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Multiscale Characterization
of Engineered Cardiac
Tissue Architecture

In a properly contracting cardiac muscle, many different subcellular structures are
organized into an intricate architecture. While it has been observed that this organization
is altered in pathological conditions, the relationship between length-scales and architec-
ture has not been properly explored. In this work, we utilize a variety of architecture
metrics to quantify organization and consistency of single structures over multiple scales,
from subcellular to tissue scale as well as correlation of organization of multiple struc-
tures. Specifically, as the best way to characterize cardiac tissues, we chose the orienta-
tional and co-orientational order parameters (COOPs). Similarly, neonatal rat
ventricular myocytes were selected for their consistent architectural behavior. The engi-
neered cells and tissues were stained for four architectural structures: actin, tubulin, sar-
comeric z-lines, and nuclei. We applied the orientational metrics to cardiac cells of
various shapes, isotropic cardiac tissues, and anisotropic globally aligned tissues. With
these novel tools, we discovered: (1) the relationship between cellular shape and consis-
tency of self-assembly; (2) the length-scales at which unguided tissues self-organize; and
(3) the correlation or lack thereof between organization of actin fibrils, sarcomeric
z-lines, tubulin fibrils, and nuclei. All of these together elucidate some of the current mys-
teries in the relationship between force production and architecture, while raising more
questions about the effect of guidance cues on self-assembly function. These types of met-
rics are the future of quantitative tissue engineering in cardiovascular biomechanics.
[DOI: 10.1115/1.4034656]
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Introduction

The mechanical pumping of the heart is indisputably a function
of the multiscale architecture of the myocardium [1-3]. In cardiac
tissue engineering, recapitulating this architecture over multiple
length-scales has been one of the barriers for the utilization of
stem-cell derived cardiomyocytes for fixing the heart and for the
creation of in vitro platforms for testing cardiotoxicity of pharma-
ceuticals [4,5]. For both of these applications, it is increasingly
evident that the architecture of the scaffold affects maturity of
cells, gene expression levels, and various functional outputs
[6-12]. One affected function is the cells’ ability to self-assemble
into a tissue with optimized contractile properties. Learning to
leverage the cells’ self-assembly capability would allow for tis-
sues to be engineered with minimal input. However, to accom-
plish this it is necessary to quantify the tissue architecture over
many scales and identify the essential cues that promote recapitu-
lation of native tissue structure in engineered cardiac tissue.

During normal development, the heart macrostructure evolves
from a tube into a consistent anatomy composed of four chambers
wrapped with helical fibers [7-9,13—16]. Similarly, normal pri-
mary single cardiomyocytes interrogated for a response to geo-
metrical extracellular matrix (ECM) cues will produce
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qualitatively consistent structures [17,18]. However, it is unclear
if this consistency holds overall length-scales, and no one has
been able to reliably quantify this. Previously, quantifying orienta-
tion of architecture in cells has been done using various computa-
tional algorithms [19-26]. Also, prior studies used a variety of
metrics to analyze their results that were based on different statis-
tical distributions, such as Gaussian [12,20,21,24,26,27]. Yet,
organizations of structures in cardiac cells are not often normally
distributed and one of the best suited parameters for this task is or
based on the orientational order parameter (OOP). While initially
developed for the field of liquid crystals, these have now been
extensively used to quantify organization in biology [28-33]. Still,
there is no standard method to measure the architecture of various
structures (nuclei, actin fibrils, microtubules, etc.) over multiple
scales to ensure that in vitro tissues recapitulate the condition of
interest. Quantifying this architecture would also allow us to
answer the important question of how local and global organiza-
tions differ in their effect on contractile function. To properly
build in vitro replicas, it is also essential to quantify the correla-
tion between organizations of different subcellular structures. This
is evident from observing the orientation of «-actinin structures
(protein in the z-lines of the myofibril) and the actin fibrils. In
development, these two evolve from parallel, punctuate, in stress
fibers to perpendicular z-lines in myofibrils [34]. In sum, to con-
trol the mechanics of engineered heart tissues, it is essential to
understand multiscale consistency, architecture, and the correla-
tion of various structures in cardiac muscle.
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The heart architecture has been extensively studied for decades
[1,12,16,33,35-37]. However, the complex nature of the structures
that form the heart makes it challenging to quantitatively describe
architecture in a consistent manner. This consistency is essential
as the field begins to rely more on cardiac cells and tissues
engineered from stem cells [5,38]. Currently, these are often
assembled as two-dimensional (2D) monolayers, which can be
thought of as an essential building block of the heart because the
myocardium is organized with sheets of myofibrils arranged in
parallel [39]. In order to both understand and rebuild the three-
dimensional (3D) myocardium, it is necessary to fully understand
the 2D sheets. To this end, we demonstrate how a collection of
order parameters [28,29,33,37] can be used to elucidate cardiac
cell and tissue architecture over multiple scales that span from
subcellular to tissue scale. The qualitative observation of consist-
ent self-assembly as a function of cellular shape was tested over
multiple subcellular length-scales and was found to have implica-
tions on these cells contractile function. Further, we quantify the
patches of organization spontaneously assembled in engineered
isotropic tissues and show the correlation between orientation of
actin fibrils and z-lines, microtubules, and nuclei. In all, this
work illustrates the challenge of recapitulating the nonsimplistic
multiscale architecture of cardiac tissues, but also its importance
in creating engineered tissues with proper mechanical function.

