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Abstract—Elastin is a key structural protein and its patho-
logical degradation deterministic in aortic aneurysm (AA)
outcomes. Unfortunately, using current diagnostic and clinical
surveillance techniques the integrity of the elastic fiber network
can only be assessed invasively. To address this, we employed
fragmented elastin-targeting gold nanoparticles (EL-AuNPs) as
a diagnostic tool for the evaluation of unrupturedAAs.Electron
dense EL-AuNPs were visualized within AAs using micro-
computed tomography (micro-CT) and the corresponding
Gold-to-Tissue volume ratios quantified. The Gold-to-Tissue
volume ratios correlated strongly with the concentration (0, 0.5,
or 10 U/mL)of infusedporcinepancreatic elastaseand therefore
the degree of elastin damage. Hyperspectral mapping confirmed
the spatial targeting of the EL-AuNPs to the sites of damaged
elastin. Nonparametric Spearman’s rank correlation indicated
that the micro-CT-based Gold-to-Tissue volume ratios had a
strong correlation with loaded (q = 0.867, p-val = 0.015) and
unloaded (q = 0.830, p-val = 0.005) vessel diameter, percent
dilation (q = 0.976, p-val = 0.015), circumferential stress
(q = 0.673, p-val = 0.007), loaded (q = 2 0.673, p-val =
0.017) and unloaded (q = 2 0.697, p-val = 0.031) wall thick-
nesses, circumferential stretch (q = 2 0.7234, p-val = 0.018),
and lumen area compliance (q = 2 0.831, p-val = 0.003).
Likewise, in terms of axial force and axial stress vs. stretch, the
post-elastase vessels were stiffer. Collectively, these findings
suggest that, when combined with CT imaging, EL-AuNPs can
be used as a powerful tool in the non-destructive estimation of
mechanical and geometric features of AAs.
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INTRODUCTION

Aortic aneurysms (AAs) are a complex form of
aortopathy described as a focal dilation of the vascular
wall exceeding 1.5-times the normal vessel diameter.2,11

Many AAs are asymptomatic, and those that are
identified often have large disparities in clinical out-
comes ranging from stabilization to rupture.20,24 Al-
though diameter and growth rate are two important
factors in the evaluation of potential clinical outcomes,
biomechanical properties and microstructural integrity
have important impacts on disease morbidity and
mortality.9,21,28,41 Other pathological hallmarks of
AAs include inflammation, atherosclerosis, wall thin-
ning, vascular stiffening, dissection, and dysfunctional
mechanosensing.35 These factors are accompanied by
comorbidities including myocardial infarction, claudi-
cation and stroke.25 Thus, while rupture is an impor-
tant and decisive end-point in the progression of
aneurysmal disease, the altered mechanical properties
of intact AAs should not be overlooked. Since there
are currently no approved therapeutic management
strategies for mitigation of AAs, options are limited to
open surgical or endovascular repair with astonish-
ingly high perioperative mortality rates.2,6,19 Overall,
there exists a tremendous need for improved methods
of predicting, diagnosing, and evaluating AAs that can
be utilized for patient-specific care strategies.

AAs are intimately associated with extracellular
matrix (ECM) proteolysis and inflammation.3,18,31,36,40

Elastin, a component of the ECM, is essential to the
structural integrity of large arteries and conditions that
compromise elastic fiber structure and function result
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in diverse aortopathies.10,17,26,34 Likewise, inflamma-
tory cells and dysfunctional smooth muscle cells
overexpressing matrix metalloproteases (MMPs) lead
to unbalanced collagen turnover and extensive elastin
fragmentation and elastolysis.4,7,8,14,37,38 The resulting
elastin fragments are known pro-inflammatory
chemoattractants and elicit compounded immune
responses causing a vicious cycle of AA progression.1

Considering both its structural and signaling roles in
disease progression, it is plausible that tracking alter-
ations in the structural integrity of elastin could aid in
AA diagnosis and surveillance and may even be used
to predict AA formation. Thus, a non-invasive diag-
nostic tool that provides visualization of local elastol-
ysis can enable clinicians to better evaluate AAs.22

To that end, we have adapted injectable gold
nanoparticles conjugated to an antibody against frag-
mented elastin (EL-AuNP).42 EL-AuNP-laden AAs are
readily imaged through the use of computed tomogra-
phy (CT) due to gold’s high electron density.27,30,39

