The layer height was z = 0.7 mm to ensure good adhesion between
the layers. The G-code was designed to have hollow windows inside
the 3D structure. Following printing in the Carbopol support bath, the
prints were recovered through rigorous washing to ensure complete
removal of the support material, followed by thorough PBS rinsing prior
to subsequent characterization.

2.4. Cell culture

Human corneal mesenchymal stromal cells (CMSCs) were derived
from donor corneal tissue obtained from the Lions Eye Institute for
Transplant and Research, following established isolation protocols [54].
The donor, aged 30-35 years, had no recorded history of infections such
as herpes simplex virus (HSV), varicella zoster virus (VZV), human im-
munodeficiency virus (HIV), or hepatitis. The cornea was preserved in
Optisol-GS storage medium within seven days postmortem to maintain
tissue integrity.

For expansion, cells were cultured in a growth media consisting
of Minimum Essential Medium Alpha (MEM-Alpha, Corning) supple-
mented with 10%v/v fetal bovine serum (FBS, Gibco), 1%v/v Gluta-
MAX (Gibco), 1%v/v non-essential amino acids (NEAA, Gibco), and
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1%v/v antibiotic-antimycotic solution (Gibco) to support cell prolifer-
ation and minimize contamination. The growth media changes were
performed every 48 h. Once cultures reached approximately 80% con-
fluency, CMSCs were passaged using standard enzymatic dissociation
techniques. All experiments were conducted using cells between pas-
sages 6 and 10 to maintain cellular consistency and avoid senescence-
related effects. For all the cell experiments in this study, the cells were
seeded on the bottom side of the print, as it is flatter than the top
side of the print. To achieve this, first, the prints were flipped in PBS
solution to avoid the prints from breaking and subsequqntly the PBS
solution was pipetted out. Then, CMSCs were trypsinized, counted,
pelleted, re-suspended in media, and seeded at an initial cell density
of 10* cells cm~2 onto the flipped prints.

2.5. In vitro characterization

To evaluate CMSC viability, a Live/Dead viability assay was per-
formed using calcein-AM and ethidium homodimer-1 (EthD-1) staining,
following the manufacturer’s protocol (Life Technologies). Cells were
incubated for 15 min at 37 °C in a staining solution composed of
0.6 pL calcein-AM and 2 pL EthD-1 per 1 mL of PBS. Following staining,
samples were imaged using a STELLARIS 5 confocal microscope (Leica)
equipped with a 10x air objective to visualize live (green) and dead
(red) cells. At least five images were taken in different areas of each
print, and image analysis was performed using FIJI (ImageJ2, Version
2.3.0/1.53f). Cell viability was calculated as the number of live cells
(calcein AM-positive) divided by the total number of cells.

For immunofluorescence analysis, prints with seeded CMSCs were
fixed in 4% paraformaldehyde (PFA) prepared in PBS for 20 min at
room temperature (RT), followed by three PBS washes of 10 min each.
Permeabilization was carried out using 0.25% Triton X-100 (Sigma
Aldrich) in PBS (PBST) for 45 min at RT. Samples were then incubated
for 2 h at RT in a blocking solution consisting of PBS supplemented with
5 wt% bovine serum albumin (BSA; Roche), 5% goat serum (Gibco),
and 0.5% Triton X-100 to reduce nonspecific binding.

Primary and secondary antibodies were diluted in an antibody
solution consisting of PBS supplemented with 2.5 wt% BSA, 2.5% goat
serum, and 0.5% Triton X-100. Samples were incubated overnight at
4 °C with rabbit anti-ALDH-3A1 primary antibody (Abcam, ab76976)
at a 1:200 dilution. The following day, excess antibody was removed
by three 20-minute washes in PBST. Secondary labeling was per-
formed using a solution containing DAPI (1:900; Molecular Probes),
phalloidin-tetramethylrhodamine B isothiocyanate (Phalloidin-TRITC;
Sigma Aldrich, 1:1000), and Alexa Fluor 488-conjugated goat anti-
rabbit secondary antibody (1:500), all diluted in the antibody solution.
Samples were incubated with this solution overnight at 4 °C.

After staining, samples were washed three times in PBST and im-
aged using a STELLARIS 5 confocal microscope (Leica) equipped with
10x air and 40x oil immersion objectives. Imaging was performed using
tile scanning mode with a resolution of 512 x 512 pixels.

2.6. Microscopy

Collagen fibers in the acellular prints were imaged with a STEL-
LARIS 5 confocal microscope (Leica) using a 40x oil objective. Tile
scans were taken at 512 x 512 image format for the entire print. Images
were acquired up to 60 pm from the bottom of the sample.

Second harmonic generation (SHG) microscopy was conducted on
an inverted Nikon Ti2-E microscope with a C2 confocal scanner. Nikon
CFI Apochromat TIRF 40X air objective was used for imaging. A sliding
mirror (Optique Peter) allowed for easy alternation between confocal
fluorescence and SHG excitation modalities. For SHG, a picosecond-
pulsed laser system (picoEmerald S, APE America Inc.) emitting 2 ps
pulses at an 80 MHz repetition rate and with a 10 cm™! spectral band-
width was used. The system consists of a tunable optical parametric
oscillator (700-960 nm) pumped at 1031 nm by an ytterbium fiber
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laser. The oscillator was set to 797 nm, generating an SHG signal
at 398.5 nm. The emitted signal was routed through optical filters
(BrightLine 400/12, Thorlabs 390/18, and Thorlabs FESH0500) before
detection by a photomultiplier tube (Hamamatsu R6357). The laser
power at the sample was 500 mW. To facilitate imaging, samples were
printed onto glass coverslips (BRAND) and PAP pen barrier drawn
around print with 100 pL PBS added to avoid drying. Five distinct
regions were imaged per sample, each captured as a 5 x 4 pm tile scan.
Images were acquired at 1024 x 1024 pixels (75.3 x 75.3 nm pixel 1)
with a dwell time of 10.8 ps pixel~!.

Scanning electron microscopy micrographs were acquired using a
ThermoFisher Apreo SEM (3 kV, 50 pA) using in-lens detectors. Dried
prints were coated with 3 nm of Au/Pd.

2.7. Image analysis

Confocal images were analyzed to characterize collagen fiber align-
ment qualitatively and quantitatively. For qualitative analysis, CT-FIRE
for Individual Fiber Extraction software was used to enable automated
tracing of the collagen fibers by artificially coloring individual fibers
to aid in visual assessment of the overall collagen fiber alignment
in the sample [55]. For quantitative analysis, confocal images were
analyzed using the Orientation J plugin in FIJI (Image J) software. The
fraction of fibers corresponding to each orientation was obtained as a
function of orientation angle (in degrees, °). Using this, histograms of
normalized frequency of fibers relative to the total number of fibers
versus orientation angle were plotted with bins of 20°.

