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Abstract

Abdominal Aortic Aneurysms (AAA) involve slow dilation and weakening of the aortic wall due 

to breakdown of structural matrix components, such as elastic fibers by chronically overexpressed 

matrix metalloproteinases (MMPs), primarily, MMPs-2 and −9. Auto-regenerative repair of 

disrupted elastic fibers by smooth muscle cells (SMCs) at the AAA site is intrinsically poor and 

together with chronic proteolysis prevents restoration of elastin homeostasis, necessary to enable 

AAA growth arrest or regression to a healthy state. Oral doxycycline (DOX) therapy can inhibit 

MMPs to slow AAA growth, but has systemwide side-effects and inhibits new elastin deposition 

within AAA tissue, diminishing prospects for restoring elastin homeostasis preventing the arrest/

regression of AAA growth. We have thus developed cationic amphiphile (DMAB)-modified 

submicron particles (SMPs) that uniquely exhibit pro-elastogenic and anti-proteolytic properties, 

separate from similar effects of the encapsulated drug. These SMPs can enable sustained, low dose 

DOX delivery within AAA tissue to augment elastin regenerative repair. To provide greater 

specificity of SMP targeting, we have conjugated the DOX-SMP surface with an antibody against 

cathepsin K, a lysosomal protease that is highly overexpressed within AAA tissue. We have 

determined conditions for efficient cathepsin K Ab conjugation onto the SMPs, improved SMP 

binding to aneurysmal SMCs in culture and to injured vessel walls ex vivo, conjugation did not 

affect DOX release from the SMPs, and improved pro-elastogenic and anti-proteolytic effects due 

to the SMPs likely due to their increased proximity to cells via binding. Our study results suggest 

that cathepsin K Ab conjugation is a useful targeting modality for our pro-regenerative SMPs. 

Future studies will investigate SMP retention and biodistribution following targeting to induced 

AAAs in rat models through intravenous or catheter-based aortal infusion and thereafter their 

efficacy for regenerative elastic matrix repair in the AAA wall.
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1. Introduction

Abdominal Aortic Aneurysms (AAAs), a disease that primarily afflicts the elderly, involve 

slow dilation of the abdominal aorta to rupture [1]. AAAs result from slow breakdown of 

extracellular matrix (ECM) structures of the aortic wall (collagen, elastic fibers) by 

chronically overexpressed matrix metalloproteinases (MMPs) [2]. Although imaging-based 

screening of high-risk patient populations now enable early detection of these asymptomatic 

conditions, their management is currently limited to passive, imaging-based growth 

monitoring up to a critical, rupture-imminent stage (diameter > 5.5 cm). At this time, 

surgery is performed, although it is unsuitable for many patients due to high risk [3,4]. 

Recent preclinical and clinical studies suggest that systemic (oral) dosing with doxycycline 

(DOX), a broad-spectrum MMP inhibitor drug, can attenuate proteolytic activity in the AAA 

wall to slow AAA growth [5,6]. However, since this mode of DOX delivery can result in 

body-wide inhibition of MMPs, which are required for normal matrix turnover in healthy 

tissues, and system wide side effects, modalities for targeted and localized DOX delivery to 

the AAA wall are mandated [7,8]. In addition, studies have shown that high MMP inhibitory 

doses of orally-delivered DOX further inhibit [9,10] the inherently poor regeneration of 

elastic matrix by vascular smooth muscle cells (SMCs) in the AAA wall [8], deterring any 

prospects of restoring local elastic matrix homeostasis and hence being able to arrest or 

regress AAA growth.

In a prior work, we developed novel, cationic amphiphile-surface functionalized poly-lactic 

co-glycolic acid (PLGA) sub-micron particles (SMPs) for predictable and sustained, low 

dose DOX release within AAA tissues. We showed that DOX, released at ~1/100th of the 

systemic dose, to have significant anti-proteolytic and pro-elastogenic effects on cultured 

aneurysmal SMCs. These outcomes were augmented by similar effects provided by the 

surface-functionalized drug-free polymer carriers [11,12]. In the current study, we have 

sought to modify this SMP design to impart specificity of their targeting to the AAA tissue. 

In this context, cathepsin K, a lysosomal cysteine protease primarily involved in bone 

remodeling [13,14], is greatly overexpressed by activated smooth muscle cells (SMCs) 
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within the inflamed AAA wall tissue relative to healthy aortae [15] and could represent a 

useful target for SMP binding within the AAA wall. Accordingly, in this study we surface-

modified our SMPs to incorporate cathepsin K antibodies. Covalent reaction and adsorption-

based conjugation protocols were investigated to determine the most effective in conjugating 

a cathepsin K polyclonal antibody (pAb). The benefits of cathepsin K pAb-modification to 

targeted uptake of the SMPs by elastase-injured arteries and aneurysmal rat aortic SMC 

(EaRASMCs) cultures stimulated with tumor necrosis factor–alpha (TNF-α; an 

inflammatory cytokine that upregulates cathepsin K [16]), and the impact of the likely more 

intimate and prolonged binding/association of these modified DOX SMPs with the cells on 

their elicited pro-regenerative and anti-proteolytic outcomes were also investigated.

2. Materials and Methods

2.1. Isolation and culture of SMCs from elastase perfusion-induced rat AAAs

All procedures requiring the use of animals were conducted with approval from the 

Institutional Animal Care and Use Committee (IACUC) at the Cleveland Clinic (ARC # 

2010–0299). The Clinic’s animal facility is AAALAC-approved and has animal assurance 

(#A3145–01). EaRASMCs were harvested from multiple (n = 3) adult male Sprague-

Dawley rats at 14 days following elastase infusion, as previously published by our lab and 

others [17,18]. The AAA segment was isolated from the rats following laparotomy, and the 

intimal layer was scraped off. The medial layer was then separated from the collagenous 

adventitia, dissected into ~0.5 mm long slices, and rinsed in sterile phosphate-buffered saline 

(PBS). Subsequently, the tissue was digested in DMEM-F12 medium (Invitrogen, Carlsbad, 

CA) containing 125 U/mg collagenase (Worthington Biochemicals, Lakewood, NJ) and 3 

U/mg elastase (Worthington Biochemicals) for 30 min at 37 oC, centrifuged (400g, 5 min) 

and cultured in T-75 flasks in DMEM-F12 medium containing 10% v/v of fetal bovine 

serum (FBS; PAA Laboratories, Etobicoke, Ontario) and 1 % v/v of penicillin-streptomycin 

(PenStrep; Thermo Fisher, South Logan, UT). At 70% confluence, the primary EaRASMCs 

from individual rats (n = 3) were pooled and passaged. Pooled EaRASMCs of passage 2–6 

were used in our experiments. In prior published studies, we have extensively characterized 

the EaRASMCs and demonstrated their retention of a diseased phenotype in culture for 

several passages [17].

Primary rat aortic SMCs (RASMCs; healthy cell controls) were isolated from aortae of 

multiple (n = 3) healthy Sprague-Dawley rats in a similar manner as previously described for 

EaRASMCs. These pooled primary cells were passaged and used at passage 2–6 in 

experiments.

2.2. Formulation of fluorescein-loaded, Alexa Fluor 633-loaded, DOX-loaded, and blank 
PLGA SMPs

Poly(DL-lactic-co-glycolic acid) (PLGA; 50:50 lactide:glycolide; inherent viscosity 0.95 – 

1.2 dl/g in hexafluoroisopropanol; Durect Corporation, Birmingham, AL) SMPs loaded with 

fluorescein (Chemicon, Temecula, CA) or Alexa Fluor 633 (AF633) (Invitrogen) were 

prepared through a double emulsion solvent evaporation technique [19–21]. PLGA (50 mg) 

was dissolved in 2 ml of chloroform (Fisher Scientific, Fair Lawn, NJ) and 0.1 ml (1 mg/ml) 

Jennewine et al. Page 3

Acta Biomater. Author manuscript; available in PMC 2019 February 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of fluorescein or AF633 was added. This solution was then emulsified using a probe 

sonicator (Q500; QSonica LLC, Newtown, CT) for 30 s on ice at an amplitude of 20% to 

form a water-oil emulsion. For preparation of DOX-loaded SMPs, an aqueous DOX solution 

containing a 2% w/w ratio of DOX: PLGA was instead emulsified into the PLGA solution 

using a probe sonicator. Next, 6 ml of an aqueous phase consisting of nanopure water and 

the surfactant, diodecyldimethylammonium bromide (DMAB; Sigma-Aldrich, St. Louis, 

MO), was added and sonicated again for 30 s on ice at 20% amplitude to form the water-in 

oil-in water double emulsion. This double emulsion was stirred for 16 h at room temperature 

and then desiccated for 1 h under vacuum. The samples were separated by 

ultracentrifugation (35,000 rpm, 30 min; Beckman L-80, Beckman Instruments, Inc., Palo 

Alto, CA), washed twice with nanopure water to remove residual DMAB and 

unencapsulated fluorescein/AF633/DOX, sonicated, and repeat ultracentrifuged (30,000 

rpm, 30 min). The samples were lyophilized for 48 h to obtain a dry powder. Samples were 

kept covered throughout this procedure to ensure the fluorescent dye did not undergo 

bleaching. Following the same methods as previously described, blank PLGA SMPs were 

also formulated that did not fluoresce. DMAB was again used as the surfactant and the 

samples were lyophilized to produce a dry power. The SMPs were finally passed through a 

0.4 μm filter to obtain a sterile sample while concurrently removing any larger aggregates.