Previous research by our group using a low-density
lipoprotein receptor knockout and angiotensin-II infu-
sion model revealed that systemic administration of
these fragmented elastin-targeting EL-AuNPs in mice
resulted in localization of the EL-AuNPs to the
aneurysmal site in an amount that correlated strongly
with tissue failure.42 That work demonstrated the
tremendous utility of EL-AuNPs with CT imaging as a
diagnostic tool. Nevertheless, AAs have diverse etiolo-
gies and the current study utilizes an alternate approach
to AA formation through protease administration.
Furthermore, this manuscript focuses on non-destruc-
tive mechanical properties that likely play a broader role
in long-term cardiovascular health. Here porcine pan-
creatic elastase infusion is performed on murine infra-
renal aortas to generate a significant but uniform
dilation in vitro. Due to the resultant axial symmetry,
these AAs are well suited to conventional biaxial anal-
yses.10,17 We then use micro-CT to investigate the up-
take of fragmented EL-AuNPs using arteries exposed to
three concentrations of elastase (0, 0.5, 10 U/mL), each
generating different degrees of elastolysis, and utilize
standard biaxial mechanical analyses to determine the
relationship between EL-AuNP uptake and arterial
mechanics. As confirmation of elastin damage and EL-
AuNP targeting, EL-AuNPs are spatially mapped
within the vascular wall using hyperspectral mapping.

MATERIALS AND METHODS

Specimen Preparation

All animal protocols were approved through the
Institutional Animal Care and Use Committee at the
University of South Carolina. Wild-type 12-week-old

C57BL/6J (JAX #000664) male mice (n = 13) were
euthanized via carbon dioxide inhalation and perfused
via left ventricle puncture with saline solution sup-
plemented with 30 U/mL sodium heparin at
100 mmHg. The abdominal aorta was isolated from
the iliac bifurcation to the left renal artery via careful
dissection from the surrounding perivascular tissues.
Branches were carefully ligated using 10/0 nylon su-
ture and the infrarenal aorta was cannulated on
blunted 26G needles. Vessels were placed in a solution
of phosphate-buffered saline (PBS) prior to mechan-
ical testing which typically occurred about 3 h after
animal sacrifice.

Biaxial Mechanical Testing and Data Analysis

The infrarenal aortas were mounted within our
custom-designed biaxial testing rig equipped with a
thin load-beam cell (LCL-113G; Omega Engineering),
pressure transducer (PX409; Omega Engineering),
syringe pump (AL-1000; World Precision Instruments),
and motorized axial actuator (Z825B; Thorlabs). All
components are computer-controlled and measure-
ments are synchronized via a custom LabView code.
The testing chamber was filled with a PBS solution,
and PBS was flushed through the vessel lumen and
device tubing to remove bubbles and to maintain tissue
hydration throughout testing. The artery then under-
went five axial preconditioning cycles from the un-
loaded length to 10% above the estimated in vivo
stretch ratio (0 to 20–50 mN) followed by five cyclic
pressurizations from 10 to 160 mmHg at the in vivo
axial stretch ratio. The in vivo axial stretch ratio was
estimated through a series of axia force-extension tests
at fixed luminal pressures to identify the force-pressure
invariant relationship.15

For data acquisition, the artery was extended to
three axial stretch ratios (in vivo ± 10%) before
undergoing three pressurization cycles (0–160 mmHg)
with simultaneous force and outer diameter measure-
ments at 10 mmHg pressure increments. Due to the
semi-transparency of the vascular wall and the
assumption of axial symmetry, inner diameters were
also recorded in real-time. The elastase treatment
groups first underwent these mechanical testing pro-
tocols. Then the aorta was perfused intraluminally
with 0.5 (n = 4) or 10 U/mL (n = 5) porcine pan-
creatic elastase solution and subsequently pressurized
to 100 mmHg for 30 min at the in vivo stretch ratio.
This step was followed by perfusion with Halt protease
inhibitor cocktail containing aprotinin, a known serine
protease inhibitor. The new unloaded geometry was
recorded and vessels subsequently underwent the same
testing protocols described above at a common axial
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stretch ratio of 1.2. Elastase-treated tissues were tested
to 140 mmHg to limit premature failure.

The mean circumferential and axial Cauchy stresses
are calculated from

rh ¼
Pri
h

; rz ¼
f

pðr20 � r2i Þ
; ð1Þ

where ri and r0 are the deformed inner and outer radii,
P the transmural pressure, f the axial force, and h the
deformed wall thickness.

Likewise, the mid-wall circumferential and axial
stretch ratios are calculated from

kh ¼
ðri þ r0Þ
ðRi þ R0Þ

; kz ¼
‘

L
; ð2Þ

where Ri and R0 are the unloaded radii and ‘ and L the
deformed and undeformed vessel lengths, respectively.
Using this convention, H (used in Tables 1 and 2) re-
fers to the unloaded wall thickness, while d and D are
the loaded and unloaded outer diameters.

Dilation and vessel elongation were then calculated
from the ratio of loaded outer diameters and unloaded
segment lengths, respectively, before (pre) and after
(post) elastase exposure

d ¼ dpost
dpre

; K ¼ Lpost

Lpre
: ð3Þ

The lumen area compliance was estimated from

c ¼ p
Dr2i
DP

; ð4Þ

where DP is the change from diastolic to systolic
transmural pressures (80 to 120 mmHg) with corre-
sponding inner radii measurements at these pressures.

