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ABSTRACT

In tissues and organs, the extracellular matrix (ECM) helps maintain inter- and intracellular architectures that sustain the structure–function
relationships defining physiological homeostasis. Combining fiber scaffolds and cells to form engineered tissues is a means of replicating
these relationships. Engineered tissues’ fiber scaffolds are designed to mimic the topology and chemical composition of the ECM network.
Here, we asked how cells found in the heart compare in their propensity to align their cytoskeleton and self-organize in response to topologi-
cal cues in fibrous scaffolds. We studied cardiomyocytes, valvular interstitial cells, and vascular endothelial cells as they adapted their inter-
and intracellular architectures to the extracellular space. We used focused rotary jet spinning to manufacture aligned fibrous scaffolds to
mimic the length scale and three-dimensional (3D) nature of the native ECM in the muscular, valvular, and vascular tissues of the heart. The
representative cardiovascular cell types were seeded onto fiber scaffolds and infiltrated the fibrous network. We measured different cell types’
propensity for cytoskeletal alignment in response to fiber scaffolds with differing levels of anisotropy. The results indicated that valvular inter-
stitial cells on moderately anisotropic substrates have a higher propensity for cytoskeletal alignment than cardiomyocytes and vascular endo-
thelial cells. However, all cell types displayed similar levels of alignment on more extreme (isotropic and highly anisotropic) fiber scaffold
organizations. These data suggest that in the hierarchy of signals that dictate the spatiotemporal organization of a tissue, geometric cues
within the ECM and cellular networks may homogenize behaviors across cell populations and demographics.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0172423

INTRODUCTION

Differences in inter- and intracellular structural organization in
the various tissues of the heart lead to fundamental differences in tissue
formation and arrangement. Cardiovascular tissues are organized spa-
tially to regulate contractile forces (cardiac muscle cells),1,2 the endured
strain of cyclic loading (valvular interstitial cells),3 and the effect of
shear stresses subjected to blood flow (vascular endothelial cells).4 For
example, cardiomyocytes are polarized striated muscle cells that couple
at their longitudinal ends, forming specialized cell junctions called
intercalated disks.5,6 Cardiomyocytes’ actin cytoskeleton is organized
predominantly within laterally coupled sarcomeres which are serially
aligned within the myofibrils that are parallel to the long axis of the
myocyte.7 Valvular interstitial cells are fibroblast-like in nature with
limited intercellular adhesions as they secrete and bind to their

surrounding extracellular matrix (ECM) proteins.8 In response to
cyclic stretching, their cytoskeleton is organized anisotropically along
the principle stress direction.3 Vascular endothelial cells’ cytoskeleton
is generally aligned parallel to the shear stresses associated with blood
flow and the tissues develop continuous layers with intercellular con-
nections formed by tight junctions and adherens junctions.9,10 For
these cardiovascular cells, the direct coupling of the cellular cytoskele-
ton to the ECM facilitates the ability of the network to maintain cell
orientation and provides spatio-chemical cues that regulate organo-
genesis and function.

Cytoskeletal organization in cells cultured on micropatterned
two-dimensional (2D) substrates has been reported in cardiomyo-
cytes,11–13 valvular interstitial cells,14 and endothelial cells;15,16 how-
ever, the comparative architectures of these cells is not well studied in
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three dimensional (3D) scaffolds. Fiber spinning tissue scaffolds
intends to recreate ECM-like polymer networks to support the growth
and function of tissues.17–20 In these engineered tissues, fiber scaffolds
are designed to mimic the ECM and provide structural cues at the
nanometer and single micrometer scale, consistent with native ECM
fiber diameters.21 These scaffolds have been used to create anisotropic
heart valves,19,20,22 ventricles,17,23 and blood vessels.24,25

Here, we asked if cardiovascular cell types have different propen-
sities for cytoskeletal alignment on 3D fiber scaffolds. Differences in
cell types’ 3D alignment tendencies would suggest that engineered tis-
sue alignment is cell type dependent. Similarities would suggest com-
mon laws across heart cell types for the way they process geometric
cues in the extracellular environment. To address this question, we
seeded cells, with a constant density, onto fibrous scaffolds with con-
trolled alignment and quantified actin anisotropy on the different fiber
conditions. The fibers were fabricated with biocompatible poly(capro-
lactone) (PCL)/gelatin using focused rotary jet spinning (FRJS).17 We
compared the actin networks of three cell types that are representative
of major cardiovascular components: neonatal rat ventricular myo-
cytes (NRVMs), ovine valvular interstitial cells (VICs), and human
umbilical vein endothelial cells (HUVECs). The results presented show
that the VIC actin networks more readily aligned on the moderately
anisotropic scaffold conditions than the NRVMs’ and HUVECs’ actin.
However, the three cell types showed similar alignment of their intra-
cellular architectures after attachment to the highly aligned fiber scaf-
folds. These data suggest that cardiovascular cell types respond to
external 3D boundary conditions with similar processes for organizing
their inter- and intracellular architectures.

RESULTS AND DISCUSSION
Controlling fiber scaffold anisotropy

To compare the adaptation of myocardial, valve interstitial, and
endothelial cells to 3D environments, we seeded the cells on fiber scaf-
folds with differing alignments [Fig. 1(a)]. These ECM-mimicking bio-
fiber scaffolds were produced using FRJS, a high throughput fiber
manufacturing platform capable of controlling scaffold anisotropy.17,26

To encourage cell attachment and cell survival on the scaffolds, PCL/
gelatin fibers were chosen as they have shown reliable biocompatibility
and the ability to promote cell adhesion.23,27,28 A PCL/gelatin solution
was injected into a rotating reservoir which utilizes centrifugal forces
to radially expel polymeric fiber jets [Figs. 1(b) and 1(c)]. These radi-
ally extruded fibers are then directed by a pressurized air stream that
focuses them onto a nearby collector. During spinning, the focused air
creates an aligned stream of fibers that can then be arranged in ran-
dom, moderately aligned, or highly aligned configurations by changing
the orientation (with respect to the focused air stream) and rotation of
the collection mandrel [Fig. 1(d)]. Orienting the collector perpendicu-
lar with respect to the fiber stream yielded fibers in a random (isotro-
pic) configuration [Fig. 2(a-i)]. Adjusting the collector angle to be
parallel with the fiber stream produced moderately aligned (moder-
ately anisotropic) fiber scaffolds [Fig. 2(a-ii)]. Rotating the collection
mandrel at 5000 RPM induced a highly aligned (highly anisotropic)
configuration [Fig. 2(a-iii)]. Controlling the fiber anisotropy by altering
the collection method allows for different scaffold organizations with-
out affecting fiber formation and diameter.

Upon completion of the spinning procedure, fiber sheets were
removed from the collector and prepared for testing. To confirm that

these collection conditions resulted in distinct fiber organizations, fiber
alignments were quantified using scanning electron microscopy (SEM)
[Fig. 2(b)]. The scaffolds’ orientation order parameter (OOP) was used
as a metric for overall fiber alignment on a normalized scale from 0 to
1 [Figs. 2(c) and 2(d)]. An OOP of 0 represents a completely random
fiber configuration, while an OOP of 1 represents a perfectly aligned
fiber arrangement. The random fiber scaffold condition yielded an
OOP of 0.246 0.09, the moderately aligned condition produced
an OOP of 0.586 0.05, and the highly aligned condition displayed an
OOP of 0.856 0.03 [Fig. 2(d)] (values reported as mean 6 standard
deviation). These three values provide distinct OOPs that span the
normalized range and allow for observation regarding different cardio-
vascular cell types’ (cardiac muscle, valve, and endothelial cells) pro-
pensity for alignment on differing levels of 3D scaffold anisotropy.

