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Abdominal aortic aneurysms (AAAs), a prototypic proteolytic cardiovascular disorder, are localized expan-
sions of the aortal wall. Chronically upregulated and overexpressed proteases irreversibly degrade and
disrupt the elastic matrix, which provides stretch and recoil properties to the aortal wall. Adult vascular
smooth muscle cells are inherently unable to produce sufficient elastin to form new elastic fibers to nat-
urally repair the aortal wall and the AAA continues to grow until fatal rupture. Surgical intervention is

Keywords: reserved for AAAs with a high risk of rupture, but there is currently no treatment for small, still grow-
Polymer nanoparticles ing AAAs. We have previously developed matrix regenerative PEG-PLGA nanoparticles (NPs) with pro-
Targeting elastogenic and anti-proteolytic properties that act synergistically with a released therapeutic. However,
Aneurysm strategies are required to effectively deliver these NPs to the disease site to avail of these benefits. We

have identified cathepsin K, a protease overexpressed in AAA tissue, as a potential substrate for antibody
based active targeting. We sought to assess the safety and biocompatibility of NPs with anti-cathepsin K
antibodies conjugated to the NP surface (cat K Ab-NPs) and then assess their biodistribution and reten-
tion in both the targeted aorta and non-target organs in a rat AAA model. In this work, we show that cat
K Ab-NPs can selectively target the aneurysmal aorta in a rat AAA model. However, there is unwanted
NP uptake and retention in non-target organs that can be addressed in future work. Still, cathepsin K is
a viable target for active delivery of NPs in an AAA model.

Statement of Significance

We have previously developed elastic matrix regenerative polymer nanoparticles (NPs), but require strate-
gies to efficiently target the disease site. Antibodies against cathepsin K, an overexpressed protease in
abdominal aortic aneurysms, have been conjugated to the NP surface to act as a targeting moiety. In this
work, we assessed NP safety and in vivo biodistribution in an aneurysmal rat model and demonstrated
positive targeting and retention for up to 2 weeks within the aortal wall.

© 2020 Published by Elsevier Ltd on behalf of Acta Materialia Inc.

1. Introduction blood vessels [1,2]. The elastic matrix consists primarily of elastic

fibers and is especially vulnerable to proteolytic degradation

Extracellular matrix (ECM)-degradative enzymes, or proteases,
can be upregulated and chronically expressed in several disorders
of cardiovascular tissues. This can upset the balance between the
normal breakdown and remodeling of the ECM. One key compo-
nent of the ECM that is particularly affected in such disorders is
the elastic matrix, which provides stretch and recoil properties to
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by overexpressed matrix metalloproteinases (MMPs) [3,4]. The
disruption and loss of the elastic matrix is generally considered
naturally irreversible due to the inherent inability of adult vascular
smooth muscle cells (SMCs) to produce sufficient elastin, the key
protein component of elastic fibers, and their impaired ability to
organize elastin precursor molecules (tropoelastin) into mature,
crosslinked fibers [5,6]. This is especially evident in abdominal aor-
tic aneurysms (AAA), a prototypic proteolytic cardiovascular disor-
der characterized by a localized expansion of the aortic wall which
slowly grows until potential fatal rupture. Currently, there are no
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established pharmaceutical treatments to reverse AAA pathophys-
iology, including elastic matrix aberrations. Surgical intervention
is only an option to treat large, rupture prone aortas, due to
associated surgical risk and complication, and lack of any deterring
effects on AAA growth [7]. There is a thus a pressing need to
prevent the proteolytic breakdown of the elastic matrix while
simultaneously stimulating new elastin production to reverse the
growth of small (<50% increase in diameter), still expanding AAAs.

We have previously developed biodegradable polymer-based
nanoparticles (NPs) that are designed to provide anti-proteolytic
and pro-elastogenic stimuli due to both the effects of a released
drug (e.g., doxycycline) and chemical moieties presented on the
NP surface [8,9]. However, strategies are needed to efficiently de-
liver the NPs to the AAA wall. Active targeting modalities promise
prospects for localized NP delivery to effectively impart their re-
generative properties at the disease site and also reduce the side
effects resulting from systemic drug delivery [10,11]. In active tar-
geting, the NP surface is functionalized with a targeting moiety
specific to a receptor in the disease site [11]. There are several
classes of targeting moieties, each with unique advantages and dis-
advantages. Small molecules are low cost, stable, and easily conju-
gated to the NP, but typically have low specificity and affinity and
there is no systematic development approach [11,12]. Aptamers are
highly specific, non-immunogenic, and small in size, but they are
suspect to degradation by nucleases unless they undergo compli-
cated and expensive modification [12]. Proteins, such as antibodies,
are also commonly used due to their high specificity and strong
binding to substrates, however, Ab conjugation can have limita-
tions in terms of higher cost of production and, in cases, limita-
tions to high density presentation on the NP surface [11].

