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The importance of matrix micromechanics is increasingly recognized in cardiovascular research due to
the intimate role they play in local vascular cell physiology. However, variations in micromechanics
among arterial layers (i.e. intima, media, adventitia), as well as dependency on local matrix composition
and/or structure, anatomical location or developmental stage remain largely unknown. This study deter-
mined layer-specific stiffness in elastic arteries, including the main pulmonary artery, ascending aorta,
and carotid artery using atomic force indentation. To compare stiffness with age and frozen processing
techniques, neonatal and adult pulmonary arteries were tested, while fresh (vibratomed) and frozen (cry-
otomed) tissues were tested from the adult aorta. Results revealed that the mean compressive modulus
varied among the intima, sub-luminal media, inner-middle media, and adventitia layers in the range of
1-10 kPa for adult arteries. Adult samples, when compared to neonatal pulmonary arteries, exhibited
increased stiffness in all layers except adventitia. Compared to freshly isolated samples, frozen prepara-
tion yielded small stiffness increases in each layer to varied degrees, thus inaccurately representing phys-
iological stiffness. To interpret micromechanics measurements, composition and structure analyses of
structural matrix proteins were conducted with histology and multiphoton imaging modalities including
second harmonic generation and two-photon fluorescence. Composition analysis of matrix protein area
density demonstrated that decrease in the elastin-to-collagen and/or glycosaminoglycan-to-collagen
ratios corresponded to stiffness increases in identical layers among different types of arteries.
However, composition analysis was insufficient to interpret stiffness variations between layers which
had dissimilar microstructure. Detailed microstructure analyses may contribute to more complete under-
standing of arterial micromechanics.
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1. Introduction

Vascular tissue mechanics play a significant role in regulating
vascular cell phenotypes and physiological activities (Mozos et al.,
2017). For example, elastic artery stiffening is associated with
increased risk of hypertension and stroke (Mitchell, 2014). While
macroscopic analysis of arterial mechanics is well-developed now,
there remains a limited understanding as to the contribution of
cellular-scale mechanics to vascular health and disease (Arroyave
et al,, 2015; Kohn et al., 2015). Such understanding is vital as the
artery wall consists of three distinct layers, the intima, media, and
adventitia, each composed of a unique cell type and matrix
microenvironment. Individual layers may thicken or stiffen inde-
pendently with anatomical location, development, aging, or disease
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imposing varied influences on local cell activities. Therefore, layer-
specific analysis at cellular length scales is important to under-
standing arterial mechanobiology, pathological remodeling, and tis-
sue engineering (Cabrera-Fischer et al., 2013; Kohn et al., 2015;
Stenmark et al., 2011; Townsley, 2012; Witter et al., 2017).

In the case of designing tissue-engineered constructs, the
importance of matching micromechanical properties of supporting
biomaterials with healthy arterial stiffness, in order to facilitate
proper vascular cell function, is now being recognized (Ding
et al., 2018). To this end, atomic force microscopy (AFM) indenta-
tion is used to measure artery mechanics (Grant and Twigg,
2013; Kohn et al., 2016; Liu et al.,, 2016; Peloquin et al., 2011).
AFM enables mechanical analysis of hydrated biological tissues
with high spatial resolution. There are wide variations, however,
between the reported stiffness of different arterial layers. For
example, reported AFM indentation measures of stiffness in the
adventitial layer of porcine pulmonary arteries reveal a mean of
128.6 kPa, while stiffness measures in bovine carotid intima and
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porcine carotid media layers had mean stiffness of 2.5 kPa and
5.7 kPa respectively (Engler et al., 2004; Grant and Twigg, 2013;
Peloquin et al., 2011). However, function of vascular cells such as
endothelial cells and smooth muscle cells, as well as vascular lin-
eage differentiation from stem cells, are highly sensitive to small
changes in extracellular matrix mechanics (Ding et al., 2018,
2017). Thus, to better understand arterial mechanobiology and
inform arterial engineering, it is necessary to accurately quantify
variations in layer-specific stiffness across the artery wall, as well
as the influences of age, anatomical location, and processing prior
to measurement of arterial tissue stiffness.

Herein, we measured the layer-specific, biomechanical proper-
ties of fresh pulmonary, aorta, and carotid arteries and investigated
the relationship between layer-specific stiffness and structural
matrix protein composition using AFM microindentation and mul-
tiphoton imaging techniques. Further, we examined the effects of
tissue processing and age/development on the matrix microme-
chanics and microstructure.