As cellular response and organization can be affected by fiber
diameter,29,30 homogenous fiber formation represents an important
fabrication parameter. To ensure that our fiber collection processes did
not affect fiber size, we imaged the scaffolds and quantified the fiber
diameter across collection conditions. Here, there were no significant
differences between the fiber scaffold groups with an average fiber
diameter between 1.5 and 2lm and a range spanning between the
hundreds of nanometer to single micrometer range [Fig. 2(e)]. These
fiber diameters are similar to fibrous collagen I and other abundant
ECM proteins,31 meaning the scaffolds represent spatial scales that
these cell types interact with in the body.

Fiber scaffold mechanical anisotropy

To confirm mechanical anisotropy of the fiber scaffolds, we per-
formed biaxial tensile tests parallel and perpendicular to the axis of
fiber alignment. Prior to tensile testing, fiber scaffolds were cut into
0.5 cm wide strips with strips cut in two directions: (1) along the fiber
axis and (2) perpendicular to the fiber axis [Fig. 3(a)]. Generally, aniso-
tropic fiber scaffolds show higher tensile strength along the axis of
alignment as the forces pull more directly along the fibers as opposed
to simply pulling them apart laterally.32,33 Isotropic fiber scaffolds,
however, do not have a dominant alignment direction and do not
exhibit any directional differences in mechanical stiffness. Biaxial
mechanical testing revealed no significant difference in the Young’s
moduli for the random fiber scaffolds; however, there was a significant
difference between the Young’s moduli of the two pulling directions in
the moderately aligned and highly aligned scaffolds [Fig. 3(b) and
Table S1]. The moderately aligned scaffolds displayed a �4.7 times
higher Young’s modulus when tested along the fiber alignment direc-
tion compared to perpendicular to the fiber alignment direction.
Similarly, the highly aligned scaffolds displayed �25 times higher
Young’s modulus along the fiber alignment axis. Altogether, these
results confirm both the isotropy of the random condition and the
increasing anisotropy of the aligned scaffolds since we expect differ-
ences in Young’s modulus to increase as anisotropy increases.

Fiber alignment direction potentiates cytoskeletal
alignment direction

To evaluate the intracellular architecture and general cell align-
ment, we used actin networks as an indicator for cytoskeletal shape.
In efforts to determine the relationship between fiber and cytoskeletal
alignment directions, we seeded cells onto highly aligned fibers and
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compared cells’ actin networks to the underlying scaffolds. The cells
used in this study included neonatal rat ventricular myocytes
(NRVM), ovine valvular interstitial cells (VIC), and human umbilical
vein endothelial cells (HUVEC). Cell types were chosen on the basis

of their use in animal or in vitro models: namely, NRVMs for myo-
cardial structural morphology and functionality,12,34 ovine VICs for
valve tissue formation and regeneration,8,35 and HUVECs for general
vascular models.36 All fiber scaffolds were seeded at 1M cells/cm2.

FIG. 1. Cardiovascular cell types and engineered fiber scaffolds. (a) The heart is made up of a variety of anisotropic tissues, including the valve, myocardium, and endothelium.
After seeding these different cell types onto engineered fiber scaffolds, the cells reorganize to form tissues with varying levels of anisotropy. (b) The FRJS creates a polymeric
fiber stream by extruding a polymer solution through small orifices in a rotating reservoir. The extruded solutions form polymer jets that result in fibers which are directed and
focused by a compressed air stream positioned near the rotating reservoir. (c) As a result, large sheets composed of micro- and nanofibers are produced (scale bar¼ 10 lm).
(d) These fiber sheets can be organized in different configurations, including (i) random, (ii) moderately aligned, and (iii) highly aligned (scale bars¼ 100 lm).
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Different seeding concentrations could influence the cells’ alignment
behaviors as crowded or sparse intercellular environments might
induce different cellular responses.37 The actin network was stained
to visualize the angular distribution of the cells, while the scaffolds’
auto fluorescent properties when exposed to a 640 nm laser were

used to visualize the fibers. By imaging the fibers concurrently with
the cells, but in different optical channels, we were able to visualize
both components in the same field of view, allowing for comparisons
of angular distributions [Figs. 4(a) and 4(b)]. In all three cardiovascu-
lar cell types, the cytoskeletal angular distribution correlated with the

FIG. 2. Quantifying fiber alignment. (a) By changing the angle and rotation of the collector, the fiber scaffold’s organization can be controlled to produce (i) random, (ii) moder-
ately aligned, and (iii) highly aligned substrates. (b-i)–(b-iii) The SEM images show the scaffold arrangement for the three scaffold organizations (scale bars¼ 100 lm). (c-i)–(c-
iii) The images were colorized based on fiber angle, resulting in a visualization of their alignment before their (d) alignment was quantified using OOP, showing the differences
in anisotropy between the three conditions. (N¼ 9 samples across 3 production runs, box and whisker plots represent quartile values) (e) There was not, however, a difference
in the distribution of fiber diameter in the three conditions. N¼�150 fibers across 3 production runs; box and whisker plots represent quartile values.
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fibers’ angular distribution [Figs. 4(c)]. These data suggest that local
anisotropic boundary conditions whose width scale are on the order
of one micrometer are sufficient to potentiate the alignment of cells
in the heart’s musculature, valves, and vasculature.

Nuclear morphology on fiber scaffolds

Cytoskeletal alignment is also reflected in nuclear morphology as
the cytoskeleton is the mechanical link between the nucleus and the cell
membrane. Extracellular mechanical forces, transmitted to the nucleus
via ECM-integrin binding through the cytoskeleton, can regulate
important nuclear functions and characteristics, including chromatin
structure and gene expression.38–40 Nuclear shape and orientation indi-
cate the magnitude and direction of stress fields within the cell as the
cytoskeletal organization tends to lengthen the nucleus into an ellipsoid
with the major axis aligning along the cell’s stress field41–43 [Fig. 5(a)].

In this study, the cell’s cytoskeletal organization aligned with the
fiber scaffold’s direction (Fig. 4). We expected to see the nuclei align
and elongate similarly as the anisotropy of the fiber scaffolds increased.
To show this relationship, we quantified nuclear orientation angle
with respect to the dominant fiber axis [Fig. 5(b)]. We defined the
nuclear orientation angle (h) as the absolute value of the angle differ-
ence between the nucleus’s major axis and the dominant fiber axis
[Fig. 5(a)]. In all cell types and scaffold conditions, h was centered
around 0� (fiber scaffold’s dominant axis) [Fig. 5(b) and Table S2].
The distribution of nuclear orientation angles narrowed as the scaf-
fold alignment increased for all cell types [Fig. 5(b)]. Cells seeded on

moderately aligned scaffolds had a smaller nuclear orientation angle
deviation from the average than the random scaffolds; however, the
cells seeded on the highly aligned scaffolds still displayed the narrow-
est angle distribution of the three fiber conditions. The nuclear orien-
tation angle results reinforce the notion that there are increased
cytoskeletal alignments along the scaffold axes as the actin networks
are responsible for orienting the nuclei.