We have identified cathepsin K (cat K), a lysosomal protease
overexpressed in aneurysmal tissue, as a potential substrate to tar-
get [13,14]. Previous work in our lab has shown cat K to be a viable
target and antibodies against cat K can be conjugated to the sur-
face of our NPs (cat K Ab-NPs) to act as targeting moieties [15].
In this work, we seek to study the targeting ability and efficacy of
cat K Ab-NPs in a rat AAA model and study their biodistribution
and retention in non-target specific organs compared to generic,
non-active targeting IgG Ab conjugated NPs. Additionally, we have
sought to assess the safety and biocompatibility of these cat K Ab-
NPs.

2. Methods
2.1. Rat AAA animal model

The Institutional Animal Care and Use Committee (IACUC) at
the Cleveland Clinic (ARC # 2017-1861) approved all animal proce-
dures. The Clinic animal facility is AAALAC-approved and has an-
imal assurance (#A3145-01). AAAs were induced by elastase infu-
sion in adult male Sprague-Dawley rats (100-120 g, Charles River
Laboratory, Wilmington, MA) and allowed to develop over a pe-
riod of 3 weeks, as we have described in a prior publication [16].
Briefly, the rats were placed under general anesthesia (2% w/v
isoflurane) and the infrarenal abdominal aorta surgically exposed
by a laparotomy. The aorta was clamped to occlude blood flow in
the infrarenal aortal region. The aorta segment between the vas-
cular clamps was slowly infused with porcine pancreatic elastase
(MP Biomedical, Solon, OH: 44 U/mL; 30 min) using a 27 % G
needle to disrupt the elastic matrix and create a bulge in the seg-
ment. After the infusion, the clamps were removed, the intestines
were replaced, the incision sites in the muscle and dermal layers
were closed with 4-0 Vicyrl suture (Ethicon, Somerville, NJ) and 4-
0 Monosof suture (Covidien, Dublin, Ireland), respectively. Topical
tissue glue was applied along the incision. Buprenorphine was in-
jected subcutaneously twice a day for 48 hours after the surgery

for pain management. The aneurysm was allowed to develop over
a period of 3 weeks. AAA induction parameters were optimized to
ensure that maximal AAA diameter increases did not exceed 50%,
to be consistent with the size increases seen in the small human
AAAs that we ultimately seek to treat. Aneurysmal aortic SMCs
(EaRASMCs) used in the in vitro safety assessments were harvested
from the same model using an explant culture method and char-
acterized as previously published [15].

2.2. Characterization of AAAs

Two independent techniques were used to track and quantify
AAA formation and growth. Magnetic Resonance Imaging (MRI)
was used as a non-invasive technique to measure the percent in-
crease in diameter and volume of the aorta. The abdominal aorta
was scanned just prior to, and 3 weeks post-AAA induction. Briefly,
at both time points, the rats were sedated with 2.5% w/v isoflurane
and positioned in a BioSpec 70/20 USR MRI System (Bruker, Biller-
ica, MA) with the abdominal aorta in focus. Phase contrast angiog-
raphy (PCA) scans were taken to visualize moving fluid (e.g. blood)
without requiring contrast agents so as to obtain images of the
major blood vessels, the abdominal aorta and inferior vena cava.
For each rat, baseline and aneurysmal aortic volume and diameter
measurements were made using Microview Parallax software (Par-
allax Innovations, Ilderton, ON, Canada). A 3-D rendering was cre-
ated with this software as well to isolate the aorta and vena cava
from the background signal for analysis. Briefly, the aneurysmal
segment of the AAA and the number of image slices (i.e. the length
of the segment) were identified so that an equal segment length
could be measured in the baseline pre-AAA induction surgery scan
to allow for accurate percent increase in aortal size calculations.
The cross sectional image slices in the transverse plane were an-
alyzed with region of interest (ROI) tools to measure the aortic
diameters in the frontal and sagittal planes/direction. Additionally,
the volume of the segment was measured by using ROI tools to
trace the contours of the circumference of the transverse plane
cross-sections along the length of the aorta segment and generate
a 3D ROI with volumetric data.

To corroborate MRI measurements, stereoscope images were
taken of the exposed aorta, with an adjacent scale measure, with
an Olympus SZ61 Infinity 2 camera during the AAA induction
surgery and before aorta excision at the endpoints of the biodis-
tribution study. Images of the aneurysmal aorta segment and the
non-aneurysmal aorta segment (below site of elastase infusion)
were analyzed and diameters measured using Image ] software.
The two measurements were used to calculate the percent increase
in aorta diameter caused by AAA induction.