Collagen reflectance images were also analyzed through CT-FIRE
MATLAB software to quantify fiber dimensions (width). Three indepen-
dent printing trials were analyzed for each experimental condition and
plotted as mean + standard deviation.

To perform fast Fourier transform (FFT) analysis, confocal reflec-
tance and SHG images were analyzed in ImageJ software using the oval
profile plug-in. The FFT function was applied to transform image data
from real space into frequency space, generating FFT output images. A
circular projection was then placed on each FFT output, and pixel inten-
sities were radially summed at 1.2° increments between 0° and 360°.
Because the FFT is symmetric, only values between 0° and 180° were
plotted. To account for the inherent mathematical transformation of the
FFT, datasets were rotated by 90° to allow direct determination of the
principal orientation. Finally, pixel intensity values were normalized to
a baseline of 0 and plotted in arbitrary units, enabling cross-comparison
between datasets.

Cellular alignment of the seeded CMSCs on the gels was analyzed
with CellProfiler, an open-source software using confocal images of the
cells visualized with calcein-AM (live) stain. The color code was gener-
ated by modifying the color survey javascript code in the Orientation
J plugin code file and remerged with the ImageJ software package to
perform the analysis.

2.8. D*, V* and AP calculation and workflow

The workflow for the measurement and analysis of the alignment
started by defining the Alignment parameter (AP). The AP is defined
as the ratio of the fraction of perpendicular fibers (orientation ranges
from —80° to —60° and 60° to 80°) to the fraction of parallel fibers
(orientation from —20° to 20°) in the print. To get the fractions, the
confocal images of the print were analyzed through the OrientationJ
plugin in ImageJ software. A histogram of the normalized frequency
of fibers for different orientations of the fibers (ranging from —90°
to 90°) was generated. We created bins of 20° gaps. Then, by using
the y-axis values for the angles (—80°, —60°, 60°, 80°), the fraction of
perpendicular aligned fibers in the sample was determined. Similarly,
by using the y-axis values from —20°, 0°, 20°, the fraction of parallel
aligned fibers in the sample was determined, providing an estimate for
the Alignment Parameter for each printing condition.
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Then, different regimes of alignment direction were defined based
on the AP values. A threshhold of 0.5 was chosen for parallel alignment
as it means that the amount of fibers in the parallel direction are at least
double that of the amount of fibers in perpendicular direction. Through
a similar analysis, for perpendicular alignment, a threshhold of 2 for
AP was chosen. The range between 0.5 to 2 was defined as random
alignment since there is no preferential direction of fiber alignment.

To understand the physical significance behind achieving different
alignment directions for different printing conditions, we defined the
quantity D* (diameter ratio) as the ratio of the diameter of printed
filament (after printing on the printbed) to the diameter of the nozzle.
The perpendicular alignment of fibers can be correlated to the spread-
ing of the printed filament relative to the nozzle diameter it is printed
from. Particularly, when D* > 1, the diameter of the printed filament
is greater than the diameter of the nozzle, leading to lateral spreading
and aligning fibers perpendicular to the printing direction. In contrast,
when D* < 1, the diameter of printed filament is less than or equal to
the nozzle diameter, leading to filament stretching and aligning fibers
parallel to the printing direction. Moreover, the experimental printing
conditions that lie within AP < 0.5 or the parallel regime, collectively
fall in the regime of D* < 1. The reasoning is identical for the cutoff
of 1 < D* <2 and D* > 2 for random and perpendicular alignment
regimes, respectively.

To develop a generalized parameter that depends solely on printing
conditions and can serve as a guideline for controlling fiber alignment,
we defined velocity ratio (VV*) as the ratio of the speed of the ink
extrusion from the nozzle to the translational speed of the printhead.
Based on the threshold values of AP, we observed that the experimental
conditions within the parallel alignment regime AP < 0.5 or the parallel
regime, collectively fall in the regime of V* < 0.5. Similarly, the exper-
imental printing conditions that lie within AP > 2 or the perpendicular
regime, collectively fall in the regime of V* > 1. These regimes for V*
have physical significance as when V* > 1, i.e. the speed at which ink is
extruded is higher than the translational speed of the printhead, the ink
would experience significant lateral spreading on the printbed, leading
to perpendicular fiber alignment relative to the printing direction. In
contrast, when V* « 1, i.e. the speed at which the ink is extruded is
lower than the translational speed of the printhead, the filament will
become extensionally drawn as it gets extruded, leading to parallel fiber
alignment.

2.9. Statistical analysis and fitting

Statistical analysis was performed using GraphPad Prism (Version
10). For the comparison of the printed filament diameter (dpn ) across
different E and nozzle dianeters (d,,;e), @ tWo-way analysis of vari-
ance (ANOVA) with Tukey’s multiple comparisons test was used. For
Table S3, the theoretical curves of D* for different d,,,. and for a
range of E values are fitted with experimental data points to find the
fitted value of g using the fmincon feature in MATLAB. The experi-
mental and fitted theoretical points are plotted together to calculate
the goodness of fit as R?.

Specific details of each statistical analysis are presented in the figure
captions. In all cases, N > 3 independent gels for each condition. In all
cases, statistical differences are denoted as follows: not significant (ns,
p > 0.05), (*p < 0.05), (" p < 0.01), **p < 0.001), (***p < 0.0001). Data
are presented as mean + standard deviation unless specified otherwise.

3. Results and discussion
3.1. Collagen fiber alignment along the printing direction
Collagen inks are widely used in 3D printing, both in the solution

and the gel state [7,10,56,57]. Collagen gelation is attained through
physical assembly and entanglement of collagen fibers at physiological
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Fig. 1.