Preparation and Use of Antibody-Conjugated Gold
Nanoparticles

Fragmented elastin-targeting gold nanoparticles
(EL-AuNPs) were synthesized as previously
described.42 Briefly, citrate-capped gold nanoparticles
(150 ± 20 nm) underwent PEGylation and conjuga-
tion to a custom-made anti-elastin antibody (synthe-
sized in-house at Clemson University) via carbodiimide
EDC and sulfo-NHS chemistry. Additionally, a sepa-
rate AuNP solution was prepared in a similar manner
but conjugated with a non-reactive IgG antibody (IgG-
AuNPs). The excess antibody was removed via cen-
trifugation, and nanoparticles were resuspended at a
final concentration of 3 mg/mL in PBS. Prior to use in
our system, the EL- or IgG-AuNP suspensions were
periodically vortexed to create homogeneous solutions.

At the conclusion of mechanical testing, the infra-
renal aortas in the 0 U/mL, 0.5 U/mL, and 10 U/mL
elastase infused experimental groups were removed
from the device and placed in PBS where the branch
ligatures were removed to provide the greatest intra-
luminal access for the AuNPs. The aortas were then
placed in the EL-AuNP solution on a shaker plate
overnight at 4 �C. Concurrently, an additional 10 U/
mL elastase infused aorta was tested and subsequently
placed in the non-reactive IgG-AuNP solution. The
aortas were removed from the AuNP solutions and
placed in PBS for 1 h on a shaker plate to remove
excess unbound gold nanoparticles.

Micro-Computed Tomography Imaging

Aortas were immersed in corn oil and imaged
(90 kV, 88 mAs, 18 9 18 voxel size, 0.2 mm Cu filter)
using a Quantum GX Micro-CT Imaging System
(PerkinElmer). All CT scans were visualized and
reconstructed using Caliper Analyze software (Analyze
Direct, Inc.). Prior to analysis, each scan underwent

TABLE 1. Biaxial geometric and mechanical metrics of loaded and unloaded murine infrarenal aortas following intraluminal
perfusion at 0 U/mL (control), 0.5 U/mL, or 10 U/mL of porcine pancreatic elastase for 30 min.

0 U/mL 0.5 U/mL 10 U/mL

D (lm) 649.5 ± 31.1 675.2 ± 29.6** 949.6 ± 76.0*^

H (lm) 112.9 ± 14.2 67.29 ± 1.92** 64.01 ± 5.70**

K (%) – 1.59 ± 0.05 1.66 ± 0.07

d (%) – 12.0 ± 3.0 24.0 ± 1.0^

d (lm) 861.1 ± 28.4 992.0 ± 35.7** 1084 ± 44.2**^

h (lm) 71.14 ± 3.26 55.30 ± 5.95** 49.68 ± 6.66**

f (mN) 10.37 ± 1.1 12.96 ± 7.77 22.63 ± 0.66**^

c (1028 m2/kPa) 1.24 ± 0.23 0.98 ± 0.32 0.84 ± 0.21*

kh 1.5 ± 0.04 1.45 ± 0.03** 1.17 ± 0.06**^

rh (kPa) 70.24 ± 6.36 108.2 ± 11. 8** 134.5 ± 15.2**^

rz (kPa) 59.35 ± 4.14 92.27 ± 63.2 192.1 ± 96.7**

(**) and (*) denote statistical differences from the control at p-val < 0.10 and < 0.05 respectively, while (^) denotes differences between

experimental groups at p-val < 0.05.
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stoichiometric Hounsfield unit calibration using the air
above the sample and the specimen stage to obtain
accurate relationships between CT Hounsfield units
and electron densities. Aortic tissues and gold
nanoparticle signals were segmented separately and
analyzed using the Caliper software volume-rendering
feature.

Histology

At the conclusion of micro-CT imaging, samples
were placed in 4% paraformaldehyde at 4 �C over-
night. Samples from each group were then paraffin-
embedded and sectioned (5 lm) for Hematoxylin and
Eosin (H&E) staining and elastin autofluorescence.
Elastin was identified through autofluorescence using
470/22 excitation and 510/42 emission filters. Images
were acquired on an EVOS FL Auto 2 microscope.
Additional samples were embedded in OCT and
cryosectioned (5 lm) to preserve the AuNP signal.
These cryosections were examined with a CytoViva
enhanced darkfield microscope optics system (Cy-
toViva, Inc., Auburn, AL). The system (Olympus
BX51) employs an immersion oil (Type A, nd >

1.515, Cargille Brand) ultra-dark-field condenser and
a 100 9 oil immersion objective with an
adjustable numerical aperture from 1.2 to 1.4. Illumi-
nation was provided by a Fiber-lite DC 950 regulated
illuminator. Enhanced darkfield microscopy (EDFM)
images were obtained using Exponent7 software with a

gain setting of 2.8 and an exposure time of 435 ms to
visualize the EL-AuNPs. A hyperspectral imager (HSI)
(mounted on a microscope and controlled by Envi-
ronment for Visualization software from Exelis Visual
Information Solutions, Inc.) was used to extract spec-
tral information for mapping the AuNPs in the sam-
ples at an exposure time of 0.25 ms with a full field of
view (730 lines). Negative control samples (without
AuNPs) were imaged and analyzed to create a spectral
library as a reference. Gold mapping was achieved by
applying a filtered spectral library by subtracting the
negative control spectral library. The auto-fluorescence
of the elastin was captured in combination with their
transmitted light image to visualize the spatial distri-
bution of the elastin within the tissue.