2.3. In vivo cat K expression

Overexpression of cat K in aneurysmal tissue in vivo was
detected non-invasively by Fluorescence Molecular Tomography
(FMT) following administration of a cat K activated fluorescent
probe. Briefly, 12 nmol of Cat K 680 FAST (Perkin Elmer, Waltham,
MA), a quenched probe that fluoresces upon cleavage of a pep-
tide specific to cat K, was injected via the tail vein into healthy
and aneurysmal rats. After 6 hours of circulation, the rats were
imaged in situ with the In Vivo Imaging System (IVIS) Spectrum
CT (Perkin Elmer) at the machine defined settings specific for the
probe (A = 675 nm excitation, A = 693 nm emission). Subse-
quently, the rats were sacrificed and the aortas excised for imag-
ing. Analysis of the fluorescence was performed using the Living
Image Software (Perkin Elmer) to draw regions of interest (ROIs)
around the samples to measure the total radiant efficiency (TRE),
which is a measure of photon flux from the fluorescent probe, nor-
malized by exposure time, area of emission, and solid angle of the
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detector. This measurement allows us to accurately compare fluo-
rescence from different samples.

2.4. NP formulation and Ab conjugation

The NPs used in the following studies were formulated as we
have previously described [8,9]. Briefly, PEG-PLGA-COOH was syn-
thesized using free-radical polymerization and subsequently fab-
ricated into NPs via a double-emulsion solvent evaporation tech-
nique with 1% w/v didodecyldimethylammonium bromide (DMAB;
Sigma Aldrich, St. Louis, MO) as the stabilizer [17]. A rabbit anti-rat
polyclonal cat K Ab (PA5-18950; Thermo Fisher, Waltham, MA) or
generic IgG Ab (31220, Invitrogen, Carlsbad, CA) were conjugated
to the NPs by reacting the primary amine of the Ab with the NP
terminal carboxylic acid group using EDC chemistry to form cat K
Ab-NPs or IgG Ab-NPs [15]. NP diameter and zeta potential were
measured with a Malvern Zetasizer Nano Series to confirm that NP
size and charge meet desired specifications (NP average size of 300
+ 25 nm diameter, average surface charge of 25 + 5 mV). Vivotag
800 (745 nm ex, 820 nm em; Perkin Elmer) encapsulated NPs were
similarly created for use in in vivo biodistribution studies. For cell
culture experiments, we treated cell cultures with 0.5 mg/mL of
NPs since this represented the midpoint of the concentration range
that assured non-cytotoxicity. For experiments to assess C3 com-
plement activation, the NPs concentrations tested were calculated
based on an infusion concentration of 10 mg of NPs/mL and cir-
culating blood volumes of between 10 and 16 mL, typical for rats.
Our NPs were formulated using sterile materials and aseptic tech-
niques, and the NP suspension was filter-sterilized.

2.5. Assessments of in vitro NP safety

2.5.1. NP effects on cell viability

The effects of cat K Ab-NPs on cell viability was assessed us-
ing a Live/Dead cell viability assay kit (Invitrogen). EARASMCs were
seeded at 2.5 x 10* cells/well in a 12 well plate and cultured
in DMEM-F12 growth medium supplemented with 10% v/v fetal
bovine serum (FBS; Invitrogen) and 1% v/v Penicillin-streptomycin
(Invitrogen) over 7 days. The cells were then incubated with the
cat K Ab-NPs (0.5 mg/mL in the above medium) for 24 h and then
stained with the Live/Dead assay kit. Images were taken using an
Olympus IX51 fluorescence microscope. Cells fluorescing green are
deemed viable and those fluorescing red are deemed dead.

2.5.2. NP uptake by macrophages

Since macrophages are present within aneurysmal wall tis-
sue, we sought to investigate NP uptake by macrophages. Raw
264.7 macrophages (TIB-71, ATCC, Manassas, VA) were seeded at
1.5 x 10* cells/well in glass chamber slides and cultured in growth
medium over 7 days. Macrophages were then polarized to the M1
phenotype via the addition of lipopolysaccharide (LPS; 100 ng/mL,
Sigma Aldrich) for 24 h. The cells were serum starved for 3 h in
growth medium with 1% v/v FBS and then incubated with cy3 (Lu-
miprobe, Hunt Valley, MD) encapsulated cat K Ab-NPs (0.5 mg/mL
in growth medium) for 24 h. Cell layers were washed with PBS
and then stained with CellMask Deep Red (ThermoFisher) for 15
min and fixed with 4% PFA for 15 min at room temperature. Cell
nuclei were stained with and mounted with Vectashield and 4/,6-
Diamidino-2-Phenylindole, Dihydrochloride (DAPI; Vector Labora-
tories, Burlingame, CA) using a Leica SP8 confocal microscope.