The efficiency of DOX encapsulation within the SMPs was determined by pooling the 

supernatants from the washing and ultracentrifugation steps for individual SMP 

formulations. Unencapsulated DOX in the supernatant fraction was assayed by UV 

spectrophotometry (SpectraMax M2, Molecular Devices, Inc., Sunnyvale, CA) using the 

absorbance peak of DOX at 270 nm. This peak was calibrated to a standard curve generated 

using serial dilutions of a 1mg/mL DOX solution to obtain a standard curve, to obtain the 

amount of unencapsulated DOX. The total amount of encapsulated DOX and the 

encapsulation efficiency were determined by subtracting the total amount of unencapsulated 

DOX from the known amount of DOX added during SMP formulation.

2.3. Determination of SMP size and zeta potential

Mean hydrodynamic diameters of the SMPs were determined using a dynamic light 

scattering technique, and their mean zeta potentials (surface charge) were determined via a 

phase analysis light scattering technique using a commercial particle-sizing system (PSS/

NICOMP 380/ZLS, Particle Sizing Systems, Santa Barbara, CA), as previously described 

[11].

2.4. Preparation of cathepsin K pAb-modified SMPs

2.4.1. Adsorption—The fluorescein-SMPs were dispersed in PBS (pH 7.4, 0.5 mg/ml) 

and 490 μl aliquot of this was mixed with 10 μl of cathepsin K pAb (200 μg/ml; rabbit anti-

rat; Santa Cruz Biotechnology, Inc., Dallas, TX). A mixture containing 490 μl of the SMP 

dispersion and 10 μl PBS was used as a control. These mixtures were gently stirred (4 oC, 2 

h, 5 h, or 24 h), and then centrifuged (12,000g, 10 min) to separate the free antibody from 

SMPs. The resulting pellet containing cathepsin K pAb-adsorbed SMPs was washed twice 

with PBS and re-dispersed in 500 μl of PBS(pH 7.4) [22].
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2.4.2. Covalent binding—A cross-linking molecule 1-Ethyl-3-(3-

dimethylaminopropyl) carbodiimide HCl (EDC; Thermo Fisher, Rockford, IL.) was used to 

form a covalent bond between free carboxylic acid residues on the PLGA SMP surface and 

primary amine group on the cathepsin K pAbs [22,23]. The SMPs were dispersed in 2-(N-

Morpholino)ethanesulfonic acid, pH 5.5, (MES; Sigma-Aldrich) at a concentration of 0.5 

mg/ml and 490 μl of this dispersion was mixed with 10 μl of cathepsin K pAb. Subsequently, 

100 ng of EDC was added to this mixture, resulting in an approximate EDC to Ab molar 

ratio of 10 [24]. Two controls were run concurrently: one lacking EDC and the other lacking 

both EDC and the antibody. These reaction mixtures were gently stirred at 24 οC for either 2 

h or 5 h. The mixtures were centrifuged for 5 min at 13,200 rpm, the supernatant discarded 

and the SMP pellet washed two times with PBS (pH 7.4), and finally re-dispersed into PBS.

2.5. Assessment of cathepsin K pAb incorporation on SMP surface

2.5.1. Fluorescence spectroscopy to assess cathepsin K pAb binding to 
SMPs—A fluorescein-tagged goat anti-rabbit secondary antibody (Chemicon, Temecula, 

CA), was used to qualitatively determine the relative binding of the cathepsin K pAb on the 

surface of the SMPs. Cathepsin K pAb-conjugated SMPs were treated with the secondary 

antibody (4 oC, 1 h) at a 1:500 dilution. The samples were then centrifuged (12,000g, 10 

min) and the pellets washed twice with PBS, to remove any unbound secondary antibody, 

and then re-dispersed in 500 μl of PBS. Three 150 μl aliquots per sample were placed in the 

wells of a microplate. The fluorescence intensity due to fluorescein was measured (λex = 

493 nm and λem = 525 nm) using a SpectraMax M2e microplate reader (Molecular Devices, 

Sunnyvale, CA).

2.5.2. Measurement of cathepsin K pAb conjugation efficiency via 
fluorescence spectroscopy and confocal microscopy—The cathepsin K pAb was 

covalently conjugated to fluorescein-loaded SMPs over 2 h or 5 h as described previously, 

with proper controls. Following conjugation and washing, an Alexa Fluor (AF) 546-

conjugated donkey anti-rabbit secondary Ab (1:1000 dilution; ThermoFisher Scientific), was 

used to fluorescently tag the SMP-bound cathepsin K pAb (25 οC, 1 h). Samples were 

centrifuged (12,000g, 10 min), washed twice with PBS, and re-suspended in PBS at a 

concentration of 0.5 mg of SMPs/ml. Again, three 150 μl aliquots per sample were added to 

a microplate and the fluorescence of both the fluorescein (λex = 493 nm and λem = 525 nm) 

and Alexa Fluor 546 (λex = 556 nm and λem = 573 nm) were measured using a microplate 

reader. The SMPs were aliquoted onto glass cover slips, mounted, and visualized on a 

confocal microscope (Leica TCS SP5 II, Leica Microsystems, Inc., Buffalo Grove, IL) to 

detect cathepsin K pAb-conjugated SMPs exhibiting both green (fluorescein) and deep red 

(AF 546) fluorescence.

2.5.3. Assessing retention of conjugated and absorbed cathepsin K pAb on 
SMP surface—To determine whether conjugation or adsorption resulted in sustained 

cathepsin K attachment to the SMP surface, Alexa Fluor 633 (Invitrogen) was loaded into 

the SMPs. Cathepsin K pAb modification of the SMPs was performed as described above, 

for both methods. An Alexa Fluor 488 goat anti-rabbit secondary antibody (1:1000 dilution; 

Invitrogen) was used to fluorescently tag the cathepsin K pAb. The SMPs were centrifuged 
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(12,000g, 10 min), washed twice with PBS, re-suspended in PBS (0.5 mg SMPs/ml) and a 

fluorescent microscope was used to visualize the SMPs.

To determine fluorescence intensity due to SMP surface-incorporated cathepsin K Abs, a 

corrected total fluorescence (CTF) protocol was used. Briefly, individual SMPs were 

selected using the drawing tool in ImageJ to obtain an integrated density. The integrated 

density was used to calculate the corrected total fluorescence for FITC and AF633 at Day 1 

and Day 14. The CTF is calculated by: (Integrated Density – (Mean Fluorescence of 

Background * Area of Selected SMP)). To determine the ratio of FITC bound to the SMP 

surface, the CTF of FITC (adsorption n = 132, n = 130 and conjugation n = 154, n = 207) 

was divided by the average CTF of AF633 for each test case.

2.6. Verification of cathepsin K overexpression and targeting by SMPs

2.6.1. Assessing cathepsin K expression by EaRASMCs—EaRASMCs (passage 

3) and RASMCs (healthy cell controls) were seeded at 7.5 × 104 cells/well, and cultured for 

2 weeks in six-well plates in DMEM-F12 medium containing 10% v/v FBS and 1% v/v 

PenStrep. Thereafter, the spent medium was replaced with DMEM-F12 medium containing 

2% v/v FBS and 1% v/v PenStrep. Half of the EaRASMC cultures received medium 

supplemented with 100 ng/ml of TNF-α in order to simulate the inflammatory aneurysmal 

tissue milieu. The RASMCs did not receive TNF-α because this is not physiologically 

relevant.