In addition to the angle, the extent to which the nuclei are elon-
gated also provides some insight into the intracellular stresses.
Cytoskeletal stresses can pull the nuclear membrane, creating an ellip-
soid with increasing length difference in the major and minor axes
[Fig. 5(a)]. We quantified the nuclear eccentricity as a normalized
measurement of the relationship between the major and minor axes
[Fig. 5(c)]. All three cell types showed an increasing trend in nuclear
eccentricity as the fiber scaffold anisotropy increased, signifying larger
levels of intracellular stress transferred to the nuclei. The NRVMs dis-
played lower nuclear eccentricities than both the VICs and the
HUVECs; however, this is consistent with NRVM,41 VIC,14 and
HUVEC16 cultures on 2D micropatterned substrates where the cardiac
muscle cell nuclei did not elongate as much as the other two cell types.
Cardiomyocytes have been shown to form circumnuclear microtubule
organization centers (MTOC) as opposed to proliferative cells’ devel-
opment of centrosomal MTOCs.44 The non-centrosomal MTOC of
the cardiomyocytes has been suggested to be mechanically advanta-
geous in terms of contractile forces, cell stability, and sarcomere orga-
nization.45 A more distributed MTOC in the cardiomyocytes might
explain the lower nuclear eccentricity of the NRVM as the centrosomal

FIG. 3. Fiber scaffolds demonstrate mechanical anisotropy. (a) PCL/gelatin fiber scaffolds were tested along two axes: parallel and perpendicular to the fiber alignment. (b)
Young’s moduli were calculated from the tensile tests for all three scaffold conditions. (c) Stress vs strain curves show differences in scaffold behavior dependent on the load
direction of the tensile test. N¼ 5 for all conditions; line represents average stress and error indicates standard error of the mean; � indicates p< 0.05.
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MTOCs (present in the VICs46 and HUVECs47) polarize the cell,
enabling higher intracellular stresses and nuclear elongation.40 While
the nuclear morphology of the three cell types seeded upon engineered
fiber scaffolds is consistent with MTOC formation, they do not yield
immediate conclusions. More work is needed to evaluate downstream
gene expression differences in the various anisotropy conditions.

Cellular alignment on fiber scaffolds

To study each cell types’ propensity for intracellular anisotropic
remodeling relative to their local microenvironment, we cultured them

on the three different fiber scaffold conditions (random, moderately
aligned, and highly aligned), controlling for total cell population (1M
cells/cm2). The cells were cultured for five days in vitro on fibronectin
coated PCL/gelatin fibers, allowing the cells to remodel and organize
relative to the scaffold. Including the fibronectin coating on the fiber
scaffolds provided focal adhesion binding sites for all three cell popula-
tions. The integrin binding allows for extracellular mechanical and
spatial cues to transfer across the cell membrane and potentiate intra-
cellular reorganization. All three cell populations express a5b1 integrin
at relatively high levels.48–50 The a5b1 integrin heterodimer is a major

FIG. 4. Cytoskeletal alignment direction is dictated by the fiber scaffold. (a-i)–(a-iii) In the highly aligned fiber condition, cytoskeletal networks, stained for F-Actin, and (b-i)–(b-
iii) fiber scaffold displayed similar angular alignment. (c-i)–(c-iii) Plots normalized to the dominant fiber angle display that the distribution of these alignments match in all three
cell types. N¼ 3 samples across 3 experimental runs; error represents standard deviation; all scale bars are 200 lm; samples were fixed and imaged after 5 days in culture.
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fibronectin receptor and responsible for the preferential binding to
fibronectin for all three cell populations.51

After five days, the cells were fixed and stained to visualize the
nuclei and cytoskeletons. We then imaged the cells and used the cyto-
skeletal signal to measure the actin OOP for each condition (Fig. 6).
The actin OOP values were calculated using multiple fields of view,
each measuring over 1mm2 to show the bulk collective population
behavior as opposed to local organizations. Statistical comparisons
were made between cell types on the same fiber scaffolds to evaluate
the cells’ relative propensity for alignment.

We expected the cells’ actin OOP to increase as the underlying
scaffolds’ anisotropy rose. This relationship held true in all cell types;
however, the magnitude of increase for cytoskeletal OOP varied across
the three populations. The NRVMs, VICs, and HUVECs displayed
similar organizational behaviors in the two extreme cases of random
and highly aligned fibrous scaffolds. Under the random condition, the
actin OOP values were 0.146 0.03 for the NRVM, 0.136 0.02 for the

VIC and 0.126 0.02 for the HUVEC (OOP values reported as mean
6 standard deviation) [Fig. 6(a-iv)]. Additionally, under the highly
aligned condition, the actin OOP values were 0.726 0.06 for the
NRVM, 0.716 0.05 for the VIC, and 0.706 0.04 for the HUVEC
[Fig. 6(c-iv)]. The consistent OOP values under the extreme conditions
(random and highly aligned) of this study suggest that at both high
and low levels of fiber scaffold organizations, the intracellular anisot-
ropy is dictated by scaffold architecture and not cell type. Similar
responses on the two extreme scaffold organizations could potentially
result from consistent integrin–ECM interactions across the three cell
populations, yielding fiber scaffold driven cytoskeletal organizations.

Under the moderately aligned conditions, however, the endothe-
lial and myocardial tissues differed from the valve cell population in
their cytoskeletal alignment. The VICs showed a higher tendency
toward alignment, displaying an actin OOP of 0.616 0.03, higher
than both the NRVM (0.536 0.06) and the HUVEC (0.496 0.04)
[Fig. 6(b-iv)]. These results indicate that VICs have a higher propensity

FIG. 5. Nuclear orientation angle and eccentricity on fiber scaffolds. (a) Nuclei tend to elongate themselves into an elliptical shape with a major and minor axis that is offset
from the fiber axis by an angle h (nuclear orientation angle). (b) The nuclear orientation angle was plotted for each cell type and scaffold condition. Histogram values represent
the absolute value of the angular difference. The distribution of nuclear angles became more aligned with the fibers (0�) as the scaffold anisotropy increased for all three cell
types. (c) Nuclear eccentricity for the three cell types on the three scaffold conditions shows the nuclei tended to elongate as the fiber scaffolds became more aligned. For all
data represented N¼�150 nuclei across 3 biological replicates/condition; bar plots represent mean 6 standard deviation and � indicates p< 0.05; samples were fixed and
imaged after 5 days in culture.
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for cytoskeletal anisotropy on scaffolds with an intermediate alignment
in the current experimental design. These data suggest a lower align-
ment threshold among VICs compared to NRVMs and HUVECs.
Human VICs have been shown to differ from NRVM and HUVEC in
their relatively low expression of cadherins and connexins,52 common
cell-cell coupling molecules. Higher levels of lateral cell coupling in
both NRVMs and HUVECs could potentially limit their degree of
intracellular anisotropy, potentially explaining the lower cell align-
ments compared to the VICs.

Others have quantitatively evaluated cardiovascular cell anisot-
ropy on random and aligned fibers, studying the cells’ ability to self-
organize on the 3D scaffolds. Mancino et al. reported anisotropic
polypyrrole fiber scaffolds potentiated alignment in NRVM cultures
after 7 days using a related metric, coefficient of alignment.53 However,
they did not report a large alignment discrepancy in their cell popula-
tions seeded on aligned and nonaligned fiber scaffolds. Additionally,
Kai et al. achieved rabbit cardiomyocyte alignment control on aniso-
tropic PCL/gelatin fibers, similar in material composition to our study,

but reported their findings through qualitative SEM images.54 Previous
results in VIC cultures on fiber scaffolds also found alignment changes
when seeding onto random and aligned scaffolds; Masoumi et al.
showed VICs ability to align along anisotropic fiber scaffolds and
inability to align when seeded on isotropic scaffolds.55 Their results
focused on the quantification of nuclei directionality as a proxy for
cytoskeletal behavior. Finally, Whited and Rylander reported increas-
ing alignment of HUVECs as their underlying PCL/collagen fiber scaf-
fold anisotropy increased, quantifying cell alignment by examining the
average cell angle deviation from the main fiber axis.56 In all, these
results corroborate the three cell lines’ behavior in this study. However,
comparative analyses between cardiovascular cells’ cytoskeletal organi-
zation were not previously effective due to cross-study differences in
fiber scaffold properties (e.g., fiber type, degree of alignment, and fiber
diameter) and cell alignment quantification methods. By standardizing
both fiber scaffolds and the alignment quantification technique, we
were able to directly compare the intracellular organization behaviors
of major cardiovascular cell types.