2. Materials and methods
2.1. Tissue sample preparation

Adult bovine vessel segments from the main pulmonary artery,
ascending aorta, and left common carotid artery were obtained
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Main pulmonary
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immediately post mortem from Innovative Foods LLC (Evans, CO)
where the age of slaughtered cattle was between 20 and
30 months (Fig. 1A). For neonatal samples, main pulmonary artery
segments were harvested from three-week old calves (purchased
from a local farm) and transported in PBS on ice. Standard veteri-
nary care was used following institutional guidelines, and the pro-
cedure was approved by the Institutional Animal Care and Use
Committee (University of Colorado Health Sciences Center, Denver,
CO). Loose perivascular connective tissue from the outer adventitia
was carefully removed and 4 x 6 mm artery wall sections were
prepared for cross-sectioning. Throughout preparation, arteries
were covered with chilled PBS.

To reveal individual arterial layers and measure their mechani-
cal properties, a thin circumferential cross-section of the artery
wall was used as described previously (Engler et al., 2004). For
fresh (vibratomed) cross-sectioning, wall sections were embedded
in 6% low gelling temperature agarose (Sigma A9045) at 35-40 °C
(Fig. 1B). When solidified, the agarose with embedded tissue was
bonded (Loctite SuperGlue) to a vibratome block and placed in
the vibratome buffer tray filled with PBS and surrounded with
ice. Sections (~200um) were cut with a vibratome (Leica
VT1000S) at ~0.05 mm/s and 100 Hz. The thin cross-section was
then removed from surrounding agarose and submerged in chilled
PBS.

To identify possible effects of frozen preparation on matrix stiff-
ness, wall sections from the aorta were also embedded in optimal
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Fig. 1. Methods of preparing large elastic arteries for layer-specific stiffness measurement using atomic force microscopy. (A) Tissue samples taken from similar sites for each
artery type - Left common carotid artery samples were collected ~1-3 c¢m after branching while aorta and pulmonary artery samples were collected from the lower curvature
of the vessel. (B) Sample embedding, sectioning, and mounting. (C) Artery layers were visually identified to determine indentation test locations. Aorta samples shown. (D)
The compressive modulus of each layer was measured 8 times at 3 locations to provide an estimate of layer-specific stiffness for each artery sample.
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cutting temperature compound, placed on dry ice until frozen, and
stored at —80 °C for up to 12 weeks. Samples were cryosectioned
(~200 um) using a cryotome, then immediately rinsed and sub-
merged in chilled PBS to prevent drying.

For AFM indentation of medial and adventitial layers, a cross-
section was mounted on a microscope slide by adding a small drop
of SuperGlue adhesive to the ends of the sections, away from the
testing regions. The sample was then rehydrated with PBS and
rinsed. We compared the mechanical measures using adhesive
mounting with those using clamps, showing no effect of adhesives
on the results (Fig. S1). Samples with uneven surfaces were dis-
carded. For intimal indentation, a section of the artery wall
(~1 mm) was glued to the slide, with the intima facing up. Prior
to indentation measures, cell viability tests using calcein-am and
propidium iodide assays on representative samples revealed com-
plete cell death throughout the artery wall.

2.2. AFM indentation measurements in multiple artery layers

Contact-mode microindentation was performed using a Key-
sight 5500 AFM System (Keysight Technologies Inc., Santa Rosa,
CA, USA) coupled with a video microscope to visually identify indi-
vidual arterial layers (Fig. 1C-D). Cantilever deflection sensitivity
was first calibrated. Force-displacement measurements were taken
at three different locations within each arterial layer. At each loca-
tion, indentation measurements were taken in an array of 4 x 4
points within a 30 x 30 um area using force-volume mode. Inden-
tations were made into the tissue (typically 0.2-2.0 um) using a
5 pm radius polystyrene bead attached to a rectangular cantilever
probe (Novascan, Ames, IA, USA). The cantilever spring constant
(ke=0.10 N/m) was calibrated by the manufacturer. The same
probe was used for all AFM measures.

