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Optical Imaging Predicts Mechanical Properties
During Decellularization of Cardiac Tissue
Nick Merna, MS,1 Claire Robertson, MS,1 Anh La,1 and Steven C. George, MD, PhD1–4

Decellularization of xenogeneic hearts offers an acellular, naturally occurring, 3D scaffold that may aid in the
development of an engineered human heart tissue. However, decellularization impacts the structural and mechanical properties of the extracellular matrix (ECM), which can strongly influence a cell response during
recellularization. We hypothesized that multiphoton microscopy (MPM), combined with image correlation
spectroscopy (ICS), could be used to characterize the structural and mechanical properties of the decellularized
cardiac matrix in a noninvasive and nondestructive fashion. Whole porcine hearts were decellularized for 7 days
by four different solutions of Trypsin and/or Triton. The compressive modulus of the cardiac ECM decreased to
< 20% of that of the native tissue in three of the four conditions (range 2–8 kPa); the modulus increased by
*150% (range 125–150 kPa) in tissues treated with Triton only. The collagen and elastin content decreased
steadily over time for all four decellularization conditions. The ICS amplitude of second harmonic generation
(SHG, ASHG) collagen images increased in three of the four decellularization conditions characterized by a
decrease in fiber density; the ICS amplitude was approximately constant in tissues treated with Triton only. The
ICS ratio (RSHG, skew) of collagen images increased significantly in the two conditions characterized by a loss of
collagen crimping or undulations. The ICS ratio of two-photon fluorescence (TPF, RTPF) elastin images decreased
in three of the four conditions, but increased significantly in Triton-only treated tissue characterized by retention
of densely packed elastin fibers. There were strong linear relationships between both the log of ASHG (R2 = 0.86)
and RTPF (R2 = 0.92) with the compressive modulus. Using these variables, a linear model predicts the compressive modulus: E = 73.9 · Log(ASHG) + 70.1 · RTPF - 131 (R2 = 0.94). This suggests that the collagen content and
elastin alignment determine the mechanical properties of the ECM. We conclude that MPM and ICS analysis is a
noninvasive, nondestructive method to predict the mechanical properties of the decellularized cardiac ECM.

similar to the native myocardium (10–15 kPa) are more likely
to beat, beat with a greater frequency, and generate a greater
contractile force.5–7 Furthermore, previous work has generally cultured cardiomyocytes on collagen-coated gels, which
can mimic the stiffness of the native myocardium, but cannot
replicate other structural features present in native tissue
such as collagen crimping or undulations.5,6 A network microstructure can impact the mechanical properties of the
ECM.8,9 Thus, retaining both the mechanical properties and
structural features of the native myocardium will likely improve the performance of seeded cardiomyocytes during
recellularization.
Imaging the collagen and elastin fibers of the C-ECM may
improve our understanding of the relationship between
mechanical properties and a cell response. Multiphoton microscopy (MPM) and image correlation spectroscopy (ICS)
are an effective combination to noninvasively and nondestructively assess bulk mechanical properties of collagen

Introduction

D

ecellularization of xenogeneic hearts offers an instructive extracellular matrix (ECM) that may facilitate
the development of engineered human heart tissue. The
cardiac extracellular matrix (C-ECM) has been shown to
promote functionality and viability of cardiomyocytes and
mesenchymal stem cells, without eliciting an immune response upon implantation.1,2 Additionally, the C-ECM potentially retains the physical and chemical cues to aid cells in
proliferation and spatial reorganization.1–3
The decellularization process affects the ECM composition, structure, and mechanical properties,4 which have been
shown to affect the cell response upon reseeding. For example, the substrate stiffness significantly affects maturation
and differentiation of immature ventricular myocytes.5 In
addition, cells cultured on 10 kPa collagen gels develop
aligned sarcomeres, while cells cultured on gels with stiffness
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Table 1. Decellularization Conditions

