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T
he biomechanical properties of arter-
ies are an important factor in the over-
all function of the circulatory system.

However, our understanding of how the
structure and composition of arteries con-
trols the biomechanics is poor and little is
known about the properties of the dis-
crete layers within these blood vessels.1

Experimental studies of artery mechanics
are traditionally based on the relationship
between radial strain and bloodpressure2�5

and are therefore an examination of the
vessels at a structural, rather than material,
level. These studies are of limited value in
modeling as they cannot be used to create
generalized constitutive models. By applying
nanomechanical testing techniques, such as
atomic force microscopy (AFM) and nano-
indentation, the mechanics of blood vessels
can be investigated with very low test vol-
umes and thus high spatial resolutions. These
techniques allow variations in themechanical
properties of the different structural layers of
blood vessels to be identified, giving a greater
understanding of the overall vessel dynamics.
The elastic arteries originating from the

left and right ventricles of the heart (aorta
and pulmonary arteries, respectively) are
critical to the fluid dynamics of the entire

circulatory system. The left ventricle pumps
oxygenated blood around the body, whereas,
the right ventricle pumpsdeoxygenatedblood
to the lungs. The difference in function of
the two ventricles leads to differences in
form, most notably the increased muscle
mass of the left ventricle, which can be seen
by the thickness of the ventricular wall of a
porcine heart in Figure 1a. Furthermore, the
two arteries attached to the ventricles, as
shown in Figure 1a, experience different
pressures and stresses due their individual
physiological function. As a result we might
expect the mechanical properties of the
blood vessels connected to these ventricles
to be different.
Arteries and veins have structural simila-

rities, where each comprises an endothe-
lial inner wall (tunica intima), circularly
arranged elastic fibres (tunica media) and an
external wall (tunica adventitia). Artery struc-
turediffers, having anelastic laminadispersed
between layers of smooth muscle cells. The
tunica adventitia provides an outer cover-
ing of the arteries and veins (Figure 1b). It is
made of fibrous connective tissue (collagen
and elastin), adipose tissue, nerve endings
andcells (macrophages,mast, andfibroblasts),7

that provides passive mechanical support,
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ABSTRACT Tunica adventitia, the outer layer of blood vessels, is an important structural feature,

predominantly consisting of collagen fibrils. This study uses pseudostatic atomic force microscopy

(AFM) nanoindentation at physiological conditions to show that the distribution of indentation

modulus and viscous creep for the tunica adventitia of porcine aorta and pulmonary artery are distinct.

Dynamic nanoindentation demonstrates that the viscous dissipation of the tunica adventitia of the

aorta is greater than the pulmonary artery. We suggest that this mechanical property of the aortic

adventitia is functionally advantageous due to the higher blood pressure within this vessel during the

cardiac cycle. The effects on pulsatile deformation and dissipative energy losses are discussed.
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limiting overdistension.8 There is increasing experi-
mental support that the adventitia has an important
role in vascular processes, such as atherosclerosis and
hypertensive remodelling.9 This outer layer of collage-
nous fibres allows the blood vessels to stretch, pre-
venting overexpansion due to the pressure exerted
on the endothelial walls by pulsatile blood flow. Any
excessive ballooning in the blood vessel walls that
occurs at high systolic pressures may result in an
abdominal aortic aneurysm, which involves large
remodeling of the tunica adventitia.10 Recent studies
suggest that the adventitia has properties of a stem/
progenitor cell niche in the artery wall that may be
poised to respond to arterial injury.11 The tunica
adventitia also contains its own dynamic microvascu-
lature, the vasa vasorum, which sustains the tunica
media and provides a pathway for macrophage and
leukocyte migration into the tunica intima. In addition,
the tunica adventitia is in contact with other surround-
ing tissue and may actively contribute in exchange of
signals and cells between the vessel wall and the
tissue.11 The collagen fibril orientation in tunica
adventitia is largely circumferential, with a surface com-
ponent of longitudinal fibrils.12 The thickness of the
tunica adventitia varies along its length, where its com-
position gives it strength and distensibility.13 Vascular
inflammation, which was commonly assumed to origi-
nate from the tunica intima and spread outward, is now
considered to be initiated in the tunica adventitia and
spreads inward.10

