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Abstract

Vascular smooth muscle cells align circumferentially around the vessel lumen, which allows these
cells to control vascular tone by contracting and relaxing. It is essential that this circumferential
alignment is recapitulated in tissue engineered blood vessels. While many methods have been
reported to align cells on 2D polymeric substrates, few techniques enable cell alignment on a

3D physiologically relevant hydrogel substrate. We hypothesized that the ridges inherent to the
sides of fused deposition modeling 3D printed molds could be used to topographically pattern
both stiff and soft substrates and thereby align cells on flat and curved surfaces. Flat and curved
molds with 150, 250, and 350 um ridges were 3D printed and used to topographically pattern
polydimethylsiloxane and gelatin-methacryloyl. The ridges transferred to both substrates with less
than 10% change in ridge size. Vascular smooth muscle cells were then seeded on each substrate,
and nuclear and actin alignment were quantified. Cells were highly aligned with the molded ridges
to a similar extent on both the stiffer polydimethylsiloxane and the softer gelatin-methacryloyl
substrates. These data confirm that fused deposition modeling 3D printed molds are a rapid,
cost-effective way to topographically pattern stiff and soft substrates in varied 3D shapes. This
method will enable investigators to align cells on 3D polymeric and hydrogel structures for tissue
engineering and other applications.
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1. Introduction

Cell alignment is an essential feature of many different tissues in the body including the
corneal stroma, tendons, bone, skeletal muscle and smooth muscle [1]. In the vascular
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system, smooth muscle cells (SMC) are aligned circumferentially about the vessel lumen.
This alignment allows SMC to constrict and dilate the vessel when they contract and
relax, respectively, which is vital to controlling vascular tone. When SMC alignment is
lost in vascular diseases such as atherosclerosis, SMC can no longer perform their normal
contractile function [2]. Therefore, recreating circumferential SMC alignment in vitro is
essential for tissue engineering blood vessels as well as for investigating SMC function.

A wide variety of methods have been used to align cells on flat, two-dimensional (2D)
substrates, including physical stimuli such as electrical fields [3] and mechanical forces such
as shear stress [4, 5] and uniaxial cyclic tensile strain [6, 7]. Cells can also be aligned

on flat substrates by micropatterning lines of adhesive polystyrene [8], fibronectin [9], or
collagen [9] or by creating topographically patterned grooves and ridges on polymers to
align fibroblasts [10], endothelial cells [10], and vascular stem cells [11]. SMC in particular
have been aligned by orienting electrospun fibers [12], by micropatterning adhesive lines
[13-16], by microfabricating grooves or channels in polydimethylsiloxane (PDMS) and
other polymers [15, 17-20], or by bioprinting gelatin lines to create channels [21].

While cell alignment has been widely studied on flat substrates [22], in vivo most cells

are aligned on surfaces with three-dimensional (3D) features. SMC, for example, are
aligned circumferentially around a cylindrical tube. Cell alignment on 3D surfaces requires
more complex methods. In some cases, patterns have been created by UV patterning or
electrospinning nanofibers on the surface of 2D flexible or shape memory polymer films
that were then shaped into cylindrical tubes [18, 23]. Patterns have also been created on
the surface of cylindrical structures by electrospinning polymers or printing gelatin channels
directly onto the cylindrical tubes, or by extruding gelatin- methacryloyl (GelMA) though
a grooved PDMS channel [12, 21, 24]. Microchannels to align SMC have been created
within a polymeric scaffold by sacrificial molding of melt spun circumferentially oriented
sugar fibers [25]. More recently, SMC aligned on circumferential microwrinkles that were
created on the inner surface of semi-cylindrical PDMS structures by stretching the PDMS
and treating it with UV light before allowing it to relax [26].

While these techniques enable SMC patterning on cylindrical structures, they often only
work on stiff, synthetic polymers and are complex to achieve. Fused deposition modeling
(FDM) is a relatively inexpensive and accessible 3D printing technique. In FDM, parts are
fabricated by melt extruding plastic filament in a layer-by-layer fashion. This process leads
to inherent ridge features on the 3D printed part surfaces. We hypothesized that these 3D
printed ridges could be used to topographically pattern both stiff and soft substrates and
thereby align cells on flat and curved surfaces.