Tissues were indented at a rate of 3.89 um/s until a trigger load
signal of 3 V (~15 nN) was reached and the tip was withdrawn. All
AFM measurements were obtained in PBS at room temperature
within 10-15h post-mortem. For cryosectioned samples, this
includes the amount of time the sample was unfrozen. To estimate
the compressive modulus, force-displacement approach curves
(Fig. S2B) were fit to the Hertzian linear elastic contact model for
a spherical indenter (Fig. S2A) (Fuhrmann et al., 2011; Johnson
et al., 1971). PicoView 1.4 was used to estimate the compressive
modulus assuming a Poisson’s ratio of 0.5.

2.3. Analysis of structural proteins using histology and multiphoton
imaging

For structural analysis, a 4 x 6 mm wall section was fixed in
10% formalin. Samples were dehydrated in graded ethanols, paraf-
fin embedded, microtome sectioned at 5 pm, and mounted on glass
slides. Slides were deparaffinized, hydrated with graded ethanols,
and immersed in PBS. The slides were then covered with #1 cover-
slip, and imaged using a confocal laser scanning microscope sys-
tem (Bio-Rad, Radiance 2000 MP) with a 40x magnification (N.A.
=1.30, oil). Multiphoton imaging modalities including second har-
monic generation (SHG) and two-photon excitation fluorescence
(TPEF) were used to quantify collagen and elastin respectively.
The multiphoton imaging parameters are described in the Supple-
mentary Materials section.

Traditional histological results were compared with multipho-
ton images. For elastin fibers, tissue sections were stained for
30 min with 1% (m/v) orcein dissolved in 45% acetic acid and then
submerged in 70% ethanol alcohol for 30 min. Collagen content
was visualized by staining sections with picrosirius red stain
(0.1% m/v sirius red F3B in saturated aqueous picric acid) for one
hour, and then rinsing in two changes of 0.5% acetic acid for two
minutes each. Glycosaminoglycans were stained using 1% (m/v)

alcian blue 8GX in 3% acetic acid and then rinsed in running water
for two minutes. Stained samples were then dehydrated using
graded ethanols and mounted on slides. Picrosirius red stain was
imaged with cross-polarized light to illuminate the natural bire-
fringence of collagen fibers. Brightfield microscopy was used to
image the other stains. Images were captured from representative
areas of each arterial layer using a 40x objective.

To quantify protein content of fibrillar collagen (SHG), elastin
(TPEF), and glycosaminoglycans (alcian blue), a custom image
analysis script was developed using the MATLAB image-
processing toolbox. Protein content was calculated as the ratio of
protein-positive pixels to total number of pixels for each image.
The black and white conversion threshold was pre-determined
for each protein type to best approximate protein-positive areas
(Bauman et al., 2014; Koch et al., 2014). Care was taken to acquire
images and quantify protein areas using similar conditions and
parameters, as further described in the Supplementary Materials
section.

2.4. Statistics

For AFM measurements, eight measures showing smooth and
complete force-displacement curves were randomly selected from
each 4 x 4 array. Statistical significance was determined using a
mixed-effect model to account for repeated measurements from
multiple locations measured in each arterial layer (Minitab 18.1
Software). Fixed effects included artery type and arterial layer,
while random effects included individual animals and measure-
ment locations within an arterial layer. Multiple comparisons were
performed using the Bonferoni method. Statistical significance for
protein density was determined using one-way ANOVA. Pairwise
comparisons were performed using the Tukey method. Statistical
significance was set at p <0.05. Sample numbers are included in
figure legends.

3. Results

3.1. Arterial tissue stiffness changes with the arterial layer, anatomical
location, and age

Within the artery wall, matrix stiffness was determined on the
intima surface, the sub-luminal media (media_1), the inner-middle
media (media_2), and the adventitia. While the media layer of the
ascending aorta and pulmonary arteries has a distinct “outer med-
ia” layer (media_3), comprising almost two-thirds of the total med-
ial thickness, stiffness in this layer was not measured due to its
highly irregular pattern of elastic fibers and large SMC clusters
(Frid et al., 1994).

AFM indentation measures revealed that the compressive mod-
uli of pulmonary artery, ascending aorta, and carotid artery were
within a similar order of magnitude, with mean values ranging
from 1.49 to 2.52 kPa, 1.47-2.52 kPa, and 1.32-8.30 kPa, respec-
tively (Fig. 2). Though variation of the mean stiffness in each artery
was small, distinct changes between arterial layers existed. Also,
inter-layer stiffness variations across the artery wall (i.e. from
intima to adventitia) followed unique patterns specific to the
artery type. Inter-layer stiffness also varies among arteries of dif-
ferent generations, i.e. main pulmonary artery (1st generation),
ascending aorta (1st generation), and carotid artery (3rd genera-
tion). With higher generation number, stiffness increases occurred
in the media, rather than in the intima or adventitia. Additionally,
inter-layer variations of matrix stiffness were smaller on first-
generation arteries when compared to third-generation arteries.