Methods

Standard methods were used to prepare cells and tissues for
structure characterization [17,37]. Here, we describe them briefly.

Substrate Preparation. Glass coverslips (Fisher Scientific
Company, Hanover Park, IL) were sonicated in a 95% ethanol
solution for 30min. These coverslips were then spin-coated in
polydimethylsiloxane mixed at a 10:1 ratio with curing agent
(PDMS, Ellsworth Adhesives, Germantown, WI). The coverslips
with PDMS coating were cured at 65 °C overnight.

Extracellular Matrix Printing. Stamp designs were drawn
using ADOBE ILLUSTRATOR software (Adobe Systems, Inc., San Jose,
CA). The designs were etched into 5 in. X 5 in. chrome with soda-
lime glass masks by a third-party vendor (FrontRange Photo Mask
Co., Palmer Lake, CO). Silicon wafers were made through SU-8
deposition using the glass masks in the Bio-Organic Nanofabrica-
tion Facility (University of California, Irvine, Irvine, CA). In
order to create the stamps, silicon wafers were covered in 60-80 g
of PDMS. It was then cured at 65 °C overnight and peeled from
the wafers. Thereafter, the square patterned regions were cut out
and stored for use as stamps.

The stamps were sonicated and incubated for 1h with
0.1 mg/mL drops of fibronectin (Fisher Scientific Company,
Hanover Park, IL) and placed on top of the patterned faces. Prior
to applying fibronectin to the coverslips, the coverslips were
ultraviolet-ozone-treated. Then, the coverslips were incubated in
1% pluronic acid solution (5g pluronic F-127, Sigma Aldrich,
Inc., Saint Louis, MO, dissolved in 500mL sterile water) for
10 min in order to block cell adhesion between regions of fibro-
nectin. Coverslips designated for isotropic samples were placed
with the PDMS side facing downward on 300 ulL. drops of
0.05 mg/mL of fibronectin for 10 min. After these steps, coverslips
were rinsed in phosphate-buffered saline (PBS) (Life Technolo-
gies, Carlsbad, CA) three times and kept in PBS until cell seeding.

Neonatal Rat Ventricular Myocytes (NRVM) Harvest and
Seeding. All the animal protocols were reviewed and approved
by the University of California, Irvine, Institutional Animal Care
and Use Committee (Protocol No. 2013-3093). Neonatal Sprague-
Dawley rats (Charles River Laboratories, Wilmington, MA), 1-3
days postpartum, were sprayed with 95% ethanol and decapitated.
The hearts were rapidly removed and trimmed in Hank’s balanced
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salt solution (HBSS) (Life Technologies, Carlsbad, CA). Once all
the hearts (ten per harvest) were dissected, they were incubated at
4°C overnight (12h) in a 1mg/mL trypsin solution (Sigma-
Aldrich, Inc., Saint Louis, MO) dissolved in HBSS. The trypsin
solution was then removed, and the tissue was neutralized in
warmed M 199 culture medium (Invitrogen, Carlsbad, CA) supple-
mented with 10% heat-inactivated fetal bovine serum, 10 mM
HEPES, 20mM glucose, 2mM L-glutamine (Life Technologies,
Carlsbad, CA), 1.5uM vitamin B-12, and 50 U/ml penicillin
(Sigma-Aldrich, Inc., Saint Louis, MO). The media were
removed, and the tissue was dissociated through several washes of
I mg/mL collagenase dissolved in HBSS. The collagenase cell
solutions were then centrifuged at 1200rpm for 10min. The
supernatant was aspirated, and the cells were resuspended in
chilled HBSS. The HBSS cell solution was centrifuged at
1200 rpm for 10 min. The supernatant was aspirated and the cells
were resuspended in warm 10% FBS M199. The cells were puri-
fied in three preplate steps, including 45 min incubations in two
different cell culture flasks and a 40 min incubation in a third cell
culture flask (BD Biosciences, San Diego, CA) within a tissue cul-
ture incubator. Cells were counted using a disposable hemocytom-
eter (Fisher Scientific, Waltham, MA) and seeded at a density of
1 x 10° cells per 3mL for anisotropic and isotropic coverslips.
Cells were seeded at a density of 1.5 x 10° or 2.5 x 10° cells per
3 mL for single cell shape coverslips.