Material and methods

2.1. 3D printed mold fabrication

All molds were printed using an Afinia H400 3D printer programmed to print 150 pm, 250
pum, and 350 pm layer thicknesses. 10 mm cubes were created to pattern flat PDMS surfaces.
10 x 10 x 1.5 mm square molds were designed to pattern flat GelMA surfaces. 10 mm long
semi-cylinders (10 mm diameter) were created to topographically pattern curved surfaces.
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The semi-cylinders were printed with the cylinder axis perpendicular to the 3D printing
build plate to create alignment features on the curved mold face. All 3D printed molds were
printed using polylactic acid (PLA, Afinia, 25267) filament.

2.2. PDMS patterning

Polydimethylsiloxane (PDMS, Dow, Sylgard 184, 1673921) was mixed in a 10:1 elastomer
base to curing agent ratio. A foundational PDMS slab was first formed by adding 11 g wet
PDMS to a 100 mm dish and curing at 80 °C overnight. An additional 5 g wet PDMS was
then poured onto the slab. The patterning surfaces of the 3D printed molds were also coated
with wet PDMS. The molds were inverted onto the wet PDMS on the slab, and the entire
culture dish was placed in a desiccator for 30 min to degas the PDMS. Any remaining air
bubbles were manually removed, and the samples were cured at 80 °C for 3 h. The 3D
printed molds were then manually separated from the PDMS, leaving patterned flat and
curved PDMS surfaces. PDMS samples were UV sterilized for 90 min, plasma cleaned for 1
min (Harrick, PDC-001), and coated with 50 pg/mL rat-tail collagen (Gibco, A1048301) for
3hat37°C.

2.3. GelMA synthesis and patterning

To synthesize gelatin methacryloyl (GelMA), 10% w/v Type A porcine gelatin (Sigma
Aldrich, G2500) was dissolved in phosphate-buffered saline (PBS, Gibco) at 50 °C. 7.6%
v/v methacrylic anhydride (MA, Sigma Aldrich, 276,685) was added dropwise to the gelatin
solution over the course of 90 min. The solution was centrifuged at 1000 rpm for 2 min to
pellet unreacted MA. The supernatant was then diluted with an equal amount of PBS and
dialyzed over two days using a dialysis cassette (Thermo Scientific, 66,830) submerged in
deionized water at 50 °C. After dialysis, the solution pH was adjusted to 7—7.4 using 1 M
NaOH. The solution was then lyophilized (Labconco, 700611000) for 5 days.

To create GelMA hydrogels, lyophilized GelMA was UV sterilized for 30 min and then
dissolved in PBS (10% wi/v) at 50 °C. 0.05% wi/v photoinitiator (lithium phenyl-2,4,6-
trimethylbenzoylphosphinate; LAP) was added. For patterned GelMA samples, 300 - 400
mL GelMA-LAP solution was loaded onto the corresponding 3D printed mold, which was
placed inside a 3D printed square well to keep the solution in place during UV crosslinking.
The GelMA-LAP solution was UV crosslinked using 254 nm light (Analytik Jena, 95—
0230-01) for 15 min. The 3D printed molds were then manually separated from the GeIMA
hydrogel.

2.4. Smooth muscle cell culture and seeding

Human coronary artery smooth muscle cells (SMC, Lonza, CC-2583) were maintained in
Smooth muscle Growth Medium (SmGM-2, Lonza, CC-3182) supplemented with 10% fetal
bovine serum (HyClone, SH30071.03), 1% penicillin-streptomycin (Gibco, 15,140,122),
and 1% L-glutamine (Gibco, 25030-081). Media was replaced every other day, and cells
were used between passage 4 and 8. To seed cells on topographically patterned surfaces,
SMC were detached from the culture dish with trypsin-EDTA (Gibco, 25,200,056), counted
using a Countess automated cell counter (Thermo Fisher Scientific, AMQAX1000), and
resuspended in SMGM-2 at 5 x 108 cells/mL.
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2.5. Cell fixation and imaging