AFM indentation in neonatal and adult main pulmonary artery
revealed a significant increase in the intima (0.86-2.50 kPa),
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Fig. 2. Layer-specific stiffness measurements show distinct changes between individual layers of the main pulmonary artery, aorta, and carotid artery. Statistical significance
was determined using a mixed effects model with multiple comparisons determined using the Bonferroni method. Arteries from six to seven animals were tested with three
locations measured per layer and eight measurements at each location (30 x 30 um). Each symbol represents the mean compressive modulus measured at one location.

media_1 (0.90-1.49 kPa) and media_2 (1.54-2.52 kPa) layers
(Fig. 3). Interestingly, stiffness variations are not similar to adult
tissue, suggesting that stiffening during juvenile development is
primarily accompanied by arterial matrix remodeling in the intima
and media layers.

3.2. Effects of storage or processing technique on layer-specific stiffness

Effects of frozen sample preparation on matrix stiffness were
evaluated using cryosectioned tissues having similar thicknesses
to vibratome-sectioned cross-sections. Results revealed frozen
preparation caused statistically significant increases of mean stiff-
ness values (Fig. 4) in the intima layer (A = 1.90 kPa) and media_2
layer (A = 3.01 kPa). This suggest that measures with frozen prepa-
ration, even with proper hydration before and after freezing, may
not accurately represent the healthy physiological stiffness nor
the variation in inter-layer stiffness.

3.3. Multiphoton and histological analysis of structural matrix proteins

Previous studies have shown that arterial matrix stiffness could
be explained by an analysis of its passive structural components
including fibrillar collagens (predominantly types I and III), elastin
fibers, and glycoproteins (Robertson and Watton, 2013). These
structural proteins also play diverse roles in pathological processes
and disease-related changes in stiffness through their production,
remodeling, and degradation (Mattson et al., 2017). Here we ana-
lyzed fibrillar collagens, elastin, and glycosaminoglycans. Mul-
tiphoton imaging modalities, SHG and TPEF, were used to
simultaneously image unstained fibrillar collagen and elastin fibers
respectively (Fig. 5A-C). Histological analysis for fibrillar collagen,
elastin, and glycosaminoglycan content was performed and
imaged using brightfield microscopy (Fig. 5D-F). Results from the
histological imaging of fibrillar collagens and elastin were used
to validate our multiphoton imaging results. Our initial multipho-
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Fig. 3. Increased pulmonary artery stiffness from neonate to adult occurs in intima and media layers. Statistical significance was determined using a mixed effects model with
multiple comparisons determined using the Bonferroni method. Arteries from two animals for neonatal, and seven animals for adult, were tested with three locations
measured per layer and 8 measurements at each location (30 x 30 um). Each symbol represents the mean compressive modulus measured at one location.
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Fig. 4. Layer-specific stiffness measurements of fresh and frozen prepared tissue samples show non-uniform stiffening across layers of the aorta. Statistical significance was
determined using a mixed effects model with multiple comparisons determined using the Bonferroni method. Samples from six unfrozen, and four frozen arteries were tested
with three locations measured per layer and eight measurements per 30 x 30 um location. Each symbol represents the mean compressive modulus at one location.
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Fig. 5. Analysis of structural matrix protein content using SHG, TPEF, and histology. (A-C) Multiphoton images were used to analyze the protein area density for collagen
(red) and elastin (green). (D-F) Histology images of collagen, elastin and glycosaminoglycans by staining samples with picrosirius red, orcein, and alcian blue stains,
respectively. Scale bar for all images is 100 um. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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ton images, collected using conventional methods (Fig. S3), exhib-
ited significantly less collagen and elastin than histological images.
We discovered that the signal loss was primarily associated with
mounting media (resin) and use of the internal (descanned) detec-
tors. Improvements were thus made by using PBS hydrated artery
cross-sections and direct detectors (non-descanned). Also, the laser
power was increased to the highest possible level without damag-
ing the tissue proteins (approximately 10% of nominal 1.40 W out-
put power). Finally, since SHG signal from collagen III is much
weaker than collagen I (Ranjit et al., 2015), our imaging optimiza-
tion method became further necessary to accurately reveal the
total fibrillar collagen content. Comparisons of stain-free multi-
photon and histological stain imaging techniques demonstrated
that multiphoton imaging with our system optimization yielded
accurate information about fibrillar collagen and elastin content,
with added benefits of higher resolution and specificity for quan-
tification and microstructural analyses (Fig. S4).