FIG. 6. Cardiovascular cells’ actin alignment on fiber scaffolds. Samples use a phalloidin stain to visualize the F-actin filaments, representing the cytoskeletal organization. (a)
When seeded onto randomly aligned scaffolds, (i) NRVMs, (ii) VICs, (iii) and HUVECs displayed isotropic actin networks. (iv) There was no statistically significant difference
between the actin organization in the three cell types on the random fiber scaffolds. (b) On the moderately aligned fiber scaffolds, (i) NRVMs, (ii) VICs, and (iii) HUVECs showed
an intermediate degree of cytoskeletal alignment, organizing their actin networks parallel to each other. (iv) The VIC cytoskeleton showed a higher cytoskeletal OOP than both
HUVEC and NRVM. (c) (i) NRVMs, (ii) VICs, (iii) and HUVECs seeded on the highly aligned fiber scaffolds showed the largest amount of cytoskeletal anisotropy, configuring
themselves in a highly parallel manner, creating an aligned tissue. (iv) Under the highly aligned condition, there was no statistically significant difference between the actin orga-
nization in the three cell types. N¼ 9 samples across 3 experimental runs; bar plots represent mean 6 standard deviation and � indicates p< 0.05; all scale bars are 200 lm;
samples were fixed and imaged after 5 days in culture.
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CONCLUSIONS

We asked whether cardiovascular cell types have different cyto-
skeletal alignment propensities when cultured on 3D fibrous scaffolds.
To answer this question, we fabricated fiber scaffolds with controlled
alignments and measured myocardial, valve, and endothelial cells’
response to the manufactured extracellular environment. The cardio-
vascular cell types we used behaved similarly, remodeling their cyto-
skeleton relative to the geometric cues embedded within the fibrous
scaffold. This is important because it suggests that integrin binding of
the ECM triggers common cytoskeletal organization. Thus, this result
would imply that differences in the cellular microenvironment of the
ventricular myocardium, valve leaflets, and vasculature are dependent
on subtle, localized differences in ECM, cell populations, applied
mechanical stresses, diffusion constants of locally produced signaling
molecules, and the gene expression profile, specifically the integrin
expression, of the cell type of interest. For the tissue engineer, this sug-
gests granular design requirements that may exist at spatial scales
smaller than what current additive manufacturing techniques can
produce.

METHODS
Fiber scaffold fabrication

Poly(e-caprolactone) (PCL) (Sigma Aldrich, St. Louis, MO, USA)
and pure gelatin (from Porcine skin, gel strength 300, Type A; Sigma
Aldrich, St. Louis, MO, USA) were dissolved in 1,1,1,3,3,3-Hexafluoro-
2-propanol (HFIP) (Oakwood Chemical, Estill, SC, USA) at 4% (w/v)
and 2% w/v, respectively. The solution was spun using focused rotary
jet spinning (FRJS).17,26 PCL/gelatin solution was loaded into a 60ml
syringe and fed into a rotating reservoir in the FRJS system at a rate of
1ml per minute. The aluminum reservoir was oriented perpendicular
to the air stream and rotated at 10 000 RPM. The focused air stream
pressure was kept constant at 0.2MPa. Each fiber scaffold was gener-
ated using 15ml of solution. Random fibers were spun onto a non-
rotating rectangular mandrel coated with MR311 Dry Film Release
Agent (Sprayon, Cleveland, OH) and oriented perpendicular to the
fiber stream. The moderately aligned fibers were spun onto a flat, rect-
angular mandrel coated with MR311 Dry Film Release Agent and ori-
ented parallel to the fiber stream. To generate highly aligned fibers,
fibers were spun onto a cylindrical mandrel coated with MR311 Dry
Film Release Agent and rotating at 5000 rpm.

Scanning electron microscopy

To prepare the fibers, scaffolds were cut into 5� 5mm2 square
samples for scanning electron microscopy (SEM). The samples were
secured to metal stubs using carbon tape. A MS300T D Dual Head
Sputter Coater was used to coat 10nm Pt/Pd 80/20 onto the sample
prior to imaging. A Zeiss Supra field-emission scanning electron
microscope (FESEM) at 5 kV with an SE2 detector imaged the samples
to create micrographs. The images were taken at 500� magnification
to view the general scaffold organization.

Mechanical testing of scaffolds

Random, moderately aligned, and highly aligned scaffold samples
were sectioned into 5�30mm2 pieces. The individual samples
obtained from the scaffolds were oriented either parallel or perpendic-
ular to the fiber axis in the anisotropic conditions. For the random

condition, fiber samples were sectioned in strips perpendicular to each
other to test the material biaxially. A digital caliper (Mitutoyo Absolute
Digimatic, Japan) was used to measure sample thickness. Samples
were tested on a CellScale Biaxial Tester (2.5N load cells, CellScale,
Ontario, Canada) submerged under water at 37 �C with a gauge length
of 10mm. Samples were tested at a strain rate of 1% per second.

Fiber orientation analysis

Using the SEM images, the orientation order parameter (OOP)
was determined to compare fiber alignment of random, moderately
aligned, and highly aligned fiber scaffolds. ImageJ with the
OrientationJ plugin (Biomedical Image Group, EPFL, Switzerland)
was used to analyze the alignment of the scaffold fibers by creating a
color-mapped image of the scaffold based on the angle of individual
fibers.57 This angle of the individual fibers was found by using fore-
ground pixels and assigning the orientation of the local neighborhood
using a structure tensor method (OrientationJ plugin). These pixel-by-
pixel angle measurements create the color-mapped image. The total
set of color values then represents a distribution for the total set of fiber
angles. Following OrientationJ processing, the OOP was calculated
using a custom MATLAB code, as previously described,58 by assigning
a normalized value (between 0 and 1) based on the width of the angle’s
distribution (MATLAB and Statistics Toolbox Release 2018b, The
MathWorks, Inc., Natick, MA, USA).

Fiber diameter analysis

To analyze the fiber diameters, we quantified SEM images. The
fiber diameters were measured using ImageJ’s measurement tool
(ImageJ v. 1.53e). Three separate fiber production runs were imaged
and analyzed and >50 fiber diameters were measured from each pro-
duction run.

Fiber scaffold cell seeding preparation

In preparation for cell cultures, scaffolds were cut into
20� 5mm2 pieces. The ends of each scaffold were adhered to the bot-
tom of a 12-well culture plate using clear nail polish (Electron
Microscopy Sciences, Hatfield, PA, USA); nail polish was left to dry for
at least 2 h. The wells were then filled with 70% ethanol left to evapo-
rate overnight. The scaffolds were further treated under ultraviolet
(UV) light for 30min. After ethanol and UV sterilization treatments,
the scaffolds were washed three times with Phosphate Buffer Saline
(PBS) (Gibco, Thermo Fisher Scientific, USA) to remove any ethanol
still present. Prior to seeding, the scaffolds were submerged in 10lg/ml
fibronectin (human natural fibronectin, Corning, NY, USA) for 1 h. All
three cell types were seeded at 1M cells/cm2 of fiber scaffold).