Extrusion-based 3D printing setup for collagen fiber alignment. (A) Time sweep, shear rheology of the collagen ink at 4 °C; (storage modulus, G, s; loss

modulus, G”, o; temperature: red solid line). (B) Shear-dependent viscosity of the collagen ink at 4 °C. (C) Shear rheology of the collagen ink as temperature
increases from 4 °C to 23 °C; (storage modulus, G’, «; loss modulus, G”, o; temperature: red solid line). (A-C) Data are mean + standard deviation; N = 3
independent gels. For (A) and (B), symbol size is larger than the error bars. (D) Representative confocal reflectance image of the collagen ink prior to extrusion.
(E) Schematic of the extrusion-based printing setup showing the different printing parameters; ink cartridge diameter (D, mm), nozzle diameter (d,,,., mm),
translational speed of the printhead (F, mm min~'), speed of ink extrusion (C, mm min~'), plunger displacement per step (E, mm), lateral displacement distance
of the printhead per step (4x, mm), and diameter of the printed filament (d),/). An ice pack is positioned around the syringe to keep the ink at 4 °C, which is
deposited on a printbed in air at room temperature. (F) Representative confocal reflectance image of the collagen post-printing, showing fiber alignment parallel
to the printing direction (black arrow). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

conditions, with the kinetics being dependent on collagen concentra-
tion, temperature, and pH [58-61]. Collagen inks have been formulated
to form fibers before printing, during printing, or after printing [10].
We chose to formulate a collagen ink with pre-formed fibers that would
become oriented by fluid mechanics, as we reasoned that printing
parameters would have a stronger impact on pre-formed fibers as
opposed to soluble collagen protein [62]. Specifically, we selected a
neutralized type-I atelocollagen at a relatively high concentration of
35 mg mL~! that is stored and printed at 4 °C. At these conditions,
the ink has storage (G') and loss (G””) moduli of about 250 Pa and
150 Pa, respectively (Fig. 1(A), supplemental figure S1(A)). Thus, the
ink is already a weak gel (G’ > G”') prior to printing, due to its high
concentration and neutral pH. Importantly, the ink at 4 °C displays
shear-thinning behavior, making it suitable for extrusion-based 3D
printing (Fig. 1(B)). Additionally, this ink formulation demonstrates
the ability to recover after shear-thinning. After exposure to high shear
that disrupts the network structure, the fluid achieves an 80% storage
modulus recovery in 30 s at 4 °C and recovers its initial stiffness
after 240 s (supplemental figure S1(B)). As the ink is deposited on the
printbed at room temperature, the physical assembly of the collagen
fibers continues to progress, as evident in the ten-fold increase in
G’, reaching a plateau of 2000 Pa and a yield stress of 57 Pa (Fig.
1(C), supplemental figure S1(C)). The presence of fibers in the ink
cartridge was confirmed by confocal reflectance microscopy at 4 °C
(Fig. 1(D)). As expected, collagen fibers within the ink are initially
randomly oriented.

To demonstrate that this collagen ink could achieve parallel align-
ment similar to that reported by others [7], we employed a standard
extrusion-based 3D printing system (Fig. 1(E)). This setup offers several
user-defined parameters including the ink cartridge diameter, D, which
we kept constant through all experiments (7.29 mm), and the diam-
eter of the printing nozzle, d,,,,., Which was varied in our studies.
In addition to these hardware parameters, the setup also includes a
number of user-defined parameters controlled through the software
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(e.g. Gecode). These include the plunger displacement per step, E, the
lateral displacement of the printhead per step, Ax, and the translation
speed of the printhead, F. Here, we use a tapered nozzle to promote
parallel fiber alignment inside the printing nozzle through an applied
extrusion draw ratio, resulting in elongational deformation. Through
these hardware- and software-controlled variables, we define further
printing parameters such as the speed of ink extrusion from the nozzle,
C, and the diameter of the printed filament, dpn. Through optimiza-
tion, we were able to identify a combination of printing parameters
(supplemental table S1) that results in parallel fiber alignment within
the printed filament at 23 °C (Fig. 1(F)), similar to results of others [7].
Filament height after printing will vary depending on the nozzle diam-
eter and printing conditions. The thickness of the constructs printed
in this work ranged from 500-800 pm. Upon further heating of the
collagen print to physiological temperature (37 °C), additional collagen
fiber formation occurs, as evidenced by a further increase in G’ to about
3500 Pa (supplemental figure S1(D,E)). To confirm that the heating to
37 °C does not disrupt the achieved fiber alignment, we incubated the
sample for 15 min and then confirmed that the alignment remains un-
changed by confocal reflectance imaging (supplemental figure S1(F)).
Analysis of the fiber geometry shows that the final collagen fibers have
a diameter of 6.33 +1.14 pm (supplemental figure S2(A)), similar to
reports from others [63,64]. In addition, scanning electron microscopy
of the aligned fibers confirms that the individual fibers are composed
of self-assembled fibrils (supplemental figure S2(B)), as expected [65].
Having been able to replicate the state of the art with our extrusion-
based 3D printing setup, we next investigated the ability to achieve
fiber alignment in an orientation other than the printing direction,
towards the broader goal of fabricating constructs with dual-directional
collagen fiber alignment.

3.2. Printed filament spreading dictates fiber alignment orientation

Previously, an interesting correlation between extruded width and
fiber alignment had been shown where low extrusion width leads
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to more fibers aligned in the printing direction, while as extruded
width increases, less fibers are aligned in the printing direction [66].
We hypothesized that harnessing the lateral spreading of the printed
filament post-printing would lead to perpendicular alignment of the
collagen fibers. This lateral spreading of the printed filament can be
quantified as a ratio of the printed filament diameter (dyy) to the
nozzle diameter (d,,,.), Which we define as the diameter ratio, D*,
(supplemental figure S3):

dprint
—
Thus, when D* < 1, the printed filament diameter is smaller than the
nozzle diameter, implying less printed filament spreading. In contrast,
when D* > 1, the printed filament diameter is higher than the nozzle
diameter, denoting more printed filament spreading. To control the
lateral spreading of the printed filament, we derived a theoretical
expression of D* by performing a mass balance. For our extrusion-
based, piston-controlled, 3D printer, the volumetric flow rate inside the
syringe (Qsyringe) is defined as:

Asyringe E
ax >
F

D* = (@]

nozzle

stringe = @
which, due to mass conservation, is equal to the volumetric flow rate
at the end of the nozzle (Qy4710):

3

Similarly, the volumetric flow rate at the end of the nozzle can be
equated to that of the printed filament after extrusion from the nozzle

(inlament):

Onozzle stringe .

4

We initially assume the printed filament is a cylinder to enable the
estimation of Qgjament aS:

Onozzle = Cilament-

Frd?,
print

4
In actuality, the printed filament will not be a perfect cylinder, and to
account for this, we introduce the coefficient, 8. When g = 1, then the
cross-section of the printed filament would be perfectly circular (i.e.
the width and height of the printed filament will be similar), and when
B > 1, the filament will undergo lateral spreading.