The atomic force microscope provides the ability to
apply and measure nano- and pico-Newton forces on
soft, biological materials in their native state,14 coupled
with the capacity to visualize structures as small as
molecular bonds.15 The highly inhomogeneous and
hierarchical nature of biological tissuesmakes amultiscale

approach tomechanical characterization, including nano-
scale studies, particularly pertinent to these materials.
In addition to improving our understanding of the
mechanics of biological materials at the nanolevel,
nanomechanical characterization of tissues has the
potential to enhance the field of biomaterials, provid-
ing insights for novel materials and nanocomposites.16

A key aim of the multidisciplinary field of tissue
engineering is the development of a functional sub-
stitute for damaged or diseased tissues and organs.
There is a drive and ambition to develop a bettermimetic
for extracellular matrix (ECM); a nanoscale scaffold that
promotes essential cellular processes and enhanced
functional tissue organization.17 The success of a tissue
engineered arterial construct is largely dependent
upon accuratelymimicking the visco-elasticmechanics
of the native tissue.18

Limited studies have been carried out on themechan-
ical properties of blood vessels at the nanolevel. Akhtar
et al. examined themodulus of sections of aorta and vena
cava, deducing that modulus was inversely correlated
with elastic fiber density in the vein.19 Ebenstein and
Pruit used pseudostatic nanoindentation of agar and
gelatin as a comparator with porcine aortic tissue.20

One fascinating study used AFM nanoindentation of
the tunica intima of an anaesthetized living rat to mea-
sure changes in nanomechanical modulus with che-
mically induced vasodilation and vasoconstriction.21

Other related biomechanical work conducted using
AFM include studies on coronary artery endothelium22

and subendothelial matrix in bovine carotid artery.1

In this study we examine the nanomechanical and
visco-elastic properties of the tunica adventitia of
porcine blood vessels under physiological conditions,
which to the best of our knowledge, have not been
carried out before using AFM. Porcine tissue has been

Figure 1. (a) Photograph of porcine heart showing aorta (AO), pulmonary artery (PA), and left (LV) and right (RV) ventricles.
(b) Schematic of a cross section of vein and artery; (c) locations and variation of human and porcine heart orientation in gross
anatomy. Reprinted with permission from ref 6. Copyright Wiley 1998.
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commonly used as a model in cardiovascular research,
although there are some differences in anatomical
structure, location and orientation between human
and porcine hearts (Figure 1c).6 Our study focuses on
the pseudostatic and dynamic mechanics of this arte-
rial outer structural layer, which is an important con-
sideration for the development of tissue-engineered
grafts. It is of considerable interest to determine how
hierarchical assemblies and multicomposite layered
structures define the mechanical behavior at the bulk,
macro- and nanoscale.

RESULTS AND DISCUSSION

Static Nanoindentation. A typical force curve for the
pulmonary artery, showing the three sections (load,
hold, and unload) with the theoretical fit to eq 1, is
shown in Figure 2a. The unloading section shows the
removal of the entire applied load with minimal change
in the indentation depth, suggesting some plastic de-
formation at the surface. As the tip is pulled away from
the surface the tip�surface interaction becomes adhe-
sive, gradually reducing with reducing contact area.

The modulus distributions of the two arteries are
shown in Figure 2b, and appear to be log-normal,
rather than a Gaussian bell shape. This is mainly due
to the heterogeneity of the artery, even when using a
10 μm diameter sphere indenting probe. The range
and median moduli are 0.7�391 and 15.8 kPa for the
aorta; 2.3�1130 and 88.9 kPa for the pulmonary artery.