2.5.3. NP-induced generation of reactive oxygen species (ROS)

NP mediated Reactive Oxidative Species (ROS) and Super-
oxide generation was assessed using a Cellular ROS/Superoxide
Detection Assay kit (Abcam, Cambridge, MA). EaRASMCs, Raw
246.7 Macrophages (polarized to the M1 phenotype, as done in

Section 2.5.2), and rat primary hepatocytes (Sekisui Xenotech,
Kansas City, KS) were separately seeded at 10* cells/well in a black
wall, clear bottom 96 well tissue culture plate, cultured in growth
medium until confluent and treated with cat K Ab-NPs (0.5 mg/mL
in growth medium; 200 pL) for 24 h. The assay was performed
according to the manufacturer’s protocol with the kit. During the
assay, cells deemed positive controls were incubated with the kit
included ROS inducer pyocyanin and cells deemed negative con-
trols were incubated with the kit included ROS inhibitor N-acetyl-
L-cysteine.

2.5.4. Complement C3 activation

To assess activation of complement C3 in plasma by our NPs,
equivalent volumes of rat plasma (Sigma Aldrich), veronal buffer
saline (Boston BioProducts, Ashland, MA), and either cat K Ab-NPs
(0, 0.625, and 1 mg/mL in PBS), cobra venom factor (positive con-
trol; 50 U, Millipore Sigma) or PBS (i.e. negative control) were in-
cubated for 30 min at 37°C [18]. Activation of Complement C3 was
assessed with a commercial ELISA kit (Novus Biologicals, Centen-
nial, CO).

2.6. NP Biodistribution

Prior to studying the regenerative effects of our NP formulation
in vivo, we sought to investigate efficacy of targeting our cat K Ab-
NPs to the AAA wall. Three weeks after AAA induction, rats were
injected via tail vein with 500 pL suspensions of cat K Ab-NP or
IgG Ab-NPs (control) in saline (10 mg of NPs/mL). The biodistribu-
tion of the cat K Ab-NPs was assessed at 1, 4, 7, or 14 days and
the IgG Ab-NPs at 1 or 14 days after infusion (n = 6 rats per time
point). At each designated time point, the rats were sacrificed and
the organs (heart, lungs, liver, spleen, kidney, and aorta) excised
and individually imaged with the IVIS Spectrum CT at the machine
defined wavelengths for Vivotag 800 (745 nm eX, 820 nm em). The
total radiant efficiency of each organ, as described in Section 2.3,
was quantified with Living Image software® (Perkin Elmer) and
normalized to a negative control organ containing no NPs to elim-
inate background fluorescence.

2.7. Statistical Methods

In prior studies with aneurysmal SMC cultures, we showed ma-
trix and other outcomes to exhibit near-Gaussian distribution with
the distribution parameters being their mean and standard devi-
ation [16,19,20]. In vitro cell culture experiments and in vivo an-
imal studies were performed with 6 replicates per case, unless
mentioned otherwise, as deemed appropriate to obtain necessary
significant outcomes, as deemed by power analysis [21] of our
published in vitro and in vivo data [16,19,20]. The Student t-test
or one-way ANOVA, where appropriate, was used to analyze data
since our data is discrete and sampled from a population exhibit-
ing near-Gaussian distribution. Data is reported as mean + stan-
dard error and differences in results were considered statistically
significant if p values were < 0.05 in all of the comparisons.

3. Results
3.1. AAA characterization

Aneurysm formation was analyzed via measurements of MRI
and stereoscope images for each rat (representative images in
Fig. 1A and B). Fig. 1C shows the percent increase of aortal dimen-
sions (volume and diameter) 3 weeks after AAA induction com-
pared to the healthy baseline, quantified from measurements made
on MRI scans. Fig. 1D shows the percent increase of aortal diame-
ter 3 weeks after AAA induction compared to the non-aneurysmal
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Fig. 1. Analysis of abdominal aortic aneurysm (AAA) induction surgeries via elastase infusion. Panel A: Representative magnetic resonance images of healthy and aneurysmal
aortae. Phase contrast angiography scans provide views in the frontal and sagittal planes. The red box outlines the induced AAA 3 weeks post induction surgery. Panel B:
Representative stereoscope image of the isolated AAA prior to excision at the biodistribution end point. Black arrows denote the AAA segment that was clamped and received
the elastase infusion and the non-AAA segment that was inferior to the infusion site. Scale marker is 1.75 mm. Panel C: Analysis of MRI scans for percent increase in aorta
dimensions 3 weeks post AAA induction surgery. Results shown are based on analysis of n = 36 aortae and represent mean + SE. Panel D: Analysis of stereoscope images
for percent increase in diameter of the aneurysmal aortal segment compared to the non-aneurysmal aortal segment. Results shown are based on analysis of n = 36 aortae
and represent mean =+ SE (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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Fig. 2. IVIS analysis of healthy and aneurysmal aortae after injection of a Cat K 680 FAST probe to assess expression and activity of cat K in vivo. The probe is quenched
until cleavage of peptides specific to cat K, so radiant efficiency is indicative of cat K expression and activity. Results shown are based on analysis of n = 3 excised aortas

per group and represent mean + SE. * denotes p = 0.04.

aorta segment. The AAAs are in the range of what we consider to
be small AAAs (< 50% increase in diameter).