For immunofluorescence visualization of cathepsin K expression, after a further 24 hours of 

culture, all cell layers were fixed in 4% v/v paraformaldehyde, permeabilized with 

Triton-100 (VWR International, UK) and labeled with the primary cathepsin K Ab (1:100 

dilution) and a secondary AF 546-tagged secondary antibody (1:1000 dilution). DAPI 

(Vector Labs, Burlingame, CA) and AF488-Phalloidin (Molecular Probes, Temecula, CA) 

were used to stain the nuclei and actin cytoskeleton, respectively. The cell layers were 

imaged on a confocal microscope.

For semi-quantitative comparison of cathepsin K expression in the cell culture groups, 

following the 24 hour incubation period, the cell layers were harvested in RIPA buffer 

(Thermo Scientific) containing Halt™ protease inhibitor (Thermo Scientific) and stored in 

−80oC. The samples were assayed for total protein content using a bicinchonic acid (BCA) 

assay kit (Thermo Scientific) [25]. A 20 μl aliquot of each sample was loaded under reduced 

conditions into each lane of a 12% sodium dodecylsulfate polyacrylamide gel 

electrophoresis gel (SDS-PAGE), along with a BenchMark™ pre-stained molecular weight 

ladder (Invitrogen) and a C-32 whole cell lysate (Santa Cruz) as a positive control. The gels 

were transferred wet onto nitrocellulose membranes (Invitrogen). Subsequently, the 

membranes were blocked for 1 h with Odyssey Blocking Buffer (LI-COR Biosciences, 

Lincoln, NE), after which they were immunolabeled (1 h, 25 οC) with the rabbit cathepsin K 

pAb (1:200 dilution) and a mouse monoclonal antibody against β-actin (1:1000; Sigma-

Aldrich) as the loading control. Secondary antibody labeling occurred at room temperature 

for 1 h using IRDye® 680LT goat-anti-rabbit (1:15,000 dilution; LI-COR Biosciences) and 

IRDye® 800CW (1:20,000; LI-COR Biosciences). A LI-COR Odyssey scanning system was 

used to detect the protein bands via fluoroluminescence. The intensities of the cathepsin K 
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bands were quantified using Image Studio® and normalized to their respective β-actin bands 

to allow reliable comparison between different samples in the same blot.

2.6.2. Assessing cathepsin K expression in matrix-injured arteries—Cathepsin 

K expression in elastase injured arteries was compared to expression of the housekeeping 

protein, β-actin, using western blot. Porcine carotid arteries (n = 3) were infused with either 

elastase (20 units/ml, Sigma) or 0.9% v/v sterile saline. The end of each artery was clamped 

shut and a catheter was used to infuse 1 ml of either solution. Following infusion, the 

arteries were incubated at 37 °C for 20 minutes. After incubation, the samples were washed 

with PBS to remove any residual elastase or saline. The arteries were then cut into segments 

of similar length (~15 mm) and flash frozen in liquid nitrogen. After storage overnight 

(−80 °C), the tissues were lyophilized to produce a dry sample. The dry weight of each 

segment was obtained. The harvesting for western blot followed the same procedure as 

described previously.

2.6.3. SMP targeting of cathepsin K in in vitro EaRASMC cultures—Using the 

covalent conjugation method, PLGA SMPs encapsulated with AF546 were conjugated to 

cathepsin K pAb. EaRASMCs (passage 3) were seeded at 7.5 × 104 cells per well and 

cultured for 13 days in six-well plates (A = 10 cm2; BD-Biosciences, Franklin Lakes, NJ). 

The cells were cultured in DMEM-F12 supplemented with 10% v/v FBS and 1% v/v 

PenStrep. On the 13th day, the cultures received low-serum medium: DMEM-F12 

supplemented with 2% v/v FBS and 1% v/v PenStrep. Additionally, half of the EaRASMC 

culture wells received low-serum medium supplemented with 100 ng/ml of TNF-α in order 

to stimulate an aneurysmal or activated milieu within the culture. Following 24 h of 

incubation, EaRASMCs, both with and without TNF-α, received the cathepsin K pAb-

conjugated AF546-encapsulated SMPs. The final concentration of SMPs was 0.5 mg/ml. 

After a further 24 h, the cell layers were fixed, stained with AF488-Phalloidin (green for 

cytoskeleton; Molecular Probes) and mounted on slides with VectaShield containing DAPI 

(blue for nuclei; Vector Labs, Burlingame, CA).

RASMCs (passage 3) were seeded and cultured similarly to the EaRASMCs. After 13 days, 

the cultures received low-serum medium, but no TNF-α. After 24 h of incubation, half of the 

cultures received the conjugated SMPs and the other half received the control SMPs. SMP 

concentration was maintained at 0.5 mg/ml. After another 24 h of incubation, the cell layers 

were fixed, stained, and mounted on slides, as done with the EaRASMCs.

2.6.4. Targeting cathepsin K modified SMPs to the matrix-injured artery wall
—To determine the effectiveness of cathepsin K targeting in aorta, thawed porcine arteries 

(n=3) were infused with elastase (20 units/ml, 37°C, 20 minutes, Sigma) and rinsed with 

PBS. Following elastase infusion, Alexa Fluor 633-loaded SMPs, Alexa Fluor 633-loaded 

SMPs with cathepsin K pAb conjugation, Alexa Fluor 633-loaded SMPs with IgG Ab 

conjugation, or 0.9% saline were infused in the artery (1 ml, 2 mg/ml SMP). After 

incubation (37°C, 20 minutes), the arteries were flushed with PBS to remove any unbound 

SMPs. The arteries were imaged (IVIS Spectrum CT In Vivo Imager, PerkinElmer) and 

analyzed using spectral unmixing to measure SMP binding using Living Image® software. 

Briefly, spectral unmixing was used to subtract tissue autofluorescence from each sample to 
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allow for pure AF633 SMP fluorescence. Once the tissue autofluoresence was removed, 

ROIs were drawn over each artery and the total radiant efficiency ([p/s]/[μW/cm2]) was 

measured and the fold-increase of SMPs bound was calculated.

2.7. Characterizing DOX release from cathepsin K Ab-conjugated and unconjugated 
PLGA SMPs in vitro

DOX release from both cathepsin K pAb-conjugated and -unconjugated SMPs was 

measured in PBS at 37oC. Aliquots (1 ml) containing conjugated or unconjugated DOX-

SMPs (0.5 mg/ml), were collected at various time points over 45 days, centrifuged (13,000 

rpm, 30 min, 4oC) and the amount of DOX in the supernatant quantified by UV 

spectrophotometry. The absorbance at λ = 270 nm was calibrated to a standard curve 

generated using serial dilutions of DOX in PBS. Following the absorbance measurements, 

the volume in each sample was replenished with fresh PBS. The total amount of DOX 

loaded in the SMPs was calculated using the same procedure as previously mentioned and 

the released amount was used to determine the percentage of DOX released.

2.8. Experimental design for cell culture

In order to study the effect of cathepsin K pAb-conjugated DOX-SMPs and unconjugated 

SMPs on cellular elastic matrix synthesis, EaRASMCs were seeded at 3 × 104 cells per well 

in wells of a 6-well plate, and cultured for 21 days in DMEM-F12 medium supplemented 

with 2% v/v FBS, 1% v/v PenStrep, and 50 ng/ml of TNF-α. The media from each well was 

removed and centrifuged (5 min, 12,000 RPM) to pellet the SMPs. The SMPs were re-

suspended in fresh medium before being added back into each well. Culture groups included 

standalone EaRASMC cultures (treatment control), EaRASMCs cultured with unconjugated 

SMPs loaded with 2% w/w of DOX, and cathepsin K pAb-conjugated SMPs loaded with 2% 

v/v of DOX. In the latter cases, the SMPs were added on Day 1 following an overnight 

incubation at a concentration of 0.2 mg/ml.

2.9. DNA assay for cell proliferation

The DNA content of the cell layers was measured via a fluorometric assay of Labarca and 

Paigen [26] to determine the combined effects of the unconjugated or conjugated SMPs and 

released DOX on EaRASMC proliferation. The cell layers were harvested at 1 and 21 days 

of culture in Pi buffer, sonicated on ice, and assayed for DNA content. Cell density was 

calculated assuming 6 pg of DNA per cell.

2.10. Fastin assay for elastin

A Fastin assay (Accurate Scientific and Chemical, Westbury, NY) was used to quantify the 

amounts of elastic matrix (alkali-soluble and insoluble fractions) deposited by EaRASMCs. 

For each of 3 replicate samples, cell layers from 3 separate wells were harvested in Pi buffer, 

at 21 days of culture, and pooled. The cell layers were homogenized by sonication over ice. 