Statistics and Regression Analysis

Graphical results of mechanical data are presented
as the mean ± standard deviation. The non-paramet-
ric analysis for calculating Spearman’s Rho correlation
coefficients q [1,2 1] was performed to evaluate the
strength of monotonic relationships between mate-
rial/geometrical parameters and Gold-to-Tissue vol-
ume ratios with values of 1, 0 and 2 1 indicating
strong positive, zero, or strong negative associations
between parameters, respectively. Significant relation-
ships were plotted with Ordinary Least Squares (OLS)
regressions. One-way ANOVA analysis was performed
on micro-CT results and parameter comparisons

TABLE 2. Summary of Spearman Rank and ordinary least squares (OLS) regression analysis to assess relationships between
specified geometric and biaxial mechanical indices and Gold-to-Tissue volume ratios.

Spearman’s Rank OLS Regression Statistics

Parameter Symbol ρ p-value slope vertical- 
intercept R

2 p-value

Dilation (%) δ 0.976** <0.001 2.640** -0.007 0.92 0.015
Loaded Outer Diameter (μm) d 0.867** 0.003 4,298** 610.0 0.54 0.015
Unloaded Outer Diameter (μm) D 0.830** 0.005 3216.7** 633.37 0.43 0.04
Circumferential Stress (kPa) σθ 0.673** 0.039 776.3** 76.55 0.62 0.007
Axial Stress (kPa) σz 0.552 0.104 1,412 53.64 0.97 0.062
Axial Force (mN) f 0.455 0.190 126.8 9.648 0.37 0.063
Unloaded Axial Elongation (%) Λ 0.107 0.839 0.246 1.601 0.08 0.862 
Loaded Thickness (μm) h -0.673** 0.039 -221.0** 68.91 0.53 0.017
Unloaded Thickness (μm) H -0.697** 0.0311 -544.87** 103.5 0.61 0.008
Circumferential Stretch Ratio λθ -0.723** 0.018 -3.501** 1.542 0.51 0.02
Lumen Area Compliance (10

-8
m

2
/kPa) C -0.830** 0.006 -6.983** 1.260 0.69 0.003

(**) indicates p-val < 0.05.
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between groups, with (*) and (**) denoting statistical
differences between controls and 0.5 U/mL or 10 U/
mL at p-val < 0.05 and p-val < 0.1, respectively,
while (^) denotes differences between 0.5 U/mL and
10 U/mL experimental groups at p-val < 0.05.

RESULTS

Intraluminal elastase exposure at 100 mmHg for
30 min followed by perfusion of a protease inhibitor
generated progressive but consistent dilation across all
specimens (0.5 U/mL = 12.0 ± 3.0%, 10 U/mL =
24.0 ± 1.0%; p-val < 0.001) (Fig. 1; Table 1). Dila-
tion was below the clinically designated threshold of
1.5-times the normal diameter and was thus compa-
rable to developing aneurysms or pre-aneurysmal
vessels. Vessel undeformed lengths also increased with
increasing elastase concentrations (0.5 U/mL = 1.59

± 0.05%, 10 U/mL = 1.66 ± 0.07%), although not
significantly different between elastase concentration
groups (p-val = 0.13). Regardless, all vessels reported
here were stable and held pressure before and after
elastase exposure. A small group (n = 2) of elastase-
exposed arteries failed at the ligation point due to
changes in wall thickness and were discarded. All dis-
crete data with statistical significance are reported in
Table 1.

A rightward shift in the pressure-diameter curves
indicated increased dilation with elastase concentration
across the entire pressure range with a diminished
inflection point normally observed in elastic arteries of
small animals (Fig. 2a). Accordingly, both unloaded
(p-val = 0.079) and physiologically loaded (p-val =
0.032) outer diameters significantly increased with
elastase concentration while unloaded (p-val = 0.023)
and loaded (p-val = 0.026) wall thicknesses were only

FIGURE 1. Video micrographs of murine infrarenal aortas pre- and post-intraluminal perfusion of 0 (control), 0.5, and 10 U/mL of
porcine pancreatic elastase for 30 min at 100 mmHg and in vivo axial stretches. Elastase treatment produced progressive elastin
damage and dilation.