3.2. In vivo cat K expression

The in vivo expression of cat K in a rat AAA model was eval-
uated using a Cat K 680 FAST probe. Results (Fig. 2) from IVIS
imaging show significantly greater fluorescence and radiant effi-
ciency values, indicative of higher cat K expression and activity, in
aneurysmal rat aortae compared to healthy rat aortae.

3.3. In vitro NP safety assessments

3.3.1. NP effects on cell viability

NP mediated cell death was evaluated using a LIVE/DEAD assay
kit. Results (Fig. 3A) show no significant cell death upon exposure
to NPs.

3.3.2. NP uptake by macrophages

NP uptake by macrophages was evaluated using confocal mi-
croscopy imaging of fluorescently labeled NPs (green) and fluores-
cently stained macrophages and nuclei (red and blue, respectively).
Results (Fig. 3B) show some uptake of NPs by macrophages, indi-
cated by the presence of green specks and yellow hue within the
red-stained macrophages.

3.3.3. NP-induced generation of reactive oxygen species (ROS)

NP-mediated ROS and superoxide production by EaR-
ASMCs, macrophages, and hepatocytes was evaluated using a
ROS/Superoxide detection assay kit. Results of EARASMC cultures
(Fig. 3C; n = 3) show significantly lower production of ROS and
superoxide in untreated and NP treated EaRASMCs compared
to the positive control. While there was no significant differ-
ence in ROS production between the untreated and NP treated
EaRASMCs, there was significantly less superoxide production in
untreated EaRASMCs compared to NP untreated. Results (Fig. 3D)
show significantly lower production of ROS and superoxide in
untreated and NP treated macrophages compared to the positive
control. There was significantly more ROS production in untreated
EaRASMCs compared to NP treated, but there was no significant
difference in superoxide production between the untreated and NP
treated EaRASMCs. Results (Fig. 3E) show significantly lower ROS
production in NP treated hepatocytes compared to the positive
control. Additionally, there was significantly lower superoxide
production between both untreated and NP treated hepatocytes
compared to the positive control hepatocyte cultures.

3.3.4. Complement C3 activation

NP induced activation of complement C3 in plasma samples
was evaluated using ELISA. Results (Fig. 3F) show no significant dif-
ference in active complement C3 between the NP treated samples
and the negative control. However, there were significantly lower
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Fig. 3. In vitro safety assessments of cat K Ab-NPs. Panel A: Images of EaRASMC cell layers left untreated or incubated with 0.5 mg/mL cat K Ab-NPs for 24 h before washing
and staining with Live/Dead reagents. Green indicates viable cells and red indicates dead cells. Images were taken at 20 x and scale bar = 100 um. Panel B: Confocal images
of macrophage cell layers left untreated or incubated with 0.5 mg/mL cy3 (green) encapsulated cat K Ab-NPs for 24 h. Cell layers in both cases were washed, fixed, and
stained with CellMask Deep Red (red) and DAPI (blue). Green specks or yellow within the macrophage indicates uptake of NPs by the cells. Images were taken at 40 x and
scale bar = 100 pm. A digital zoom was performed after image capture. Panel C: EaRASMC cell layers incubated with 0.5 mg/mL cat K Ab-NPs for 24 h experienced similar
levels of oxidative stress compared to untreated cell layers. Results shown are based on analysis of n = 3 samples per group and represent mean + SE. * denotes p < 0.0001
and ** denotes p < 0.002. Panel D: Macrophage cell layers incubated with 0.5 mg/mL cat K Ab-NPs for 24 h experienced comparable levels of oxidative stress compared to
untreated cell layers. Results shown are based on analysis of n = 6 samples per group and represent mean + SE. * denotes p < 0.0001, ** denotes p = 0.039, # denotes
p = 0.006, and ## denotes p = 0.004. Panel E: Hepatocyte cell layers incubated with 0.5 mg/mL cat K Ab-NPs for 24 h experienced significantly lower ROS and superoxide
production compared to the controls. Results shown are based on analysis of n = 6 samples per group and represent mean =+ SE. * denotes p = 0.003, ** denotes p = 0.004,
# denotes p < 0.0001, and ## denotes p = 0.0007. Panel F: Cat K Ab-NPs at two concentrations did not induce activation of C3 complement in rat plasma. Results shown
are based on n = 3 and represent mean + SE. * denotes p < 0.0001 (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.).

amounts of active C3 complement in the NP treated and negative
control compared to the positive control containing an inducer of
active C3 complement.