Ventricular myocyte isolation and culture

Neonatal rat ventricular myocytes were isolated from two day old
Sprague-Dawley rats using a previously published method.59 The pro-
tocol was reviewed and approved by the Institutional Animal Care and
Use Committee (IACUC). Cells were cultured using Medium 199
(Gibco, ThermoFisher Scientific, USA) supplemented with 0.1mM
Minimum Essential Medium (MEM) nonessential amino acids, 10%
heat-inactivated Fetal Bovine Serum (FBS), 10mM HEPES, 3.5 g/l glu-
cose, 2mM L-glutamine, and 2mg/l vitamin B12. After 2 days in
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culture, the media formulation was changed by lowering the FBS con-
centration to 2% while keeping other supplements consistent. All cul-
tures were kept in sterile conditions at 37 �C and 5% CO2.

Valvular interstitial cell isolation and culture

Valvular interstitial cells were isolated from pulmonary heart
valve leaflets of adult sheep obtained from a slaughterhouse (Blood
Farm, Groton, MA). Briefly, leaflet tissues were cut in small pieces and
plated in petri dishes with a collagenase solution for 10min to remove
valvular endothelial cells. Valvular interstitial cells were then isolated
by placing the leaflets in a separate collagenase solution for 2 h at 37 �C
for full leaflet digestion. The resulting digestate was centrifuged at
250g for 5min and resuspended and cultured in Advanced Dulbecco’s
modified Eagle medium (Sigma Aldrich, St. Louis, MO, USA), supple-
mented with 10% FBS (Invitrogen, Waltham, MA, USA), 1%
Glutamax (Invitrogen, Waltham, MA, USA), and 1% Penicillin-
Streptomycin (Invitrogen, Waltham, MA, USA), at 37 �C and 5%
CO2.

Endothelial cell culture

Human umbilical vein endothelial cells (Lonza, Basel,
Switzerland) were used for the endothelial cell cultures in this study.
Cells were grown and maintained using Medium 200 (Gibco, MA,
USA) supplemented with 2% low serum growth supplement (Thermo
Fisher Scientific, MA, USA) and 1% Penicillin-Streptomycin
(Invitrogen, Waltham, MA, USA). All cultures were kept under sterile
conditions in a cell incubator at 37 �C and 5% CO2.

Immunofluorescent staining

Seeded scaffolds were rinsed three times with 37 �C PBS (Gibco,
Thermo Fisher Scientific, MA, USA) within a 12 well culture plate and
then fixed with 4% Paraformaldehyde (Electron Microscopy Sciences,
Hatfield, PA, USA) for 10min. After fixing, scaffolds were rinsed in
PBS three times. All PBS was aspirated, and cells underwent permeabi-
lization with 2ml of 0.2% Triton-X (Sigma Aldrich, St. Louis, MO,
USA) in PBS for 10min at room temperature. Scaffolds were then
rinsed three times with PBS. After permeabilization, the samples were
blocked with 2ml of 5% v/v Bovine Serum Albumin (BSA; Sigma
Aldrich, Saint Louis, MO, USA) added to each well and incubated at
room temperature for 15min. Scaffolds were again rinsed three times
with PBS. The cell-seeded scaffolds were cut into small 5� 5mm2

squares and transferred to a petri dish, where they were ready for
staining.

The cardiomyocyte samples were incubated in 1:200 dilutions of
mouse anti-sarcomeric a-actinin (Sigma Aldrich, St. Louis, MO, USA)
for 2 h. After primary incubation, samples were rinsed three times in
PBS. All samples were then incubated at room temperature for 2 h in a
solution containing 1:250 dilution Phalloidin conjugated to Alexa-
Fluor 488 (Invitrogen, Waltham, MA, USA) and 1:250 dilution 40,6-
diamidino-2-phenylindole (DAPI) (Sigma Aldrich, St. Louis, MO,
USA). The cardiomyocyte samples were also incubated in a secondary
antibody solution containing goat anti-rabbit IgG (Hþ L) conjugated
to Alexa-Fluor 546 (1:250 concentration in PBS; Life Technologies;
Carlsbad, CA, USA). The samples were covered with aluminum foil
while staining to protect from photo bleaching. Following secondary

incubation, the samples were washed in PBS three times and stored in
a 4 �C refrigerator in PBS.

Confocal imaging

A spinning disk confocal microscope (Olympus ix83, Andor
spinning disk) was used to acquire immunofluorescent images at
wavelengths of 405, 488, 561, and 640 nm wavelengths. Regions of
interest were imaged at 10� and 20�magnification. Images were cap-
tured using z-stacks to capture the 3D nature of the cell and fiber scaf-
folds. The z-stacks spanned 5–20lm of scaffold depth.

Actin orientation analysis

Representative z-stacks in the 488 nm channel were converted to
a single image using maximal intensity projection in ImageJ. These
projections were then analyzed using OrientationJ, an ImageJ plugin
(Biomedical Image Group, EPFL, Switzerland). Similar to fiber orienta-
tion analysis, the plugin generated a color-mapped image based on the
angle of each actin filament. Each color-mapped image was imported
to MATLAB (MATLAB and Statistics Toolbox Release 2018b, The
MathWorks, Inc., Natick, Massachusetts, United States) and a previ-
ously described custom MATLAB code58 was run to calculate the ori-
entation order parameter (OOP) of each image.

Fiber and cell angular distribution

Maximal intensity projections were produced for the 488 nm
channel (Phalloidin stain) and the 640nm (PCL/gelatin fiber auto-
fluorescence) in the same region of interest. Each image was processed
in ImageJ using OrientationJ’s Distribution analysis function which
outputs a distribution of angular occurrences from �90� to 90�. These
distributions were then compiled for each cell type and the underlying
fibers for those cell types and plotted on top each other.

Nuclear morphology analysis

Nuclei images were produced using maximal intensity projec-
tions from the 405 nm channel (DAPI stain). These images were proc-
essed in ImageJ. Before analysis, images were normalized to a 0�

horizontal angle using OrientationJ’s Horizontal Alignment function.
The nuclei were then isolated using a thresholding feature and outlined
with ImageJ’s particle analyzer function. Major and minor axes as well
as the nuclear orientation angle (h) were quantified with ImageJ’s mea-
surement tool based on the nuclear outlines. The nuclear orientation
angles were represented from 0� to 90� based on the absolute value of
h. Nuclear eccentricity (e) was calculated using

e ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� b2

a2

r
; (1)

where a represents the major axis length and b represents the minor
axis length [Fig. 5(a)].

Statistical analyses

For statistical group comparisons, analyses were carried out using
Python (v2.1.1-Anaconda 3.9.7–64bit). All groups were checked for
normality using a Shapiro–Wilk test. Groups deemed as normal distri-
butions were compared using a one-way ANOVA followed by a Tukey
post hoc test. Groups that were not found to be normal distributions
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were compared using Kruskal–Wallis test (ANOVA on ranks) fol-
lowed by a Mann–Whitney post hoc test. In all statistical analyses, p
values below 0.05 were considered statistically significant. Bar plots
were produced using the mean with the error bar representing stan-
dard deviation unless otherwise noted. All datasets were plotted using
Python.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional information
mechanical properties of fibers scaffolds and nuclear angle
distributions.

ACKNOWLEDGMENTS

This work was sponsored by the John A. Paulson School of
Engineering and Applied Sciences at Harvard University and the
Harvard Materials Research Science and Engineering Center (No.
DMR-2011754). This research was made possible by access to
facilities at the Center for Nanoscale Systems (CNS) at Harvard
University, a member of the National Nanotechnology
Infrastructure Network, supported by the National Science
Foundation under NSF ECCS Award No. 1541959. Travel support
was provided through the Center for Molecular Science in the
Department of Chemistry and Life Science at the United States
Military Academy. The authors would also like to thank Michael
Rosnach for his help with schematics and graphic illustrations.