The cell suspension thus obtained was digested with 0.1 N NaOH (1 h, 98 ºC) and then 

centrifuged to yield a pellet containing mature, highly cross-linked alkali-insoluble elastin, 

and a supernatant fraction containing less cross-linked alkali-soluble elastin. The alkali-

insoluble elastin was then converted into a soluble form prior to quantification, as the Fastin 
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assay can only quantify soluble α-elastin. To do this, the pellet obtained after the NaOH 

digestion step was dried and solubilized with 0.25 M oxalic acid (1 h, 95 ºC), then pooled 

and centrifuge-filtered (3000 rpm, 10 min) in microcentrifuge tubes (Amicon® Ultra, 10 

kDa molecular weight cut-off; Millipore, Inc., Billerica, MA). The alkali-soluble and 

insoluble matrix elastin fractions, as well as the tropoelastin precursors released into the cell 

culture medium were then measured using the Fastin assay. The amounts of elastin measured 

were also normalized to the corresponding DNA amounts, so as to provide an accurate 

comparison between the different treatments.

2.11. Western blots for MMP-2 and −9 expression

MMP-2 and −9 expression by EaRASMCs co-cultured with the cathepsin K pAb-conjugated 

or unconjugated DOX-SMPs were compared using western blots. At 21 days of culture, the 

cell layers were harvested in RIPA buffer with protease inhibitor and 3 wells were pooled 

per replicate (n = 3 replicates/treatment). The samples were assayed for total protein content 

using a bicinchonic acid (BCA) assay kit [25]. Maximum volumes of sample protein (15.6 

μL) were then loaded under reduced conditions into each lane of a 10% Bis-Tris 

electrophoresis gel (Invitrogen), along with a SeeBlue™ pre-stained molecular weight 

ladder (Invitrogen) and MMP-2 and −9 standards. The gels were run in MOPS buffer 

(Invitrogen) for 50 minutes at 200 V, and subsequently dry transferred onto nitrocellulose 

membranes (iBlot® Western Blotting System, Invitrogen). As before, the membranes were 

blocked with Odyssey Blocking Buffer for 1 h and then immunolabeled (4 oC, 16 h) with a 

rabbit polyclonal antibody against MMP-2 (1:500 dilution; Abcam, Cambridge, MA) or 

rabbit monoclonal antibody against MMP-9 (1:500 dilution; Millipore, Billerica, MA) with a 

mouse monoclonal antibody against β-actin (1:1000 dilution; Sigma-Aldrich) as a loading 

control. Secondary labeling occurred for 1 h at room temperature using IRDye® 680LT goat-

anti-rabbit (1:15,000 dilution; LI-COR Biosciences) and IRDye® 800CW goat-anti-mouse 

(1:20,0000 dilution; LI-COR Biosciences). A LI-COR Odyssey laser scanner was used to 

quantify the fluorescence of the secondary antibodies. The intensities of the active MMP-2 

and MMP-9 bands on all gels were quantified using ImageJ software, expressed in terms of 

relative density units (RDU) and normalized to the intensity of their respective β-actin bands 

to enable comparison between the different test cases within the same blot. The ratios 

obtained for the SMP-supplemented cell layers were further normalized to that for 

standalone EaRASMC cultures (treatment controls).

2.12. Gel zymography for MMP-2 and −9 activity

The differential effects of cathepsin K pAb-conjugated and unconjugated DOX-SMPs on 

enzyme activity of MMP-2 and −9 in EaRASMC cultures was assessed using gel 

zymography, as previously described [17,25]. Cell layers harvested in RIPA with a protease 

inhibitor were loaded into each lane of a 10% zymogram gel (Invitrogen) in a volume 

containing 5 μg of protein, along with a SeeBlue™ pre-stained molecular weight ladder, and 

MMP-2 and −9 protein standards. Gels were run for 2 h at 125 V. The gels were then washed 

in a buffer containing 2.5% v/v Triton-X-100 for 30 min to remove sodium dodecyl sulfate 

(SDS) detergent, and then incubated overnight in a substrate/development buffer to activate 

the MMPs. The gels were stained with Coomassie Brilliant Blue solution for 45 min, and 

destained for 90 min, until clear bands appeared visible against the blue background of the 
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gel. Band intensities (RDU) of the bands obtained for SMP-supplemented cultures were 

measured using ImageJ software, and normalized to those obtained for the SMP-untreated 

control cultures to determine fold changes in MMP activity. Data was acquired from 3 

independent replicate gels.

2.13 Visualizing deposited elastic matrix via transmission electron microscopy (TEM)

To image the deposited elastic matrix, EaRASMCs were seeded into permanox chamber 

slides (5 × 104 cells per well) stimulated with 50 ng/ml TNF-α. After 21 days of culture, the 

test and control EaRASMC cultures (Section 2.8) were rinsed with PBS (37 °C) and fixed (5 

min, 37°C, 4% w/v paraformaldehyde/ 2.5% w/v glutaraldehyde prepare in 0.1 M sodium 

cacodylate buffer). Following this, the cell layers were incubated in the fixative overnight at 

4 °C. The samples were post-fixed in 1% w/v osmium tetroxide (1 hour), dehydrated in a 

graded ethanol series (50–100% v/v), embedded in Epon 812 resin, sectioned, placed on 

copper grids, stained with uranyl acetate and lead citrate, and imaged (using FEI Tecnai G2 

Spirit) under multiple magnifications.

2.14. Statistical analysis

All experimental data presented (n = 3/condition, unless stated otherwise) are mean values 

with standard deviation (SD). Statistical significance of differences between mean values for 

different samples and conditions was evaluated using a Student’s t-test, with p ≤ 0.05 

considered as statistically significant.

3. Results

3.1. Formulation and physical characterization of PLGA SMPs

The physical characteristics of PLGA SMPs, such as size and zeta potential, frequently 

depend on the formulation method(s) employed [27, 28]. DOX-free SMPs formulated via a 

single emulsion solvent evaporation method using 0.25% w/v DMAB as the stabilizer, 

exhibited mean hydrodynamic diameters of 295.1 ± 8.1 nm and a ζ-potential of +35.5 ± 0.7 

mV (see Table 1). Encapsulating 2% w/w fluorescein or 2% w/w DOX via a double 

emulsion solvent evaporation technique did not significantly alter the size or surface charge 

of the PLGA SMPs, as also shown in Table 1. The SMPs were found to exhibit a relatively 

uniform size distribution and surface charge. The overall encapsulation efficiency of DOX in 

the PLGA SMPs was around 42%.

3.2. Assessment of cathepsin K antibody conjugation to SMPs

Fluorescence spectroscopy was used to compare the extent of cathepsin K antibody binding 

to SMPs. Increasing the time of antibody-SMP contact resulted in higher levels of antibody 

conjugation on the SMPs, for both the adsorption and covalent conjugation methods (Figure 

1A). Extending the incubation period to 24 h did not increase RFU values beyond that 

measured at 5 hours, suggesting saturation of the SMP surface with bound antibodies; SMPs 

not conjugated with the cathepsin K antibody, but incubated with the fluorescein-tagged 

secondary antibody showed minimal fluorescence, indicating lack of non-specific SMP 

binding of the secondary probe. As seen in Figure 1B, for a 5 hour incubation period, no 

significant differences were noted in SMP normalized amounts of conjugated cathepsin K 
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antibody, between the adsorption and covalent conjugation methods. The FITC SMPs 

incubated without AF546 showed an RFU ratio that was significant but still far lower than 

the ratio obtained for the test cases. These results suggest cathepsin K pAb was efficiently 

incorporated on the SMP surface. Confocal micrographs showed visibly greater co-

localization of cathepsin K antibodies (red) with the fluorescein-encapsulated SMPs (green) 

conjugated via the covalent method (Figure 1E). Control SMPs not conjugated with the 

cathepsin K antibody but treated with the AF546-tagged secondary probe showed no auto-

fluorescence in the red spectrum indicating lack of non-specific binding of the secondary 

probe.

Fluorescence microscopy was used to compare robustness of cathepsin K Ab attachment to 

the SMP surface for both the adsorption and conjugation methods (Figures 1C and 1D). 

Images were taken under similar conditions at day 1 and day 14. The intensity of the AF633-

loaded SMPs (red) was measured as well as the intensity of the FITC-labeled cathepsin K 

antibody (green). The fluorescence of the SMPs can be seen in Figure 1C with a noticeable 

change in FITC fluorescence at day 14 for the adsorption method. To quantify the changes in 

fluorescence intensity, the corrected total fluorescence was calculated and a ratio of FITC to 

AF633 was determined. Figure 1D shows the conjugation method provides a significantly (p 

< 0.05) more robust attachment of the cathepsin K Ab to the SMP surface. After 14 days, 

there was a significant decrease in cathepsin K Ab presence on the SMP surface for the 

adsorption method. However, there was no significant loss of cathepsin K Ab from the SMP 

surface at 14 days, when covalently conjugated.