FIGURE 2. Biaxial mechanical data illustrating the (a) pressure-diameter, (b) force-pressure, and (c) circumferential stretch-stress
behavior of murine infrarenal aortas exposed to 0 U/mL (control; red circles), 0.5 U/mL (blue triangles), or 10 U/mL (green squares)
of porcine pancreatic elastase. Data is shown at axial stretch ratios of 1.62 and 1.2 for the control and elastase-exposed groups,
respectively. All data is presented as mean values 6 the standard deviation (n = 4 per group) with pressure error-bars
(roughly 6 0.45 mmHg) omitted for clarity.
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found to be significantly decreased between the 0 U/
mL controls and the 0.5 U/mL or 10 U/mL experi-
mental groups. Force invariant pressurization behav-
ior was observed in 0 U/mL controls at an axial stretch
ratio of 1.61 ± 0.03. However, direct observation of
the axial-force vs. pressure relationship showed an
increasing value of axial force for 0.5 U/mL and 10 U/
mL experimental groups compared to the force-in-
variant pressure relationship of the controls (Fig. 2b),
even at an axial stretch ratio of 1.2, well below the pre-
elastase in vivo axial stretch ratio of the controls.
Accordingly, a significantly higher force was recorded
for physiological pressures at these axial stretch ratios
for the 10 U/mL group compared to 0 U/mL controls
(p-val = 0.040) or 0.5 U/mL experimental groups (p-
val < 0.001). Overall, the axial force was much higher
in the experimental elastase groups for a comparable
axial stretch.

A decrease in lumen area compliance was present in
all elastase treatment groups, only reaching statistical
significance for the 10 U/mL group compared to 0 U/
mL controls (p-val = 0.042) (Table 1). A gradual in-
crease in stiffness was observed in the circumferential
direction as indicated by the slope of the stretch-stress
responses (Fig. 2c). At physiological conditions, this
stiffness increase corresponded to lower circumferen-
tial stretches between 0 U/mL controls and 0.5 U/mL
(p-val = 0.017) and 10 U/mL (p-val < 0.001) experi-
mental groups as well as between the 0.5 U/mL and

10 U/mL groups (p-val < 0.001). Lower circumfer-
ential stretches were associated with higher circumfer-
ential stresses between 0 U/mL controls and 0.5 U/mL
(p-val = 0.022) and 10 U/mL (p-val = 0.001) experi-
mental groups, as well as between the 0.5 U/mL and
10 U/mL groups (p-val = 0.025). Although experi-
mental elastase-treated vessels were referenced at a
lower axial stretch ratio, the axial stresses trended
higher in the 0.5 U/mL group and were significantly
higher in the 10 U/mL (p-val = 0.074) experimental
group (Table 1). Therefore, elastase treatment caused
increased axial stiffening.

Considerable fragmentation of the elastic lamellae
was evident in the microstructure, especially at higher
elastase concentrations (Figs. 3e and 3f). Micro-CT
results confirmed the elastin fragmentation through
increases in localization of EL-AuNPs within tissues
exposed to 0.5 U/mL and 10 U/mL elastase when
compared to 0 U/mL controls (Fig. 4). Of note, some
EL-AuNPs accumulated near the severed ends of the
0 U/mL control arteries and along the ligated bran-
ches, likely due to surgical damage introduced at those
locations during specimen preparation. Thorough
washing did not remove these particles that were firmly
adhered to the matrix. Overall, the Gold-to-Tissue
volume ratios increased along with elastase concen-
trations (0 U/mL = 0.37 ± 0.3%; 0.5 U/mL = 4.70
± 2.2%; 10 U/mL = 7.56 ± 2.0%) with statistical
significance between all groups (Fig. 5). Further his-

FIGURE 3. Brightfield and fluorescence microscopy of murine infrarenal aortas following intraluminal perfusion of 0 (control),
0.5, and 10 U/mL of porcine pancreatic elastase for 30 min. (a–c) Hematoxylin and Eosin (H&E), (d–f) elastin autofluorescence.
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tological examination using elastin autofluorescence,
EDFM, HSI, and spectral mapping (Figs. 6a–6d, 1–3)
supported micro-CT results with increasing EL-AuNP
localization and uptake mostly localized to the medial
section of the damaged tissues. Additionally, the 10 U/
mL elastase infused aorta incubated with the non-re-
active IgG-AuNP (Figs. 6a–6d, 4) showed a large de-
gree of elastolysis but no AuNP signal mapped from
EDFM and HSI.

