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Abstract

Elastin is a key structural protein and its pathological 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 unruptured AAs. 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
infused porcine pancreatic elastase and 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 (o = 0.867, p-val = 0.015) and unloaded (o =
0.830, p-val = 0.005) vessel diameter, percent dilation (o = 0.976, p-val = 0.015), circumferential
stress (o = 0.673, p-val = 0.007), loaded (o = — 0.673, p-val = 0.017) and unloaded (o = - 0.697, p-
val = 0.031) wall thicknesses, circumferential stretch (o = — 0.7234, p-val = 0.018), and lumen
area compliance (o = - 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.211 Many AAs are
asymptomatic, and those that are identified often have large disparities in clinical outcomes
ranging from stabilization to rupture.2%:24 Although 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
thinning, vascular stiffening, dissection, and dysfunctional mechanosensing.3® These factors
are accompanied by comorbidities including myocardial infarction, claudication and stroke.
25 Thus, while rupture is an important 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
astonishingly 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 E|astin, a component of the ECM, is essential to the structural
integrity of large arteries and conditions that compromise elastic fiber structure and function
result in diverse aortopathies.10:17:26.34 |_jkewise, inflammatory cells and dysfunctional
smooth muscle cells overexpressing matrix metalloproteases (MMPs) lead to unbalanced
collagen turnover and extensive elastin fragmentation and elastolysis.*/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.! Considering
both its structural and signaling roles in disease progression, it is plausible that tracking
alterations 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 diagnostic tool that
provides visualization of local elastolysis can enable clinicians to better evaluate AAs.22

To that end, we have adapted injectable gold nanoparticles conjugated to an antibody against
fragmented elastin (EL-AuNP).42 EL-AuNP-laden AAs are readily imaged through the use
of computed tomography (CT) due to gold’s high electron density.27:39:39 Previous research
by our group using a low-density lipoprotein receptor knockout and angiotensin-I1 infusion
model revealed that systemic administration of these fragmented elastin-targeting EL-
AUNPs in mice resulted in localization of the EL-AUNPSs to the aneurysmal site in an amount
that correlated strongly with tissue failure.*2 That work demonstrated the tremendous utility
of EL-AuNPs with CT imaging as a diagnostic tool. Nevertheless, AAs have diverse
etiologies and the current study utilizes an alternate approach to AA formation through
protease administration. Furthermore, this manuscript focuses on non-destructive
mechanical properties that likely play a broader role in long-term cardiovascular health.
Here porcine pancreatic elastase infusion is performed on murine infrarenal aortas to
generate a significant but uniform dilation /n vitro. Due to the resultant axial symmetry,
these AAs are well suited to conventional biaxial analyses.1917 We then use micro-CT to
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investigate the uptake 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-AuUNPs 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 supplemented 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 suture and the infrarenal aorta was cannulated on blunted
26G needles. Vessels were placed in a solution of phosphate-buffered saline (PBS) prior to
mechanical 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
measurements are synchronized viaa 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
underwent five axial preconditioning cycles from the unloaded length to 10% above the
estimated /n vivo stretch ratio (0 to 20-50 mN) followed by five cyclic pressurizations from
10 to 160 mmHg at the /n vivo axial stretch ratio. The /n 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.1®

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 measurements 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 protocols. Then the aorta was perfused intraluminally with 0.5 (7= 4) or
10 U/mL (n=5) porcine pancreatic elastase solution and subsequently pressurized to 100
mmHg for 30 min at the /n 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
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protocols described above at a common axial 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

Pr;
op = : Gzz—zf 2)» @

R 77("0 — T
where rjand ry are the deformed inner and outer radii, Pthe transmural pressure, fthe axial
force, and /1the deformed wall thickness.

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

_ (ritro) _
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where R;and Ry are the unloaded radii and Zand L the deformed and undeformed vessel
lengths, respectively. Using this convention, A (used in Tables 1 and 2) refers to the
unloaded wall thickness, while dand 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 L
5= ;OSt , A= Lpost ) ®)
pre pre
The lumen area compliance was estimated from
Ar?
c= nﬁ, 4

where APis the change from diastolic to systolic transmural pressures (80 to 120 mmHg)
with corresponding inner radii measurements at these pressures.

Preparation and Use of Antibody-Conjugated Gold Nanoparticles

Fragmented elastin-targeting gold nanoparticles (EL-AuNPSs) were synthesized as previously
described.*2 Briefly, citrate-capped gold nanoparticles (150 + 20 nm) underwent PEGylation
and conjugation to a custom-made anti-elastin antibody (synthesized in-house at Clemson
University) via carbodiimide EDC and sulfo-NHS chemistry. Additionally, a separate AUNP
solution was prepared in a similar manner but conjugated with a non-reactive IgG antibody
(lgG-AuNPs). The excess antibody was removed via centrifugation, and nanoparticles were
resuspended at a final concentration of 3 mg/mL in PBS. Prior to use in our system, the EL-
or 1lgG-AuNP suspensions were periodically vortexed to create homogeneous solutions.