3.4. Cat K Ab-NP active targeting and biodistribution

The effect of cat K antibodies as a targeting moiety to actively
deliver NPs to the aneurysmal site for long term retention was as-
sessed. Additionally, the biodistribution and retention of the NPs
in the major organs was evaluated. Generic IgG Ab modified NPs
were used as controls to assess active targeting. Results (Fig. 4A)
show that after one day of NP circulation, there is significant NP
uptake by non-target organs- lungs, liver, spleen, and kidneys. An-
tibody type has no effect on NP uptake in the non-target organs.
At the 1 day time point, the presence of cat K Ab-NPs in the AAA
segment was apparently higher compared to the IgG Ab-NPs, al-
though the differences were deemed not statistically significant.
Results (Fig. 5A) show that after 14 days of NP circulation, there
is significant NP uptake by non-target organs- lungs, liver, spleen,
and kidneys. Antibody type again has no effect on NP uptake in
the non-target organs. However, there is a significant increase in
the presence of cat K Ab-NPs in the aorta compared to the IgG

Ab-NPs. Results (Fig. 6A) show that the presence of cat K Ab-NPs
remains fairly consistent over the studied 14 days, suggesting that
the NPs are taken up after 1 day of circulation and are retained up
to the studied 14 days.

4. Discussion

The chronic overexpression of matrix degrading proteases
in the aorta wall is a key determinant of AAA pathophysiology
[1,4]. In particular, the significant overexpression of cathepsin K
that has been reported in the aneurysmal wall [14,15,22], but
not significant in healthy aortae or in circulation [23], presents
a unique opportunity to actively target our matrix regenerative
NPs to the AAA wall to locally impart regenerative benefits while
reducing systemic effects. Furthermore, cat K is expressed early
in AAA pathophysiology, making it an attractive target to deliver
NPs to small, still growing AAAs. Additionally, targeting cat K also
inhibits its activity, thus aiding in decreasing proteolytic activity
in the AAA microenvironment separate from the effects of the NP.
In a prior publication, we determined significant overexpression of
cat K in aneurysmal smooth muscle cell (SMC) cultures compared
to healthy cells, suggesting its utility as a substrate for targeted
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binding of NPs, and showed the cat K to be expressed on the
surface of the cells [15]. We also showed that conjugating anti-cat
K antibodies to the NP surface was useful to significantly enhance
NP binding and retention on aneurysmal SMCs to effect long
term functional (pro-elastogenic and anti-proteolytic) benefits in
in vitro cultures. In this work, we sought to assess the safety
and biocompatibility of the cat K Ab-NPs and then assess their
targeting efficacy in vivo in a rat model of AAAs.

While there are several known animal models of AAAs [24],
none exhibit all known characteristics of human AAAs. The rat
elastase injury model was chosen due to its similarity to human
AAAs [25] and because the sub-primary SMCs generated from pri-
mary aneurysmal SMC isolates maintain their diseased phenotype
in culture in a manner similar to human AAA SMCs [16,20]. Key
pathophysiologic aspects of clinically manifested small infrarenal
aortic aneurysms, including disrupted medial elastic lamellae, ves-
sel expansion, inflammatory and immune cell infiltration, and
chronic overexpression and activity of elastolytic proteases, are also
present in the elastase injury rat model. This has been described
both in literature [25] and confirmed by our own prior studies
[16,20]. MRI and stereoscope imaging (Fig. 1A and 1B) were uti-
lized to confirm the formation of AAAs and to quantify the increase
in aortal dimensions compared to the healthy baseline before the
induction surgery. Analysis of MRI scans (Fig. 1C) of healthy, pre-
elastase injured aorta and the aorta 3 weeks post injury allows for
the quantification of increases in the diameter of the aorta in two
different anatomical planes as well as volumetric increases. Vessel
wall expansions in aneurysms are not always regular in shape, so
the ability to also analyze increases in volume is advantageous. In
this study, the percent increase of the aortal diameter after AAA
induction was fairly consistent in the frontal and sagittal aortal

plane and was in the range of size increases typical of small hu-
man aneurysms (< 50% increase in diameter). We specifically seek
to target small AAAs for treatment because a) endovascular inter-
ventions are not effective in arresting or regressing their growth,
b) risk of rupture is too low to justify open surgery which has
high procedural risk, and ¢) no other drug treatments are avail-
able that can be administered to slow or arrest their growth dur-
ing their slow growth to rupture. Stereoscope images of the aorta
were taken at the time of excision for analysis (Fig. 1D) of the in-
crease in diameter of aneurysmal segment compared to the non-
aneurysmal segment. By comparing different segments of the aorta
at the same time point, we can control for any additional growth
in rats with the longer biodistribution end points. Each condition
saw the required ~50% increase in aortal diameter and thus suits
our needs for this animal model. Both methods of imaging confirm
the induction of a small AAA.