Decell 3/4
Decell 1/6
Tryp only
Trit only

0.02% Trypsin/0.05% EDTA/0.05% NaN3
for 3 days and 3% Triton X-100/0.05%
EDTA/0.05% NaN3 for 4 days
0.02% Trypsin/0.05% EDTA/0.05% NaN3
for 1 day and 3% Triton X-100/0.05%
EDTA/0.05% NaN3 for 6 days
0.02% Trypsin/0.05% EDTA/0.05%
NaN3 for 7 days
3% Triton X-100/0.05% EDTA/0.05%
NaN3 for 7 days

hydrogels,10–12 and may be useful for in vivo applications,
including the assessment of elastin.13 However, previous
work has not considered additional structural features, such
as collagen crimping, which is present in the natural ECM. It
is not well understood how these structural features affect
mechanical properties. The goal of the current work is to
quantitatively and noninvasively characterize the impact of
decellularization on the C-ECM microstructure and mechanical properties using MPM and ICS.
Materials and Methods
Preparation of C-ECM
Whole porcine hearts were obtained immediately after
euthanasia of 40–55 kg, adult female Yorkshire pigs. The
excess fat and connective tissue were removed, and the
coronaries were perfused with phosphate-buffered saline to
remove coagulated blood. Each heart was frozen at - 80C
for at least 24 h to aid in cell lysis.1 These hearts were then
thawed at room temperature and decellularized over a 7-day
period by coronary perfusion with four different solutions of
either Trypsin/EDTA/NaN3 and/or Triton/EDTA/NaN3
(Table 1) as previously described.1 All Trypsin conditions
were at a concentration of 0.02%, and all Triton conditions
were at a concentration of 3%. All solutions contained 0.05%
EDTA and 0.05% NaNa3. Different combinations of Trypsin
and Triton were used as their mechanism of action should
differentially impact the ECM.1,14 Full-thickness left ventricular tissue samples (1 · 1 cm) were collected every 24 h for
imaging of MPM of fiber ultrastructure, mechanical testing
for compressive modulus and protein analysis of collagen,
elastin, and DNA content.

Multiphoton microscopy
For MPM imaging, multiphoton excited autofluorescence
(elastin) and second harmonic generation (SHG) (collagen) were
measured (Zeiss LSM 510 Meta Microscopy System) at 5-mm
intervals with depths ranging from 0 to 50 mm as previously
described.11 SHG arises from nonlinear interactions between the
incident light and the noncentrosymmetric structure of the fibrillar collagen and, thus, uniquely reflects the fibrillar collagen
for in vitro and in vivo samples.15 Two-photon fluorescence (TPF)
arises primarily from the autofluorescence of elastin.16 Thus,
MPM enables noninvasive visualization of collagen and elastin
in intact, unstained tissues. The TPF and SHG signals were
collected using a 40 · /1.3 Achroplan oil-immersion objective. A
circularly polarized Chameleon laser was focused on the CECM samples with a wavelength of 860 nm and an incident
power ranging from 60–175 mW. The SHG collagen signal was
obtained using a 390–465-nm bandpass filter. The TPF signal
was collected simultaneously in a second channel, using a 500–
550-nm bandpass filter. To maximize consistency, images from
different days and from different animals were taken using the
same set of optical parameters, such as gain and laser intensity.
Image correlation spectroscopy
ICS was performed on SHG and TPF images during decellularization to quantify image morphology using indices
that reflect fiber alignment and fiber density. ICS employs
autocorrelation of two-dimensional and spatially resolved
data11,17,18 to assess fiber orientation, alignment, size, and
density.11 MATLAB was first used to compute the twodimensional spatial autocorrelation function (ACF) as previously described.11 Briefly, the ACF was calculated by first
multiplying the two-dimensional spatial fast Fourier transform
(FFT) function of the image and its complex conjugate to get
the power spectral density (PSD). The inverse FFT of the PSD
produced the ACF. The central 32 · 32 pixel portion of the ACF
was then cropped to remove the higher spatial lag. The cropped ACF was then fit to a two-dimensional Gaussian function,
where sM and sm represented the standard deviation along
the major and minor axis, respectively, RSHG and RTPF the
ratios of sM and sm for SHG and TPF images, y the orientation
of the axis with respect to the horizontal, and ASHG and ATPF
the peak amplitudes for SHG and TPF images, respectively
(Fig. 1). Since we could not control the orientation of our image
relative to a fixed structure feature in the heart, y was not used