3.3. Verifying cathepsin K overexpression

3.3.1 Verifying cathepsin K overexpression in TNF-α stimulated EaRASMCs
—Increased expression of cathepsin K by diseased EaRASMCs and effects of TNF-α in 

augmenting such expression were investigated towards simulating the aneurysmal tissue 

milieu in cell culture. Western blot analysis (Figure 2D) showed cathepsin K protein 

synthesis to be significantly higher in EaRASMC cultures stimulated with TNF-α relative to 

RASMCs and unstimulated EaRASMCs; only the zymogen form of cathepsin K was 

detected. IF labeling for cathepsin K (Figure 2A and 2B; red fluorescence), confirmed these 

findings. Cathepsin K was localized both on the cell membrane in the extracellular space and 

intracellularly as seen in Figures 2B and C. In Figure 2C, cathepsin K expression (red 

fluorescence) at the bottom of a cell appears minimal, but is seen to increase as we move up 

through the cell to the cell surface (Panel 2C3).

3.3.2 Verifying cathepsin K overexpression in elastase-injured arteries—
Differences in cathepsin K expression in healthy and matrix-injured arteries was investigated 

to rationalize SMP targeting using a cathepsin K Ab in abdominal aortic aneurysms, wherein 

such elastase-induced matrix disruption occurs. Western blot analysis (Figure 3) showed 

significant increase in active cathepsin K (38 kDa) expression after exposure to elastase 

compared to the saline control (7.85 ± 1.93 vs. 0.14 ± 0.02, p < 0.05). These findings are 

similar to our results showing an increased cathepsin K expression in TNF-α-activated 

EaRASMCs cultures evocative of an injured vascular tissue milieu and rationalize study of 
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elastase injured arteries in the context of investigating targeted binding of cathepsin K Ab-

conjugated SMPs (Figure 2D).

3.4. Targeted binding of conjugated SMPs to cathepsin K expressing cells

Figure 4A shows confocal images of SMCs exposed to cathepsin K Ab-conjugated PLGA 

SMPs (red fluorescence) and unconjugated control SMPs. EaRASMCs stimulated with 

TNF-α exhibited a high amount of bound, conjugated SMPs relative to the RASMCs and 

EaRASMCs cultured without TNF-α activation. This indicates that the cathepsin K Ab-

conjugated SMPs have a much higher binding ability correlated to the overexpression of 

cathepsin K in the stimulated cultures. The control cases showed a similar pattern of amount 

of SMPs bound to cell layers being directly related to the amount of cathepsin K expression. 

As previously mentioned, the EaRASMCs without TNF-α exhibit only slightly higher 

cathepsin K expression compared to the RASMCs (Figure 2A). This is reflected in Figure 

4A by only a mildly higher binding of Ab-conjugated SMPs in the EaRASMC cultures 

versus the RASMC cultures. Figure 4B shows a higher magnification image of SMP-bound, 

TNF-α-stimulated EaRASMCs. Figure 4C provides images of this cell layer at varying z-

axis heights. Figure 4C1 shows the bottom of the cell layer exhibiting minimal fluorescence 

due to cathepsin K-Ab modified SMPs. Moving up through the cell layer (4C2–4C3), the 

SMPs begin to appear within the cells. In 4C4, the SMPs are clearly visible on the cell 

surface.

Figure 5 shows fluorescence images (panel A) and a plot indicating the fold-differences 

(panel B) in binding of Ab-unconjugated SMPs, IgG Ab-conjugated SMPs, and cathepsin K 

Ab-conjugated SMPs to cathepsin K expressing wall of porcine arteries. Similar to 

observations in cell cultures, intensity of fluorescence due to uptake of cathepsin K Ab-

conjugated SMPs in the artery wall was ~2-fold higher relative to that observed for Ab-

unconjugated SMPs. Further, binding of nonspecific Ab–modified SMPs to the artery wall 

was not statistically different from that of the unmodified SMPs.

3.5. In vitro DOX release from conjugated and unconjugated SMPs

Figure 6 shows the in vitro release of DOX from unconjugated and cathepsin K Ab-

conjugated PLGA SMPs. Only a single SMP formulation incorporating 2% w/w DOX and 

provided at a concentration of 0.5 mg of SMPs/ml was studied. Similar to previous reports, 

DOX release from both unconjugated and the Ab-conjugated SMPS exhibited a biphasic 

release profile with an initial burst release over the first day [11, 29] followed by a slower 

exponential release [30, 31].

Over the next 45 days over which DOX release was monitored, the cumulative DOX release 

from either case was less than 20% of the total amount of drug encapsulated. There was no 

significant difference in the release profiles between the Ab-conjugated and unconjugated 

SMPs.
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3.6. Effect of conjugated, DOX-loaded SMPs on SMC proliferation and elastic matrix 
synthesis

Previous unpublished lab data that indicated a 5 μg/ml exogenous dose of DOX was 

cytotoxic to EaRASMC cultures. We chose a 2% w/w DOX encapsulation in PLGA SMPs 

for further in vitro study as the total DOX released over a 21 day culturing period is less than 

5.0 μg/ml of DOX based on the release profiles in Figure 6. As Figure 7A indicates, DOX 

release from the PLGA SMPs did not hinder the proliferation of the EaRASMC cultures. 

While the cultures exposed to unconjugated DOX SMPs showed significantly higher 

proliferation (p < 0.5) than the cultures with conjugated DOX SMPs, cell proliferation in 

both sets of SMP-treated cultures were not statistically different from the SMP-untreated 

cultures.

Results of the Fastin assay presented in Figure 7B, showed that on a DNA content (or cell 

number) normalized basis, elastic matrix deposition in cultures receiving unmodified DOX-

releasing SMPs was significantly higher (p < 0.05) than in SMP-untreated cultures; matrix 

deposition was also unaffected by cathepsin K Ab-conjugation to the SMPs. The TEM 

results presented in Figure 7C closely mirror the outcomes of the Fastin assay in 

demonstrating that cathepsin K Ab-conjugated and unconjugated DOX SMPs increase 

generation of elastic matrix compared to NP-untreated EaRASMC cultures. While only 

sparse elastin fibrils and microfibrils were seen in the control cultures (Figure 7C1), 

significantly greater presence of forming elastic fibers associated with amorphous elastin 

deposits were seen in the SMP-treated cultures. No significant differences in elastic matrix 

deposition were noted between the cultures receiving Ab-conjugated and unconjugated 

SMPs.

3.7. Effect of DOX-loaded SMP conjugation on MMP-2 & −9 expression and activity

A representative Western blot image for MMP-2 expression in EaRASMC cultures 

supplemented with the different SMP formulations is shown in Figure 8A. The active 

MMP-2 bands across all conditions were normalized to their respective β-actin loading 

control band. The data from cultures receiving unconjugated or cathepsin K Ab-conjugated 

DOX SMPs is shown normalized to the control EaRASMC cultures receiving no DOX 

SMPs in Figure 8B. For both cases, the DOX released from the PLGA SMPs caused a 

roughly 50% decrease in MMP-2 expression relative to the control. There was no significant 

difference (p > 0.05) in MMP-2 expression between cultures receiving conjugated or 

unconjugated DOX SMPs. In all cases, the expression of MMP-9 was too low to quantify 

via densitometry [8, 25].

Figures 8C and 8E shows a representative image of the gel zymography for MMP-2 and −9 

activity, respectively, in all three test cases. The control-normalized band intensities between 

EaRASMC cultures receiving conjugated or unconjugated DOX SMPs showed significantly 

reduced (p < 0.05) MMP-2 and −9 activity as evidenced in Figures 8D and 8F, with ~3-fold 

attenuation in MMP-2 activity and about 40% attenuation in MMP-9 activity. There was no 

significant difference in activity between cultures receiving either conjugated or 

unconjugated DOX SMPs.
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4. Discussion

SMP-based delivery of DOX is attractive from the standpoint of a) avoiding potential side 

effects and body wide inhibition of MMPs due to systemically delivered DOX, and b) 

enabling controlled and sustained release of DOX within AAA tissue at doses significantly 

below the systemic doses, at which we have shown the drug to not only continue to inhibit 

MMPs but also uniquely stimulate elastin regeneration [11]. In prior articles, we described a 

novel formulation of cationic amphiphile-surface modified DOX- PLGA SMPs that provide, 

independent of the released DOX, both pro-elastogenic and anti-proteolytic effects [11, 17, 

25]. The goal of this study is to develop a mechanism to provide greater specificity of 

targeting DOX-loaded PLGA SMPs to AAA tissue for localized and sustained release of 

active agents to augment regenerative repair of elastic matrix towards arresting or regressing 

AAA growth. An added interest is to assess the implications of improved binding and 

retention of the modified SMPs within cell layers to possibly enhance their pro-regenerative 

and anti-proteolytic effects on the cells. In this study, we sought to improve specificity of 

targeting of our SMPs by conjugating them with a cathepsin K Ab. This has been based on 

recent findings that cathepsin K is chronically overexpressed in AAA tissues [14, 15]. This 

has been attributed to a reduction in cystatin, a competitive cysteine protease inhibitor in the 

inflamed AAA environment [15, 16], which results in increased elastolytic activity of 

cathepsin K, and through a positive feedback mechanism triggered by matrix breakdown, 

further increases in cathepsin K expression [4, 33].