The samples for every experiment were cultured in standard
incubator conditions. The dead cells were washed off the samples
24h after seeding when media were refreshed with 10% FBS
M199 media. The media were replaced by 2% FBS M-199 media
48h after seeding to maintain the cardiac myocytes without
rapidly increasing the fibroblast population.

Fixing and Staining. After 72h in culture, the samples were
fixed in 4% paraformaldehyde (Fisher Scientific Company, Hanover
Park, IL) supplemented with 0.001% Triton X-100 (Sigma Aldrich,
Inc., Saint Louis, MO). The samples were each stained for a combi-
nation of four or three of the following: actin (Alexa Fluor 488 Phal-
loidin, Life Technologies, Carlsbad, CA), sarcomeric -actinin
(mouse monoclonal anti-o-actinin, Sigma Aldrich, Inc., Saint Louis,
MO), nuclei (4,6'-diaminodino-2-phenylinodole, Life Technolo-
gies, Carlsbad, CA), fibronectin (polyclonal rabbit antihuman fibro-
nectin, Sigma Aldrich, Inc., Saint Louis, MO), and alpha-tubulin
(mouse monoclonal anti-a-tubulin or chicken polyclonal anti-o-
tubulin; Abcam plc., San Francisco, CA). Secondary staining was
done using the appropriate pairs including: tetramethylrhodamine-
conjugated goat antimouse IgG antibody (Alexa Fluor 633 Goat
Anti-Mouse or Alexa Fluor 750 Goat Anti-Mouse, Life Technolo-
gies, Carlsbad, CA), tetramethylrhodamine-conjugated goat anti-
chicken IgG antibody (Alexa-Fluor 488 Goat Anti-Chicken, Life
Technologies, Carlsbad, CA), and goat antirabbit IgG antibodies
(Alexa Fluor 750 Goat Antirabbit, Life Technologies, Carlsbad,
CA). Coverslips with stained tissues were mounted onto glass cover
slides (VWR, Radnor, PA) with ProLong Gold Antifade Reagent
(Life Technologies, Carlsbad, CA) to prevent stain bleaching. Nail
polish (Electron Microscopy Sciences, Hatfield, PA) was then used
as sealant along the edge of each coverslip. The sealant was allowed
to dry overnight.

Imaging. Cover slides with immunostained samples were
imaged on an IX-83 inverted motorized microscope (Olympus
America, Center Valley, PA) mounted with a digital CCD camera
ORCA-R2 C10600-10B (Hamamatsu Photonics, Shizuoka Prefec-
ture, Japan) using an UPLFLN 40 x oil immersion objective
(Olympus America, Center Valley, PA). Ten fields of view were
acquired for each anisotropic and isotropic sample.

Image Analysis: Tissues. Image processing was done using
ImageJ software (NIH, Bethesda, MD) and customized MATLAB
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software (MathWorks, Natick, MA) as previously described
[12,33,37] to determine orientation of structures and metrics. One
of the metrics, the orientation order parameter has been commonly
used for over 40 yr [28,40]. More recently, it has been utilized to
describe organization for biological applications [29-33]. The
parameter can be derived with a variety of methods including
calculating coefficients of the Fourier series and by taking the
eigenvalues of the structure tensor [17,41]. The orientational order
parameter is commonly labeled as OOP [33.41], fop [31], or S
[28]. By convention, the order parameter ranges from 0 to 1,
which in the structure tensor method can be accomplished by tak-
ing the deviatoric portion. This method is briefly summarized
below for an image that contained a subcellular structure with ori-