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Ethics Approval

Ethics approval for experiments reported in the submitted manu-
script on animal or human subjects was granted. Isolation of the neo-
natal rat ventricular myocytes was reviewed and approved by the
Institutional Animal Care and Use Committee at Harvard University
(animal experimentation Protocol No. 24-01-2).

Author Contributions

Michael M. Peters: Conceptualization (equal); Data curation (equal);
Formal analysis (equal); Investigation (equal); Project administration
(equal); Visualization (equal); Writing – original draft (equal). F. John
Burpo: Supervision (equal); Validation (equal); Writing – review &
editing (equal). Kevin Kit Parker: Conceptualization (equal); Funding
acquisition (equal); Supervision (equal); Writing – review & editing
(equal). Jackson K. Brister: Data curation (equal); Formal analysis
(equal); Investigation (equal); Validation (equal). Edward Tang: Data
curation (equal); Formal analysis (equal); Investigation (equal). Felita
W. Zhang: Data curation (equal); Formal analysis (equal);
Investigation (equal); Writing – original draft (supporting). Veronica
M. Lucian: Data curation (equal); Formal analysis (equal);
Investigation (equal); Writing – original draft (supporting). Paul D.
Trackey: Data curation (equal); Formal analysis (equal); Investigation
(equal). Zachary Bone: Data curation (equal); Formal analysis (equal);
Investigation (equal). John F. Zimmerman: Resources (equal);
Writing – review & editing (equal).Qianru Jin: Resources (equal).

DATA AVAILABILITY

The data that support the findings of this study are available from
the corresponding authors upon reasonable request.

REFERENCES
1N. Bursac, K. K. Parker, S. Iravanian, and L. Tung, “Cardiomyocyte cultures
with controlled macroscopic anisotropy: A model for functional electrophysio-
logical studies of cardiac muscle,” Circ. Res. 91, e45–e54 (2002).
2W. Bian, C. P. Jackman, and N. Bursac, “Controlling the structural and func-
tional anisotropy of engineered cardiac tissues,” Biofabrication 6, 24109–24119
(2014).

3R. A. Gould, K. Chin, T. P. Santisakultarm, A. Dropkin, J. M. Richards, C. B.
Schaffer, and J. T. Butcher, “Cyclic strain anisotropy regulates valvular intersti-
tial cell phenotype and tissue remodeling in three-dimensional culture,” Acta
Biomater. 8, 1710–1719 (2012).

4N. F. Huang, J. Okogbaa, J. C. Lee, A. Jha, T. S. Zaitseva, M. V. Paukshto, J. S.
Sun, N. Punjya, G. G. Fuller, and J. P. Cooke, “The modulation of endothelial
cell morphology, function, and survival using anisotropic nanofibrillar collagen
scaffolds,” Biomaterials 34, 4038–4047 (2013).

5A. G. Kl�eber and J. E. Saffitz, “Role of the intercalated disc in cardiac propaga-
tion and arrhythmogenesis,” Front. Physiol. 5, 119465 (2014).

6A. G. Kl�eber and Q. Jin, “Coupling between cardiac cells—An important deter-
minant of electrical impulse propagation and arrhythmogenesis,” Biophys. Rev.
2, 031301 (2021).

7K. K. Parker, J. Tan, C. S. Chen, and L. Tung, “Myofibrillar architecture in engi-
neered cardiac myocytes,” Circ. Res. 103, 340 (2008).

8A. Rutkovskiy, A. Malashicheva, G. Sullivan, M. Bogdanova, A. Kostareva, K.
O. Stenslùkken, A. Fiane, and J. Vaage, “Valve interstitial cells: The key to
understanding the pathophysiology of heart valve calcification,” J. Am. Heart
Assoc. 6, e006339 (2017).

9E. Dejana, F. Orsenigo, C. Molendini, P. Baluk, and D. M. Mcdonald,
“Organization and signaling of endothelial cell-to-cell junctions in various
regions of the blood and lymphatic vascular trees,” Cell Tissue Res. 335, 17–25
(2009).

10P. F. Davies, “Hemodynamic shear stress and the endothelium in cardiovascular
pathophysiology,” Nat. Clin. Pract. Cardiovasc. Med. 6, 16–26 (2010).

11M.-A. Bray, S. P. Sheehy, and K. K. Parker, “Sarcomere alignment is regulated
by myocyte shape,” Cell Motil. Cytoskeleton 65, 641–651 (2008).

12N. A. Geisse, S. P. Sheehy, and K. K. Parker, “Control of myocyte remodeling
in vitro with engineered substrates,” In Vitro Cell. Dev. Biol. - Animal 45,
343–350 (2009).

13A. Grosberg, P.-L. Kuo, C.-L. Guo, N. A. Geisse, M.-A. Bray, W. J. Adams, S. P.
Sheehy, and K. K. Parker, “Self-organization of muscle cell structure and func-
tion,” PLoS Comput. Biol. 7, e1001088 (2011).

14N. T. Lam, T. J. Muldoon, K. P. Quinn, N. Rajaram, and K. Balachandran,
“Valve interstitial cell contractile strength and metabolic state are dependent on
its shape,” Integr. Biol. 8, 1079–1089 (2016).

15K. B. Vartanian, S. J. Kirkpatrick, S. R. Hanson, and M. T. Hinds, “Endothelial
cell cytoskeletal alignment independent of fluid shear stress on micropatterned
surfaces,” Biochem. Biophys. Res. Commun. 371, 787–792 (2008).

16M. Versaevel, T. Grevesse, and S. Gabriele, “Spatial coordination between cell and
nuclear shape within micropatterned endothelial cells,”Nat. Commun. 3, 671 (2012).

17H. Chang, Q. Liu, J. F. Zimmerman, K. Y. Lee, Q. Jin, M. M. Peters, M.
Rosnach, S. Choi, S. L. Kim, H. Ann, M. Ardo~na, L. A. Macqueen, C. O.
Chantre, S. E. Motta, E. M. Cordoves, and K. K. Parker, “Recreating the heart’s
helical structure-function relationship with focused rotary jet spinning,” Science
377, 180–185 (2022).

18L. A. MacQueen, C. G. Alver, C. O. Chantre, S. Ahn, L. Cera, G. M. Gonzalez,
B. B. O’Connor, D. J. Drennan, M. M. Peters, S. E. Motta, J. F. Zimmerman,
and K. K. Parker, “Muscle tissue engineering in fibrous gelatin: Implications for
meat analogs,” npj Sci. Food 3, 20 (2019).

19A. K. Capulli, M. Y. Emmert, F. S. Pasqualini, D. Kehl, E. Caliskan, J. U. Lind, S.
P. Sheehy, S. J. Park, S. Ahn, B. Weber, J. A. Goss, S. P. Hoerstrup, and K. K.
Parker, “JetValve: Rapid manufacturing of biohybrid scaffolds for biomimetic
heart valve replacement,” Biomaterials 133, 229–241 (2017).