To identify correlations between matrix composition and stiff-
ness, quantification of protein-positive area was performed for
collagen, elastin, and glycosaminoglycan areas (Fig. 6). Results
showed an association between changes in matrix stiffness and
protein composition. Specifically, increased stiffness in identical

A Pulmonary Aorta

28% 22%
61% 61%

1.49 kPa 2.48 kPa

layers corresponded best to increased collagen-to-elastin ratio
and/or decreased glycosaminoglycan-to-collagen ratio (Table 1).
The same layer (e.g. media_1) in different artery types likely
shares similar micro-structural organizations, for example,
wavier, discontinuous fibrillar structures in media_1 compared
to media_2.

Multiphoton (collagen and elastin) and histological (gly-
cosaminoglycan) imaging of adult and neonatal pulmonary arteries
was conducted to identify whether changes in protein content cor-
responded to increases in layer stiffness with age (Fig. 7). Interest-
ingly, quantitative analysis of fibrillar collagen-to-elastin and
glycosaminoglycan-to-collagen ratios did not correspond well to
changes in layer stiffness. Rather, it was found that despite lower
stiffness, neonatal tissues displayed significant increases in both
collagen and elastin in the media layer and increased collagen con-
tent in the intima layer when compared to adult tissues (Table 2).
Structural changes, however, were more evident. The lamellar
structure in the media layer of adult tissues was better defined,
with increased spacing for both elastin and fibrillar collagens. Fur-
thermore, the orientation and fiber size of both elastin and collagen
appear more homogeneous in adult pulmonary artery samples

(Fig. 8).

Carotid

15% Elastin

= Fibrillar Collagens
39%

Glycosaminoglycans

8.30 kPa

" Elastin: green

Collagen: red

Fig. 6. (A) Normalized percent area of structural proteins in media_1 layer of pulmonary, aorta, and carotid arteries. Percentages represent area of elastin, fibrillar collagens,
and glycosaminoglycan content when scaled to 100%. (B) Representative images of elastin (green) and collagen (red) in media_1 layer using multiphoton microscopy. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

Layer-specific ratios of fibrillar collagen-to-elastin and glycosaminoglycan-to-collagen proteins in pulmonary (P), aorta (A), and carotid (C) arteries.

Fibrillar Collagen:Elastin

Glycosaminoglycan:Fibrillar Collagen

Artery Intima Media 1 Media 2 Adventitia Intima Media 1 Media 2 Adventitia
Pulmonary 1.18+0.18 0.43 £0.05 0.43 £0.07 6.97 £1.43 1.01£0.29 5.24+0.16 3.66 £ 0.86 0.13 £0.04
Aorta 1.04+0.24 0.83 £0.08 0.34 £0.05 15.82 £2.79 1.44 +0.92 3.49+0.28 2.66 +0.44 0.07 £0.01
Carotid 1.53+0.23 3.64£0.97 3.66 £ 0.67 1.66+0.17 0.92 £0.19 0.82 £0.27 0.33+£0.18 0.17 £0.03
ANOVA n.s. p <0.05 p <0.05 p<0.05 n.s. p<0.05 p <0.05 n.s.

P-A # # #* # #* #

P-C #* #* #* #*

A-C # #* #* #* # #* #* #

Note: Protein ratios are represented as mean + SEM. Artery samples were imaged from 4 animals.
‘Indicates protein ratios of the indicated artery pair are significantly different (p < 0.05). Statistical significance for each layer was first determined using a one-way ANOVA

with pairwise comparisons performed using the Tukey method.

*Indicates layer stiffness is significantly different for the indicated artery pair (p < 0.05).
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Fig. 7. Analysis of structural protein content using histology, SHG, and TPEF in neonatal and adult main pulmonary arteries. (A-C) Multiphoton images were used to calculate
protein area density for collagen (red) and elastin (green). (D) Alcian blue staining was used to calculate glycosaminoglycan area density in each layer. Scale bar for all images
above is 100 um. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2

Collagen, elastin, and glycosaminoglycan area ratios in neonatal and adult main pulmonary arteries.