Using conservation of mass, through Eq. (2)—(5) we find:

)

Ofilament =

2
AsyringeE _ Fﬂ”dprint (6)
a7 4
F
giving us a theoretical prediction for dpy, as:
4ﬂ Asyringe E
dprint = T Ax @)

In turn, D* (i.e. the normalized printed filament diameter) can also be
correlated to the printing parameters as:

1 4BA E

mAx

D* = syringe

(8)

d

From Eq. (8), it can be duly noted that D* depends on two of the print-
ing parameters introduced in Fig. 1(E), namely E (plunger distance per
step) and dp,,1. (nozzle diameter), with the proportionality given as:

VE

nozzle

nozzle

D* x

7 ©)

To test this theoretical prediction, we conducted a series of controlled
experiments where either E or d,,,. was independently varied. For
each experimental condition, we measured the actual dp, (Le. the
printed filament width) through confocal imaging to calculate an exper-
imentally observed D*. First, we kept E constant (E = 0.007 mm) and
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decreased d;,1. from 1.55 mm to 0.16 mm (a ratio of ~ 9.7:1). Upon
microscopy analysis of the resulting printed filaments, we observed that
decreasing d,,,. causes D* to increase from 0.875 to 8.406 (a ratio
of ~ 1:9.6) (Fig. 2(A)). Thus, for these conditions, we found that D*
and d,,,. are inversely proportional, consistent with our theoretical
prediction (Eq. (9), supplemental figure S4).

Next, we kept dpg,1e constant (dpg,e = 1.55 mm) while E was
increased from 0.005 mm to 0.040 mm (a ratio of ~ 1:8) (Fig. 2(B)).
Upon measuring the width of the printed filament for increasing E, we
observed that D* increased from 0.875 to 3.019 (a ratio of ~ 1:3.45).
Thus, these experimental results are consistent with our theoretical
prediction that D* is directly proportional to \/E (Eq. (9)).

After validating our ability to predict the printed filament width
based on our printing parameters, we then observed the fiber alignment
within each filament using confocal reflectance microscopy. To aid in
the assessment of fiber alignment direction and to prevent observa-
tional bias, we used an automated fiber tracing algorithm (CT-FIRE for
Individual Fiber Extraction) [55] that traces and artificially colors indi-
vidual fibers to enable visualization of fiber orientation (supplemental
figure S5). In addition, we performed two-dimensional fast Fourier
Transform analysis on representative confocal reflectance and second
harmonic generation (SHG) images to confirm the identified fiber align-
ment (supplemental figures S6, S7). All three characterization methods
provided similar results, thus we continued with the automated fiber
tracing algorithm, which provides intuitive visualization. We found that
at low D* (i.e. the condition where uniaxial filament extension occurs,
0.875 in the left panels in Fig. 2(A,B)), the collagen fibers were oriented
parallel to the printing direction (supplemental figure S5).

In contrast, for the conditions with D* > 1 (i.e. significant lateral
filament spreading, 8.406 and 3.019 in the right panels of Fig. 2(A)
and 2(B), respectively) the collagen fibers were observed to orient per-
pendicular to the filament printing direction (supplemental figure S5).
Here, despite use of the same tapered nozzle that produced parallel
fiber alignment in our earlier experiments (Fig. 1), we observed perpen-
dicular fiber alignment for smaller nozzle diameters, which will impart
greater nozzle shear stress (Fig. 2 and supplemental figure S5). Thus, if
parallel fiber alignment occurs within the nozzle, the printed collagen
ink still retains sufficient fluidity to allow for fiber reorientation into
a perpendicular alignment in response to fluid forces during lateral
spreading. This observation is consistent with our hypothesis that fluid
flow that occurs after extrusion while the filament is undergoing uniax-
ial extension or lateral spreading can be sufficient to induce parallel or
perpendicular alignment of embedded collagen fibers, respectively. For
experimental conditions with an intermediate value of D* (D* ~ 1, mid-
dle panels of Fig. 2(A,B)), the collagen fibers were randomly oriented
(supplemental figure S5). This observation suggests that there is an
intermediate transition regime where the embedded fibers experience
neither sufficient extensional flow to orient in the parallel direction,
nor enough lateral flow to orient perpendicularly.

3.3. Quantification of fiber alignment across a broad printing space

We next wanted to identify the relevant values of D* to achieve
parallel or perpendicular collagen fiber alignment across a wide range
of printing parameter space. To categorize the prints into different
alignment regimes, we developed a technique to quantify the fiber
alignment orientation using the Orientation J plugin in FLJI (Image
J) software from the confocal reflectance micrographs (Fig. 3(A)).
From this analysis, we prepared histograms showing the normalized
frequency of fiber alignment relative to the total number of fibers
versus fiber orientation, where the printing direction is 0° (Fig. 3(B,
C) and supplemental figures S8(B), S9(A,B)).

From these histograms, we further calculated an Alignment Param-
eter (AP), which we define as the ratio of the fraction of perpendicular
fibers (orientation ranges from —80° to —60° and 60° to 80°) to the frac-
tion of parallel fibers (orientation from —20° to 20°). To support visual
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Fig. 2. Diameter ratio correlates with collagen fiber alignment in printed filaments. (A) Representative confocal reflectance images of collagen filaments printed
with the same plunger displacement per step (E = 0.005 mm) and different nozzle diameters (d,,,.). (B) Collagen filaments printed with the same nozzle
(dpozzie = 1.55 mm) and different plunger displacement per step (E). Yellow dotted lines denote the nozzle diameter for easy comparison to the printed filament
width. The experimentally determined diameter ratio, D*, (i.e. the width of the printed filament, d,;,, normalized by the diameter of the printing nozzle, d, ) is
written above each micrograph along with a qualitative description of the observed collagen fiber orientation. Scale bars correspond to 500 pm. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

validation of our automated analysis, we also used the aforementioned
automated fiber tracing algorithm to artificially color individual fibers
(Fig. 3(A)). With this analytical workflow in place, we systematically
varied E and d,,,. and quantified the fiber alignment for three in-
dependent printing trials at each of the 24 conditions (supplemental
table S2). First, we found that by keeping d,,,e constant (d,o,e =
1.55 mm or 0.84 mm, left and middle columns, respectively, in Fig.
3(A)), the fiber alignment direction can be transitioned from parallel
to random to perpendicular by increasing the plunger displacement E
from 0.003 mm to 0.04 mm (left and middle graph in Fig. 3(A,B)).
Interestingly, for choice of smaller d,,,. (0.16 mm, right-most column,
(Fig. 3(A)) or 0.42 mm (supplemental figure S8(A)), the fiber alignment
direction was predominantly perpendicular for all E values tested (right
column in Fig. 3(A,B) and supplemental figure S8(B)). These data
suggest that careful selection of a single nozzle could be used to print
all three different fiber orientations within a single construct.

