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Abstract

The gold standard to measure arterial health is vasodilation in response to nitric oxide.
Vasodilation is generally measured via pressure myography of arteries isolated from animal
models. However, animal arteries can be difficult to obtain and may have limited relevance to
human physiology. It is, therefore, critical to engineer human cell-based arterial models capable of
contraction. Vascular smooth muscle cells (SMCs) must be circumferentially aligned around the
vessel lumen to contract the vessel, which is challenging to achieve in a soft blood vessel model. In
this study, we used gelatin microribbons to circumferentially align SMCs inside a hydrogel channel.
To accomplish this, we created tunable gelatin microribbons of varying stiffnesses and thicknesses
and assessed how SMCs aligned along them. We then wrapped soft, thick microribbons around a

needle and encapsulated them in a gelatin methacryloyl hydrogel, forming a microribbon-lined
channel. Finally, we seeded SMCs inside the channel and showed that they adhered best to
fibronectin and circumferentially aligned in response to the microribbons. Together, these data
show that tunable gelatin microribbons can be used to circumferentially align SMCs inside a
channel. This technique can be used to create a human artery-on-a-chip to assess vasodilation via
pressure myography, as well as to align other cell types for 3D in vitro models.

1. Introduction

Cardiovascular disease (CVD) is the leading cause of
death globally [1]. For many patients, CVD manifests
as atherosclerosis, in which fibrous and fatty material
accumulates in the blood vessel wall. Atherosclerosis
can eventually lead to myocardial infarction or stroke
[2]. Initial endothelial dysfunction allows lipids to
permeate into the vascular wall, forming the ather-
osclerotic plaque. Endothelial dysfunction is charac-
terized by reduced nitric oxide (NO) formation and
bioavailability, which leads to impaired endothelial-
dependent vasodilation [3, 4]. In healthy blood ves-
sels, NO is synthesized by endothelial cells to regu-
late vascular tone by signaling the underlying vascular
smooth muscle cells (SMCs) to relax [5].

Since NO is difficult to measure in vitro,
endothelial NO is often measured as vasodilation
of ex vivo mouse vessels via pressure myography.
In this procedure, an isolated vessel is cannulated
and intraluminally pressurized to study the effects
of drugs, pressure, and flow on vascular diameter
[6, 7]. Changes in vascular diameter can be attrib-
uted to SMC health and function [8]. However, pres-
sure myography is challenging to implement in many
laboratories. The vessels used are from mice, which
may have limited applicability to humans, and the
impact of perivascular tissues on blood vessels is
difficult to measure [9]. Current in vitro vessel-on-
a-chip models are generally tubular monolayers of
axially aligned endothelial cells (ECs) in microchan-
nels, which can be used to test transport across
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endothelial barriers [10, 11] but do not account
for SMC function. More advanced tissue-engineered
arteries capable of contraction have been developed;
however, these require complex culture conditions
for long periods of time, making them challenging
to implement [12]. It is, therefore, critical to develop
physiologically relevant human blood vessel models
capable of recapitulating SMC vasoconstriction and
vasodilation in vitro.

Circumferential alignment of SMCs inside a
channel is essential to achieve a contractile artery-on-
a-chip [13, 14]. While SMCs will align in response
to applied cyclic stretch, this process takes on the
order of days [15]. SMCs align more quickly when
seeded on topographically patterned surfaces. A vari-
ety of methods have been developed to align SMCs
on flat, 2D substrates, including micropatterning
lines of adhesive polystyrene [16], fibronectin [17],
or collagen onto tissue culture plastic dishes [18].
Another method involves directly microfabricating
ridges through soft photolithography [19] or using
the ridges inherent to the fused deposition model-
ing 3D printing process [20]. Once aligned on these
patterned substrates, SMCs increased expression of
smooth muscle myosin heavy chain, a marker for
contractile cells, and decreased cell proliferation and
migration [19, 21, 22]. While these methods work
well to align SMCs, they are often complex and work
on a limited number of 2D substrates.

SMC circumferential alignment in a cylindrical
channel has been achieved by inducing UV-
microwrinkles on PDMS [23], 3D bioprinting GelMA
springs [24], and using alginate fibers [21]. While
SMCs can be circumferentially aligned using these
methods, they require high substrate stiffness and
large channel diameters, which are not ideal for
recapitulating an artery in vitro. With advances in
tissue engineering, ribbon scaffolds made from a
variety of materials, including alginate [21], dextran
[25], and polycaprolactone [26, 27], have been used
to align SMCs in 3D. However, these synthetic mater-
ials often have stiffnesses that are orders of mag-
nitude greater than the blood vessel wall. When cul-
tured on substrates with high stiffness, SMCs are less
contractile [27].