Fibrillar Collagen

Age Intima Media 1 Media 2 Adventitia
Neonate 0.24 +0.02 0.41 +0.03 0.51+0.04 0.82 +0.05
Adult 0.41 +0.04 0.11 +0.01 0.12 +0.02 0.42 +0.03
ANOVA #* #* #* *

Elastin
Age Intima Media 1 Media 2 Adventitia
Neonate 0.41 £0.03 0.48 +0.02 0.60 +0.03 0.03 +0.01
Adult 0.36 £ 0.04 0.26 +0.03 0.29 +0.01 0.07 £ 0.02
ANOVA # #* #*

Glycosaminoglycan
Age Intima Media 1 Media 2 Adventitia
Neonate 0.19 £0.01 0.25+0.01 0.31+0.01 0.16 £ 0.00
Adult 0.39 +0.07 0.58 +0.03 0.42 +0.04 0.05 +0.01
ANOVA # #* # *

Note: Protein area ratios are represented as mean + SEM. Artery samples were tested from 4 locations per layer from 1 animal.
“Indicates protein area ratios of the indicated artery pair are significantly different (p < 0.05). Statistical significance for each layer was first determined using a one-way

ANOVA with pairwise comparisons performed using the Tukey method.

*Indicates layer stiffness is significantly increased for the indicated artery pair (p < 0.05).

The non-uniform stiffening observed with frozen preparation
and sectioning was not well explained by protein area density
analysis. It is possible that temperature changes and the resulting
water crystallization altered the micro/nano-structural organiza-
tions of matrix proteins, leading to inconsistent results.

4. Discussion
4.1. Micro-scale mechanics in elastic arteries

Using AFM microindentation, we were able to describe the vari-
ations in cellular-scale stiffness throughout the artery wall in elas-
tic arteries. This demonstrated for the first time that while layer-
specific stiffness in hydrated, unfrozen arterial tissue vary through-
out the arterial wall, the expected variation is of a small order of

magnitude, with inter-layer variations of mean compressive mod-
ulus not exceeding 7 kPa. This data suggests a range of physiolog-
ical arterial stiffness on an order of magnitude around 1-10 kPa.
Compared to recent measures using AFM microindentation, our
measures of bovine carotid media (6.0-8.3 kPa) and intima
(~3.8 kPa) resemble prior measures of porcine carotid media
(~5-8 kPa) (Engler et al., 2004) and intima (2.5% 1.9 kPa)
(Peloquin et al., 2011), respectively. Interestingly, prior measures
of intima stiffness in mice using AFM microindentation showed
greater stiffness at 25-30kPa and 32 kPa (Huynh et al.,, 2011;
Kohn et al., 2016). Our stiffness measures in bovine main pul-
monary artery and aorta adventitia (1.36 kPa and 1.73 kPa respec-
tively), however, were significantly lower than previous adventitial
stiffness measures of similar tissues in porcine (129 kPa and 26 kPa
respectively) (Grant and Twigg, 2013). Mechanical measurements
of cryosectioned human and rat pulmonary arterioles by Liu
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Fig. 8. Protein structure and composition analysis in media 2 layer of neonatal and
adult main pulmonary artery. (A) Protein content and structure is visualized using
multiphoton and brightfield microscopy. (B) Normalized percent area of structural
proteins. Scale bar for all images above is 100 pm.

et al. (2016) suggest that use of cryosectioning with prompt rehy-
dration may help maintain mechanical properties within physio-
logical orders of magnitude. It is possible that discrepancies with
previous studies arise from the use of frozen preparation with
delayed rehydration after cryosectioning or differences in mea-
surement parameters. The stiffness changes between arteries of
different generations might be due to (a) the different matrix pro-
duction by the cells in response to varied flow pulsations, and (b)
the different physiological roles that they serve in the arterial tree.