A fresh AFM colloidal probe was used for the force
mapping when changing from the aorta to the pul-
monary artery tissue sections. The variation in the
calibrated cantilever spring constant was approxi-
mately 4% (0.296 and 0.308 N/m), suggesting that
the spring constant does not affect the recorded
modulus distributions. The analysis and study of the
tunica adventitia of porcine arteries, in realistic phy-
siological conditions (fully hydrated and at 37 �C),
using AFM nanoindentation techniques has not been
covered in the literature to date, making a direct com-
parison of numbers difficult.

These results from nontargeted force maps of three
sections of each artery show that the tunica adventitia
of the pulmonary artery is on average stiffer than that
of the aorta. We acknowledge that sampling and inter-
pretation of mechanical data at the nanolevel can be
complex, due to small localized anatomical variations
that can occur through the 3D structure of the artery.
AFM is a surface technique, where subsurface struc-
tures may not be visualized, but may influence nano-
mechanical properties. While this kind of nanomechanical
analysis uses a linear elastic model eq 1 and is easily
applied via most AFM software, its application is un-
certainwhen indenting visco-elastic, anisotropicmaterials.
However, for this investigation we only wish to use it as
a subjective comparison between the two artery tissue
types that originate from the same heart.

As our nanoindentation data have been obtained
by sampling transverse sections of longitudinally aligned
fibres we might expect the average modulus to ap-
proximate to a Voigt composite model. This effectively
means that the macroscopic modulus for the tunica
adventitia will be equal to the mean of the point
modulus measurements, which are 25.8 kPa for the
aorta and 128.6 kPa for the pulmonary artery. This
result highlights the difference in stiffness between the
two blood vessels, but also the low values compared to
the literature. Akhtar et al. performed nanoindentation
across the profile of ferret aorta, obtaining results of
∼30 MPa for tunica adventitia regions and∼8 MPa for
tunica intima.19 Examining the anisotropic nature of
the tissue, tensile testing on human tunica adventitia
from the carotid artery, has been carried out, resulting
inmoduli of 1996( 867 and 1802( 703 kPa in the axial
and circumferential directions respectively.23 The high
modulus values in both these studies are likely to be
due, at least in part, to deviations from physiological
conditions (full hydration and 37 �C). The mechanical
and visco-elastic properties of soft biological matter
are strongly dependent on the temperature, while
dehydration can increase stiffnesses by orders of
magnitude.24 Other complexities when comparing
biomechanical properties include differences in spe-
cies, age, and health of the subject. However, wewould
not expect the mechanical properties of these tissues
to be independent of length scale, due to the composite

Figure 2. (a) Typical force plot showing loading, hold, and
unloading sections, with corresponding theoretical fit
(dotted line) to eq 1. (b) Modulus distribution of aorta and
pulmonary artery sections (n = 9216 force plots per artery).
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nature of the tissue. The very small deformations elici-
ted through nanoindentation will not stretch the fibres
present enough for them to provide the reinforcing
effect seen in macroscopic testing.

It is inevitable that the act of removal of anatomical
tissue for in vitro testing will have an impact on bio-
mechanical properties, and thus in vivo testing be-
comes an attractive method of biomechanical charac-
terization. Macroscopic stiffnesses from in vivo testing
of human aorta are reported to average 52.6 kPa,25

which is close to our results reported here. A noninva-
sive ultrasound technique has been applied to human
carotid arteries, using a nonlinear, hyper-elastic model
giving amodulus of∼180 kPa for the tunica adventitia.26

In vivo studies are generally based on blood pressure
and radial strain of the blood vessel. The stiffnesses
obtained from these studies are not material proper-
ties as they are dependent on the ratio between the
blood vessel diameter and its thickness (from simple
elastic deformation theory for thin walled cylinders
under internal pressure). While in vivo measurements
can be a useful parameter to monitor the health of the
tissue, they are generally dependent on the blood
vessel dimensions as well as its material properties.