Recently, gelatin microribbons were developed as
an alternative method to align cells, including SMCs
[28, 29]. When bladder-derived SMCs were seeded
on a flat monolayer of aligned gelatin microrib-
bons, the cells increased expression of myosin heavy
chain, a protein critical to SMC contractile phenotype
[30]. Notably, the gelatin microribbons can induce
and maintain cell alignment when added to a
hydrogel for 3D cell culture, whereas achieving cell
alignment in 3D hydrogels is challenging due to
constraints imposed by the hydrogel’s nanoporous
network [31]. Gelatin microribbon physical proper-
ties, including stiffness and diameter, can be used to
modulate 3D cell shape, cytoskeleton morphology,
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and mechanotransduction [29]. In one study, gelatin
microribbons maintained mesenchymal stem cell
(MSC) alignment within a hydrogel for 21 d, which
accelerated cartilage formation and stiffness [28, 32].

In this study, we determined how gelatin
microribbons could circumferentially align SMCs
within a cylindrical channel to quickly recapitu-
late in vivo vascular architecture in vitro. We tested
SMC viability and alignment on thin and thick, soft
and stiff gelatin microribbons. We then developed
a method to wrap microribbons around a needle,
encapsulate the microribbons in a hydrogel, and seed
SMC on the circumferentially aligned microribbons.
This method can be used to circumferentially align
SMCs inside a channel, which is essential to creating
a contractile artery-on-a-chip in the future.

2. Materials and methods

2.1. Microribbon synthesis and preparation
Gelatin fibers were synthesized as previously
described [29]. Briefly, Type A porcine gelatin
(Sigma Aldrich G2500) was dissolved in deionized
water in a 1:1 weight:volume (w:v) ratio. Gelatin
was then injected into a hollow polycaprolactone
(PCL, Thermomorph, 4336898380) rod (inner dia-
meter: 3 mm, outer diameter: 15 mm) and heat-
sealed using melted PCL. The PCL rod was heated
to 80 °C and folded, and the two ends of the rod
were fused together. The newly formed PCL ring
was then repeatedly stretched, twisted, and folded
at 80 °C, with the ends fused together after each
fold. To form thin microribbons, the PCL was folded
18 times. For thick microribbons, the PCL was fol-
ded 13 times. Gelatin microribbons were extracted
by dissolving the PCL cladding around the gelatin
using a 9:1 volume:volume (v:v) mixture of acet-
one (Fisher Scientific, A949) and chloroform (Fisher
Scientific, A412P). To enhance microribbon durabil-
ity and reduce breakage during wrapping, microrib-
bons were treated with 0.53% succinic acid and 0.2%
glutaraldehyde. To modulate stiffness, microribbons
were treated with varying percentages of methacrylate
anhydride (MAA; Sigma Aldrich, 276685) and acetic
anhydride (Sigma—Aldrich, 242845) in methanol for
24 h at 40 °C. Stiff microribbons were treated with
0.4% v:v MAA in methanol, while soft microrib-
bons were treated with 0.08% v:v MAA and 0.3%
v:v acetic anhydride in methanol. Microribbons were
then thoroughly washed, dialyzed, lyophilized, and
stored at —20 °C until use. Gelatin microribbon syn-
thesis details are summarized in table 1.

For fibronectin coating, dry microribbons were
rehydrated in 5 ;1g ml™! fibronectin solution (Sigma-
Aldrich, F0895). After five minutes, the excess
fibronectin solution was removed, and the sample
was air-dried for 45 min at room temperature prior
to use.
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Table 1. Microribbon type based on fold number and chemical treatment.