4.2. Correlation between matrix micromechanics and protein
composition

To identify possible relations between protein composition and
matrix stiffness, we quantified the area density of primary struc-
tural matrix components, which are known to contribute to matrix
permeability, hydration and mechanics (Beenakker et al., 2012).
Our results revealed that decreased elastin-to-collagen and/or
glycosaminoglycan-to-collagen ratios corresponded well to the
increased stiffness in the identical arterial layers among different
artery types (e.g. media_1 in pulmonary and carotid arteries), as
illustrated in Fig. S5 and Table S1. Interestingly, no such matrix
stiffness-composition correlation was found in the inter-layer stiff-
ness variations (e.g. between media_2 and adventitia in the same
artery) or in the comparison of layer-specific stiffness between
neonatal and adult pulmonary arteries. The results imply that the
arterial matrix stiffness-composition correlation only applies to
arterial tissue composites with similar micro/nano-structures such
as fibrillar alignment and crosslinking structures. When the matrix
structures differ with arterial layer or age, more comprehensive
analyses over the matrix structures must be considered. The signif-
icant structural variations in matrix proteins, such as fiber size and

orientation, are evident between different layers (Chow et al.,
2014; Robertson and Watton, 2013). Similarly, our study also sug-
gests that small but statistically significant increases (i.e. 1-2 kPa)
in the intima and media stiffness during juvenile development (e.g.
neonatal vs adult pulmonary arteries) is likely due to significant
changes in matrix structure during neonate to adult development.
Therefore, while our results are in agreement with previous studies
suggesting increased collagen-to-elastin ratios correspond to
increased matrix stiffness (or decreased vessel compliance) in elas-
tic arteries (Bender et al., 2015; Dodson et al., 2013; Xu et al,,
2010), we also showed (a) glycosaminoglycan-to-collagen ratio
as an additional factor describing the contribution of the matrix
protein content, and (b) matrix microstructure as the major con-
tributor to arterial matrix micromechanics for structurally-
distinct arterial tissues.

4.3. Stiffening effects of frozen storage and preparation

Since discrepancies between our stiffness measures and prior
studies could derive from different tissue processing techniques,
we prepared fresh and frozen samples from each aorta to examine
changes due to frozen storage and cryosectioning. While our mea-
sures revealed non-uniform increases in matrix stiffness, with sig-
nificant changes occurring in the intima (+2 kPa) and media_2
(+3 kPa), they did not explain the significantly higher measures,
found with other frozen preparation protocols (Akhtar et al.,
2009; Beenakker et al., 2012; Grant and Twigg, 2013). These signif-
icant discrepancies could result from differences in measurement
parameters such as probe size and shape. Sample dehydration or
matrix-water interactions during the tissue freezing-thawing pro-
cess might further contribute to variations in measurement results.
While our results indicate that frozen preparation can increase
matrix stiffness even with immediate rehydration, the increase is
small enough that all layers remain at a similar order of magnitude.
These results indicate that proper storage, sectioning, and hydra-
tion conditions can minimize changes from freezing and allow
for comparison analysis of samples while expecting small increases
from physiological levels. The effect of the freeze-thaw cycle on
micromechanics may be further influenced by the freezing temper-
ature, likely due to the structural changes that can occur at lower
temperatures or with wrinkling in cryosectioning (Xu et al,
2016). While freezing and storing arterial tissues up to 3 weeks
at —20 °C has been shown to cause increases of ~20% in Young's
modulus, Hemmesizadeh et al. found that storing artery tissues
at —80°C for up to 3 weeks caused an insignificant increase
(~10%) in mean artery stiffness (Hemmasizadeh et al.,, 2012).
Because vascular cells sense and differentiate subtle changes in
matrix micromechanics, the accurate stiffness value of individual
arterial layers may be crucial for arterial cell function or tissue
regeneration.

4.4. Limitations

The Hertz model approximates an indented sample as a linear
elastic, isotropic, and homogeneous solid described as an infinite
half-plane. While soft tissue stiffness is commonly estimated using
the Hertz model, the artery matrix is a heterogeneous composite,
with non-isotropic and viscoelastic behavior (Chen and Kassab,
2016; Grant and Twigg, 2013). We attempted to decrease error
by using the same indentation rate for all measures, testing with
the probe fully submerged, and indenting each sample at multiple
locations in each layer, with maximum indentation 1-2% of sample
thickness. This study did not consider the contributions from phys-
iologic blood pressure, active cell strains, or cell-matrix adhesions.
Since these forces pre-load matrix proteins, our measures may not
reflect physiologic matrix stiffness. Future work would benefit
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from improved analysis to include these active contributions.
Finally, this study only examines the microstructures of major
matrix proteins, neglecting significant contributions of other
molecular structures such as collagen cross-linking, which also
have significant impact on matrix mechanics (Dodson et al,
2013; Kohn et al., 2016; Robertson and Watton, 2013).
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