For this study, we continued to study PLGA SMPs since the polymer is FDA approved for 

clinical drug delivery applications due to their biodegradability and high biocompatibility 

[27, 28]. PLGA containing a 50:50 ratio of lactide:glycolide content has a molecular weight 

equivalent to 117 kDa, and because its biodegradation occurs over several months, it is ideal 

for our proposed application [21, 28]. SMP sizes between 200 and 500 nm were targeted 

since we have shown SMPs larger than 200 nm to be mostly excluded in the extracellular 

space, where matrix assembly occurs [11] and SMPs > 500 nm exhibit increased uptake by 

phagocytes [33]. Using DMAB, as an emulsion stabilizer during SMP formulation resulted 

in functionalization of the cationic amphiphile on the SMP surface to impart a cationic 

charge. In our prior study [11], we showed cationic moieties on the SMP surface to interact 

electrostatically with the active site of MMPs to reduce their proteolytic activity [34, 56]. 

Differently, hydrocarbon chains present on the cationic amphiphiles bind highly 

hydrophobic elastin substrates, and induce conformational changes that expose lysine side 

chains on the elastin molecule for crosslinking, while the cationic elastin-surfactant complex 

attracts anionic LOX enzyme to increase crosslinking of the elastin [57, 58]. We also showed 

the magnitude of these effects to be dependent on the choice of cationic amphiphile and the 

imparted surface charge [11].

We investigated two different methods for conjugating cathepsin K Abs to the SMP surface, 

namely, adsorption and covalent reaction, which are frequently used to conjugate 

biomolecules to surfaces [22, 35–40]. With each method we also investigated the impact of 

conjugation time on the efficiency of Ab conjugation onto the SMPs. While adsorption uses 

weak van Der Waals forces to hold the Abs to the SMP surface [37, 38], covalent 

conjugation involves the use of carbodiimide reaction chemistry to generate strong covalent 
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bonds via a defined chemical reaction stoichiometry [39]. As a result of the much stronger 

and resilient covalent bonding (Figure 1C, 1D), in the latter case, the conjugated Abs are 

more resistant to displacement by the vastly more abundant serum proteins over at least 2 

weeks [37, 38]. Our results in Figure 1A shows, while increasing conjugation time to 5 

hours resulted in significant increases in Ab conjugation, especially for the adsorption 

method, in both methods, only very modest increases in Ab conjugation were observed at 

longer conjugation times (up to 24 hours; not shown), suggesting that at 5 hours of 

incubation, saturation of the SMP surface has already been likely achieved; in any case, 

extending the incubation time is also undesirable due to increased hydrolytic degradation of 

the PLGA matrix. No significant differences in Ab conjugation normalized to SMP quantity 

were observed between for 5 h covalent binding and adsorption conditions (Figure 1B). In 

an early experiment (not shown), we determined that blocking (saturating) non-specific 

binding sites on the SMPs with serum (5% v/v; 1 h) prior to secondary Ab incubation had no 

effect in reducing the relatively high non-specific binding of the fluorophore, the absorbance 

ratio for which was however significantly lower than the antibody-modified SMPs. However, 

likely because of the defined reaction chemistry and strong covalent linkages, SMPs 

conjugated via the covalent method were found to exhibit more uniform (Figure 1E), and 

resilient (Figure 1C, 1D) Ab-binding. On the basis of these findings, we deemed that 

covalent conjugation of the cathepsin K Abs over a 5 hour period is most appropriate, due to 

a) stronger bonds formed which resist displacement by serum proteins, and b) likely 

saturation of the SMP surface with Abs.

Cathepsin K overexpression in the AAA wall, has been observed both in humans [14, 15] 

and in rat models [41, 55]. In vivo, cathepsin K is generated by vascular SMCs only upon 

stimulation by macrophage-derived inflammatory cytokines (e.g., intereukin 1-β, interferon-

γ, and TNF-α) [14]. As a result, constitutive expression of cathepsin K by unstimulated 

SMCs (aneurysmal and healthy) in culture and in non-injured arteries is minimal as our 

results in Figures 2 and 3 indicate. Activating cultured EaRASMCs with TNF-α, as has been 

performed by others to stimulate an inflammatory response [15, 16], was found to 

significantly increase cathepsin K expression (Figure 2). Similarly, injuring arteries with 

elastase significantly increased cathepsin K expression (Figure 3). Cathepsin K expression 

was found to be localized in both the intra- and extra-cellular domains, agreeing well with 

published findings that the protease is localized both within lysosomes and endosomes in the 

cytoplasm and also in the extracellular space [42, 43]. The extracellular presence of 

cathepsin K at the cell surface presents a significant advantage in our efforts to target our 

SMPs to this compartment for augmenting regenerative elastic matrix repair.

Confocal imaging (Figure 4) showed co-localization and hence likely binding of cathepsin K 

Ab conjugated SMPs to sites of cathepsin K expression within cell layers, mostly on the cell 

surface, but also intracellularly. These results are consistent with our earlier published 

findings that our SMPs of size 300–400 nm are mostly excluded to the cell exterior. SMP 

binding also correlated positively to the expression of cathepsin K, being significantly higher 

in cultures activated with TNF-α, than in unstimulated EaRASMC and RASMC controls. 

Similarly, as expected, uptake and retention of cathepsin K Ab-conjugated SMPs was 

significantly greater within the walls of matrix injured arteries expressing higher levels of 

cathepsin K (Figure 5A1 vs. 5A4); SMPs bound with a non-specific IgG (Figure 5A3) 
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showed significantly lower binding to the vessel wall, to the extent of unmodified SMPs 

(Figure 5A2). Since our earlier published findings that our SMPs of size 300–400 nm are 

mostly excluded to the cell exterior, it is highly likely that our cathepsin K Ab-conjugated 

SMPs bind to cathepsin K on the cell surface/ extracellular space.

Release of DOX from the Ab-conjugated SMPs was not significantly different from 

unconjugated SMPs (Figure 6), which was an expected outcome since the size and surface 

charge of both sets of SMPs were identical. With both preparations, the total amount of 

DOX cumulatively released over the 45 days was only ~ 20% of the theoretical DOX 

loading, suggesting the potential for sustaining DOX release from the SMPs over a 

significantly longer period. The near-steady state levels of DOX released were much lower 

than the typical DOX dosing levels (16–54 μg/ml) [8, 11, 44] above which the drug was 

found to inhibit proliferation of aneurysmal SMCs and their deposition of crosslinked elastic 

matrix [45, 46], outcomes we have confirmed in recent culture studies (unpublished results). 

Differences in proliferation between EaRASMCs cultured with DOX-loaded SMPs (both 

Ab-conjugated and unconjugated) or without SMPs (controls) were insignificant (Figure 

7A), confirming our prior findings that the SMPs and DOX released therefrom at the doses 

observed, do not impact EaRASMC proliferation. That said the proliferation levels observed 

in cultures supplemented with the cathepsin K-Ab-conjugated SMPs was found to be 

modestly lower, and statistically different from that in cultures supplemented with the 

unconjugated SMPs. Although this is highly likely to be related to intrinsic experimental 

errors in cell enumeration, especially since the cell proliferation in both cases was not 

different from the SMP-free controls, there are other possible explanations. One possibility 

is that the more intimate binding and retention of the Ab-conjugated SMPs to the cells 

results in greater and more sustained depolarization of the cell membrane due to the cationic 

charge on the SMPs. This has been shown by other groups to trigger increases in 

intracellular calcium ion (Ca2+) concentrations, and to in turn inhibit proliferation in cultures 

of normal cells [47]. Alternately, more intimate binding of the cathepsin K Ab-conjugated 

SMPs to the cell surface results in more effective MMP inhibition due to the action of both 

DOX and the surface cationic amphiphiles, as we have previously reported [11]. There are 

several published studies that have shown MMP inhibition to enhance SMC proliferation 

and migration [59].