Methacrylate Acetic Glutaraldehyde Succinic acid
Microribbon type Fold number anhydride (v:v) anhydride (v:v) (viv) (vav)
Thin, Soft 18 folds 0.08% 0.3% 0.2% 0.16%
Thin, Stiff 18 folds 0.4% 0% 0.2% 0.16%
Thick, Soft 13 folds 0.08% 0.3% 0.2% 0.16%
Thick, Stiff 13 folds 0.4% 0% 0.2% 0.16%

2.2. GelMA synthesis and microribbon
encapsulation
Gelatin methacryloyl (GelMA) was synthesized by
dissolving 10% w/v Type A porcine gelatin in phos-
phate buffered saline (PBS) at 50 °C. 7.6% v:v MAA
was added dropwise to the gelatin solution over
90 min. The solution was centrifuged at 600 g for
5 min to pellet unreacted MAA. The supernatant was
then diluted with an equal amount of PBS and dia-
lyzed over two days using a dialysis cassette (Thermo
Scientific, 66830) submerged in deionized water at
48 °C. After dialysis, the solution pH was adjusted to
7-7.4 using 1 M NaOH. The solution was then lyo-
philized for five days and stored at room temperature.
To create the GelMA precursor solution, lyophil-
ized GelMA was UV sterilized at 254 nm in a UVP
Crosslinker (Analytik Jena, CX-2000) for 30 min
and then dissolved in PBS (10% w:v) at 50 °C
with 0.05% w/v photoinitiator (lithium phenyl-2,4,6-
trimethylbenzoylphosphinate; LAP, Sigma, 900889).
Microribbons were added to 10% w/v GelMA pre-
cursor solution to embed microribbons in GelMA.
The mixture of microribbons and GelMA precursor
was UV crosslinked at 254 nm for up to two minutes.

2.3. GelMA modulus via unconfined compression
testing

GelMA bulk modulus was determined via unconfined
compression tests using a MARK-10 compression
tester with a Series 5 digital force gauge (9024100000)
and a 10 N load cell. GelMA with 0.05% (v/v) LAP was
poured into a silicone mold (6 mm diameter, 3 mm
thickness), positioned between two glass slides, and
immediately UV crosslinked. The GelMA disc dia-
meter and thickness were measured using digital cal-
ipers and then placed in PBS for testing. A 2 mN pre-
load was applied to each disk to ensure complete con-
tact between the GelMA surface and the upper plate.
The upper plate was then lowered at 10 mm min™!
until a maximum strain of 20% was achieved. Load
and displacement data were recorded at 10 Hz for
eight samples. A GelMA modulus of 24.63 £ 4.09 kPa
was calculated using the stress—strain curve in the
10%—-20% strain range.

2.4. Microribbon modulus via
AFM-nanoindentation

The effective modulus, E;,q, of microribbons was
determined via atomic force microscopy (AFM)-
based nanoindentation, following our established
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procedure [33]. In brief, guided by the optical micro-
scope of the AFM, nanoindentantion was performed
on microribbons using microspherical colloidal tips
(R 25 um, nominal k ~ 0.03 N m™!, NanoAndMore,
Arrow-TL1Au) and a Dimension Icon AFM (Bruker
Nano) in 1 x PBS. The indentation was carried out at
a constant z-piezo displacement rate of 10 um s up
to a maximum indentation force of 40 nN. For each
type of sample, a minimum of 15 different microrib-
bons were tested to account for heterogeneity. The
effective indentation modulus, Ej,g, was calculated by
fitting the entire portion of each force versus distance
(F-D) loading curve to the finite thickness-corrected
Hertz model [34], assuming microribbon thickness
of ~10 pum and a Poisson’s ratio of 0.49 for highly
swollen hydrogels [35].

2.5. Human coronary artery smooth muscle cell
culture

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 (FBS,
HyClone, SH30071.03), 1% penicillin-streptomycin
(Gibco, 15140122), and 1% l-glutamine (Gibco,
25030-081). Cells were cultured in a humidified
incubator at 37 °C, 5% CO, and used between pas-
sage 4 and 8. Under these conditions, the SMCs are
primarily in a proliferative phenotype. To seed or
encapsulate cells, trypsin-EDTA (Gibco, 25200056)
was used to chemically detach the cells from the cul-
ture dish. Cells were pelleted at 600 g, resuspen-
ded in SmGM-2, and then counted using a Countess
automated cell counter (Thermo Fisher Scientific,
AMQAX1000).

To seed SMCs on microribbons, uncoated and
fibronectin-coated microribbons were weighed and
rehydrated in SmGM-2. 10° SMCs were added per
0.1 g microribbons. Samples were then rocked on an
Enduro MiniMix Nutating Mixer (LabNet, S0600) for
two hours to spread cells throughout the microrib-
bons. After rocking, microribbons were cultured in
static conditions for 48 h prior to imaging.