FIG. 1. Illustration of image correlation spectroscopy (ICS). (A) A second harmonic generation (SHG) image with collagen
fibers oriented horizontally, (B) the autocorrelation function (ACF) of (A, C) the Gaussian fit of the centrally cropped ACF
[dashed rectangle/square in (B)] with a wireframe representing the fit. A represents the peak amplitude, sM and sm represent
the standard deviation along the major and minor axis. Color images available online at www.liebertpub.com/tec
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FIG. 2. Representative images of intact porcine hearts decellularized by coronary perfusion are shown (A) before decellularization, (B) after 0.02% Trypsin (Tryp) for 3 days and 3% Triton (Trit) X-100 for 4 days, (C) after 0.02% Trypsin for 1 day
and 3% Triton X-100 for 6 days, (D) after 0.02% Trypsin for 7 days, and (E) after 3% Triton X-100 for 7 days. Color images
available online at www.liebertpub.com/tec
in this study. A and R were used as indices that reflect the fiber
density and alignment.18
Mechanical testing
The compressive modulus of the tissues was measured via
indentation testing (Synergie 100; MTS Systems Corporation). The sample height (*15 mm) was measured using a
linear extensor. Each sample was then compressed to 20%
strain with a 5-mm radius plate at a rate of 0.02 mm/s. Data
were acquired with a 10 N load cell at 50 Hz with a 12 bit
data acquisition. The modulus was calculated in the linear
region of the stress–strain curve. Each sample was tested in
five locations and the values averaged.
Protein quantification
The total collagen, elastin, and DNA content per dry
weight were assessed (N = 3 for each time point) using
commercially available kits (collagen: hydroxyproline assay
kit Cedarlane, Elastin: Fastin assay kit Biocolor, DNA:
Quant-iT PicoGreen dsDNA assay Invitrogen) following the
manufacturer’s instructions.
Statistical analysis
The SHG and TPF image parameters, compressive modulus, DNA content, collagen content, and elastin content were
analyzed as a function of time during decellularization using
one-way ANOVA. The compressive modulus was compared
to ASHG, ATPF, RSHG, and RTPF using linear regression. In
some cases, a log transformation was used to determine if a
power law relationship between variables was evident. Logistic regression and the backward stepwise variable selection method using A and R from both SHG and TPF was
applied to find the best model to predict the compressive
modulus using the Akaike information criterion (AIC).19
Multiple linear regression was then used to model the relationship between the variables, which had been selected by
the AIC. SigmaStat was used to perform the statistical tests.

DNA content of hearts decellularized by Trypsin/EDTA/
NaN3 for 3 days and Triton/EDTA/NaN3 for 4 days (Decell
3/4), and hearts decellularized by Trypsin/EDTA/NaN3 for
1 day and Triton/EDTA/NaN3 for 6 days (Decell 1/6) showed
(Table 2) a significant decrease in DNA compared to the DNA
present in the nondecellularized samples (mean – SD of 0.82 –
0.18 and 0.75 – 0.10, respectively, compared to 8.20 – 0.61 ng
DNA/mg sample). This represented a 90% and 91%, respectively, decrease in the amount of double-stranded DNA present in the tissue after decellularization. Tryp Only and Trit
Only resulted in incomplete decellularization with DNA
removal of *59% and 40%, respectively (mean – SD of
3.39 – 0.54 and 4.89 – 0.37, respectively).
Mechanical properties, collagen, and elastin content
The compressive modulus of the nondecellularized porcine heart was 42.5 – 14.4 kPa (n = 4, mean – SD). Decellularization progressively decreased the compressive modulus of
the C-ECM to < 20% of nondecellularized tissues in three of
the four conditions (Fig. 3A). For Trit Only, the compressive
modulus increased by *150% by day 3, and then remained
constant. In contrast, the collagen content decreased steadily
over time for all of the conditions (Fig. 3B), although Trit
Only decreased the least (*40% compared to * 80% for the
other three conditions). The elastin content also decreased
steadily over time for all four conditions (Fig. 3C). Again, Trit
Only decreased the least (*30% compared to 50%–70%).
Collagen microstructure
The SHG images of the C-ECM demonstrated significant
qualitative differences between the decellularization conditions (Fig. 4). Decell 3/4 and Tryp Only produced the
C-ECM with straight and aligned collagen fibers. However,
Decell 1/6 and Trit Only produced the C-ECM with crimped
Table 2. Extracellular Matrix DNA Quantification
Sample

Results
Visual appearance and DNA content
All four decellularization conditions removed the redbrown coloration of the tissue by day 3. By day 7, the hearts
from the four conditions were visually similar, displaying a
whitish appearance (Fig. 2). Quantitative analysis of the

Native heart
C-ECM (Decell 3/4)
C-ECM (Decell 1/6)
C-ECM (Tryp Only)
C-ECM (Trit Only)
C-ECM, cardiac extracellular matrix.