Studies in both humans [13,14,22,26-28] and in animal models
of AAAs [15,29], have provided evidence that cathepsin K is specif-
ically overexpressed with no significant increases in plasma lev-
els. This provides an opportunity for targeting our NPs to the AAA
wall with cat K antibodies. While our lab has previously shown
the overexpression of cat K in cell cultures derived from aneurys-
mal rats [15], we sought to confirm in vivo cat K overexpression in
our rat model using a Cat K 680 FAST probe. However, IVIS imaging
of whole rats proved difficult since they tended to grow to a large
size in the post-AAA induction and post-intervention periods and
had substantial auto-fluorescence of many peripheral organs. We
thus had to excise and image the aortae to isolate the fluorescence
from the probe and found cat K was significantly overexpressed
in the aorta of rats with induced AAAs compared to healthy con-
trols (Fig. 2). This work and previous literature supports the use of
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cat K as a substrate to actively target with our matrix regenerative
NPs.

Before introducing the NPs into the animal disease model,
the safety and biocompatibility of the NPs was analyzed with
several in vitro assessments [30]. Fluorescent staining of cell
layers was used to complement quantitative assays to provide
a more comprehensive analysis of NP- induced cytotoxicity. Per
the Live/Dead staining (Fig. 3A), cat K Ab-NPs did not induce cell

death after incubation with EaRASMCs, the target cells the NPs are
expected to interact with in the AAA wall in our rat model. This
result was consistent with the limited production and generation
of cytotoxic/apoptosis-inducing ROS and superoxides in EaRASMCs
after incubation with NPs (Fig. 3C and 3D). EaRASMCs have been
thoroughly characterized in our lab [8,16] and have been shown to
be stable with consistent growth rates, therefore triplicate cultures
are sufficient to show statistical significance. Macrophages are
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recruited to and are resident in the AAA wall and can clear NPs by
phagocytosis to significantly reduce their therapeutic benefit and
such phagocytosis can also trigger ROS or superoxide generation to
cause cell cytotoxicity. We showed that while there is some limited
uptake of NPs by macrophages (Fig. 3B), it was not sufficient to
generate ROS or superoxides. The average size of our NPs (~300 nm
in diameter) aids in limiting uptake by macrophages since particles
typically larger than 500 nm are phagocytosed [31]. To ensure sta-
tistical significance, macrophages were cultured as n = 6 replicates
to account for any variability from LPS polarization to the M1 phe-
notype. Although NPs accumulated in the liver, we found that the
NPs did not induce ROS or superoxide production in hepatocytes,
which were also cultured as n = 6 replicates to account for any
variability. However, efforts still need to be made to reduce the
uptake of NPs in non-target organs to increase targeting efficacy
and efficiency. Since our route of administration is i.v., we also
assessed the effects of cat K Ab-NPs on the activation of C3 com-
plement, and thus the immune response, within plasma [18]. Two
doses of NPs were assessed and chosen based on the concentration
of circulating NPs in the rat model (0.625 mg/mL blood) and the
maximum concentration recommended (1 mg/mL). Neither dose
induced significant activation of C3 complement compared to the
basal levels of C3 complement in the PBS vehicle/negative control
so we can infer that the NPs are not inducing an immune response
(Fig. 3E). The results of the safety assessments demonstrate the
suitability of our NP formulation in an in vivo application.

Previous works have sought to deliver nanoparticles to AAAs
to modulate the disease process, but our approach in this study
differs in (a) the AAA model used, (b) the stage of AAA progres-
sion in which intervention is planned, (c) type of NP and targeting
moiety and substrate, and (d) the pathophysiologic pathway that
is targeted by nanotherapy. Our model of luminal elastase infu-
sion invokes disease progression starting from the lumen and pro-
gressing out to the adventitia, which mimics clinical AAAs, as op-
posed to models with periadventitial application of calcium chlo-
ride. We seek to target small still growing AAAs, whose patho-
physiology includes denuding of the endothelial layer and limited,
but ongoing, degradation of the elastic matrix. We also seek to
not only stop the growth of AAAs, but also regenerate the vessel
wall by stimulating elastogenesis. Accordingly, our targeting strat-
egy is uniquely designed to account for these conditions and hence
differs from prior approaches that sought to deliver NPs appropri-
ately surface-functionalized for active targeting to substrates such
as a) ay B3 expressed by activated luminal endothelial cells that re-
main intact when the AAA is induced by periadventitial injury as
published in [32] or b) the exposed elastin protein core of highly
disrupted elastic fibers in advanced AAAs wherein elastic matrix
breakdown is significant [33], unlike the small AAAs we are seek-
ing to treat wherein elastic matrix breakdown is still ongoing with
regions of intact elastic fibers and lamellae. Active targeting of
NPs can be achieved with a variety of ligands, but antibodies have
well-documented success as a targeting moiety [11,34,35] and have
been chosen as a means to validate the use of cat K as a target-
ing substrate for in vivo NP delivery. IgG Ab-NPs were formulated
to serve as a control to determine the ability of cat K Ab-NPs to
specifically target the aneurysmal aorta and to elucidate the effects
of antibodies on the non-target organ uptake of NPs.