Spearman’s Rho coefficients showed significant
positive associations between Gold-to-Tissue volume
ratios and dilation percentage (q = 0.976), loaded and
unloaded outer diameter (q = 0.867, q = 0.830), and
circumferential stresses (q = 0.673), whereas loaded
and unloaded thicknesses (q = 2 0.673,
q = 2 0.697), circumferential stretch ratio
(q = 2 0.723), and lumen area compliance
(q = 2 0.831) had negative but significant associa-
tions (Table 2). Axial undeformed elongation, stress,
and force were not found to correlate with the Gold-
to-Tissue ratio; however, it is important to note that
the force and stress values were not recorded at a
common axial stretch ratio due to the dramatic in-
crease in axial stiffness. OLS regressions of significant
variables measured under physiological conditions are
shown in Fig. 7 and regression statistics evaluating the
strength of the linear relationship between the two
variables can be found in Table 2. The dilation per-
centage regression exhibited the greatest R2 value
(0.92), indicating a strong linear relationship while the
circumferential stretch had the lowest R2 value (0.51)
indicating a poorer linear fit.

DISCUSSION

AA models present with diverse and varying
biomechanical phenotypes.13,16 The elastase infusion
model, for example, has been used in prior work to
eliminate elastin function within the artery to mimic

FIGURE 4. Representative micro-CT scans after tissue and
AuNP filtering to show (top) 0 U/mL control, (middle) 0.5 U/
mL, and (bottom) 10 U/mL porcine pancreatic elastase-
perfused infrarenal aortas after overnight incubation in
elastin fragment-targeting EL-AuNP solution. All vessels are
shown in the unloaded state after biaxial mechanical testing.

FIGURE 5. Gold-to-Tissue volume ratios measured using
micro-CT for 0 U/mL (control), 0.5 U/mL, and 10 U/mL of
porcine pancreatic elastase perfused infrarenal aortas. (*)
denotes p-val < 0.10 and (**) p-val < 0.05.
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extreme aneurysm phenotypes.5,10,43 In this work,
however, we perfused at both low and high elastase
concentrations to induce a moderate aneurysm phe-
notype below the 1.5-fold clinical threshold.2,11 These
pre- and small aneurysmal vessels were compared to
0 U/mL controls, and each group of vessels was ex-
posed intraluminally to EL-AuNPs to identify pro-
gressive gold accumulation in damaged tissue.
Interestingly, EL-AuNP binding also occurred in the
control vessels at locations where elastin damage oc-
curred due to cutting or ligation. Furthermore, even
after large elastolysis, treatment with a non-reactive
IgG-AuNP showed no localization within the arterial
tissue indicating that potential changes in tissue
porosity due to elastase exposure did not lead to AuNP
sequestration and suggest effective elastin fragment

targeting using the EL-AuNPs. This deposition is
fortuitous, suggesting a potential post-surgical role for
this technology to assess surgical damage to the
underlying microstructure.

Medial thinning and a gradual loss of elastin after
elastase perfusion resulted in biaxial mechanical
changes reflected in the observed dilation, gradual
increases in axial and circumferential stresses, and
an overall arterial stiffening with increasing elastase
concentrations. These changes recapitulate observa-
tions of increased vascular stiffening in the pathologi-
cal progression of AAs.23,33 Although the model is
greatly simplified, the resulting varied degree of elas-
tolysis proves useful for in vitro analyses and quan-
tification of mechanical properties in transient stages
of AA disease in a configuration that is measurable

FIGURE 6. Hyperspectral mapping of AuNPs in the infrarenal aorta at the site of elastin damage using (a) elastin
autofluorescence, (b) enhanced darkfield microscopy, (c) hyperspectral imaging, and (d) the AuNP mapping for (1) 0 U/mL, (2)
0.5 U/mL, and (3) 10 U/mL elastase infused groups incubated with EL-AuNPs. Additionally, a separate 10 U/mL elastase infused
aorta incubated with the non-reactive IgG-AuNPs (4) is shown. Dashed lines indicate the intimal layer to the lumen (L) with red
arrows indicating regions of increased AuNP signal in darkfield imaging modes.
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using standard biaxial techniques.10,17 By comparison,
in vivo analysis of vascular mechanics is limited. For
example, the increased axial stiffening observed here
can only be measured in vitro. Thus, the current work
was used to motivate the use of elastin fragment-tar-
geting EL-AuNPs as a diagnostic tool. This in vitro
analysis also readily illustrates the effects of increasing
the collagen-to-elastin ratio (here through elastolysis)
with a diminished low-pressure inflection pattern. This
inflection is normally observed in small rodent elastic
arteries that possess a low collagen-to-elastin ratio.12,32