DNA (ng/mg dry weight)
8.20 – 0.61
0.82 – 0.18
0.75 – 0.10
3.39 – 0.54
4.89 – 0.37
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FIG. 3. The compressive modulus (A), collagen content (B), and elastin content (C) measured at days 0, 3, 5, and 7 of
decellularization for all 4 decellularization conditions and normalized to day 0. The baseline compressive modulus for intact
samples: 61.9, 31.5, 45.0, and 31.5 kPa. The baseline collagen content for intact samples: 465.6, 486.4, 503.3, and 505.3 mg/mg. The
baseline elastin content for intact samples: 37.8, 37.7, 38.6, and 38.8 mg/mg. Asterisks represent statistically significant differences
between conditions for that day (*p < 0.05). Number signs represent statistical variation with time for that condition (#p < 0.05).
Color images available online at www.liebertpub.com/tec
collagen fibers. These patterns began to emerge 3 days after
initiation of the decellularization protocol.

architecture present in the native tissue. In contrast, the
elastin structure was largely retained in Trit Only, but the
fibers appeared more densely packed.

Elastin microstructure
The elastin microstructure can be visualized from the TPF
signal16 (Fig. 5). There were marked qualitative differences
between the decellularization conditions. Decell 3/4, Decell
1/6, and Tryp Only significantly disrupted the fine fiber

FIG. 4. Collagen microstructure. Representative
SHG images reveal the fibrillar collagen microstructure of
intact porcine hearts at days
0, 3, 5, and 7 for all four decellularization conditions.
Images are 1024 · 1024 pixels
and 230 · 230 mm. N = 8 images per condition were used
for image analysis and statistics. Scale bar 50 mm. Color
images available online at
www.liebertpub.com/tec

MPM and ICS analysis of collagen and elastin
microstructure
ICS analysis of the SHG images demonstrated quantitative differences in the collagen microstructure among the
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FIG. 5. Elastin microstructure. Representative twophoton fluorescence (TPF)
images reveal the elastin microstructure of intact porcine
hearts at days 0, 3, 5, and 7
for all four decellularization
conditions. Images are
1024 · 1024 pixels and
230 · 230 mm. N = 8 images
per condition were used for
image analysis and statistics.
Scale bar 50 mm. Color images
available online at
www.liebertpub.com/tec

decellularization conditions (Fig. 6). ASHG increased in three
of the four decellularization protocols, the exception was Trit
Only in which ASHG was approximately constant (Fig. 6A).
In contrast, the RSHG increased significantly in the two conditions characterized by loss of collagen crimping (Decell 3/4
and Tryp Only). ICS analysis of the TPF images revealed
quantitative differences in the elastin structure between the
decellularization conditions: RTPF decreased in Decell 3/4,
Decell 1/6, and Tryp Only. In contrast, the RTPF of Trit Only
increased significantly characterized by retention of densely
packed elastin fibers (Fig. 5).
Mechanical properties correlate with ICS amplitude
and ratio
ICS image analysis of the C-ECM during the decellularization process was compared to direct mechanical testing and
protein assays. ASHG modestly correlated with the compressive
modulus (R2 = 0.57) and collagen content (R2 = 0.48). However,
there was a strong linear relationship between the log of ASHG
(R2 = 0.86) and the log of the compressive modulus (Fig. 7A).
RTPF also strongly correlated with the compressive modulus
(R2 = 0.92). However, ATPF (R2 = .13) and RSHG (R2 = 0.34)
showed little correlation with the compressive modulus.
Backward stepwise elimination based on AIC showed the
best model to predict E contained two variables: ASHG and
RTPF (AIC, 398). Thus, the best model to predict E was
E = 73.9 · Log(ASHG) + 70.1 · RTPF - 131. This model im-