Samples were washed with cold PBS and fixed with 4% paraformaldehyde (PFA, Invitrogen,
FB002) for 15 min on ice. After thorough washing in PBS, cells were permeabilized with
0.1% Triton X-100 (Alfa Aesar, A16046-AP) for 5 min followed by two additional PBS
washes. Non-specific binding was blocked by incubating samples with 1% bovine serum
albumin (BSA, Sigma Aldrich, A9418) for 30 min. Cells were labeled with 1:2000 Hoechst
(Invitrogen, H3570) and 1:80 rhodamine phalloidin (Biotium, 00027) to label nuclei and
actin, respectively, for 30 min at room temperature. Samples were then imaged using a
Nikon Eclipse Ti2-E confocal laser scanning microscope at 10x and 40x magnification with
2.5 um and 0.5 pm step sizes, respectively. Maximum intensity projections were used for
quantification.

2.6. Alignment quantification

Actin alignment was quantified using MatFiber software, which was developed in MATLAB
and originally used to quantify collagen fiber orientation in myocardial scar tissue in rats
after myocardial infarction [27]. Briefly, the software divides an input image into square
subregions (40 x 40 pixels). Each subregion is assigned a vector based on an intensity
gradient detection algorithm [28]. The vector angles are collected into histograms, which
are then used to quantify the overall image orientation. For all alignment quantifications,

a maximum intensity projection of the actin channel z stack was adjusted for brightness

and contrast. Then a black and white image of the adjusted actin projection was exported

to MATLAB allowing for analysis. Nuclear alignment was quantified using ImageJ (NIH).
An intensity threshold was manually applied to the maximum intensity projection of the
nuclei channel z stack for each image. The threshold was selected to facilitate nuclear edge
detection by including the maximum number of nuclei as distinct particles while minimizing
extraneous particles and background fluorescence. A watershed operation was then used to
separate adjacent nuclei. For all 40x images, the fill holes command filled in empty space in
nuclei missed by the intensity threshold. Nuclear angles were then determined by generating
an ellipse for each particle using the Analyze Particles command, which also determined the
ellipse long axis angle [22].

Using MATLAB, actin and nuclear angles were plotted in histograms to visualize angle
frequency. Overall alignment was compared among groups by calculating the average of the
angle absolute values. Because the angles ranged from —90° to 90°, the angle absolute value
was required to avoid the average angle being near zero due to equal numbers of positive
and negative angle values. The kurtosis of the angle frequency data was also quantified to
compare alignment among samples.

2.7. Statistics

MATLAB was used for all statistical analyses. Student’s #test was used to individually
compare patterned groups to the corresponding unpatterned control group. Data are shown
as mean + standard deviation. At least three data points (images) were acquired per sample.
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3. Results

3.1. 3D printed molds and PDMS patterning

The objective of this study was to determine if the 3D printed ridges on the sides of FDM

3D printed parts could be used to pattern both stiff and soft substrates to topographically
align cells on flat and curved surfaces. We therefore created 3D printed molds in two

forms (flat and curved) and with three programmed layer thicknesses set in the 3D printing
software (150, 250 and 350 pum). We first confirmed that the 3D printed mold ridge thickness
was similar to the programmed layer thickness, and that the mold ridge thickness transferred
accurately to PDMS. The measured ridge size for both 3D printed molds and PDMS samples
deviated by less than 10% from the programmed ridge thicknesses, irrespective of the ridge
size or mold shape (Fig. 1; sample images in A; quantification in B). These data show that
ridges of defined size can be consistently formed on FDM 3D printed flat and curved molds,
and that these ridges can be transferred to PDMS.

3.2. Cell alignment on PDMS

We next seeded SMC on flat unpatterned and patterned PDMS surfaces and quantified cell
alignment. SMC on flat unpatterned PDMS samples showed no alignment, with nuclear

and actin angular frequency evenly distributed (Fig. 2; sample confocal microscopy images
with corresponding nuclear and actin angle histograms in A; average angle and kurtosis for
all samples in B). The average nuclear and actin angle was around 45° for SMC on flat
unpatterned PDMS, and the kurtosis was less than two. In contrast, SMC on flat ridged
PDMS demonstrated alignment in the ridge direction. Average nuclear and actin angles were
13-20¢ for all ridge thicknesses, which was statistically significantly lower than the average
angles for SMC on unpatterned PDMS. Similarly, the kurtosis of the nuclear and actin angle
distributions increased to around 4 or around 10 for nuclei and actin, respectively, indicating
a more peaked angle distribution.