To understand the complex response of the blood
vessel mechanics at the nanolevel, it is important to
consider the nature of its nanolevel structural compo-
nents. The nanomechanical properties of individual
collagen fibrils (100�200 nm diameter), the key con-
stituent of the tunica adventitia, are known to vary by 3
orders of magnitude due to hydration27 and can be
“tuned” by varying the solvent, salinity, and pH.28 Such
subtle nanomechanical differences were readily de-
tected using AFM and can be related to molecular
structures and their interactions. The other key com-
ponent of collagenous tissue is the ground substance
(largely proteoglycans and water). As the ground sub-
stance is much softer than the collagen fibrils, it will be
the dominating factor in the deformation behavior at
such low loads. By using specific enzymes to remove
the collagen phase of aortic tissue, AFMnanoindentation
on the tunica adventitia showeda stiffness reductionby a
factor of 50 times, peaking in the region of ∼10 kPa.29

Nanomechanical experimentation on the episclera
(outer layer of the sclera) showed a distribution of
moduli between its two components; proteoglycan
matrix (∼20 kPa) and collagen fibrils (∼1.8 MPa).30

These materials properties at the nanolevel can then
form the basis for macroscopic mechanical models of
the tissues, which take account of the inhomogeneous,
hierarchical, composite nature of the biological struc-
tures, given a suitable theoretical framework.

The variation of biomechanical properties of col-
lagenous tissue following freezing/defrosting still re-
mains a debated issue.31�33 In terms of artery tissue,
Chow et al., investigated the changes in the mechanical
properties of aorta, by biaxial tensile testing, following

freezing.34 Here, the authors related changes in the
tensile properties to a decrease in the content of
soluble and insoluble collagen in the aorta, although
the amount of cross-linked collagen remained un-
changed. Histological comparisons on frozen and na-
tive femoral artery samples showed that cell nuclei had
been injured, but no overall significant damage to the
structure of the ECM was observed.35 Directly relevant
nanoindentation work recently carried out showed a
small, statistically insignificant increase of instanta-
neous modulus of porcine aortic artery following flash
freezing in liquid nitrogen and storing at �80 �C for
3 weeks.36

Nanoindentation Creep. To supplement the linear elas-
tic analysis of the approach force curves of the artery
samples, a measurement of creep indentation over a
fixed period of time (3 s) was made. This was used as a
simple indicator of the degree of time-dependent
deformation shown by the tissues. To make such a
measurement, it is important that the applied load
(20 nN) remains constant over the time period (Figure 3a).

Figure 3. (a) Force vs time curve showing a constant load
over the hold section with (b) its corresponding indentation
vs time curve showing an indentation creep of∼130 nm. (c)
Distribution of creep data collected for the two artery types
(n = 9216 force plots for each artery).
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During the hold segment, the applied load was ob-
served to fluctuate by nomore than∼60 pN due to the
active cantilever feedback control. The AFM monitors
the continuing deformation of the tissue, giving the
classic creep against time curve (Figure 3b). The max-
imum change in indentation creep over the 3 s period
was calculated for each force curve on each tissue type.
Comparisons of creep behavior between samples have
been reported to be valid, provided they are assessed
at the same holding time.37

Aswith the results from themodulus testing, the creep
distributions are log-normal in nature (cf. Figures 2b and
3c). The indentation creep values for the aorta adven-
titia range from 22.1 to 632 nm with a median value of
147 nm, whereas for the pulmonary artery adventitia
values range between 20.4 to 393 nmwith amedian of
67 nm. From these results, at a single hold period, the
aorta tunica adventitia undergoes a greater amount of
visco-elastic creep for the same given load. As the aorta
is subjected to higher blood pressures than the pul-
monary artery, having a structural visco-elastic outer
layer (i.e., adventitia) to dampen and dissipate energy
is a valuable function during cyclic pulsatile blood flow.

The surface of the sectioned arteries was too rough
for high resolution scanning. This is likely to be caused

by the relaxation of residual stresses within the blood
vessels due to dissection, which may also reduce the
nanomechanical stiffness compared with in vivo test-
ing. Most AFM probes are in the region of 3 μm in
height: anything over this value and the surface fea-
tures will interfere with the cantilever probe assembly.
AFM imaging of dehydrated sheep aorta samples has
been previously demonstrated using ∼5 μm thick
tissue cryo-sections.38 In our study, to visualize the
surface the contact height of the spherical probe
during force mapping was used as a contrast para-
meter (Figure 4a). As each pixel in the force map

Figure 4. Forcemapmadeon the aorta tunica adventitia: (a) contact height, (b)modulus, (c) indentation creep, (d) scatter plot
of modulus vs creep indentation from one force map (n = 1024 for each artery).