2.6. Live cell imaging and SMC alignment
quantification

SMC viability on microribbons and in GelMA was
assessed using a Live/Dead assay (Thermo Scientific,
L3224). Cell culture media was aspirated from the
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microribbons, and 2 uM calcein-AM and 4 yM eth-
idium homodimer-1 in PBS were added to cover the
microribbons. Samples were incubated for 30 min
and then imaged using a Nikon Eclipse Ti2-E con-
focal laser scanning microscope at 10x magnification
with 2.5 pm step sizes. To quantify SMC viability, the
maximum intensity projections of the live and dead
channels were imported into MATLAB. An intens-
ity threshold, selected to isolate individual cells from
the microribbons in the images and to minimize the
detection of other particles, was manually applied to
each image. The Fill Holes command was used to min-
imize empty cell space, and the Watershed operation
was then used to separate adjacent cells. The num-
ber of particles was counted for both live and dead
cell images, and the percentage of live cells compared
to total cells was determined. Live/dead assay results
were verified using an MTT assay.

Calcein images were also used to quantify cell
alignment because live cells could be labeled and
imaged, which avoided fixation artifacts and ensured
that we were only measuring the alignment of viable
cells. Calcein-AM enters the cytoplasm of live cells,
where nonspecific esterases cleave the acetoxymethyl
ester group to enable free calcein fluorescence in the
entire cytoplasm. We verified that cell body alignment
via calcein labeling was equally effective as actin meas-
urements (supplemental figure 1). SMC alignment
was quantified using MatFiber software as previously
described [20, 36]. Briefly, the maximum intensity
projection of the calcein channel z stack was adjusted
for brightness and contrast and exported as a gray-
scale image into MATLAB (MathWorks, 2022b). A
rectangular region of interest was drawn to isolate an
individual microribbon, and the microribbon major
axis was determined. This region of the image was
then separated into 40 x 40 pixel square subregions.
MatFiber generated a vector for each subregion based
on an intensity gradient detection algorithm. The vec-
tor angle for each subregion was then normalized to
the microribbon major axis angle to determine cell
alignment to the microribbon. Alignment was com-
pared among groups by calculating the average of the
angle absolute values.

2.7. Microribbon-lined channel

To line the interior surface of a GelMA channel with
microribbons, dry microribbons were rehydrated in
SmGM-2 for 24 h. Microribbons were then wrapped
around a 25 G needle. During the wrapping process,
SmGM-2 supplemented with 0.05% LAP was added
to the microribbons to keep them hydrated. A 3D-
printed device with a 10 x 24 x 2 mm central cham-
ber was adhered to a glass coverslip (figure 1(A)). The
needle wrapped with microribbons was then placed
into the 3D-printed device, and 10% w:v GelMA
was added to the chamber to cover the needle com-
pletely (figures 1(B)—(D)). A second glass covers-
lip was adhered to the top of the 3D-printed device
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with excess GeMA. The device was UV crosslinked
at 254 nm for 5 min on both sides. The needle was
then removed, exposing the microribbon-lined chan-
nel. 10° SMCs in 200 yl of SmGM-2 were added to
the channel, and the entire device was inverted after
30 min to ensure cell seeding on both sides of the
channel. SMCs were cultured on microribbons in the
channel for 24 h at 37 °C, 5% CO,, labeled for live
and dead cells, and imaged as previously described.

2.8. Statistical analysis

All statistical analyses were performed with GraphPad
Prism software (Version 9.5.1). Data are expressed
as mean =+ standard deviation. For comparisons
between two groups, a Mann—Whitney test was used
to analyze data. For comparisons among multiple
groups, a Kruskal-Wallis test with Tukey—Kramer
multiple comparisons was used to analyze data.

3. Results

3.1. Gelatin microribbons with varying stiffness
and thicknesses

We first synthesized microribbons of different thick-
nesses and stiffness to determine which microrib-
bons would best enable SMCs to align, as it was
previously shown that gelatin microribbon size and
stiffness can alter cell properties and function [29].
Thick microribbons ranged from 8.89 to 79.79 pum
wide (average: 33.85 pum wide), while thin microrib-
bons ranged from 6.68 to 19.55 pm wide (aver-
age: 10.60 pum wide) (figures 2(A) and (B)). Thin
microribbons were more than three times smaller
than thick microribbons (p < 0.0001; figure 2(B)).
Soft microribbons had an average elastic modulus of
6.59 kPa, as measured by AFM, which is similar to the
elastic modulus of healthy vascular tissue (~10 kPa)
[37]. In contrast, stiff microribbons had an average
elastic modulus of 35.08 kPa (figure 2(C)). These
data show that microribbons of varying thickness and
stiffness can be created using our technique.