As espoused above, temporal progression and
severity of AA disease can be reflected in deviations
from the native homeostatic mechanical environment
leading to maladaptive remodeling processes that fur-
ther exacerbate disease progression. However, the
current clinical approach to evaluate aneurysm stabil-
ity is limited to macroscopic assessments that lack di-
rect interpretation of mechanical properties.29 To build
upon previous research revealing a correlation between
elastin fragment-targeting EL-AuNPs and tissue fail-
ure,42 here we show that in two different severities of
aneurysmal disease, the EL-AuNP binding is linked to
non-destructive descriptors of arterial mechanics. The
non-parametric Spearman’s rank coefficient indicated
that a greater uptake of EL-AuNPs (via Gold-to-Tis-

sue volume ratio) is strongly associated with increased
dilation, larger outer diameters, and increased cir-
cumferential stresses when measured at common
loading conditions. Furthermore, increased EL-AuNP
binding was strongly associated with decreased medial
thickness, diameter distensibility, and lumen area
compliance. Decreased thickness is a direct result of
elastolysis in our model but is normally attributed to
broad proteolysis or apoptosis found in chronic in vivo
models.31 Although we are hesitant to assume a linear
model, linear regression analyses revealed significant
relationships between EL-AuNP uptake and material
descriptors, thereby further supporting links between
EL-AuNP localization and arterial mechanics.

Elastin degradation is a key manifestation of AAs
ultimately affecting the stability and function of the
vessel wall. Identifying the relationships between
binding of a fragmented elastin-targeting EL-AuNP
and local arterial mechanics enables clinicians to
gather local histomechanical information directly
linked to AA stability through routinely used CT
imaging techniques. Paired with previous diagnostic
and clinical indices, patient-specific care and interven-
tion strategies can be refined to prevent unnecessary
interventions or to advocate for prompt intervention
prior to meeting established interventional criteria.

FIGURE 7. Strong positive- and negative-trending relationships for biaxial (a–c) geometric and (d–f) mechanical parameters vs.
Gold-to-Tissue volume ratios shown to be significant using Spearman’s rank-order statistical analysis and ordinary least squares
(OLS) linear regressions.

BIOMEDICAL
ENGINEERING 
SOCIETY

Targeted Gold Nanoparticles as an Indicator of Mechanical Damage



ACKNOWLEDGMENTS

The authors would like to acknowledge Lorain Ju-
nor and Nazli Gharraee for their assistance in micro-
CT training and analysis. This work was supported by
the National Institutes of Health under Grant Num-
bers (R01HL133662 and R01HL145064) and in part
by the National Science Foundation under Grant
Number CMMI-1760906.

CONFLICT OF INTEREST

NRV has equity in Elastrin Therapeutics Inc. which
has licensed this technology from Clemson University.
Otherwise, no benefits have been or will be received
from a commercial party related directly or indirectly
to this manuscript.

REFERENCES

1Adair-Kirk, T., and R. Senior. Fragments of extracellular
matrix as mediators of inflammation. Int. J. Biochem. Cell
Biol. 40:1101–1110, 2008.
2Aggarwal, S., A. Qamar, V. Sharma, and A. Sharma.
Abdominal aortic aneurysm: a comprehensive review. Exp.
Clin. Cardiol. 16:11–15, 2011.
3Ailawadi, G., J. L. Eliason, and G. R. Upchurch. Current
concepts in the pathogenesis of abdominal aortic aneur-
ysm. J. Vasc. Surg. 38:584–588, 2003.
4Airhart, N., B. H. Brownstein, J. P. Cobb, W. Schierding,
B. Arif, T. L. Ennis, R. W. Thompson, and J. A. Curci.
Smooth muscle cells from abdominal aortic aneurysms are
unique and can independently and synergistically degrade
insoluble elastin. J. Vasc. Surg. 60:1033–1042.e5, 2014.
5Azuma, J., T. Asagami, R. Dalman, and P. S. Tsao.
Creation of murine experimental abdominal aortic aneur-
ysms with elastase. J. Vis. Exp. 29:e1280, 2009.
6Baxter, B. T., M. C. Terrin, and R. L. Dalman. Medical
management of small abdominal aortic aneurysms. Circu-
lation 117:1883–1889, 2008.
7Campa, J. S., R. M. Greenhalgh, and J. T. Powell. Elastin
degradation in abdominal aortic aneurysms. Atherosclero-
sis 65:13–21, 1987.
8Carmo, M., L. Colombo, A. Bruno, F. R. M. Corsi, L.
Roncoroni, M. S. Cuttin, F. Radice, E. Mussini, and P. G.
Settembrini. Alteration of elastin, collagen and their cross-
links in abdominal aortic aneurysms. Eur. J. Vasc. En-
dovasc. Surg. 23:543–549, 2002.
9Choksy, S. A., A. B. Wilmink, and C. R. Quick. Ruptured
abdominal aortic aneurysm in the Huntingdon district: a
10-year experience. Ann. R. Coll. Surg. Engl. 81:27–31,
1999.

10Collins, M. J., J. F. Eberth, E. Wilson, and J. D. Hum-
phrey. Acute mechanical effects of elastase on the infra-
renal mouse aorta: implications for models of aneurysms.
J. Biomech. 45:660–665, 2012.

11Cooper, M. A., and G. R. Upchurch, Jr. The society of
vascular surgery practice guidelines on the care of patients
with abdominal aortic aneurysms. JAMA Surg. 154:553–
554, 2019.