An alternative method to control the fiber alignment orientation is
to keep E constant while varying d,,,,.. For lower E values (0.003 or
0.007 mm, top two rows in Fig. 3(A)), decreasing d,,, from 1.55 to
0.16 mm resulted in a transition from parallel to perpendicular fiber
alignment, respectively (top two graphs in Fig. 3(C) and supplemental
figure S9(A)). For larger E (0.01 mm or 0.04 mm, bottom two rows
in Fig. 3(A)), the alignment direction is predominantly perpendicular
for all d,,. values (bottom graph in Fig. 3(C)) and supplemental
figure S9(B)). These data suggest that multinozzle printing systems also
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could be used to achieve all three different fiber orientations within a
single construct.

To synthesize together the information from each histogram into
a single quantitative metric, we next calculated and plotted the AP
value for each of the 24 tested combinations of printing parameters
(Fig. 3(D), supplemental table S2). This allowed us to identify cutoff
values of AP that define the three regions of fiber alignment: parallel
(blue, AP < 0.5), random (green, 0.5 < AP < 2), and perpendicular
(red, AP > 2) (Fig. 3(D)). At the cutoff value of AP < 0.5, the
number of fibers aligned in the parallel direction is approximately
twice that of the perpendicular direction. In the green, random region
(0.5 < AP < 2), the proportions of parallel and perpendicular fibers
are comparable. Finally, for AP > 2, roughly twice as many fibers
are oriented perpendicularly compared to those aligned in the parallel
direction. Interestingly, for this particular ink formulation and printer
setup, we found that 16 of the 24 tested printing parameter combina-
tions resulted in perpendicular fiber alignment (Fig. 3(D), supplemental
table S2). Thus, while most bioprinting studies to date have focused on
the parallel alignment of fibers, our printing strategy enables to readily
achieve perpendicular fiber alignment through multiple combinations
of E and d

nozzle*

3.4. Normalized speed of ink extrusion dictates fiber alignment orientation

Although the exact values of E and d,,,,. that result in perpendicu-
lar or parallel fibers will be different for each printer setup, we reasoned
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Fig. 3. Selection of printing parameters controls the collagen fiber alignment direction. (A) Automated analysis of representative confocal reflectance images
for different combinations of plunger displacement per step (E) and nozzle diameter (d,,,.) leads to identification of parallel (blue), random (green), and
perpendicular (red) alignment regimes. (B) Histograms of fiber alignment when keeping the nozzle diameter constant (at d,,,. = 1.55 mm, d,,,. = 0.84 mm,
dyozze = 0.16 mm, from left to right graph respectively) and changing the plunger displacement, showing the normalized frequency of fiber alignment relative to
the total number of fibers versus fiber orientation, where the printing direction is 0°. (C) Histograms of fiber alignment when keeping the plunger displacement
constant (at E = 0.003 mm, E = 0.007 mm and E = 0.01 mm, from top to bottom graph respectively) and changing the nozzle diameter. (D) Alignment parameter
(AP) plotted for several combinations of E and d,,,. show that the printing parameter space can be divided into three regimes with different fiber alignment
directions: parallel (blue, AP < 0.5), random (green, 0.5 < AP < 2), and perpendicular (red, AP > 2). (B, C) Data are mean + standard deviation, N = 3
independent printing trials. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

that more generalizable guidelines could be identified by considering
how AP relates to the D* ratio as defined previously in Eq. (8). Towards
this goal, we first experimentally identified the dependence of E and
dpozzle ON the printed filament width (dpyin,). As E increases from 0.003
t0 0.04 mm, dpyjy, increases monotonically due to the increased amount
of extruded material. Interestingly, we observed that for a particular E
value, dp,i, remains the same irrespective of dpg,1. (Fig. 4(A)), which
is consistent with our theoretical prediction (Eq. (7)). By plotting AP
against D* for our 24 printing conditions, we were able to identify the
ranges of D* for the three fiber alignment regimes using our earlier AP
cutoff values (Fig. 4(B), supplemental table S2). Specifically, we found
that D* < 1 produced filaments in the parallel fiber alignment region
(AP <0.5), and D* > 2 produced filaments in the perpendicular fiber
alignment region (AP > 2). For values between these two regions, i.e.
1 < D* <2, fibers had random alignment.

We then compared the experimentally determined values of D*
to our earlier theoretical prediction (Eq. (8)), where the only fitting
parameter is § (Fig. 4(C)). When fitting our experimental data to this
equation, we found the same value of f = 4.49 + 0.031 (supplemental
table S3) for each d,,,. tested across the full range of E. This constant
fitting parameter further supports the notion that g is a material
dependent parameter that does not change with the tested printing
conditions, and thus remains unchanged for a given ink and substrate
system (e.g ink composition, pH, temperature, and printbed surface).

To reformulate our theoretical prediction into a format that is
independent of g, so that it is controlled solely by the experimental
printing parameters (e.g. E, dyo,5e, F, D, Ax) for a specific ink system,
we defined the normalized velocity, V*:

C

F

v* (10)
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where C corresponds to the speed of the ink extrusion from the nozzle
and F to the translational speed of the printhead. We hypothesized
that when C > F, i.e the speed at which the ink is extruded is
higher than the translational speed of the printhead, the ink would
experience significant lateral spreading on the printbed, leading to
perpendicular fiber alignment relative to the printing direction (Fig.
4(D)). In contrast, when C <« F, ie. the speed at which the ink is
extruded is lower than the translational speed of the printhead, the
filament will become extensionally drawn as it gets extruded, leading to
parallel fiber alignment. When C % F, i.e. the speed at which the ink is
extruded is comparable to the translational speed of the printhead, the
filament does not experience significant lateral spreading or extensional
drawing, leading to random alignment of fibers.