entations p(x,y)
T=1{(2 PixPix pi.xpi.y - 1 0 (1)
PixDiy  DiyDiy 0 1
where the operator () is the average over all vectors p (i.e., over
parameter 7 in Eq. (1)). Then, orientational order parameter (OOP)

is simply the maximum eigenvalue of the average tensor T' and
ranges from O to 1

OOP = max(eigenvalue((T))) 2
The co-orientational order parameter (COOP) for two structures
with orientations p(x,y) and q(x,y) is also simply the maximum

eigenvalue of the appropriate tensor which is calculated as
follows:

fi.,x = Pixqix + Diyqiy and fl} = Pixqix — Pixqix 3)

_ [ [fidix fidfiy 10
Trg = <2{ﬁ«(ﬂy fi,}f}‘y} N {0 1]> @

COOP = max (eigenvalue(Tpg)) 5)

Also, the uncorrelated COOP and correlated COOP were
calculated
Uncorrelated COOPpy = OOPpOOP,, (6)
min(OOPpOOPy)

Correlated COOPpp = (N

max(OOP,00Py)

If the COOP is identical to the correlated COOP, then the two
structures are as correlated as possible. Conversely, if the COOP
is identical to the uncorrelated COOP, the two structures are as
uncorrelated as possible [37]. The COOP ranges from O to 1, and
its limits (i.e., uncorrelated and correlated COOPs) can also vary
from O to 1 with the corresponding orientational order in the two
structures.

Each field of view consisted of an area of 3.5 x 10%um? at
40x magnification. Global organization was defined by ten fields
of view at 40x magnification, totaling an area of approximately
0.35 2mm2, while the total area of the tissue is on the order of
1em™.

Image Analysis: Single Cells. Image analysis of single cells
was performed using previously created customized MATLAB
codes. These codes were used to determine subcellular structure
orientation and calculate the COOP [37]. Grid squares were
placed over the entire image, and the director, i.e., average orien-
tation, was calculated in each grid square. The area of each cell
was approximately 1250 um®, which is equivalent to a length-
scale of 35 um. Therefore, the possible sizes of the grid squares
used to analyze single cardiomyocytes could range from 1 um to
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35 um. We chose the large length-scale (21 um) by determining
the largest scale that contained a minimum of two orientation
angles within two grid squares for all the cell shapes. Pairwise
comparisons were used to quantify the consistency of cardiomyo-
cytes of same shape and aspect ratio (AR).

Nuclei Detect and Voronoi Code. Nuclei detection was
performed using a custom MATLAB code written to detect and seg-
ment fluorescently stained cell nuclei from the background of an
image. An intensity threshold was applied to the image in order to
generate a binary mask representing each nucleus as a body of
white pixels and the background as black. The boundary of each
nucleus was then calculated as a set of points in 2D space, allow-
ing automated, quantitative characterization of nuclear size,
shape, and orientation [42—44].

Following automated detection and segmentation, each cell
nucleus within an image is assigned a centroid, calculated from its
best-fit ellipse [44]. These centroids are then used to generate a
Voronoi diagram, which partitions the image into spaces consist-
ing of all the points closest to a specific nuclear centroid [45].
Each Voronoi approximates the boundary of the area influenced
by each nucleus. Then, the single nucleus orientation value is
expanded into a vector field spanning its entire Voronoi space and
compared to the actin or tubulin orientational vector field falling
within the space.

Statistics. To determine statistical significance, one-way analy-
sis of variance was used with the Holm-Sidak post-hoc test, which
is commonly used for pairwise comparison of experimental
groups. Significance was considered for an unadjusted p-value
less than the critical level, which accounts for the number of
comparisons.

Results

Characterizing cardiac muscle architecture is inherently a
multiscale problem. To address this, the consistency of self-
assembly of single cardiomyocytes over multiple length-scales
was considered first.