3.2. SMCs aligned along individual microribbons

We then seeded SMCs on thin, thick, soft, and stiff
microribbons and assessed their viability and align-
ment. SMCs attached to and lined all microrib-
bons, regardless of microribbon size or stiffness
(figure 3(A)). Similarly, SMCs retained their viab-
ility on all microribbons, with an average viability
greater than 80%. SMC viability on the microribbons
was similar to SMC viability on tissue culture poly-
styrene (TCPS; supplemental figure 1). While SMC
viability was similar on soft microribbons regardless
of their thickness, SMCs on thin, stiff microribbons
(67.21%) had significantly lower viability (p = 0.036)
as compared to SMCs on thick, soft microribbons
(87.24%). When comparing SMCs on thin, stiff
microribbons to SMCs on thick, stiff microribbons,
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A

28 mm

Figure 1. Microribbon-lined channel preparation schematic. (A) 3D printed mold to hold wrapped microribbons and hydrogel
during GeIMA encapsulation. (B) Representative image of microribbons being wrapped around a needle and (C) placed in the 3D
printed mold. (D) Representative image of microribbon channel after GeIMA crosslinking and needle removal with media
perfused through. (E) Representative phase contrast image of microribbon channel. Scale bar = 500 pzm.
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multiple comparisons. **** p < 0.0001.

Figure 2. Microribbons were created of varying thicknesses and stiffnesses. (A) Representative phase contrast images of
microribbons. (B) Average microribbon thickness. (C) Average effective modulus, E;,q4, of microribbons. Each sample is an
individual microribbon. Statistical significance for (B), (C) determined using a Kruskal-Wallis test followed by Tukey—Kramer
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there was a trend (p = 0.058) for increased SMC viab-
ility on thick, stiff microribbons (figure 3(B)). SMCs
also spread more on thick microribbons than thin
microribbons, indicating more effective cell adhesion,
as shown by higher cell area on the thick microrib-
bons than thin microribbons. This was statistically
significantly higher for the stiff, thick microribbons
as compared to soft and stiff, thin microribbons
(figure 3(C)). Taken together, these data show that

SMCs had the highest viability and spreading on thick
microribbons.

Next, we quantified the alignment of SMCs lining
individual microribbons. Thin microribbons were
too tightly packed to assess SMC alignment to an
individual microribbon. However, SMCs on thick
microribbons could be clearly visualized and ana-
lyzed for alignment with the microribbon. When
individual microribbon sections were isolated, and
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Figure 3. SMCs adhered to and aligned on thick microribbons. (A) Representative confocal microscopy images of SMCs on soft
and stiff microribbons of varying thicknesses. Cells were labeled with calcein (green) indicating live cells and ethidium
homodimer-1 (red) indicating dead cells. Scale bar = 200 pm. Quantification of the (B) percentage of live cells and (C) cell area.
n = 6-8 samples. (D) Representative vector alignment of calcein-labeled SMCs on a soft, thick microribbon. (E) Representative
alignment angle distributions for thick microribbons. (F) Absolute angles (0-90°) for cells on thick microribbons. n = 15-18
individual microribbons from four samples per group. Statistical significance for (B), (C) determined using a Kruskal-Wallis test

and for (F) via a Mann—Whitney test. * p < 0.05, *** p < 0.001.

cell alignment was quantified (figure 3(D)), SMC on
thick microribbons of both stiffnesses aligned with
the microribbon on which they adhered (figure 3(E)).
Regardless of stiffness, cells on thick microribbons
had average absolute angles less than 25° (0° rep-
resents complete alignment with the microribbon;
figure 3(F)). After quantifying SMC alignment to
individual microribbons, we chose to use soft, thick
microribbons to form the microribbon-lined chan-
nel to ensure cells aligned well along each individual
microribbon and to keep the channel stiffness similar
to that of the vascular wall.