As expected, based on our published findings as to the pro-elastogenic effects of a) DOX at 

the currently released dose range, and b) our cationic amphiphile-surface functionalized 

PLGA SMPs, both sets of DOX-SMPs (cathepsin K Ab-conjugated and unconjugated) 

stimulated synthesis of elastic matrix (on a per cell basis) by EaRASMCs over SMP-free cell 

cultures (Figure 7B). The lack of any differences in elastic matrix synthesis on a per cell 

basis, between the two DOX-SMP-supplemented culture groups suggests a) no differences 

in DOX release between the DOX-SMP preparations, which we have confirmed (Figure 6), 

and b) no adverse impact of the Ab-conjugated DOX-SMPs on, or significant benefit to cell 

elastogenicity as a result of their improved binding and/or retention within the cell layers. 

While our TEM images shown in Figure 7C do mirror the results of the Fastin assay in 

showing greater elastic matrix deposition in SMP-treated EaRASMC cultures relative to 

SMP-untreated but TNF-α-activated EaRASMC controls, no mature fibers were seen in the 

SMP-treated cultures. Rather, elastic fiber structures in the process of forming were 
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observed, with a visibly greater number of amorphous elastin deposits seen associated with 

the microfibrillar components and elastin fibrils in the cathepsin K Ab-conjugated SMP-

treated cultures. While the poor elastin deposits and fiber formation in control cultures can 

be related to both intrinsically poor ability of EaRASMCs to synthesize tropoelastin and 

assemble elastic fibers on one hand and increased proteolytic activity resulting from 

overexpression of cathepsin K and other proteases, the improved outcomes in the SMP-

treated cultures may be attributed to pro-elastogenic and elastic matrix crosslinking-

promoting effects of our DMAB-functionalized polymer carriers and released DOX. It is 

also quite possible that improved binding of the cathepsin K conjugated SMPs to the cell 

layers contributed to localized anti-proteolytic effect, which might account for the greater 

number of amorphous elastin deposits within the forming elastic fibers in these cultures 

versus those in cultures treated with unconjugated SMPs. Further investigation is required in 

this regard.

Chronic overexpression of the elastolytic gelatinases MMP-2 and MMP-9 have been shown 

to drive AAA growth [10, 48–51], and oral DOX therapy inhibit these enzymes [10, 48] to 

slow AAA growth in both animal models [5, 44, 51] and humans [10]. The mechanism 

behind this inhibition is described in our lab’s previous work [11], and briefly, is based on 

ability of DOX to chelate Zn2+ and Ca2+ in the catalytically active domain of the MMPs-2 

and −9 [52], which leads to enzyme denaturation and degradation [53, 54]. In our previous 

publication [11] we also showed that imparting a positive surface charge on the SMPs via 

use of DMAB as an emulsion stabilizer during SMP formulation, enables them to bind and 

anionic glutamic acid residues in the catalytically active domain of MMPs, leading to a 

decrease in their proteolytic activity. It is also possible that the two dodecyl chains presented 

by DMAB may block the active site of MMP-2 via steric hindrance to exert its inhibitory 

effect. Thus, the MMP inhibitory effects of our DOX SMPs may be attributed to both the 

drug and to the DMAB-surface modified polymer SMPs. Our present results (Figure 8) 

confirm our prior reported findings on the significant MMP inhibitory effects of our DOX-

SMPs, and showed that cathepsin K antibody conjugation does not alter the aggregate MMP 

inhibitory effects due to DOX and the polymer nanocarriers. This outcome suggests that 

likely neither the covalent reaction chemistry for antibody conjugation nor the presence of 

the cathepsin K antibody on the SMP surface interferes with DOX release or MMP 

interactions with the pendant cationic amphiphiles on the SMP surface.

5. Conclusions

This study has shown that cathepsin K Ab conjugation is a useful approach for targeted 

binding of therapeutic DOX-SMPs to cathepsin K overexpressing, cytokine-activated SMCs 

typical of those within the aneurysmal wall. We have demonstrated that covalent conjugation 

is a more reliable and efficient method over physical adsorption, for incorporating cathepsin 

K Abs on the DOX-SMP surface. Our results have confirmed that cathepsin K Ab 

conjugation does not alter DOX release profiles and the pro-elastogenic and anti-proteolytic 

effects of the SMPs, attributable to both the released DOX and pendant cationic amphiphiles 

on the SMP surface. Future studies will investigate the ability of cathepsin K Ab-conjugated 

SMPs to penetrate the disrupted endothelium of the AAA wall to localize and be retained in 

the AAA wall in rat models following intravenous or catheter-based infusion to a flow 
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occluded, matrix-disrupted aorta and their efficacy in stimulating regenerative matrix repair 

towards achieving AAA growth arrest.
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Figure 1. 
UV spectroscopy analysis of PLGA SMPs conjugated with cathepsin K antibody. Panel 1A 
shows effect of incubation time on conjugation of the antibody to SMPs. The cathepsin K 

antibody was detected with a fluorescein-tagged secondary Ab. A higher fluorescence 

intensity (RFU) indicates more effective antibody conjugation. Panel 1B compares relative 

abundance of conjugated antibodies on the SMPs. Cathepsin K antibodies were conjugated 

onto fluorescein-loaded SMPs over 5 hours, and were detected with secondary antibodies 

tagged with AF546. Values shown indicate mean ± SD of RFUs (Panel A) or of ratios of 

RFUs due to the fluorescein and AF546; n = 3 per case; # denotes significance of differences 

versus 2 h of incubation, deemed for p < 0.05; * denotes significance of differences versus 

control FITC SMPs treated with the AF-546-tagged secondary antibody, deemed for p< 
0.05. Panels 1C, 1D show results of fluorescence microscopy analysis of cathepsin K 

surface modification to AF633-loaded SMPs (red). A fluorescein antibody (green) was 

added to visualize the cathepsin K modification. Panel C shows representative images for the 

adsorption and conjugation methods at day 1 and day 14. The green fluorescence 

demonstrates successful cathepsin K conjugation to the SMP surface. At day 14, green 

fluorescence associated with SMPs modified using Ab-adsorption was much lower 

compared to SMPs chemically conjugated with the Abs. Panel 1D shows the ratio of FITC 

intensity to AF633 intensity (mean ± SE; adsorption n=132, n=130 and conjugation n=154, 

n=207). The conjugation method bound more cathepsin K to the SMP surface for a longer 

period of time. # denotes significance of differences between adsorption and conjugation on 

day 14 deemed for p<0.05. * denotes significance of differences between day 1 and day 14 

for the adsorption method deemed for p<0.05. In panel 1E, confocal micrographs compare 

cathepsin K antibody bound to SMPs via adsorption and covalent conjugation methods (see 
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quantitative data in panel 1B). Conjugation was performed over 5 hours. Fluorescein (green) 

was encapsulated within the SMPs and the cathepsin K antibody was detected with an 

AF546-tagged secondary antibody (red). Panel 1E1 shows lack of red auto-fluorescence 

from cathepsin K antibody-conjugated SMPs not treated with the AF546-tagged secondary 

antibody. Panels E2 and E3 show that cathepsin K antibody was successfully conjugated to 

the SMPs using the adsorption- and covalent binding methods respectively. Scale bar: 100 

μm (panel C), 100 μm (panel E).
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Figure 2. 
(A). IF images showing relative expression of cathepsin K by healthy, and aneurysmal 

SMCs, without and with TNF-α stimulation. Cathepsin K, visualized with AF-546-tagged 

secondary antibody, appears red while the cytoskeletal actin filaments stained with AF488 

phalloidin appear green, and DAPI-stained nuclei appear blue. Scale bar: 100 μm. (B) High 

magnification view of EaRASMCs stimulated with TNF-α and cathepsin K visualized with 

AF-546-tagged secondary antibody and cytoskeletal actin stained with AF488 phalliodin. 