This normalized velocity framework enables extension to other
extrusion-based systems such as pneumatic-controlled printers, where
F is explicitly selected, while C will depend on the pressure drop
through the syringe and nozzle, AP. The maximum stress, 7,, in cap-
illary flow can be calculated from: [67]

- dnozzleAP

w 4L
where L is the length of the nozzle. For power-law fluids, the shear
rate, 7, is calculated from:

1D

3n+1 320
= it 12
D (12)
nozzle

where n is the power-law index. Through supplemental equation (S4)
and:

(13)

T = N>
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Fig. 4. Relative speed of ink deposition controls filament spreading and fiber alignment. (A) Experimentally determined printed filament width (d,) plotted
while symbol shapes denote E. (B) Alignment parameter (AP) plotted against D*
across 24 printing conditions, with distinct alignment regimes based on AP. (C) Experimental data and theoretical fits using Eq. (8) for D* as a function of E for
different values of d,,.. (D) Schematic of fiber alignment regimes for different velocity ratios (V'*), where V* is the ratio of ink extrusion speed from the nozzle
(C) to the translational speed of the printbed (F). (E) Alignment parameter (AP) plotted against V* for 24 printing conditions, with distinct alignment regimes
based on AP. (F) Theoretical values of V* plotted as a function of E for different values of d,,,. and E. Data points denote the 24 experimental conditions that
were tested for experimental validation of the fiber alignment regimes. (A, B, C, E, F) Data are mean + standard deviation, N = 3 independent printing trials.
**p < 0.01,** p < 0.001,** p < 0.0001. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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where 7 is the apparent shear viscosity, we can get an expression for
C:

2
4n nozzle AP

Cc=—"_.
3n+1  32qL
For our specific extrusion-based 3D printer, the theoretical equation
for V* is derived using mass conservation by equating the volumetric
flow rate inside the syringe to the volumetric flow rate at the tip of the
printing nozzle (supplemental equations S1 — S6) and can be expressed
as:

14

syringe E
Ax

44
V=

nd?
nozzle

(15)

To confirm that this formulation of V* can directly predict the direction
of fiber alignment without any fitting parameters, we correlated the
resulting theoretical V* values with the experimentally determined
alignment parameter (AP) across the range of E and d,,,. conditions
presented earlier (Fig. 4(E)). As before, we used our AP cutoff values
to identify the regimes that correspond to perpendicular, random, and
parallel fiber alignment. From this analysis, we observed that V* <
0.5 results in parallel fibers (AP < 0.5), intermediate values of V*
(0.5 < V* < 1) result in randomly aligned fibers (0.5 < AP < 2),
and (V* > 1) results in perpendicular fibers (AP > 2). These results
agree with a similar ratio that was identified in earlier studies for an
extrusion deposition additive manufacturing system (the ratio of the
extrusion speed and print speed), where ratios less than unity resulted
in greater fiber alignment in the printing direction [68].

To enable the prediction of fiber alignment with no fitting param-
eters, we plotted the theoretical curves of V* as a function of E for
each d,,,1. tested, using Eq. (15) (Fig. 4(F)). For ease of viewing, the
three different fiber alignment regimes are shown as different color-
coded regions, and we overlaid the points corresponding to the 24
specific combinations of E and d,,,. tested experimentally. Thus,
when increasing dy,,. and keeping E constant, the fiber alignment
will transition from perpendicular to parallel as V* is decreasing.
Similarly, when increasing the E and keeping the d,,. constant, the
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fiber alignment will transition from parallel to perpendicular as V*
is increasing. Thus, the parameter V* provides a unified adjustment
protocol for both piston displacement E and nozzle diameter d,,,j. to
switch fiber alignment direction.

Similar plots could be constructed for other printer-ink combina-
tions to enable prediction of printing parameters that result in specific
fiber alignment orientations. As extrusion-based printers are generally
widely available and easy to use, this framework could be readily
adapted to other systems. While the diameter ratio (D*) includes a fit-
ting parameter that is related to the intrinsic ink properties, the velocity
ratio (V*) depends only on the printing parameters programmed into
the 3D printer.

3.5. Control of fiber alignment in embedded 3D printing

Our data suggest that fiber alignment is primarily dictated by fil-
ament spreading versus filament drawing and does not depend on
interactions between the filament and the printbed. To test this idea,
we printed collagen filaments onto printbeds with differing levels of
hydrophobicity (supplemental figure S10). Even though the advancing
contact angle between the substrates was substantially different (55.40°
and 172.53°), filaments printed with the same V* had similar quanti-
tative fiber alignment. Thus, we hypothesized that the same printing
parameters that induce parallel or perpendicular fiber alignment when
printed in air would also cause fiber alignment when printed into a
support bath. Embedded 3D printing into support baths has emerged as
a strategy to expand the range of printable materials and the complexity
of fabricated structures with intricate features [69-71]. In contrast to
printing in air, in embedded 3D printing the ink material is deposited
into an aqueous yield-stress fluid [69]. This allows the printed mate-
rial to remain suspended and supported during the printing process,
enabling the creation of complex 3D structures that would otherwise
collapse under their own weight and/or aqueous surface tension if
printed in air [69].

To explore if our fiber alignment strategy could be extended to
embedded 3D printing, we prepared a Carbopol support bath material.



D. Singhal et al.

A C Parallel
1000+
i 100
o
o 104

1 T T

0 50 100

Time [s]

Acta Biomaterialia 209 (2026) 167-182

Printing direction

e~ Printed in air

o 03 -~ Printed in support bath
g
o 02 52
3 F E
g ¥ 2 N
“ 01 °
13 | s
<} (g ®
=z
0.0+ T T T T T 1
90 60 -30 0 30 60 90
Orientation [°]
03 -~ Printed in air
o % -o- Printed in support bath
> A
e \
o 02
3
g i
041 /
E
)
=z
0.0+ T T T d

T T
30 0 30
Orientation [°]

-60
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to controls printed in air for similar V* values. (C, D) The respective printing direction is shown for each alignment type (black arrow). (C, D) Data are mean
+ standard deviation; N = 3 independent printing experiments. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

Carbopol is widely used as a support bath due to its self-healing
behavior (Fig. 5(A)) [72]. In addition, previous work has demonstrated
that a large range of printing speeds are compatible with Carbopol
support baths without causing porosity in the final print [73].