Consistency of Single Cell Assembly. There are two questions
of interest when considering single cells: (1) how does consis-
tency of self-assembly change in a multiscale way and (2) how
does extracellular matrix (ECM) cues affect consistency of self-
assembly? In cell shapes with parallel fibers (i.e., rectangles with
high aspect ratio), it is possible to evaluate consistency based on
the variance of a simple order parameter. For cells that have
unaligned myofibrils (i.e., squares), the orientational order param-
eter (OOP) would be always low, and the variance would be inde-
pendent of consistency. To overcome this, the co-orientational
order parameter (COOP) was utilized to evaluate consistency of
self-assembly in cells of various shapes. This provided a method
to evaluate consistency as a function of scale in single cardiomyo-
cytes by culturing NRVMs on fibronectin islands of rectangles,
ovals, and triangles of various aspect ratios (Table 1; Fig. 1(a)).
The COOP was calculated to quantify consistency of actin fibrils
and sarcomeric z-lines for a variety of subcellular length-scales
(Fig. 1(b)). For all the shapes, the COOP varied from low values
at small length-scales to high values at large length-scales
(Fig. 2). To summarize, the consistency data of actin fibrils and
sarcomeric z-lines were plotted for all the shapes at a small
length-scale of ~1 um (Fig. 2(a); and Fig. S1A, which is available
under the “Supplemental Materials” tab for this paper on the
ASME Digital Collection) and at a large length-scale of ~21 um
(Fig. 2(b); and Fig. S1B, which is available under the
“Supplemental Materials” tab). Consistency of self-assembly at
the small scale (~1 ym) was highly dependent on the aspect ratio
of the ECM island (Fig. 2(«); and Fig. S1A, which is available
under the “Supplemental Materials” tab). Furthermore,
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Fig. 1 Example of actin fibril consistency in NRVM. (a) Images
of stained NRVMS cultured on various shaped FN islands.
The stains in the images are green for actin, red for a-actinin,
and blue for nuclei. (b) The average COOP for consistency of
actin fibril organization at different areas and length-scales in
rectangular-shaped NRVMs with an aspect ratio~11. Scale
bars =10 um.

consistency of actin fibrils was significantly different between
circles (ovals with aspect ratio of 1) and various shapes with an
aspect ratio of ~1 (Fig. 2(a)). Ovals with aspect ratios of 13.49
and 15.06 were significantly different than rectangles with an
aspect ratio of 14.20 (Fig. 2(a)). Also, at this small scale, the

Table 1 The single cell shapes. Shape types, their aspect
ratios, and the sample size for each.

Type of shape Aspect ratio Sample #
Rectangle 1.00 6
Rectangle 3.45 5
Rectangle 5.77 4
Rectangle 9.50 6
Rectangle 10.69 5
Rectangle 14.20 5
Oval 1.00 6
Oval 1.75 5
Oval 245 6
Oval 3.58 6
Oval 8.78 4
Oval 13.49 8
Oval 15.06 5
Triangle 60 deg 1.15 5
Triangle 30 deg 1.83 7
Triangle 90 deg 1.95 7
Triangle 120 deg 3.02 4
Triangle 10 deg 5.57 4
Triangle 150 deg 5.75 5

111003-4 / Vol. 138, NOVEMBER 2016
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Fig. 2 Actin fibril consistency for various aspect ratios. The
average COOP for consistency of actin fibril organization for
different aspect ratios at the small length-scale of 1 um (a) and
at the large length-scale 21 um (b). Inset of (b) shows aspect
ratios for the isosceles triangle shapes.

consistency of actin fibrils settles at an aspect ratio of ~6, which
correlates with the known relationship between force and aspect
ratio [46]. The average COOP at a scale of ~1 um for shapes with
aspect ratios (ARs) >5.5 was 0.87 and 0.39 for actin (Fig. 2(a))
and sarcomeric z-lines (Fig. S1A 1is available under the
“Supplemental Materials” tab for this paper on the ASME Digital
Collection), respectively. Except for the circle, the shaped
NRVMs were consistent at length-scales of ~21um (area-
=441um?) and above, with an average COOP of 0.98 and 0.87
for actin (Fig. 2(b)) and sarcomeric z-lines (Fig. S1B is available
under the “Supplemental Materials™ tab), respectively. The oval
with an aspect ratio of 1, i.e., a circle, was shown to be less con-
sistent than other shapes at large scales (Fig. 2(b); and Fig. S1B,
which is available under the “Supplemental Materials” tab)
because it has the added challenge of shape rotational symmetry,
but it has also been inconsistent qualitatively [17]. For all the
other shapes, the qualitative observation of consistent cell self-
assembly of actin fibrils was confirmed by this data for large
length-scales. This data illustrated that it is possible to elucidate
the self-assembly consistency in single cells, but tissue architec-
ture needed to be characterized over a larger range of length-
scale.