3.3. SMCs circumferentially aligned inside a
microribbon-lined channel

We then determined how best to seed SMCs on
the microribbons for channel fabrication. When
we seeded the cells on microribbons that remained
undisturbed, SMCs adhered to (figure 4(A)) and
aligned well to the microribbons with an average
absolute angle of 21.65° (figure 4(F)). However,
when we wrapped the cell-laden microribbons
around a 25 G needle, as would be needed for chan-
nel formation, cell adhesion (figure 4(B)), viabil-
ity (figure 4(D)), and alignment (figure 4(F)) were
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Figure 4. SMC adherence and spreading were higher when cells were seeded after wrapping the microribbons around the needle.
Representative confocal microscopy images of SMCs on (A) undisturbed microribbons (UD), (B) microribbons wrapped after
cell seeding (SW), (C) microribbons wrapped prior to cell seeding (WS). Scale bar = 200 pm, scale bar for zoomed

images = 50 pum. Cells were labeled with calcein (green), indicating live cells, and ethidium homodimer-1 (red), indicating dead
cells. Quantification of the (D) percentage of live cells (n = 7-13 samples), (E) cell area (n = 7-13 samples), (F) absolute angle
(n = 16-60 individual microribbons from 7—13 samples per group). Statistical significance for (D)—(G) determined using a

Kruskal-Wallis test. * p < 0.05, *** p < 0.001, **** p < 0.0001.

severely compromised. When we instead wrapped
the microribbons around the needle and then seeded
cells on the wrapped microribbons, cells on the
wrapped microribbons exhibited similar viability
(84%, p = 0.2886), spreading (16 um?, p = 0.0655),
and alignment (24°, p = 0.7037) as cells on undis-
turbed microribbons (figures 4(D)-(G)). SMCs
seeded on microribbons after wrapping had sig-
nificantly greater viability (p = 0.0147), cell area
(p = 0.0184), and alignment (p < 0.0001) compared
to SMCs seeded on microribbons before wrapping
(figures 4(D)—(G)). As seeding SMCs on wrapped
microribbons increased viability, spreading, and
alignment, we chose to seed SMCs on pre-wrapped
microribbons to form the final SMC-lined channel.
Since the final microribbon-lined channel would
need to be encapsulated in GelMA, we investig-
ated how encapsulating the pre-wrapped, cell seeded
microribbons in GelMA would impact cell adhe-
sion to the microribbons. Although SMCs were 90%

viable and aligned well (average absolute angle of
28°) on the microribbons immediately after GelMA
encapsulation, after 24 h, SMC viability and spread
area decreased, suggesting that the cells were detach-
ing from the microribbons (representative images
in figure 5(A), quantification in figures 5(B) and
(D)). To enhance cell adhesion to the microribbons
after GelMA encapsulation, we fibronectin-coated
microribbons prior to cell seeding. Fibronectin-
coated microribbons had higher SMC viability
(84%, p = 0.0319) and SMC alignment with the
microribbons (24°, p = 0.0147) 24 h after encap-
sulation, as compared to microribbons encapsu-
lated in GelMA for 24 h without fibronectin coating
(figures 5(B) and (D)). Fibronectin-coated microrib-
bons also had a lower (p = 0.004) average absolute
angle immediately after GelMA encapsulation (22°),
as compared to SMCs on microribbons without
fibronectin coating (28°; figure 5(D)). However,
fibronectin coating had no significant effect on SMC
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Figure 5. SMCs detached from microribbons when encapsulated in GelMA, but SMCs remained adhered to fibronectin-coated
ribbons even after GelMA encapsulation. (A) Representative confocal microscopy images of SMCs on microribbons with and
without GelMA encapsulation at 0 h and 24 h. Cells were labeled with calcein (green), indicating live cells and ethidium
homodimer-1 (red), indicating dead cells. Scale bar = 200 pm. Quantification of the (B) percentage of live cells (n = 8-14
samples), (C) cell area (n = 8-14 samples), and (D) absolute angle (n = 16—40 individual microribbons from 8-14 samples).
Statistical significance for (B)—(D) determined using a Kruskal-Wallis test. * p < 0.05, ** p < 0.01, *** p < 0.001.

area after GelMA encapsulation (figure 5(C)). Since
fibronectin-coated microribbons enhanced cell adhe-
sion after GeIMA encapsulation, we used fibronectin-
coated microribbons for the microribbon-lined
channel.