proved the fit to experimental data (R2 = 0.94). In contrast, the
AIC for the best single parameter model (RTPF) was 418.
Thus, by introducing one more variable (ASHG), AIC improved by 20 (or 5%).
Discussion
Decellularization of the heart is a rapidly developing
field that promises to create a scaffold for functional cardiac
tissue engineering.1,3,14 However, the decellularization
process impacts the ECM, and a noninvasive, nondestructive method to assess the C-ECM, in particular, the mechanical properties, have not yet been presented. We have
demonstrated that MPM (SHG from fibrillar collagen and
TPF from elastin) imaging of the C-ECM and ICS analysis
provides quantitative and objective information about the
C-ECM in a noninvasive and nondestructive fashion that
can predict the compressive modulus of the decellularized
matrix.
Variability in microstructure/mechanics between
decellularization conditions
It is perhaps important to first note that gross visual inspection of the C-ECM cannot distinguish between the decellularization protocols (Fig. 2). Thus, alternate methods are
necessary to determine the extent of decellularization and
changes to structural or mechanical properties. The most
striking difference in the mechanical property among the
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FIG. 6. ICS of SHG and TPF. (A) SHG ICS amplitude, (B) SHG ICS ratio, (C) TPF ICS amplitude, and (D) ICS ratio were
calculated from SHG and TPF images of intact porcine hearts at days 0, 3, 5, and 7 for all four decellularization conditions and
normalized to day 0. Baseline SHG ICS amplitude for intact samples were 0.12, 0.11, 0.15, and 0.13, respectively. The baseline
SHG ICS ratio for intact samples were 1.50, 1.65, 1.23, and 1.23, respectively. Asterisks represent statistically significant
differences between conditions for that day (*p < 0.05). Number signs represent statistical variation with time for that condition (#p < 0.05). Color images available online at www.liebertpub.com/tec

decellularization conditions was the observation that Trit
Only caused a significant increase in the compressive modulus, while the remaining three conditions all caused a significant decrease. There are several factors potentially
responsible for this observation. Despite a decrease in the
overall elastin content in all four conditions, TPF showed
that Trit Only was the only condition to preserve the fibrillar
nature of the elastin network (Fig. 5), although the density of
the elastin fibers increased. The increased density of elastin
could contribute to the increase in the compressive modulus.
SHG also revealed a more densely crimped collagen structure of Trit Only, which could enhance the compressive
modulus. This feature was reflected in the unique combination of a constant ASHG, but an increase in RSHG. Finally, the
mechanism by which each reagent disrupts cells may also be
a factor. Triton lyses cells by disrupting the cell membrane
and, unlike Trypsin, did not break the cell–ECM bonds. This
may result in significant cell residue (not DNA) that could
impact the compressive modulus.
Despite the near complete removal of cellular DNA
(comparable to previously published results),1 Decell 1/6
preserved collagen crimping, a feature of the native ECM,
while Decell 3/4 did not. The C-ECM with crimped collagen
fibers had a twofold higher compressive modulus compared
to the uncrimped C-ECM (5.8 kPa vs. 2.4 kPa, p < 0.01). These
are physiologically relevant differences in the compressive modulus (between 1 and 15 kPa).5,6 During embryonic
development, the passive modulus of cardiac tissue is *3–
4 kPa and the modulus of tissue surrounding the myocardium ranges from 9–14 kPa.20 The prolonged exposure to
Trypsin likely disrupted the collagen and elastin protein fibrils leading to a loss of fiber density (Fig. 5).

While the C-ECM from Decell 3/4 and Decell 1/6 had
different compressive moduli and collagen ultrastructure,
they had similar levels of the collagen content. This suggests
that the presence of crimping in the Decell 1/6 C-ECM may
have been partly responsible for the higher compressive
modulus. The increased compressive modulus of Trit Only
and its preservation of elastin fibers (Fig. 5) also suggest that
the presence of elastin may have played an important role in
the mechanical properties in the C-ECM.
ICS amplitude and ICS ratio predict structure and
mechanical properties
Previous work has shown that ICS parameters correlate
with fiber properties such as width, density, and pore
size.11,17 However, additional properties, such as collagen
crimping or elastin content, will likely affect bulk mechanical properties. Expanding ICS analysis to include these
additional features will help further define the relationship
between ICS and bulk mechanical properties in natural
tissues.
In our study, ASHG and RTPF correlated well with the
compressive modulus, and RSHG appeared to increase with
the loss of collagen crimping. Logistic regression and backward stepwise elimination based on AIC showed the best
model to predict compressive modulus contained two variables (ASHG and RTPF), which improved the fit to experimental
data (R2 = 0.94) relative to a single variable (RTPF). By introducing one more variable (ASHG), AIC improved by 20 (or 5%).
ATPF (R2 = 0.13) and RSHG (R2 = 0.34) showed almost no correlation with the compressive modulus and were therefore excluded from the model. The model’s high degree of fit suggests
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FIG. 7. The relationship between mechanical and optical
properties. (A) The scaling relationship for the compressive
modulus and ICS amplitude from SHG images and (B) the
compressive modulus and ICS ratio from TPF images for all
four decellularization conditions.