When curved 3D printed molds were used to pattern curved PDMS substrates, the results
were comparable (Fig. 3; sample confocal microscopy images for unpatterned and 150

pm ridges with corresponding nuclear and actin angle histograms in A; average angle and
kurtosis for all samples in B). Patterning reduced the average nuclear and actin angles from
40-55° for SMC on curved unpatterned PDMS to 14-22° for SMC on curved ridged PDMS.
Nuclear and actin angle distribution kurtosis increased from around 2 for SMC on curved
unpatterned PDMS to 4-10 for SMC on curved ridged PDMS. Thus PDMS patterned with
the ridges on FDM 3D printed molds can be used to align cells.

3.3. GelMA patterning and cell alignment

We then determined whether FDM 3D printed molds could pattern hydrogels, which are
both more physiologically relevant and more difficult to topographically pattern. Although
the GelMA hydrogels were softer than the PDMS, the mold ridges transferred to the GeIMA
hydrogels with similar patterning efficiency for both flat and curved samples (Fig. 4; sample
images in A; quantification in B). For all ridge sizes, the average measured GelMA ridge
thickness was about 5% smaller than the programmed layer thickness, with a standard
deviation of less than 10%.
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SMC seeded on flat patterned GelMA samples aligned in the ridge direction (Fig. 5; sample
confocal microscopy images with corresponding nuclear and actin angle histograms in A;
average angle and kurtosis for all samples in B). On flat, patterned GelMA of all ridge sizes,
the average absolute angle of both nuclei and actin was around 30° and 20°, respectively,
which was statistically significantly less than the average absolute nuclear and actin angles
for SMC on unpatterned flat GeIMA (p < 0.001). Similar results were observed for SMC on
curved, patterned GelMA (Fig. 6; sample confocal microscopy images for unpatterned and
150 um ridges with corresponding nuclear and actin angle histograms in A; average angle
and kurtosis for all samples in B). SMC average nuclear and actin angles were statistically
significantly lower, and angle distribution kurtoses were statistically significantly higher

on curved patterned GelMA than on curved unpatterned GelMA. These data confirm that
GelMA patterned with the ridges on FDM 3D printed molds can be used to align cells.

4. Discussion

Circumferential SMC alignment around a 3D cylindrical tube is essential for tissue
engineering a blood vessel that can contract and relax. In this paper, we demonstrated a
facile, low-cost method for creating ridges on flat and curved PDMS and GelMA structures
using FDM 3D printed molds. SMC aligned with ridges of varying size on both substrate
materials, independent of ridge size and substrate 3D shape. This method has potential to
enable investigators to align different cell types on soft substrates and on a wide variety of
3D shapes for tissue engineering and other applications.

Pattern transfer from the 3D printed molds to PDMS was outstanding. While the smallest
ridge size that we created was 150 um, smaller ridges could be created with higher
resolution printers. PDMS has been extensively topographically patterned with other molded
structures, particularly silicon, for both cell culture and soft lithography [29]. 3D printed
molds have significant advantages over silicon-based molds for patterning PDMS. Since
ridges can be created on any shape surface, the interior of PDMS channels could be
patterned, for example, to enhance mixing within a microfluidic device. Alternatively,
channel-shaped stamps could be created out of PDMS to allow protein patterning within

a microfluidic device. Since 3D printing is also inexpensive and fast, researchers could test
different patterns without significant cost or lead time.

While PDMS topographical patterning has applications in microfluidics and cell culture
experiments, hydrogels are more relevant for vascular tissue engineering. Pattern transfer
from the 3D printed molds to the GelMA hydrogels resulted in slightly smaller ridges than
on the PDMS substrates. Cell alignment was slightly lower on GeIMA than on PDMS

likely due to the ability of cells to pull on and deform the softer GeIMA (~30 kPa). We