Finally, we created the microribbon-lined chan-
nel by wrapping fibronectin-coated microribbons
around a needle, encapsulating the microribbon-
wrapped needle in GelMA, and then removing the
needle. SMCs were then seeded on the inside surface
of the channel. After 24 h in culture, SMCs inside the
microribbon-lined channel maintained high viability
(81% live cells), which was similar (p = 0.2101) to
SMCs inside a channel without microribbons (86%;

figures 6(A) and (B)). SMCs inside the microribbon-
lined channel had a similar cell area (12 pm?,
p = 0.077) compared to SMCs inside a chan-
nel without microribbons (15 um?; figure 6(C).
However, SMCs inside the microribbon-lined chan-
nel had higher cell alignment (p = 0.034), as shown
by a lower average absolute angle (33°) as com-
pared to SMCs inside a channel without microrib-
bons (40°; figures 6(D) and (E)). Interestingly, SMCs
in the channel without microribbons aligned axially
along the channel while SMCs seeded on microrib-
bons circumferentially aligned around the channel.
With the single layer of SMC-coated microribbons,
we achieved about 15% channel surface area coverage
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determined using a Mann—Whitney test. * p < 0.05.

(figures 6(F) and (G)). Together, these data show
that SMCs can be circumferentially aligned inside
a channel using circumferentially aligned gelatin
microribbons.

4. Discussion

The gold standard to measure arterial health is vas-
cular contractility, which is enabled by vSMCs [38].
As vSMC-induced vasocontraction and vasorelaxa-
tion in a native blood vessel requires their circumfer-
ential alignment around the blood vessel, it is essential
to recapitulate this alignment in in vitro blood ves-
sel models. In this study, we used gelatin microrib-
bons with tunable thickness and stiffness to circum-
ferentially align SMCs inside a cylindrical channel.
This process enabled us to recapitulate native SMC
alignment in a model blood vessel that is encap-
sulated in a hydrogel. In the future, the hydrogel
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could contain a parenchymal tissue (e.g. perivascu-
lar adipose tissue) that affects blood vessel function,
and the vessel could be cannulated onto a pressure
myography system to measure vasodilation and vaso-
contraction. Therefore, our method could enable us
to study vascular contraction and dilation using pres-
sure myography in a physiologically relevant human
in vitro model. This method could also be applied to
other systems in which cells need to be aligned in a 3D
hydrogel for in vitro studies (e.g. neurons and skeletal
muscle cells).

To recapitulate in vivo vascular architecture and
contractile function in vitro, it is essential to cir-
cumferentially align SMC around the blood vessel
[18, 39]. When SMCs are aligned, they elongate
into a spindle shape and produce more a-smooth
muscle actin (w-SMA), which are key character-
istics of the contractile phenotype observed in a
healthy blood vessel in vivo [40]. Our method of
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first circumferentially aligning gelatin microribbons
inside a hydrogel channel served as a topographical
cue that SMCs were able to follow. The technique
is easy to implement and does not require complex
methods or equipment to align the microribbons,
as compared to other alignment techniques [24, 41].
Additionally, the described method is facile and low-
cost as compared to commonly used patterning tech-
niques such as electrospinning and soft lithography.
Our method also enables investigators to form mul-
tiple layers of aligned SMC, similar to those in the
vascular wall. For example, microribbons could first
be wrapped around a larger diameter needle, seeded
with SMCs, and inserted into the channel. Once
that needle was removed, a smaller diameter needle
wrapped with SMC-laden microribbons could then
be inserted to create a second SMC layer. This pro-
cess could be repeated, creating a series of concentric
microribbon-lined channels using needles of differ-
ent diameters. Alternatively, two SMC layers could be
created by seeding SMCs on the inner surface of the
hydrogel channel, followed by insertion of the needle
wrapped with SMC-laden microribbons. In this pro-
cedure, a hydrogel that does not require UV cross-
linking (e.g. collagen crosslinked with transglutam-
inase) would be preferred, as this would avoid UV
crosslinking-associated toxicity for cells seeded on the
hydrogel channel inner surface. Thus, our method
is accessible and powerful in recreating multiple cir-
cumferentially aligned SMC layers [23, 41].

The gelatin microribbons designed in this study
can easily be tuned to different thicknesses depend-
ing on their intended application. However, since the
ribbons in our study were stretched and folded by
hand, variability in the microribbons’ thickness arose
from non-uniform hand-stretching and narrowing of
the ribbons. Notably, we found that as the number
of folds exceeded 20 and the microribbons thinned
to less than 1 pm, the uniformity of thickness sig-
nificantly improved, though the underlying reason
for this improvement remains unclear and warrants
further investigation. To enhance thickness consist-
ency, manual operation could be replaced by using
an automated stretching and folding system, as sug-
gested in our prior publication [29]. Compared to
conventional methods that generate ribbon scaffolds,
such as extrusion or wet spinning, the stretch-and-
fold method generates gelatin microribbons on the
cell size scale, allowing for easy control of cell align-
ment and shape [42—44]. When microribbons or rib-
bon scaffolds are too thin or thick, cells do not elong-
ate along the fibers [29].