that MPM and ICS provide a noninvasive means to determine
the structure and mechanical properties of the C-ECM.
The ICS amplitude has previously been shown to be inversely proportional to fiber density.18 Thus, our observed
increase in ASHG and ATPF is likely a result of decreased
collagen and elastin fiber density, confirmed by the protein
assays that demonstrated a loss of total collagen and elastin
content. However, another factor is the presence of light
scatterers, including cells, during the early stages of decellularization. Cells scatter photons and reduce the MPM signal.15 Complete removal of cells results in sharper images of
the SHG collagen structure and the TPF elastin structure.
Thus, both loss of collagen and cells may have contributed to
the observed increase in ICS amplitude.
Optimal decellularization for mechanical endpoints
Previous studies suggest an optimal ECM stiffness range
for cardiomyocytes and cardiac fibroblast cell function exists.5,6,21 Stiffness significantly affects maturation and differentiation of immature ventricular myocytes, development of
aligned sarcomeres, and generation of contractile force.5
Cardiomyocytes are also more likely to beat, and beat with
greater frequency, when cultured on softer collagen gels with
heart-like elasticity.6,7 ECM mechanical properties also play a
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dominant role in maintaining fibroblast quiescence.21 As
artificial substrate stiffness increases from that of normal
parenchymal tissue (*10 kPa) to that of fibrotic, collagenrich tissue (35–70 kPa), cultured fibroblasts transition from
quiescence to a state of increased proliferation and matrix
synthesis, suggesting that controlling ECM stiffness promotes cell functionality.
Studies have recellularized the C-ECM using cardiac, endothelial, fibroblast, and stem cells, and have found that the
scaffold’s architecture and composition promote cell functionality. Recellularization of decellularized rat hearts with
cardiac and endothelial cells, with subsequent electrical and
mechanical stimulation, create contractile tissues.3 Decellularized porcine hearts recellularized with cardiomyocytes
support formation of organized cardiomyocyte sarcomeres,1
and have been shown to beat and express typical cardiac cell
markers within a few days of seeding.2
Despite the current success in recellularizing natural and
artificial scaffolds, the effect of the collagen structure on cell
fate remains relatively unexplored. A mechanical environment and structure similar to that of the native myocardium
should be most favorable. When comparing our two decellularization conditions, Decell 1/6 produced a compressive
modulus and structure more similar to the native ECM
(42.4 kPa) relative to Decell 3/4 (5.8 kPa vs. 2.4 kPa). Additionally, Decell 3/4 appeared to damage the collagen
structure and compromise mechanical integrity, as seen by
the loss of crimping and decrease in fiber density. This
suggests that Decell 1/6 would be the preferred decellularization condition for maintaining cell function. Tryp Only
and Trit Only were not valid decellularization techniques, as
DNA loss was incomplete. Nonetheless, these conditions
provide information about the affect each individual reagent
has on the collagen structure during the decellularization
process. Trypsin severely reduced the structure and mechanical integrity, while Triton preserved the collagen
crimping and increased the matrix stiffness. Our results
emphasize the importance of appropriate timing when optimizing a decellularization protocol using these two reagents.
Conclusion
Decellularization of xenogeneic hearts potentially offers
instructive matrix that may facilitate the development of
engineered human heart tissue. Studies have shown that
mechanical properties of the ECM can strongly influence the
cell response; however, the decellularization process impacts
the C-ECM structural and mechanical properties. We have
presented a noninvasive, nondestructive method to assess
the mechanical properties of the matrix that employs MPM
imaging and ICS analysis. This process allows one to quantitatively assess the microstructure, and estimate the compressive modulus without compromising the C-ECM.
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