APL Bioengineering ARTICLE pubs.aip.org/aip/apb

APL Bioeng. 7, 046114 (2023); doi: 10.1063/5.0172423 7, 046114-11

VC Author(s) 2023

 04 D
ecem

ber 2023 15:55:57

https://doi.org/10.1161/01.RES.0000047530.88338.EB
https://doi.org/10.1088/1758-5082/6/2/024109
https://doi.org/10.1016/j.actbio.2012.01.006
https://doi.org/10.1016/j.actbio.2012.01.006
https://doi.org/10.1016/j.biomaterials.2013.02.036
https://doi.org/10.3389/fphys.2014.00404
https://doi.org/10.1063/5.0050192
https://doi.org/10.1161/CIRCRESAHA.108.182469
https://doi.org/10.1161/JAHA.117.006339
https://doi.org/10.1161/JAHA.117.006339
https://doi.org/10.1007/s00441-008-0694-5
https://doi.org/10.1038/ncpcardio1397
https://doi.org/10.1002/cm.20290
https://doi.org/10.1007/s11626-009-9182-9
https://doi.org/10.1371/journal.pcbi.1001088
https://doi.org/10.1039/C6IB00120C
https://doi.org/10.1016/j.bbrc.2008.04.167
https://doi.org/10.1038/ncomms1668
https://doi.org/10.1126/science.abl6395
https://doi.org/10.1038/s41538-019-0054-8
https://doi.org/10.1016/j.biomaterials.2017.04.033
pubs.aip.org/aip/apb


20M. Uiterwijk, A. I. P. M. Smits, D. van Geemen, B. van Klarenbosch, S. Dekker,
M. J. Cramer, J. W. van Rijswijk, E. B. Lurier, A. Di Luca, M. C. P. Brugmans,
T. Mes, A. W. Bosman, E. Aikawa, P. F. Gr€undeman, C. V. C. Bouten, and J.
Kluin, “In situ remodeling overrules bioinspired scaffold architecture of supra-
molecular elastomeric tissue-engineered heart valves,” J. Am. Coll. Cardiol. 5,
1187–1206 (2020).

21X. Wang, B. Ding, and B. Li, “Biomimetic electrospun nanofibrous structures
for tissue engineering,”Mater. Today 16, 229–241 (2013).

22S. Motta, M. Peters, C. Chantre, H. Chang, L. Cera, Q. Liu, E. Cordoves, E.
Fioretta, P. Zaytseva, N. Cesarovic, M. Emmert, S. Hoerstrup, and K. K. Parker,
“On-demand heart valve manufacturing using focused rotary jet spinning,”
Matter 6, 1860–1879 (2023).

23L. A. Macqueen, S. P. Sheehy, C. O. Chantre, J. F. Zimmerman, F. S. Pasqualini,
X. Liu, J. A. Goss, P. H. Campbell, G. M. Gonzalez, S.-J. Park, A. K. Capulli, J.
P. Ferrier, T. Fettah Kosar, L. Mahadevan, W. T. Pu, and K. K. Parker, “A
tissue-engineered scale model of the heart ventricle,” Nat. Biomed. Eng. 2,
930–941 (2018).

24A. Hasan, A. Memic, N. Annabi, M. Hossain, A. Paul, M. R. Dokmeci, F.
Dehghani, and A. Khademhosseini, “Electrospun scaffolds for tissue engineer-
ing of vascular grafts,” Acta Biomater. 10, 11–25 (2014).

25M. Zhu, Y. Wu, W. Li, X. Dong, H. Chang, K. Wang, P. Wu, J. Zhang, G. Fan,
L. Wang, J. Liu, H. Wang, and D. Kong, “Biodegradable and elastomeric vascu-
lar grafts enable vascular remodeling,” Biomaterials 183, 306–318 (2018).

26H. Chang, J. Xu, L. A. Macqueen, Z. Aytac, M. M. Peters, J. F. Zimmerman, T.
Xu, P. Demokritou, and K. K. Parker, “High-throughput coating with biode-
gradable antimicrobial pullulan fibres extends shelf life and reduces weight loss
in an avocado model,” Nat. Food 3, 428–436 (2022).

27P. T. J. Hwang, K. Murdock, G. C. Alexander, A. D. Salaam, J. I. Ng, D. J. Lim,
D. Dean, and H. W. Jun, “Poly(e-caprolactone)/gelatin composite electrospun
scaffolds with porous crater-like structures for tissue engineering,” J. Biomed.
Mater. Res., Part A 104, 1017 (2016).

28T. Fee, S. Surianarayanan, C. Downs, Y. Zhou, and J. Berry, “Nanofiber align-
ment regulates NIH3T3 cell orientation and cytoskeletal gene expression on
electrospun PCLþgelatin nanofibers,” PLoS One 11, e0154806 (2016).

29A. Balguid, A. Mol, M. H. Van Marion, R. A. Bank, C. V. C. Bouten, and F. P.
T. Baaijens, “Tailoring fiber diameter in electrospun poly(epsilon-caprolactone)
scaffolds for optimal cellular infiltration in cardiovascular tissue engineering,”
Tissue Eng., Part A 15, 437–444 (2009).

30H. C. Hsia, M. R. Nair, R. C. Mintz, and S. A. Corbett, “The fiber diameter of
synthetic bioresorbable extracellular matrix influences human fibroblast mor-
phology and fibronectin matrix assembly,” Plast. Reconstr. Surg. 127,
2312–2320 (2011).

31S. M. Weis, J. L. Emery, K. D. Becker, D. J. McBride, J. H. Omens, and A. D.
McCulloch, “Myocardial mechanics and collagen structure in the osteogenesis
imperfecta murine (oim),” Circ. Res. 87, 663–669 (2000).

32T. Courtney, M. S. Sacks, J. Stankus, J. Guan, and W. R. Wagner, “Design and
analysis of tissue engineering scaffolds that mimic soft tissue mechanical anisot-
ropy,” Biomaterials 27, 3631–3638 (2006).

33G. H. Kim, “Electrospun PCL nanofibers with anisotropic mechanical proper-
ties as a biomedical scaffold,” Biomed. Mater. 3, 025010 (2008).

34S. Chlopcíkov�a, J. Psotov�a, and P. Miketov�a, “Neonatal rat cardiomyocytes—A
model for the study of morphological, biochemical and electrophysiological
characteristics of the heart,” Biomed. Pap. 145, 49–55 (2001).

35S. Dekker, D. van Geemen, A. J. van den Bogaerdt, A. Driessen-Mol, E. Aikawa,
and A. I. P. M. Smits, “Sheep-specific immunohistochemical panel for the eval-
uation of regenerative and inflammatory processes in tissue-engineered heart
valves,” Front. Cardiovasc. Med. 5, 375321 (2018).

36D. J. Medina-Leyte, M. Domínguez-P�erez, I. Mercado, M. T. Villarreal-Molina,
and L. Jacobo-Albavera, “Use of human umbilical vein endothelial cells
(HUVEC) as a model to study cardiovascular disease: A review,” Appl. Sci. 10,
938 (2020).

37M. Abeddoust and A. Shamloo, “A model for cell density effect on stress
fiber alignment and collective directional migration,” Phys. Biol. 12, 066023
(2015).

38K. N. Dahl, A. J. S. Ribeiro, and J. Lammerding, “Nuclear shape, mechanics,
and mechanotransduction,” Circ. Res. 102, 1307–1318 (2008).

39J. Lammerding, “Mechanics of the nucleus,” Compr. Physiol. 1, 783 (2011).
40F. Alisafaei, D. S. Jokhun, G. V. Shivashankar, and V. B. Shenoy, “Regulation of
nuclear architecture, mechanics, and nucleocytoplasmic shuttling of epigenetic
factors by cell geometric constraints,” Proc. Natl. Acad. Sci. U. S. A. 116,
13200–13209 (2019).

41M. A. P. Bray, W. J. Adams, N. A. Geisse, A. W. Feinberg, S. P. Sheehy, and K.
K. Parker, “Nuclear morphology and deformation in engineered cardiac myo-
cytes and tissues,” Biomaterials 31, 5143–5150 (2010).