Multiscale Order in Cardiac Tissues. To address this ques-
tion, two types of cardiac tissues, anisotropic globally aligned
(Figs. 3(a)-3(d)-(i)) and isotropic (Figs. 3(a)-3(d)-(ii))) tissues
made from primary cardiomyocytes (NRVMs), were used. These
tissues were stained for nuclei (Fig. 3(«a)), sarcomeric z-lines
(Fig. 3(b)), actin fibrils (Fig. 3(c)), and microtubules (Fig. 3(d)).
The global orientational order was previously measured by calcu-
lating the OOP for ten fields of view (A =3.5 mm?) [12,33], but
this only provided the orientational order at one length-scale. We
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Fig. 3 Orientational order parameter (OOP) analysis over multiple spatial scales. (a) and (b) Inmunostain images of aniso-
tropic (i) and isotropic (ii) tissues for nuclei (a), sarcomeric z-lines (b), actin (c), and tubulin (d). (e) and (f) OOP data for aniso-
tropic N=4 (e) and isotropic N=8 (f) tissues over multiple spatial scales. (g) The area at which the isotropic OOP is half way
between minimum and maximum for each structure (legend at figure top); *indicates statistical significance with p<0.001. Error
bars represent the standard deviation of the data. Scale bar = 10 um.

were able to measure the orientational order at smaller length-
scales by calculating the OOP for a smaller number of fields of
view, and then averaging the results for field of view sets within
the tissue sample. Further, each field of view image was divided
into multiple quadrants, and the OOP was calculated and averaged
for each of the smaller image sets. With this method, it was possi-
ble to calculate OOP for areas over 4 orders of magnitude (Fig.
3(e)) that spans from the subcellular to tissue length-scales.
Unsurprisingly, for structures that were aligned extremely well
globally, such as actin, tubulin, and nuclei, the OOP remains high
at smaller subcellular length-scales. It was interesting that the z-
lines, which are in general not as well aligned as actin fibrils,
maintained the exact same orientational order at smaller subcellu-
lar area scales (Fig. 3(e)). This implied that the difference between
order of the actin fibrils and sarcomeric z-lines was a local phe-
nomenon, which makes sense since these two structures are part
of the same structure—the sarcomere.

As shown previously [12,33], isotropic tissues were found to
have a very low global, A = 3.5 x 10° um?, OOP (Fig. 3(f)). Com-
paratively, at smaller subcellular length-scales, the OOP increased
significantly. For A <2 x 10° um?, the tested quadrant was similar
in size to or smaller than a single cell, which implied that mostly
each quadrant would have a single nuclei. Thus, mathematically
an OOP ~ 1 was expected for the nuclei at these areas. This was
confirmed with the nuclei OOP steadily increasing until at the
small subcellular scale it was reasonably close to one (Fig. 3(f)).
The same logic could not be applied to the other structures consid-
ered as they fully populate the cell area. However, a similar
increasing trend was observed for actin, tubulin, and z-lines. Actin
fibrils and microtubules were significantly better organized at the
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small subcellular area scales, although neither reached the maxi-
mum demonstrated in globally aligned tissues. Conversely, the
sarcomeric z-line organization reached the maximum demon-
strated in globally aligned tissues (dashed lowest line compared to
the triangular data point at A =~ 1.5 X 10° ymz in Fig. 3(f)). Collec-
tively, these results proved the qualitative observation that in iso-
tropic tissues, there is a spontaneous formation of well-organized
patches (solid lines—Fig. 3(f)). The size of these spontaneously
organized patches was approximated by fitting the Hill function to
the isotropic OOP data and extracting the EC50 from the fit (Fig.
4(g)). The average characteristic area of the organized patches
(based on actin, tubulin, and z-lines) was 1.4 x 10* ,umz. Still, the
different behaviors of z-lines compared to actin and tubulin at the
various length-scales raise the question of how the structure orien-
tations are correlated.