12Cox, R. H. Comparison of carotid artery mechanisms in
the rat, rabbit, and dog. Am. J. Physiol. 234:H280, 1978.

13Daugherty, A., and L. A. Cassis. Mouse models of
abdominal aortic aneurysms. Arterioscler. Thromb. Vasc.
Biol. 24:429–434, 2004.

14Dobrin, P. B., and R. Mrkvicka. Failure of elastin or col-
lagen as possible critical connective tissue alterations
underlying aneurysmal dilatation. Vascular 2:484–488,
1994.

15Eberth, J. F., A. I. Taucer, E. Wilson, and J. D. Humphrey.
Mechanics of carotid arteries in a mouse model of marfan
syndrome. Ann. Biomed. Eng. 37:1093–1104, 2009.

16Ferruzzi, J., M. R. Bersi, and J. D. Humphrey. Biome-
chanical phenotyping of central arteries in health and dis-
ease: advantages of and methods for murine models. Ann.
Biomed. Eng. 41:1311–1330, 2013.

17Ferruzzi, J., M. J. Collins, A. T. Yeh, and J. D. Humphrey.
Mechanical assessment of elastin integrity in fibrillin-1-de-
ficient carotid arteries: implications for Marfan syndrome.
Cardiovasc. Res. 92:287–295, 2011.

18Fillinger, M. F., M. L. Raghavan, S. P. Marra, J. L. Cro-
nenwett, and F. E. Kennedy. In vivo analysis of mechanical
wall stress and abdominal aortic aneurysm rupture risk. J.
Vasc. Surg. 36:589–597, 2002.

19Gazoni, L. M., A. M. Speir, I. L. Kron, E. Fonner, and I.
K. Crosby. Elective thoracic aortic aneurysm surgery:
better outcomes from high-volume centers. J. Am. Coll.
Surg. 210:855–859, 2010.

20Grant, M. W., I. A. Thomson, and A. M. van Rij. In-
hospital mortality of ruptured abdominal aortic aneurysm.
ANZ J. Surg. 78:698–704, 2008.

21Hall, A. J., E. F. G. Busse, D. J. McCarville, and J. J.
Burgess. Aortic wall tension as a predictive factor for
abdominal aortic aneurysm rupture: improving the selec-
tion of patients for abdominal aortic aneurysm repair. Ann.
Vasc. Surg. 14:152–157, 2000.

22Holmes, D. R., S. Liao, W. C. Parks, and R. W. Hompson.
Medial neovascularization in abdominal aortic aneurysms:
a histopathologic marker of aneurysmal degeneration with
pathophysiologic implications. J. Vasc. Surg. 21:761–772,
1995.

23Iliopoulos, D. C., E. P. Kritharis, A. T. Giagini, S. A.
Papadodima, and D. P. Sokolis. Ascending thoracic aortic
aneurysms are associated with compositional remodeling
and vessel stiffening but not weakening in age-matched
subjects. J. Thorac. Cardiovasc. Surg. 137:101–109, 2009.

24Johansson, G., U. Markström, and J. Swedenborg. Rup-
tured thoracic aortic aneurysms: a study of incidence and
mortality rates. J. Vasc. Surg. 21:985–988, 1995.

25Kanagasabay, R., H. Gajraj, L. Pointon, and R. A. P.
Scott. Co-morbidity in patients with abdominal aortic an-
eurysm. J. Med. Screen. 3:208–210, 1996.

26Lee, J. S., D. M. Basalyga, A. Simionescu, J. C. Isenburg,
D. T. Simionescu, and N. R. Vyavahare. Elastin calcifica-
tion in the rat subdermal model is accompanied by up-
regulation of degradative and osteogenic cellular responses.
Am. J. Pathol. 168:490–498, 2006.

27Lei, Y., N. Nosoudi, and N. Vyavahare. Targeted chelation
therapy with EDTA-loaded albumin nanoparticles re-
gresses arterial calcification without causing systemic side
effects. J. Control. Release 196:79–86, 2014.

28Maier, A., M. W. Gee, C. Reeps, J. Pongratz, H.-H. Eck-
stein, and W. A. Wall. A comparison of diameter, wall
stress, and rupture potential index for abdominal aortic

BIOMEDICAL
ENGINEERING 
SOCIETY

LANE et al.



aneurysm rupture risk prediction. Ann. Biomed. Eng.
38:3124–3134, 2010.

29Moxon, J. V., A. Parr, T. I. Emeto, P. Walker, P. E.
Norman, and J. Golledge. Diagnosis and monitoring of
abdominal aortic aneurysm: current status and future
prospects. Curr. Probl. Cardiol. 35:512–548, 2010.

30Ostdiek, A. M., J. R. Ivey, D. A. Grant, J. Gopaldas, and
S. A. Grant. An in vivo study of a gold nanocomposite
biomaterial for vascular repair. Biomaterials 65:175–183,
2015.
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