42H. Lee, W. J. Adams, P. W. Alford, M. L. McCain, A. W. Feinberg, S. P. Sheehy,
J. A. Goss, and K. K. Parker, “Cytoskeletal prestress regulates nuclear shape and
stiffness in cardiac myocytes,” Exp. Biol. Med. 240, 1543–1554 (2015).

43P. W. Alford, A. P. Nesmith, J. N. Seywerd, A. Grosberg, and K. K. Parker,
“Vascular smooth muscle contractility depends on cell shape,” Integr. Biol. 3,
1063–1070 (2011).

44P. J. Kronebusch and S. J. Singer, “The microtubule-organizing complex and
the Golgi apparatus are co-localized around the entire nuclear envelope of
interphase cardiac myocytes,” J. Cell Sci. 88, 25–34 (1987).

45R. Becker, M. Leone, and F. B. Engel, “Microtubule organization in striated
muscle cells,” Cells 9, 1395 (2020).

46A. I. Gotlieb, A. Rosenthal, and P. Kazemian, “Fibroblast growth factor 2 regu-
lation of mitral valve interstitial cell repair in vitro,” J. Thorac. Cardiovasc.
Surg. 124, 591–597 (2002).

47S. M. Taylor, K. R. Nevis, H. L. Park, G. C. Rogers, S. L. Rogers, J. G. Cook, and
V. L. Bautch, “Angiogenic factor signaling regulates centrosome duplication in
endothelial cells of developing blood vessels,” Blood 116, 3108–3117 (2010).

48L. Terracio, K. Rubin, D. Gullberg, E. Balog, W. Carver, R. Jyring, and T. K.
Borg, “Expression of collagen binding integrins during cardiac development
and hypertrophy,” Circ. Res. 68, 734–744 (1991).

49P. Gwanmesia, H. Ziegler, R. Eurich, M. Barth, H. Kamiya, M. Karck, A.
Lichtenberg, and P. Akhyari, “Opposite effects of transforming growth factor-
b1 and vascular endothelial growth factor on the degeneration of aortic valvular
interstitial cell are modified by the extracellular matrix protein fibronectin:
Implications for heart valve engineering,” Tissue Eng., Part A 16, 3737–3746
(2010).

50S. M. Short, G. A. Talbott, and R. L. Juliano, “Integrin-mediated signaling
events in human endothelial cells,”Mol. Biol. Cell 9, 1969 (1998).

51S. Schumacher, D. Dedden, R. V. Nunez, K. Matoba, J. Takagi, C. Biert€umpfel,
and N. Mizuno, “Structural insights into integrin a5b1 opening by fibronectin
ligand,” Sci. Adv. 7, eabe9716 (2021).

52N. Latif, P. Sarathchandra, P. M. Taylor, J. Antoniw, and M. H. Yacoub,
“Molecules mediating cell-ECM and cell-cell communication in human heart
valves,” Cell Biochem. Biophys. 43(2), 275–287 (2005).

53C. Mancino, T. Hendrickson, L. V. Whitney, F. Paradiso, S. Abasi, E. Tasciotti,
F. Taraballi, and A. Guiseppi-Elie, “Electrospun electroconductive constructs
of aligned fibers for cardiac tissue engineering,” Nanomedicine 44, 102567
(2022).

54D. Kai, M. P. Prabhakaran, G. Jin, and S. Ramakrishna, “Guided orientation of
cardiomyocytes on electrospun aligned nanofibers for cardiac tissue engineer-
ing,” J. Biomed. Mater. Res., Part B 98B, 379–386 (2011).

55N. Masoumi, B. L. Larson, N. Annabi, M. Kharaziha, B. Zamanian, K. S.
Shapero, A. T. Cubberley, G. Camci-Unal, K. B. Manning, J. E. Mayer, A.
Khademhosseini, and P. G. S. Electrospun, “PCL microfibers align human val-
vular interstitial cells and provide tunable scaffold anisotropy,” Adv.
Healthcare Mater. 3, 929–939 (2014).

56B. M. Whited and M. N. Rylander, “The influence of electrospun scaffold
topography on endothelial cell morphology, alignment, and adhesion in
response to fluid flow,” Biotechnol. Bioeng. 111, 184–195 (2014).

57Z. P€usp€oki, M. Storath, D. Sage, and M. Unser, “Transforms and operators for
directional bioimage analysis: A survey,” Adv. Anat. Embryol. Cell Biol. 219,
69–93 (2016).

58F. S. Pasqualini, S. P. Sheehy, A. Agarwal, Y. Aratyn-Schaus, and K. K. Parker,
“Structural phenotyping of stem cell-derived cardiomyocytes,” Stem Cell Rep.
4, 340–347 (2015).

59A. W. Feinberg, A. Feigel, S. S. Shevkoplyas, S. Sheehy, G. M. Whitesides, and
K. K. Parker, “Muscular thin films for building actuators and powering devi-
ces,” Science 317, 1366–1370 (2007).

APL Bioengineering ARTICLE pubs.aip.org/aip/apb

APL Bioeng. 7, 046114 (2023); doi: 10.1063/5.0172423 7, 046114-12

VC Author(s) 2023

 04 D
ecem

ber 2023 15:55:57

https://doi.org/10.1016/j.jacbts.2020.09.011
https://doi.org/10.1016/j.mattod.2013.06.005
https://doi.org/10.1016/j.matt.2023.05.025
https://doi.org/10.1038/s41551-018-0271-5
https://doi.org/10.1016/j.actbio.2013.08.022
https://doi.org/10.1016/j.biomaterials.2018.08.063
https://doi.org/10.1038/s43016-022-00523-w
https://doi.org/10.1002/jbm.a.35614
https://doi.org/10.1002/jbm.a.35614
https://doi.org/10.1371/journal.pone.0154806
https://doi.org/10.1089/ten.tea.2007.0294
https://doi.org/10.1097/PRS.0b013e3182139fa4
https://doi.org/10.1161/01.RES.87.8.663
https://doi.org/10.1016/j.biomaterials.2006.02.024
https://doi.org/10.1088/1748-6041/3/2/025010
https://doi.org/10.5507/bp.2001.011
https://doi.org/10.3389/fcvm.2018.00105
https://doi.org/10.3390/app10030938
https://doi.org/10.1088/1478-3975/12/6/066023
https://doi.org/10.1161/CIRCRESAHA.108.173989
https://doi.org/10.1002/cphy.c100038
https://doi.org/10.1073/pnas.1902035116
https://doi.org/10.1016/j.biomaterials.2010.03.028
https://doi.org/10.1177/1535370215583799
https://doi.org/10.1039/c1ib00061f
https://doi.org/10.1242/jcs.88.1.25
https://doi.org/10.3390/cells9061395
https://doi.org/10.1067/mtc.2002.123812
https://doi.org/10.1067/mtc.2002.123812
https://doi.org/10.1182/blood-2010-01-266197
https://doi.org/10.1161/01.RES.68.3.734
https://doi.org/10.1089/ten.tea.2010.0304
https://doi.org/10.1091/mbc.9.8.1969
https://doi.org/10.1126/sciadv.abe9716
https://doi.org/10.1385/CBB:43:2:275
https://doi.org/10.1016/j.nano.2022.102567
https://doi.org/10.1002/jbm.b.31862
https://doi.org/10.1002/adhm.201300505
https://doi.org/10.1002/adhm.201300505
https://doi.org/10.1002/bit.24995
https://doi.org/10.1007/978-3-319-28549-8_3
https://doi.org/10.1016/j.stemcr.2015.01.020
https://doi.org/10.1126/science.1146885
pubs.aip.org/aip/apb