Correlation of Subcellular Structures in Cardiac Tissues.
To address this, the COOP was utilized to compare orientations of
subcellular structure pairs within the same tissue. As a demonstra-
tion, the actin fibrils were paired with sarcomeric z-lines
(Fig. 4(a)), nuclei (Fig. 4(b)-(i)), and microtubules (Fig. 4(b)-
(1)—(i1)). When comparing two structures, the COOP has a range
that can be achieved which changes as a function of the OOP of
the two structures [37]. As a result, it was not possible to resolve
the correlation for globally aligned tissues where in the best case
0.44 = 0.10 < COOP (aligned Actin, z-lines) < 0.50 = 0.12. How-
ever, in isotropic tissues the range was wide enough to produce
statistical significance (Fig. 4(c)). The lower limit was the uncor-
related COOP (circles—Fig. 4(c))—at this limit, the two
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Fig. 4 Co-orientational order parameter analysis between tissue structure pairs. (a) and (b)
Immunostain images of sarcomeric z-lines (red—(a)), actin (green (a) and (b)-(i)), nuclei (blue
(a) and (b)), and tubulin of microtubules (yellow (b)-(ii)). (c) COOP data representing correla-

tion between actin and sarcomeric z-lines ((c)-

(i)) (N=4), actin and tubulin ((c)-(ii)) (N=8),

actin and nuclei ((¢)-(iii)) (N= 11), and tubulin and nuclei ((¢)-(iv)) (N = 6). Error bars represent
the standard deviation of the data. Significance was tested within each pair of structures
between the COOP, uncorrelated COOP, and correlated COOP, and labeled with an asterisk
where significant. (d) Imnmunostain image of nuclei with Voronoi diagram (purple mesh) and
individual nuclei organization vectors (blue arrows). (e) and (f) Inmunostain image of actin
with detailed nuclei and actin organization vectors—blue and green arrows, respectively; (f) is
the enlarged section of (e) outlined in dashed rectangle. Scale bar =10 um.

structures had no detectable correlation in orientations. Con-
versely, the upper limit was the correlated COOP (diamonds—
Fig. 4(c))—at this limit, the two structures were maximally corre-
lated. The actual parameter value (squares—Fig. 4(c)) was then
tested for statistical significance against both limits. Unsurpris-
ingly, as they are part of the same sarcomeric structure, actin
fibrils were found to be maximally correlated to the z-lines (red—
Fig. 4(c)). Microtubules, which are part of the same cytoskeleton,
were found to be somewhat correlated to actin fibril orientation
(yellow—Fig. 4(c)). Another interesting comparison was the
nuclei orientation and the localized cytoskeleton. To compare the
nuclei orientation to cytoskeleton fibrils, it was necessary to define
some area of cytoskeleton relevant to each nucleus. In this case,
the tissue was broken-up by using Voronoi spaces (Fig. 4(d)).
While these were not the cell boundaries, they were a reasonable
first estimate of the area of influence for each nucleus. To com-
pare a single vector of the nucleus orientation to the many actin or
tubulin fiber vectors in the same space. Each spatial position that
had an actin vector was also assigned a nucleus vector value based
on its Voronoi space (Figs. 4(e) and 4(f)). The resultant COOP
values showed that the nucleus orientation was maximally uncor-
related with respect to the actin fibril orientation (Fig. 4(c-(iii))).
This method was used to compare tubulin and nuclei orientations,
which were also significantly uncorrelated (Fig. 4(c)-(iv)). When
interpreting this data, it was important to also consider that the
nucleus eccentricity was found to be 0.82 = 0.01 for isotropic
tissues and 0.87 = 0.01 for globally aligned, which was a statisti-
cally significant difference with N = 6 tissues.

Discussion

In this work, we illustrated the use of two order parameters in
characterizing multiscale organization of engineered cardiac

111003-6 / Vol. 138, NOVEMBER 2016

tissues from the subcellular to tissue scale: The classical orienta-
tional order parameter [28,29,33] and the co-orientational order
parameter [37]. Indeed, there were other metrics that could have
been used to summarize orientation properties from the data
obtained through image analysis that are based on a variety of
functions. For example, there are different statistical metrics based
on different distributions that were used to quantify orientation
data [20,21,26,27] or multiple image correlation methods to com-
pare images [25,47-50]. However, the OOP and the COOP were
chosen because they are mathematically appropriate to interpret
data from biological tissues. Also, the OOP and COOP can be
used on all types of distributions and, by now, have been
widely characterized for use in engineered cardiac tissues
[4,9,12,33,36,37]. However, it is important to note that the orien-
tational order parameter is not capable of differentiating between
isotropic distributions and ones with multiple principal orienta-
tions. By its similar mathematical construction, the COOP also
cannot be used to describe multiple correlation types within a sin-
gle tissue [37]. Thus, if the goal is to capture properties of highly
detailed, multipeaked distributions, the COOP and OOP are not
the appropriate parameters. These methods and software could
have also been used on immunostained images of fibronectin as
well [51], however, examining ECM was beyond the scope of this
paper.