As demonstration, we printed a 3D structure having hollow, sus-
pended features (i.e. windows) and built up as a multilayered construct
in which fiber alignment was tuned in each individual filament (Fig.
5(B)). In addition, single filaments, which allow for easier visualization
of the collagen fibers after removal from the support bath, were printed
with identical printing parameters (supplemental table S1). The fiber
alignment of the resulting prints was imaged and quantified for compar-
ison to that of filaments printed in air with the same printing conditions
(Fig. 5(C,D)). Collagen fibers were well aligned when filaments were
printed into the Carbopol support bath, both for conditions that result
in parallel (V* < 0.5) and perpendicular orientations (V* > 1).
Furthermore, the degree of fiber alignment was found to be similar
for filaments printed in air or within the Carbopol support bath. For
example, the AP for parallel alignment printing in air and in the sup-
port bath was found to be 0.35 + 0.044 and 0.30 + 0.020, respectively.
The AP for perpendicular alignment in air and in the support bath was
found to be 6.23 + 0.750 and 9.57 + 0.017, respectively. While printing
in a support bath can produce filaments with both parallel and per-
pendicular fiber alignment, the inherent limitations and challenges of
embedded 3D printing must also be considered when selecting printing
parameters. For example, moving the printhead quickly (V* < 0.5) can
result in parallel fiber alignment, but this speed may also introduce
print defects such as filament breakup, “crowning” (i.e. upwards flow
of the ink material due to a prolonged crevice in the support bath),
and extensive porosity [69,73-75]. Therefore, the printing parameter
regimes for each alignment orientation will be affected by the viscosity
ratio between the ink material and the support bath, which will need
to be tuned for each material system.

3.6. Collagen fiber alignment guides cell orientation
To evaluate if patterned collagen fibers could influence cellular

orientation, we seeded human corneal mesenchymal stromal cells (CM-
SCs) on collagen scaffolds with parallel, perpendicular, and random
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fiber alignments. The native cornea has multidirectional collagen fiber
alignment, which is responsible for imparting its structural and func-
tional properties [5,76-78], and CMSCs are one of the regenerative
cell types found in these tissues [79-81]. Specimens were printed with
parallel or perpendicular collagen fiber alignment, following the print-
ing guidelines identified earlier (parallel: V*= 0.22, d,;,e= 1.55 mm;
perpendicular: V*= 2.98, d, ;.= 0.42 mm), and a cast gel condition
with random fiber alignment was included as a negative control. The
collagen fibers in the three different conditions were imaged through
confocal reflectance on day O prior to cell seeding (first column of Fig.
6(A)), and the fiber orientation was determined for each sample. At
days 1, 3, and 5 after CMSC seeding, the cell morphology was visualized
with a live cell cytoplasmic marker (calcein-AM) as shown in columns
2-7 of Fig. 6(A) and supplemental figure S11. Across all timepoints,
cells remained highly viable (about 99%, supplemental figure S12) and
reached confluence by day 5. Moreover, the collagen fiber orientation
was retained during that time period (supplemental figure S13). Cell
alignment was quantified by calculating orientation histograms from
these images on days 1 and 3. Already by day 1, the quantified
cell orientation matched with the underlying collagen fiber alignment
across all three types of fiber patterns (Fig. 6(B-D)). This agreement
in alignment orientation persisted at day 3, as quantitatively evaluated
in Fig. 6(B-D). At day 5, increased cell—cell contact due to cell prolif-
eration prevented automated identification of individual cell borders
for orientation analysis; nonetheless, fiber-guided cell alignment was
readily observed through qualitative inspection of the confocal fluores-
cence micrographs. Cell morphology was further analyzed by staining
the cell nuclei (DAPI) and filamentous actin (phalloidin) along with the
aldehyde dehydrogenase 3 family member A1 (ALDH-3A1), a marker
for differentiating CMSCs (Fig. 6(A)) [82,83]. Across all three cases
(perpendicular, parallel, and random fiber alignments), and all time-
points, cells were observed to elongate and align with the underlying
substrate while maintaining their positive staining for ALDH-3A1. Thus,
similar to reports by others, controlling the orientation of collagen
fibers at the microscale allows control of the cell orientation [6,7,30],
which we uniquely demonstrate here by inducing cells to align in both
parallel and perpendicular orientations.
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Fig. 6. Collagen fiber alignment guides cell orientation. (A) Representative confocal reflectance images of collagen fibers (gray) and confocal fluorescence images
of CMSCs grown on the collagen filaments for 5 days and stained for cell bodies (green, calcein-AM), cell nuclei (blue, DAPI), filamentous actin (orange, phalloidin),
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perpendicular (B), parallel (C), and random (D) fiber alignments, normalized to the total count of fibers or cells, respectively. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

3.7. Dual-directional control of collagen fiber alignment in a single print

In native tissues, collagen fibers and endogenous cells are aligned
in multiple directions within a single tissue [5,8,10-13]. Inspired by
this, we reasoned that we should be able to modulate the printing
conditions (i.e. V*) during the fabrication process to achieve dual-
directional collagen fiber alignment and hence different regions of
cellular orientation within a single construct. Specimens with three
different designs were created to demonstrate dual-directional control
of alignment through either different interfilament or intrafilament
fiber orientation patterning (Fig. 7(A)). In one type of interfilament
patterning, sequential filaments can have alternating parallel and per-
pendicular fiber alignment. This can be achieved either (i) by using the
same E but printing through two differently sized nozzles (left column,
Fig. 7(A) and supplemental table S1) or (ii) by printing through the
same nozzle (d,,,. = constant) and varying E for sequential filaments
(middle column, Fig. 7(A) and supplemental table S1). In our imple-
mentation, the first method was achieved by printing the filament with
perpendicular alignment using a nozzle with a diameter of 0.16 mm at
E = 0.007 mm. The nozzle was then manually replaced with a nozzle
with a diameter of 1.55 mm, and the adjacent filament with parallel
alignment was printed using the same E value. In the second approach,
the nozzle diameter was kept constant and equal to 1.55 mm, and the
alignment was modulated by changing the extrusion value, E, between
filaments in the G-code by first printing a filament at £ = 0.007 mm
leading to parallel fiber alignment, followed by a filament printed at E
= 0.040 mm leading to perpendicular fiber alignment. These strategies
allow dynamic modulation of fiber orientation without altering the
printhead path.

In intrafilament patterning, alternating regions of parallel and per-
pendicular fiber alignment are present in the same filament. This can be
achieved using a single nozzle by varying E during continuous printing
of a filament (right column, Fig. 7(A) and supplemental table S1).
Specifically, the transition from parallel to perpendicular fiber orien-
tation was achieved by keeping the nozzle diameter constant (d, g, =
1.55 mm) and programming the G-code to extrude at E = 0.007 mm for
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the first 1 cm of the filament and then increasing it to E = 0.04 mm
for the following 1 cm. This in situ modulation of E during continuous
extrusion enabled a seamless transitions in fiber orientation within a
single filament.