Figure 5. Representative normalized creep curves on each
tunica adventitia (aorta τ1 = 0.11, τ2 = 1.24; pulmonary
artery τ1 = 0.07, τ2 = 1.14).
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represents a single force plot, the contact height map-
ping can then be related to its corresponding modulus
(Figure 4b) and creep (Figure 4c) map. The sampling
force map size of 32� 32 μm2 incorporates the middle
third of the adventitial layer (∼100 μm thick), which
would avoid any possible issues with structural transi-
tional changes at the adventitia/media interface. There
does not appear to be any obvious relationship be-
tween the contact surface height and the modulus
map. Comparing the lower half of Figure 4 panels a and
b, there are regions of both low and high modulus
with no large undulations in the height. However, the
relationship betweenmodulus and creep is reasonably
clear, that is, regions of low modulus are directly cor-
related with regions of high creep. This suggests that
the force curves from the regions of low modulus will
inevitably include time-dependent deformation ef-
fects within the approach curves that are compounded
with the elastic deformation. A scatter plot of modulus
vs creep from a single force map made on both artery
samples shows a slight overlapping in their behavior,
while the negative gradient of the data highlights
the inverse relationship between modulus and creep
(Figure 4d). Hotelling's t-squared test was used to
investigate the differences in creep and modulus for
the two different tissue types. The test showed highly
significant differences in means for the tunica adven-
titia of the aorta and pulmonary artery (F = 1588,
p < 0.0001).

The subtle difference in the creep behavior of each
adventitia can be further examined by normalizing
representative creep data (Figure 5). Here, we have
normalized the indentation creep data (h(t)) to vary
between 0 and 1, before fitting a simple two exponent
model (h(t) = A1 e

�t/τ1 þ A2 e
�t/τ2), where A1 and A2 are

Figure 6. (a) Force (top) and indentation creep (bottom) vs time for dynamic loading; (b) close up on 1 Hz oscillation of force
and creep with sinusoidal fitting (dashed line); (c) results for phase lag (radians) of two artery types; each marker is mean(
standard deviation (n = 100 force plots).

Figure 7. (a) Region of artery tissue on exposed outer face
extracted for cryo-sectioning, dashed line. The face closest
to the heart muscle is used for cryo-sectioning (solid red
line). (b) Aorta sample in OCT medium for transverse cryo-
sectioning, oriented so that the tunica adventitia is on the
right side, tunica intima is on the left.
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fitting constants, t is time and τ1 and τ2 are short and
long-term relaxation times.

Differences in the normalized creep behavior can
clearly be seen in Figure 5, where the aorta adventitia
sample deforms much more slowly. This would de-
monstrate an increased time dependence, which has
been previously seen in similar creep testing of a
semicrystalline polymer at increasing temperatures.39

AFM nanoindentation creep data have been subjected
tomechanical modeling using springs and dashpots to
describe such deformation behavior. This approach has
beenusedona rangeofmaterials includingpolymers,40,41

lipid microbubbles,24 cancer cells,42 and bone.37,43

Dynamic Nanoindentation. A nanolevel dynamic me-
chanical analysis (DMA) approach to characterization
provides a more robust way of investigating the visco-
elastic nature of the tissues. The oscillatory force profile
and its corresponding indentation creep are shown in
Figure 6a, where a 10 s period of constant load is
followed by the five experimental frequencies from
8 to 0.5 Hz. As the heart will pump at approximately
between 0.6 and 3.6 Hz (i.e., 40 to 220 beats per
minute), our experimental frequency range has phy-
siological relevance. The oscillatory frequencies were
applied in a decreasing manner to avoid excessive
creep accumulation. A close-up of the recorded force
and indentation creep at a frequency of 1 Hz is plotted
in Figure 6b, together with their sinusoidal curve
fittings. The measured strain (indentation) lags behind
the applied stress (force), as expected for a visco-elastic
material. The phase lag (δ) between the applied load
and the measured indentation is recorded for each
frequency, and results are shown in Figure 6c.