used GelMA for these experiments since it is a cost-effective hydrogel with modifiable
stiffness and the potential for functionalization with specific cell-adhesive ligands. We also
applied this method to pattern collagen hydrogels with our 3D printed molds, suggesting that
this technique should work on most hydrogels as long as they are of adequate stiffness to
maintain the topographical structure once the mold is removed.
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A primary advantage of this technique is the ability to pattern 3D surfaces. We demonstrated
this on 10 mm diameter semi-cylindrical surfaces here; in other studies, we created semi-
cylindrical molds down to 2 mm diameter and even smaller structures could likely be created
with a higher resolution printer. To create a cylindrical channel structure, two PDMS or
hydrogel semi-cylinders could be patterned and then bonded together as described in other
studies [26]. Alternatively, a dissolvable filament such as polyvinyl alcohol (PVVA) could be
used to create the ridged cylindrical mold. This technique did pattern ridges on the inside of
PDMS and GelMA cylindrical channels; however, the PVA prevented cell adhesion to the
channel surface, therefore alternative dissolvable materials should be used if cell adhesion is
desired.

5. Conclusions

In this paper, we now demonstrate a rapid, cost-effective way to pattern topographical

ridges onto both flat and curved PDMS and GelMA using FDM 3D printed molds. SMC
seeded onto the topographically patterned substrates aligned with the ridge long axes. This
technique can be applied to pattern 3D surfaces of polymers and hydrogels and thereby align
a variety of cell types for tissue engineering applications.
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Fig. 1.

Ridge patterns on 3D printed molds can be successfully transferred to PDMS. (A) Images
of 3D printed PLA molds and corresponding patterned PDMS samples acquired with Nikon
SMZ745T. (B) Measured ridge thickness versus 3D printer programmed ridge thickness for
3D printed molds (left) and PDMS samples (right).
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SMC show significant alignment when seeded on flat PDMS patterned with different ridge
thicknesses compared to unpatterned samples. (A) Representative confocal microscopy
images of SMC on flat PDMS labeled for actin fibers (phalloidin, red) and nuclei (Hoechst,
blue) with corresponding normalized alignment angle histograms. (B) Average absolute
angles (0°-90°) for actin fibers and nuclei (left) and kurtosis of actin fibers and nuclei
angle distributions (right). # p< 0.05, * p< 0.01, ** p< 0.001 compared to cells on flat
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unpatterned PDMS.(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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Fig. 3.
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SMC show alignment when seeded on curved PDMS patterned with ridges compared to
unpatterned samples. (A) Representative confocal microscopy images of SMC on curved
PDMS with 150 pm ridges labeled for actin fibers (phalloidin, red) and nuclei (Hoechst,
blue) with corresponding normalized alignment angle histograms. (B) Average absolute
angles (0°-90°) for actin fibers and nuclei (left) and kurtosis of actin fibers and nuclei angle
distributions (right). # p< 0.05, * p< 0.01, ** p< 0.001 compared to cells on curved
unpatterned PDMS.(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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Fig. 4.

Ridge patterns on 3D printed molds can be successfully transferred to GeIMA. (A) Images
of flat and curved patterned GelMA acquired with Nikon SMZ745T. (B) Measured GelMA
ridge thickness versus 3D printer programmed ridge thickness.
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Fig. 5.
SMC show alignment when seeded on flat GelMA patterned with different ridge thicknesses

compared to unpatterned samples. (A) Representative confocal microscopy images of
SMC on flat GelMA labeled for actin fibers (phalloidin, red) and nuclei (Hoechst, blue)
with corresponding normalized alignment angle histograms. (B) Average absolute angles
(0°-90°) for actin fibers and nuclei (left) and kurtosis of actin fibers and nuclei angle
distributions (right). # p< 0.05, * p< 0.01, ** p< 0.001 compared to cells on flat
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unpatterned GelMA.(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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Fig. 6.

Programmed Ridge Thickness (;:m)

SMC show alignment when seeded on curved GelMA patterned with ridges compared

to unpatterned samples. (A) Representative confocal microscopy images of SMC on
curved GelMA labeled for actin fibers (phalloidin, red) and nuclei (Hoechst, blue) with
corresponding normalized alignment angle histograms. (B) Average absolute angles (0°-

90°) for actin fibers and nuclei (left) and kurtosis of actin fibers and nuclei angle

distributions (right). #p < 0.05, * p< 0.01, ** p< 0.001 compared to cells on curved
unpatterned GelMA.(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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