CMSCs were seeded onto these three different dual-directional fiber
alignment prints, and cell morphology was visualized through cytoplas-
mic calcein-AM staining on day 3. Cellular orientation was digitally
analyzed and color coded to identify cells with parallel (blue, —45°
to 45°,) or perpendicular alignment (red, —90° to —45° and 45° to
90°) relative to the printing direction (Fig. 7(B)). Cells appeared to
adhere equally well on construct regions with parallel or perpendicular
fiber alignment, (Fig. 7(C)). As expected, cells followed the alignment
of the underlying collagen fibers, as visualized by automated color
coding (Fig. 7(D)) and by quantitative analysis (Fig. 7(E)). Thus, this
technique offers the flexibility to create dual-directional patterns of
fiber alignment using either a multiple nozzle printer (by altering d,,,,.
and keeping E constant) or a single nozzle printer (by altering E
and keeping d,,,,. constant). This versatile approach will enable the
fabrication of printed constructs with control over different regions of
patterned cell orientation to mimic native tissue architecture.

4. Conclusion

Control over fiber alignment in engineered scaffolds is essential to
accurately emulate natural tissue. Here, we demonstrate an extrusion-
based 3D printing approach to control collagen fiber orientation in two
independent directions by tuning the printing parameters. Importantly,
CMSCs cultured on the printed collagen scaffolds were found to orient
along the direction of the patterned collagen fibers across multiple
days. While here we used plunger-controlled 3D printing, the same
principles should be applicable to other types of extrusion-based 3D
printing, such as a pressure-controlled setup [84]. The key insight is
that post-extrusion fluid movement of the ink can induce alignment
of embedded fibers. When the printing parameters are selected so
that the ink undergoes lateral filament spreading, the fibers can align
perpendicular to the printing direction. In contrast, when the printing
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parameters are selected so that the ink undergoes extensional drawing,
the fibers will align parallel to the printing direction. Using conserva-
tion of mass principles and automated quantification of fiber alignment,
we were able to identity the printing parameters that reliably produce
parallel, random, and perpendicular fiber patterns. Specifically, we
identified V* (the speed of ink extrusion from the nozzle relative to the
translational speed of the printhead) as being able to directly modify D*
(the filament diameter normalized to the nozzle diameter), and hence
control fiber alignment. From Egs. (8) and (15), V* is related to D* as:

D* =gV~

where f is a material-specific constant that will likely depend on
intrinsic ink properties such as extensional viscosity. For the high
concentration collagen ink used in this study, we experimentally de-
termined f ~ 4.49 + 0.031. Future work to identify the range of
ink properties that are compatible with this fiber alignment strategy
may allow extension to other types of fibrous inks. For example, our
3D printing alignment strategy could be applied to other fibrous or
anisotropic materials, such as cellulose nanofibers, filamentous bacte-
riophages, or composites of fibrous and amorphous collagen inks [85-
871, which would likely have distinct f constants. Moreover, the
alignment of collagen fibers is expected to also affect the mechanical
properties, such as Young’s modulus, tensile strength, and strain at
break, of the printed constructs. In particular, the anisotropy of the
fiber orientation is expected to cause different mechanical properties

(16)
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parallel and perpendicular to the direction of fiber alignment. In
general, materials with aligned fibers show increased load-bearing
capability along the alignment direction [88-93].

The test structures printed here were limited primarily to planar
constructs, as this allowed for easy visualization and quantification
of fiber alignment. Layer-by-layer extrusion printing has been suc-
cessfully used to fabricate a wide variety of different 3D constructs
with more complex geometric features. As a first step towards this
goal, we demonstrated that lateral filament spreading and extensional
filament drawing can both be achieved within a support bath to induce
successful fiber alignment in the perpendicular and parallel directions,
respectively. Future work could build on these proof-of-concept ex-
periments to fabricate structures with more complex 3D shapes that
have different fiber alignment patterns in different regions of the tissue.
Interlayer bonding and fiber alignment in multilayer structures remain
challenges in the field and are highly active areas of research [94,95].
Systematic studies investigating the balance between crosslinking kinet-
ics, layer stiffness, and interlayer bonding will therefore be critical for
translating this strategy towards more complex, multilayered architec-
tures. Furthermore, multiplexing this extrusion-based printing strategy
with other printing modalities would open up further possibilities to
achieve biomimetic structures. Moreover, while here we demonstrate
control over two fiber orientations (parallel or perpendicular), some tis-
sues have multiple fiber orientations present. Thus, future studies could
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explore methods to further refine the alignment process to achieve
greater orientational precision.

Here, we demonstrate that the patterned fibrous structures were
able to induce cellular alignment of the seeded CMSCs, which was
maintained over five days. Cell morphology is known to correlate
with a number of changes in cell phenotype, and future studies could
explore how the fibrous patterns might impact cell proliferation and
migration rates, in addition to possible changes in protein expression.
Importantly, this fabrication platform provides a framework for future
investigations into how controlled spatial patterning of dual-directional
collagen fibers can direct cell migration and tissue-level organization.
Moreover, a great deal of other cell types have been reported to respond
to aligned fibrous structures, including endothelial cells, neurons, and
myoblasts, to name only a few [24,32,33,36,96-98]. Thus the 3D
printing strategy demonstrated here could be readily extended to a
wide range of other cell types. For our studies, cells were seeded onto
the surfaces of pre-fabricated constructs; therefore, it remains to be
explored if cells could also be directly incorporated into the ink prior
to printing to formulate a living bioink. Our collagen ink is already at
physiological pH inside the print cartridge; thus, the ink material is cell
compatible. On the other hand, the presence of cells may significantly
alter the viscoelastic ink properties, which may interfere with fiber
alignment. Alternative strategies might include separate printing of an
acellular collagen ink and a cellular ink using two print nozzles, as has
been previously demonstrated for embedded printing [42,99]. Here, we
used a relatively high print speed to be consistent with other published
work on fiber alignment printing [100,101]. While this rapid print
speed improves experimental throughput, it may inhibit the printing
of cell-laden bioinks. Future work can explore the use of our V* model
to predict parallel and perpendicular fiber orientations at other print
speeds and their extension to cell-laden bioinks. Moreover, combina-
torial approaches utilizing a blend of fibrous and amorphous collagen
networks as shown in our earlier work can be used, with the aim of
achieving more transparent specimens similar to the cornea [87,102].
Another open question for future study is to evaluate if fiber alignment
and cellular orientation are stable after in vivo implantation.

In summary, this work demonstrates a theoretical and experimental
framework to achieve the reproducible fabrication of 3D printed struc-
tures with controlled collagen fiber patterns. This technique can be used
to achieve different patterns of collagen fiber alignment within different
regions of a fabricated construct. These patterns of fiber alignment
then induce cell orientation along pre-determined directions. This dual-
directional fiber alignment strategy greatly expands the design space
for 3D printing of complex, biomimetic tissues.
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