A phase lag of δ = 0 would indicate a pure elastic
response, and a phase lag of δ = π/2 indicates a pure
viscous response. For this experiment the tunica ad-
ventitia from the aorta sample had a higher degree of
damping (i.e., higher phase lag) than the pulmonary
artery. Similar nanolevel DMA experimentation using
AFM on human scar tissue was recently carried out and
showed that the favorable damping properties found
in healthy skin were not remodeled following wound
healing.44 The phase lag results in the aortic adventitia
presented here are closely matched with those found
in the upper dermis over a similar frequency range.44

The structures and constituents of these tissues are
reasonably similar; containing collagen, elastin and
proteoglycans.

Cartilage is another collagen-based soft tissue that
has been studied in a similar way. A frequency-dependent
study on porcine cartilage using a dynamic nano-
indentation techniquewas recently carried out at loads
from 100 to 1000 μN.45 Further, AFM based dynamic
indentation has been carried out on native and pro-
teoglycan depleted bovine cartilage at deformation
length scales comparable to the fluid pore sizes, dem-
onstrating poro-elastic behavior.46 A further study by

the same group compared AFM dynamic nanoinden-
tation with finite element modeling,47 highlighting that
poro-elasticity is the dominant mechanism of the visco-
elastic behavior of cartilage at the nanolevel. However,
the collagen structure of arteries (collagen type I) is
different from cartilage, which contains a network of
collagen type II fibrils within a proteoglycan matrix.

The proximity of the artery sections studied here, in
relation to the heart muscle, means that they play a
major role in determining the nature of the flow of
blood through the circulatory system. Viscous damp-
ing of the pulsatile flowwill act to smooth out pressure
variations across the cardiac cycle. It has been shown
that at physiological pressure the adventitia carries
approximately 25% of the pressure load, and with
higher pressures, this can increase to over 50% of the
pressure load.9 This would suggest that the damping
role of the tunica adventitia of the aorta becomes even
more important during periods of high blood pressure,
as experienced during exercise, where the ventricle
activity can reach over three beats per second. As the
pulmonary artery experiences considerably less blood
pressure, due to the relatively short distance from right
ventricle to the lungs, the dissipation would be expected
to be lower than that found in the tunica adventitia

Figure 8. Light microscope images showing (a) the sphe-
rical AFM probe on the V-shaped cantilever location of the
AFM cantilever (length = 100 μm) and (b) the cantilever
positioned on the tunica adventitia region of the artery
cross-section.
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of the aorta. The elasticity and viscosity of brachioce-
phalic arteries in vivo were affected by the removal of its
adventitia, demonstrating that the adventitia plays an
important role in the control of cardio-vascular function.48

CONCLUSIONS

In this work, the atomic force microscope has been
used to determine the nanomechanical, visco-elastic
properties of the tunica adventitia of two “elastic”
arteries under physiological conditions (fully hydrated
and at 37 �C). The tunica adventitia of both arteries
exhibited distinctly different mechanical behavior, which

can be linked to their function within the cardiovascular
system. The adventitia from the aorta samplewasmore
compliant, underwent greater visco-elastic creep, and
exhibitedmore viscous dissipation than the pulmonary
artery, over a physiologically relevant frequency range.
Subtle differences exist in the creep curves of the
arteries, demonstrating that the aortic adventitia had
increased time-dependent behavior. As the aortic ves-
sel has a higher internal blood pressure deriving from
the stronger left ventricle, the demonstrated visco-
elasticity of the tunica adventitia, at the nanolevel,
may serve to moderate peaks in pressure pulses.