At the conclusion of mechanical testing, the infrarenal 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 intraluminal access for
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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 1gG-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

Histology

Aortas were immersed in corn oil and imaged (90 kV, 88 mAs, 18 x 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 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.

At the conclusion of micro-CT imaging, samples were placed in 4% paraformaldehyde at 4
°C overnight. Samples from each group were then paraffin-embedded and sectioned (5 um)
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 pm) to preserve the AuNP signal. These
cryosections were examined with a CytoViva enhanced darkfield microscope optics system
(CytoViva, 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 x oil immersion
objective with an adjustable numerical aperture from 1.2 to 1.4. lllumination 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-AuUNPs. A hyperspectral imager (HSI) (mounted on a
microscope and controlled by Environment for Visualization software from Exelis Visual
Information Solutions, Inc.) was used to extract spectral information for mapping the AuNPs
in the samples at an exposure time of 0.25 ms with a full field of view (730 lines). Negative
control samples (without AuUNPSs) 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 distribution of the
elastin within the tissue.

Statistics and Regression Analysis

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

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). Dilation was below the
clinically designated threshold of 1.5-times the normal diameter and was thus comparable 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 (1= 2) of elastase-exposed arteries failed at the ligation
point due to changes in wall thickness and were discarded. All discrete 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 (o-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 found to be significantly decreased between the 0 U/mL controls and
the 0.5 U/mL or 10 U/mL experimental groups. Force invariant pressurization behavior 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-invariant
pressure relationship of the controls (Fig. 2b), even at an axial stretch ratio of 1.2, well
below the pre-elastase /n 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 increase 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 circumferential stretches between 0
U/mL controls and 0.5 U/mL (p-val = 0.017) and 10 U/mL (p-val < 0.001) experimental
groups as well as between the 0.5 U/mL and 10 U/mL groups (p-val < 0.001). Lower
circumferential stretches were associated with higher circumferential stresses between 0
U/mL controls and 0.5 U/mL (p-val = 0.022) and 10 U/mL (p-val = 0.001) experimental
groups, as well as between the 0.5 U/mL and 10 U/mL groups (p-val = 0.025). Although
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experimental 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 branches, 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 concentrations (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 histological
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-reactive 1gG-AuNP (Figs. 6a—6d, 4) showed a large
degree 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 (o = 0.976), loaded and unloaded outer
diameter (o = 0.867, p = 0.830), and circumferential stresses (o = 0.673), whereas loaded
and unloaded thicknesses (o = — 0.673, p = — 0.697), circumferential stretch ratio (o = -
0.723), and lumen area compliance (o = — 0.831) had negative but significant associations
(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 increase 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 percentage regression
exhibited the greatest A2 value (0.92), indicating a strong linear relationship while the
circumferential stretch had the lowest /2 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 extreme aneurysm phenotypes.>1043 |n this work, however, we perfused
at both low and high elastase concentrations to induce a moderate aneurysm phenotype
below the 1.5-fold clinical threshold.211 These pre- and small aneurysmal vessels were
compared to 0 U/mL controls, and each group of vessels was exposed intraluminally to EL-
AUNPs to identify progressive gold accumulation in damaged tissue. Interestingly, EL-
AUNP binding also occurred in the control vessels at locations where elastin damage
occurred due to cutting or ligation. Furthermore, even after large elastolysis, treatment with
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a non-reactive 1gG-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 observations of increased vascular stiffening in
the pathological progression of AAs.23:33 Although the model is greatly simplified, the
resulting varied degree of elastolysis proves useful for /in vitro analyses and quantification of
mechanical properties in transient stages of AA disease in a configuration that is measurable
using standard biaxial techniques.1917 By comparison, in vivo analysis of vascular
mechanics is limited. For example, the increased axial stiffening observed here can only be
measured /n vitro. Thus, the current work was used to motivate the use of elastin fragment-
targeting EL-AuNPs as a diagnostic tool. This /n 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 further exacerbate disease progression. However, the current
clinical approach to evaluate aneurysm stability is limited to macroscopic assessments that
lack direct interpretation of mechanical properties.2® To build upon previous research
revealing a correlation between elastin fragment-targeting EL-AuNPs and tissue failure,2
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 (172 Gold-to-Tissue volume
ratio) is strongly associated with increased dilation, larger outer diameters, and increased
circumferential 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 /n vivo models.3! 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. l1dentifying 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
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care and intervention strategies can be refined to prevent unnecessary interventions or to
advocate for prompt intervention prior to meeting established interventional criteria.
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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.
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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 + the standard
deviation (/7= 4 per group) with pressure error-bars (roughly + 0.45 mmHg) omitted for
clarity.
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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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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.
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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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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 1gG-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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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.
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