Grid: 23 μm x 23 μm. (C). Images of the EaRASMCs at different z-axis heights. (1) The 

bottom of the cell layer which shows minimal cathepsin K. (2) The middle of the cell layer 

in which cathepsin K begins to appear. (3) The top of the cells where the most cathepsin K is 

found. Scale bar for panels 2C1–3: 50 μm. (4) Schematic of the z-axis heights for images 

2C1–3. (D). Western blot analysis for relative expression of cathepsin K by healthy, and 

aneurysmal SMCs, without and with TNF-α stimulation. The figure shows representative 

blot, indicating bands for the cathepsin K zymogen and β-actin (loading control). The plot 

shows β-actin normalized cathepsin K band intensity (mean ± SD; n = 3 per case; # denotes 

p < 0.05 compared to control RASMCs); * denotes p < 0.05 compared to TNF-α-

unstimulated EaRASMCs. # indicates significance of differences versus RASMCs, deemed 

for p < 0.05.
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Figure 3. 
Western blot analysis for cathepsin K expression in saline and elastase treated porcine 

carotid arteries. Panel A shows a representative blot, showing the active cathepsin K form 

(38 kDa) and β-actin (loading control). Panel B shows β-actin normalized cathepsin K band 

intensity (mean ± SEM; n = 9 per case; # denotes significance of difference, deemed for p < 

0.05.
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Figure 4. 
(A) Confocal micrographs showing binding of cathepsin K antibody-conjugated SMPs to 

healthy, and aneurysmal SMCs, without and with TNF-α stimulation. All SMPs were 

encapsulated with AF546, causing them to fluoresce red. A significantly higher number of 

SMPs bound to EaRASMCs than to the RASMCs and more still in EaRASMC cultures 

stimulated with TNF-α (white arrows). Cytoskeletal actin filaments, stained with AF488 

phalloidin fluoresce green and DAPI-stained nuclei appear blue. (B). High magnification 

image of SMP localization to TNF-α stimulated EaRASMCs. (C). Images of EaRASMCs 

with SMPs at various z-axis heights. (1) Bottom of cell layer with minimal SMP bound. (2) 

and (3) Middle layers of the cell where SMPs begin to appear around the cell. (4) Top of the 

cell layer where SMPs are bound to the cell surface. (5) Schematic of the various z-axis 

heights for images 1–4. Scale bars represent 50 μm (A), 23 μm x 23 μm (B), and 50 μm (C).
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Figure 5. 
Targeting of cathepsin K Ab-conjugated SMPs to wall of elastase injured porcine carotid 

arteries. (A) Pseudocolor of SMP localization in elastase treated arteries with cathepsin K-

Ab conjugated AF633 SMPs (1), unconjugated AF633 SMPs (2), IgG-Ab conjugated AF633 

SMPs (3), and saline (4). (B) Fold difference in binding of cathepsin K Ab-conjugated 

SMPs, and non-specific IgG conjugated SMPs to elastase treated arteries compared to 

binding of unmodified SMPs (mean ± SEM; n = 6 and n = 3 for IgG-Ab conjugation). * 

indicates significance of differences between the cases deemed for p < 0.05.
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Figure 6. 
In vitro DOX release profiles from cathepsin K antibody-conjugated and unconjugated 

PLGA SMPs (0.5 mg/ml) loaded with 2% w/w DOX (mean ± SD; n = 3 per group).
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Figure 7. 
(7A) Proliferation of EaRASMCs is not impacted by coculture with DOX-SMPs (cathepsin 

K Ab-conjugated or unmodified), although cell proliferation in the cultures treated with the 

Ab-conjugated SMPs was significantly lower than that cultured with the unmodified SMPs. 

DOX loading within the SMPs was 2% w/w. SMP concentration in the cultures was 0.2 

mg/ml. Cells were harvested at 1 and 21 days after initial seeding (mean ± SD; n = 3 

cultures per group; # denotes significance of differences versus unconjugated DOX SMPs, 

deemed for p< 0.05). (7B) Cathepsin K antibody conjugation of DOX-SMPs does not alter 

their pro-elastogenic effects on cultured EaRASMCs. SMP-untreated EaRASMC cultures 

were investigated as treatment controls. All cell layers were cultured for 21 days. Amounts 

of deposited elastic matrix, comprised of both the alkali-soluble and alkali-insoluble elastin 

fractions were normalized to DNA content of the respective cell layers (mean ± SD; n =3 

cultures per group; # denotes significance of differences relative to treatment controls 

deemed for p < 0.05). (7C) Transmission electron micrographs showing effects of cathepsin 

K-Ab-conjugated and unconjugated DOX-SMPs on elastic matrix deposition in TNF-α 
activated SMC cultures. Elastic matrix deposition was sparse in the SMP-untreated cultures 

and few amorphous elastin deposits and no mature fibers were seen (1). Numerous forming 

elastic fibers were seen in the SMP-treated cultures (2), with a greater number of amorphous 

elastin deposits (white arrows) associated with the microfibrillar components in the cultures 

that received the cathepsin-K Ab-modified DOX-SMPs (3). Scale bars: 1 μm.
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Figure 8. 
Panels 8A and 8B show effects of co-culture with unconjugated and cathepsin K antibody-

conjugated DOX-SMPs on MMP-2 protein synthesis in TNF-α-activated EaRASMCs 

cultures, as analyzed by western blots. Panel A shows a representative blot. Panel B shows 

fold difference in β-actin normalized band intensity for active MMP-2 protein in DOX-

SMP-treated EaRASMC layers, relative to control cultures cultured with no SMPs (mean ± 

SD; n = 3 cultures/condition). # indicates significant differences versus controls (assigned a 

value of 1.0) deemed for a p value < 0.05. Panels 8C-F show effects of co-culture with 

unconjugated and cathepsin K antibody-conjugated DOX-SMPs on MMP-2 and MMP-9 

activity in TNF-α-activated EaRASMCs cultures, as analyzed by gel zymography. Panel C 

shows representative image of gel zymogram for MMP-2. Panel D shows fold difference in 

β-actin-normalized MMP2 band intensities compared to SMP-free control cultures (assigned 

value of 1.0; dotted line). Panel E shows representative gel zymogram for MMP-9. Panel F 

shows the fold difference in β-actin-normalized MMP9 band intensities versus SMP-free 

control cultures (assigned value of 1.0) Values shown indicate mean ± SD based on analysis 

of n = 3 cultures per condition. # denotes significance of differences versus control cultures, 

deemed for p < 0.05.
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Table 1

Mean hydrodynamic size and surface charge of PLGA NPs (n = 6 replicates, mean ± SD).

Size (nm) ζ-potential (mV)

No encapsulation 295.1 ± 8.1 +35.5 ± 0.7

2% w/w fluorescein 338.0 ± 9.1 +32.9 ± 0.4

2% w/w DOX 310.5 ± 8.4 +36.2 ± 0.6

Acta Biomater. Author manuscript; available in PMC 2019 February 04.


	Abstract
	Graphical Abstract
	Introduction
	Materials and Methods
	Isolation and culture of SMCs from elastase perfusion-induced rat AAAs
	Formulation of fluorescein-loaded, Alexa Fluor 633-loaded, DOX-loaded, and blank PLGA SMPs
	Determination of SMP size and zeta potential
	Preparation of cathepsin K pAb-modified SMPs
	Adsorption
	Covalent binding

	Assessment of cathepsin K pAb incorporation on SMP surface
	Fluorescence spectroscopy to assess cathepsin K pAb binding to SMPs
	Measurement of cathepsin K pAb conjugation efficiency via fluorescence spectroscopy and confocal microscopy
	Assessing retention of conjugated and absorbed cathepsin K pAb on SMP surface

	Verification of cathepsin K overexpression and targeting by SMPs
	Assessing cathepsin K expression by EaRASMCs
	Assessing cathepsin K expression in matrix-injured arteries
	SMP targeting of cathepsin K in in vitro EaRASMC cultures
	Targeting cathepsin K modified SMPs to the matrix-injured artery wall

	Characterizing DOX release from cathepsin K Ab-conjugated and unconjugated PLGA SMPs in vitro
	Experimental design for cell culture
	DNA assay for cell proliferation
	Fastin assay for elastin
	Western blots for MMP-2 and −9 expression
	Gel zymography for MMP-2 and −9 activity
	Visualizing deposited elastic matrix via transmission electron microscopy (TEM)
	Statistical analysis

	Results
	Formulation and physical characterization of PLGA SMPs
	Assessment of cathepsin K antibody conjugation to SMPs
	Verifying cathepsin K overexpression
	Verifying cathepsin K overexpression in TNF-α stimulated EaRASMCs
	Verifying cathepsin K overexpression in elastase-injured arteries

	Targeted binding of conjugated SMPs to cathepsin K expressing cells
	In vitro DOX release from conjugated and unconjugated SMPs
	Effect of conjugated, DOX-loaded SMPs on SMC proliferation and elastic matrix synthesis
	Effect of DOX-loaded SMP conjugation on MMP-2 & −9 expression and activity

	Discussion
	Conclusions
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Table 1