EXPERIMENTAL SECTION
Tissue Samples. A fresh porcine heart was obtained from a local

abattoir/butchers (GeorgeBolam& Sons, Sedgefield, UK),where the
ageof slaughteredpigs is approximately 6 to9monthsold.A square
section (approx 8 mm� 8 mm) of artery tissue from the aorta and
pulmonary arterywas dissected, as close as possible to the entrance
to the left and right ventricles on the twoouter exposed sides of the
aorta and pulmonary artery, as shown in Figure 7a.

Each artery tissue was embedded in OCT compound (Agar
Scientific, UK), which is a polyethylene glycol-based medium
that, upon freezing, provides a suitable substrate for preparing
thin histological tissue sections (Figure 7b). The cut face closest
to the heart muscle of each artery was placed upper most in the
embedding compound. Each artery was sectioned in a cryostat
(CM1510, Leica Microsystems, Germany), noting the orientation
of the inner and outer aspects of the vessel. Transverse sections
(12 μm thick) of the blood vessel tissue were cut and immedi-
ately pressed on to a polylysine coated microscope slide. Three
sections from each tissue type were flash frozen in liquid
nitrogen, stored in a �80 �C freezer and defrosted before use.
Tissue samples were tested within one week of freezing.

AFM Nanomechanics. Microscope slides with the blood vessel
sections were cut down and placed on a BioHeater stage of an
MFP-3D AFM (Asylum Research, Santa Barbara, USA) before
placing∼1.5 mL of ultrapure water (18.4 MΩ cm) on the surface
and heating to 37 �C. A V-shaped silicon nitride cantilever with a
10 μm diameter glass sphere attached (Novascan, USA) was
used throughout (Figure 8a). Following laser alignment, the
cantilever was calibrated for laser sensitivity and spring con-
stant (k ≈ 0.32 N/m) using the thermal method49 after 1 h
equilibration time. Using the AFM's optical microscope (�10),
the cantilever was moved to an arbitrary location in the center
of the tunica adventitia (Figure 8b). The tunica adventitia was
identified from the orientation of the cryo-section, but also by
the transparency of this region in comparison with the darker,
denser elastin fiber-rich tunica media.

Nanomechanical measurementsweremade by pressing the
cantilever into the blood vessel wall in an organized array, or
force map, of 32 � 32 indentations over a 32 μm scan area
(n = 1024 force plots). Each indentation had a maximum load of
Fmax = 20 nN and a tip velocity of 4 μm/s. Three forcemaps were
taken on the aortic tunica adventitia at random regions on a
single tissue section, with each force map separated by at least
0.5 mm. Three fresh sections of aorta were tested; totalling n =
9216 individual nanoindentations. This routine was repeated
using three sections from the pulmonary artery. Such a large
number of force plots, under fully hydrated conditions and at body
temperature, are required in order to give a realistic representation
of the trends in mechanical and visco-elastic properties.

Elastic modulus was then estimated using a linear elastic
Hertzian based theory for a spherical indenter:

E ¼ 3F(1 � ν2)

4
ffiffiffi

R
p h3=2 (1)

In this expression ν is the Poisson's ratio and is assigned a value
of 0.5 (i.e., incompressible), h is the indentation depth, and R is
the radius of the indenting probe (5 μm).

Each indentation had a 3 s hold at maximum load, main-
tained by constant feedback on cantilever tip deflection. During
this time, the visco-elastic biological tissue undergoes creep
deformation. The amount of indentation creep during this hold
period was recorded to give a measure of the tissue's time-
dependent deformation.

Dynamic indentation was carried out to examine the visco-
elastic properties of the two artery types. A single 10� 10 force
map, over a 32 μm scan size, was initiated at an arbitrary
location in the tunica adventitia. Following loading (Fmax = 20
nN, tip velocity of 4μm/s), the cantileverwas held at Fmax for 10 s
to allow creep equilibration before then undergoing 3 s periods
of oscillatory motion at 8, 4, 2, 1, and 0.5 Hz, each separated by a
3 s hold. The force/indentation vs time curves were extracted
and fitted to a sinusoidal curve (y(t) = A sin(ωtþ δ)), where ω is
the angular frequency and δ is the phase difference.
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