There have been many models of single cell self-assembly, but
they have mostly relied on a qualitative view of cytoskeleton
architecture for validation [17,52-54]. The ability to quantify con-
sistency displayed in this work provides a tool for future models
not only to be validated quantitatively but also to be assessed at
multiple subcellular length-scales (Fig. 1(b)). Indeed, by consider-
ing architecture over multiple length-scales, we discovered that
the highest actin fibril consistency at smaller subcellular length-
scales was observed with high aspect ratios, e.g., elongated cells,

Transactions of the ASME



without sharp corners of the ECM island. Therefore, at small
length-scales in order for actin fibrils to consistently self-
assemble, it is more advantageous for cells to be a smooth elon-
gated shape. The consistency settled at a very high value for the
small subcellular scale of 1 um when the aspect ratio is above ~6
(Fig. 2(a)). This has an interesting correlation with the traction
force microscopy data showing a maximum force produced by
cells with an aspect ratio of 67 [46]. Thus, in order to produce
reliably high forces the cell needs to be assembled consistently
within areas that range 1-400 um2 (Fig. 2), or conversely, given
proper guidance, cardiomyocytes can be assembled very consis-
tently with areas of 3 orders of magnitude in scale.

The emergent force production in tissues also highly depends
on the multiscale architecture of cardiac muscle [12,36]. It has
been shown that for engineered locally anisotropic parquet tiles of
~6 x 10* um?, with a global isotropic order, the force production
is easily predicted based on a net force vector addition model
[36]. Conversely, the force production in engineered isotropic tis-
sues (Fig. 3(b)) is significantly lower than expected [12,33,36]. In
this work, we quantitatively confirmed that engineered isotropic
tissues spontaneously assemble organize patches of 1.4 x 10* um?,
which is the same order of magnitude as tissues composed of
parquet tiles proven to be similar to globally aligned tissues
(Fig. 3(a)) in their local force generation [36]. It will be the sub-
ject of future studies to find out if this is the result of a substantial
difference between local organization of 1.4 x 10*um? and
6 x 10*um?, or more likely, the result of providing engineered tis-
sue guidance, which influences the cascade of organization. In
this respect, understanding the correlation of orientations provides
a powerful tool in elucidating the changes in these tissues at the
local subcellular scale.

The correlation of sarcomeric components, actin fibrils, and
z-lines, can be used to represent the development state [34]. In the
primary engineered tissues tested in this work, the correlation is
maximally tight (Fig. 4(c)-(i)), but for immature cardiomyocytes
with stress fibers like those made from stem-cell derived cardio-
myocytes [4], the correlation would be expected to be signifi-
cantly lower. The absence of correlation between the nucleus and
the cytoskeleton components, i.e., actin (Fig. 4(c)-(iii)) and tubu-
lin (Fig. 4(c)-(iv)), was very surprising because in an aligned tis-
sue the nucleus is thought to be oriented due to the forces applied
to it by the other structures of the cytoskeleton [55]. There are a
few possible explanations for this unexpected result. First, the
nuclei in the engineered isotropic tissue were on average less
elliptical, which means their directions were less accurately deter-
mined. Second, the area of the influence of each nucleus was
based on a mathematical estimate, but it might be more applicable
to define it based on a biological relevance. For example, exclud-
ing the area around the nucleus, which might be wrapped in a net
of fibrils, might provide a different result. Nonetheless, the COOP
provides a powerful tool to investigate these issues and to quantify
correlations of orientations even when it requires a careful selec-
tion of structures for comparison in order to provide relevance to
mechanics.

Conclusions

The quantitative analysis of primary engineered cardiac cells
and tissues architecture illuminated some important properties:
(1) The self-assembly and force development mechanisms are
optimized at the same minimal aspect ratio and (2) there are
tight correlations in orientations between different subcellular
structures within a cytoskeleton, which is important to force
generation. The analysis also exposed new mysteries. Indeed,
engineered isotropic tissues spontaneously assemble organized
patches that are comparable in size to engineered tiles, which
deepens the mystery of why the isotropic tissues do not produce
more force [12,36]. This might be explained by the loose corre-
lation of nucleus orientation in the cytoskeleton, which in turn
might explain the gene expression differences between isotropic
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and aligned tissues. Both of these are subjects for future investi-
gation. Looking forward, it is clear that such architectural met-
rics are essential for elucidating the mechanical behavior of
engineered cardiac tissues.
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