Similarly, the gelatin microribbons can be tuned
to different stiffnesses. We decreased the MAA
and increased the acetic anhydride to yield softer
microribbons. This enabled us to create gelatin
microribbons with a stiffness similar to that of the
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healthy vascular wall (~10 kPa) [37, 45]. Other rib-
bon scaffolds used to align cells are made of dex-
tran or polycaprolactone, which have elastic moduli
closer to 140 MPa and 3.8 GPa, respectively [46, 47].
Natural materials, such as silk and collagen fibers, still
exhibit moduli close to 1.8 MPa and 1.5 GPa, respect-
ively, which are orders of magnitude stiffer than the
blood vessel wall [48, 49]. While these materials and
techniques work well to recapitulate bone or cartil-
age biomechanics, they are not soft enough to rep-
licate the native SMC niche in the blood vessel wall
[50, 51]. Low substrate stiffness is critical to pre-
serving SMC function and phenotype. Higher sub-
strate stiffness increased SMC migration, prolifera-
tion, growth factor signaling, and cholesterol efflux
[52-54]. For SMCs on aligned fibers, increasing stiff-
ness from 15 MPa to 2142 MPa increased prolifera-
tion and lowered contractile marker expression [27].
Since our microribbon stiffness is tunable, we could
create stiffer microribbons to mimic the stiffened vas-
cular wall in aging or on the fibrous cap of athero-
sclerotic plaques, where the vessel stiffness increases
to 30-90 kPa [55, 56].

Finally, the gelatin microribbons enabled us to
independently tune both thickness and stiffness to
best control cell alignment and function on the
microribbons. Previous studies showed that intracel-
lular localization of yes-associated protein (YAP) and
transcriptional coactivator with PDX-binding motif
(TAZ) depended on microribbon stiffness, align-
ment, and thickness [29]. When mechanotransduc-
tion signaling pathways are active, YAP/TAZ is trans-
located to the nucleus. In MSCs, it was found that
when they were cultured on aligned microribbons
that were soft (0.5 kPa) and thick (20 pm), YAP/TAZ
was sequestered to the nucleus. For SMCs, YAP/TAZ
localization to the nucleus suppresses vascular calci-
fication and osteogenic differentiation, which enables
amore contractile phenotype [57, 58]. In future stud-
ies, gelatin microribbon stiffness and thickness could
be tuned to maximize SMC contractility.

While we employed gelatin microribbons to cir-
cumferentially align SMCs within a channel, our
study is not without limitations. The human SMCs
used in our studies adopt a proliferative phenotype
in vitro. To test contractility in the future artery-
on-a-chip, contractile SMCs should be used. The
gelatin microribbons partially recreate the structure
of the vascular wall extracellular matrix; however,
the homogeneity of the microribbon material and its
relatively simple structure cannot fully recreate the
elastin lamellae, interlamellar fibers, and radial struts
or the collagen fibers interspersed among the elastin
lamellae [59]. A more representative model would
include additional aspects of extracellular matrix
architecture and binding sites, as well as multiple
medial lamellar SMC units to generate multi-layer
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vascular tissues. The channel developed using our
technique can only be scaled down to the size of
the needle around which the microribbons were
wrapped. In this study, we used a 25 G needle, which
is around 500 pum in diameter. To model arterioles
or other types of vasculature, a smaller needle with
an outer diameter of less than 100 um would have
to be used [60]. Furthermore, this technique requires
manually wrapping the microribbons around the
needle. As a result, there can be some variability in the
microribbon layer thickness in the final channel. In
future studies, automation of the microribbon wrap-
ping process could enable formation of individual
aligned microribbon layers with reduced biofabric-
ation variability, which would better create thin cir-
cumferentially aligned SMC layers similar to a native
blood vessel [61].

5. Conclusion

In this study, we used circumferentially aligned
gelatin microribbons of tunable thicknesses and stiff-
nesses to circumferentially align SMCs inside a chan-
nel lumen. In the future, this technique will enable
the creation of more physiologically relevant human
in vitro models of vascular contractility.
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