After 1 day of circulation (Fig. 4A), there was significant uptake
of both cat K Ab-NPs and IgG Ab-NPs in non-target organs (heart,
lungs, liver, spleen, and kidneys) but this was to be expected due
to their role in blood filtration. The PEG groups on the NP surface
serve to impart stealth properties on the NP and to inhibit pro-
tein adhesion in efforts to improve circulation time [36]. Extended
time points were studied to determine if the NPs would be able
to effectively clear these organs and continue to circulate. While
not completely efficient in terms of avoiding uptake into other or-

gans, our results do confirm that cat K Ab conjugation improves
AAA wall uptake of the NPs relative to generic IgG-conjugated NPs.
However, NP uptake in non-target organs was not significantly af-
fected by the antibody type, which indicates that cat K antibod-
ies are not contributing to active NP targeting to non-aorta organs,
and by inference that cat K is not upregulated in these other or-
gans. After 14 days of circulation (Fig. 5A), both cat K Ab-NPs and
IgG Ab-NPs were present in non-target organs, but only cat K Ab-
NPs reached the aorta. In the aorta, the cat K Ab-NPs appear to
enter the AAA wall within 24 h of infusion, and were completely
retained on site for up to 14 days (Fig. 6), suggesting their ultimate
utility to effect long-term release of a drug after a single NP dosing
event. That said, although the radiant efficiency of Cat K Ab-NP ap-
pears higher, there is no significant difference to the negative con-
trol (NP-untreated AAAs). We believe this is related to the dose of
NPs administered, and that statistically significant differences be-
tween the Cat K Ab NPs and negative controls will be obtained if
the infused NP dose were to be significantly increased. The single,
initial dose we tested was selected based on related literature in
the field [37] and previous work in our lab [15]. Our planned fol-
low up study will 1) study biodistribution and targeting as a func-
tion of dose and the efficacy of NPs delivering a drug, and 2) utilize
a greater number of animals and higher doses to tighten the data
points. This is an area to improve upon with future work to ei-
ther reduce the uptake of NPs by non-target organs or to improve
their clearance from these organs back into blood circulation. De-
spite this promise, the efficacy of NP targeting to the AAA wall is
limited by significant uptake and retention in non-target organs,
and limited NP uptake into the AAA wall on an absolute basis. To
address these issues, we propose several possible strategies which
we will investigate sequentially in follow up studies. These include
a) optimizing PEG surface density to reduce opsonization and im-
prove circulation time while also providing additional binding sites
to increase the presentation of targeting moieties [38,39], b) uti-
lizing a different targeting moiety to avoid the disadvantages of
antibody based targeting- namely the complex pharmacokinetics,
prohibitive cost of scale up, and regulatory concerns, and c) inves-
tigating synthetic peptides based on the active binding site of the
cat K propeptide, which is known to bind and inactivate mature
cat K [40,41] as an alternative targeting moiety.

5. Conclusions

In this work, we have developed an MRI protocol to non-
invasively quantify AAAs in a rat elastase infusion model that cor-
roborates previously used stereoscope measurements while also
providing a new means to characterize AAAs with volumetric anal-
ysis. We also assessed the safety and biocompatibility of an active
targeting NP formulation and supported the selection of cathep-
sin K as a delivery target. This work provides evidence that cat
K antibodies can successfully target and deliver matrix regenera-
tive nanoparticles to the aneurysmal site. However, future work
can improve upon these results. The NP surface density of PEG
can be increased to take advantage of its pro-circulation properties
while also providing additional binding sites for targeting moieties.
Additionally, alternative targeting moieties, such as synthetic pep-
tides, can be pursued to improve targeting efficiency while reduc-
ing costs and simplifying regulatory hurdles. However, cathepsin K
remains a viable substrate for the active targeting of our matrix
regenerative NPs in proteolytic cardiovascular disorders.
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