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Abstract

The degradation of elastic matrix in the infrarenal aortic wall is a critical parameter underlying the 

formation and progression of abdominal aortic aneurysms (AAAs). It is mediated by the chronic 

overexpression of matrix metalloproteases (MMPs) -2 and -9, leading to a progressive loss of 

elasticity and weakening of the aortic wall. Delivery of therapeutic agents to inhibit MMPs, while 

concurrently coaxing cell-based regenerative repair of the elastic matrix represents a potential 

strategy for slowing or arresting AAA growth. Our prior studies have demonstrated elastogenic 

induction of healthy and aneurysmal aortic smooth muscle cells (SMCs) and inhibition of MMPs, 

following exogenous delivery of elastogenic factors such as TGF-β1, as well as MMP-inhibitors 

such as doxycycline (DOX) in two-dimensional (2-D) culture. Based on these findings, and others 

that demonstrated elastogenic benefits of nanoparticulate delivery of these agents in 2-D culture, 

we have developed poly(lactide-co-glycolide) nanoparticles for localized, controlled and sustained 

delivery of DOX and TGF-β1 to human aortic SMCs (HASMCs) within a three-dimensional (3-D) 

gels of type-I collagen gel, which closely evoke the arterial tissue microenvironment. DOX and 

TGF-β1 released from these NPs influenced elastogenic outcomes positively within the collagen 

constructs over 21 days of culture, which were comparable to that induced by exogenous 

supplementation of DOX and TGF-β1 within the culture medium. However, this was 

accomplished at doses ∼20-fold lower than the exogenous dosages of the agents, illustrating that 

their localized, controlled, and sustained delivery from NPs embedded within a 3-D scaffold is an 

efficient strategy for directed elastogenesis.

1. Introduction

Progression of abdominal aortic aneurysm (AAA) disease, characterized by gradual aortic 

wall thinning, weakening, leading to ultimate rupture, appears to be related to two factors, 

namely, (a) chronically high levels of matrix protease activity, primarily that of the 
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elastolytic MMPs -2 and -9, which are incited by inflammatory cells recruited to the site of 

aortic tissue injury (Blanchard 1999; Daugherty and Cassis 2002; Annambhotla et al., 2008), 

and (b) the inability of vascular parenchymal cells to preserve and restore disrupted vascular 

wall matrix, especially the elastic matrix component (Chadwick et al., 1995; Li et al., 1998; 

Patel et al., 2006). In prior work conducted in our lab, we have shown that cultured adult 

vascular smooth muscle cells (SMCs) can be stimulated to enhance de novo elastin synthesis 

and elastic matrix assembly using biomolecular ‘elastogenic’ factors (EFs) such as 

transforming growth factor-β1 (TGF-β1) and hyaluronan oligomers (Kothapalli et al., 2009; 

Kothapalli et al., 2009; Venkataraman and Ramamurthi 2011). Differently, studies in both 

animal models (Curci et al., 1998; Manning et al., 2003; Bartoli et al., 2006) and humans 

(Curci et al., 2000; Baxter et al., 2002; Prall et al., 2002) have shown MMP inhibitors such 

as doxycycline (DOX) to slow AAA growth, in part by attenuating elastolytic activity in the 

AAA wall tissue. Further, pilot studies conducted on two-dimensional (2-D) cell cultures in 

our laboratory, suggest that DOX enhances or inhibits elastic matrix synthesis itself 

depending on its dose. To minimize the amounts of active agents delivered to the AAA 

tissue, and avoid adverse side-effects associated with systemic DOX delivery (Baxter et al., 

2002; Bendeck et al., 2002), it is important to evaluate strategies for localized, controlled, 

and sustained delivery at AAA sites. This would be beneficial towards stimulating 

regenerative repair of elastic matrix at the AAA site and in parallel, inhibiting matrix 

proteolysis towards improving quality and quantity of such matrix regeneration.

Localized and controlled delivery of the EFs described above is crucial, since we have 

shown their effects to be highly dose-dependent (Gacchina et al., 2011; Gacchina et al., 

2011). For example, the regulatory effects of growth factors like TGF-β1 are critically 

dependent on controlling delivery dose since the growth factors is known to have biphasic 

effects that depend on its concentration (Battegay et al., 1990). While TGF-β1 provided at 

concentrations of less than 10 ng/mL, have been shown to suppress cell proliferation and 

improve synthesis and assembly of elastin and elastic matrix components (Stegemann and 

Nerem 2003; Kothapalli et al., 2009), at higher concentrations it has been shown to induce 

the switch of SMCs to an osteogenic phenotype and promote matrix mineralization 

(Simionescu et al., 2005). Recent studies have also shown that when DOX is delivered 

locally to AAA tissues using mini-osmotic pumps or peri-aortic foams, the doses necessary 

to attenuate MMP activity are nearly 100 fold lower than that required when systemically 

delivered (Bartoli et al., 2006; Yamawaki-Ogata et al., 2010). Moreover, systemic inhibition 

of MMPs is undesirable since MMPs participate in matrix remodeling and turnover in 

healthy tissues (Galis and Khatri 2002). Localized DOX delivery for AAA therapy thus has 

the potential to overcome several undesirable side effects associated with its systemic 

delivery (Baxter et al., 2002; Bendeck et al., 2002).

In a recent study we have shown that controlled and sustained delivery of DOX from 

polymeric nanoparticles (NPs) is feasible and that the released DOX maintains its functional 

effects on cultured cells (Sivaraman and Ramamurthi 2013). In the current study, we utilize 

an in vitro model of dynamically conditioned, cell-compacted tubular collagen gel conduits 

that mimic the three-dimensional (3-D) aortic tissue microenvironment, to assess the 

elastogenic inductive effects of TGF-β1 and the anti-elastolytic effects of DOX, again 

delivered from NPs, on healthy human aortic SMCs, compared to their effects when 
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exogenously delivered. The study seeks to demonstrate the efficacy of NP-delivered EFs and 

elastolysis inhibitors in augmenting de novo elastic matrix deposition within a 3-D, 

collagenous tissue microenvironment which is known to switch SMCs to a quiescent 

phenotype and suppress elastin synthesis by cells (L'Heureux et al., 1993; Kim et al., 1999; 

Song et al., 2000), and any possible benefits of this particular mode of active agent delivery 

over to their exogenous supplementation to the culture medium.

2. Materials and Methods

2.1. Formulation of agent-loaded PLGA NPs

A double emulsion solvent evaporation method was used to synthesize agent-loaded NPs 

(Guzman et al., 1996; Song et al., 1997), with poly(vinyl) alcohol (PVA; Sigma-Aldrich, St. 

Louis, MO) as the stabilizer. PVA is widely used as a stabilizer in the formulation of PLGA 

NPs, and has been shown to impart them with a negative surface charge or zeta potential (ζ 
potential = - 28 mV) (Labhasetwar et al., 1998; Sivaraman and Ramamurthi 2013; Sylvester 

et al.,). Briefly, poly (dl-lactic-co-glycolic acid) (PLGA; 50:50 lactide: glycolide; inherent 

viscosity = 0.95-1.20 dL/g in hexafluoroisopropanol; Durect Corporation, Birmingham, AL) 

was dissolved in dichloromethane (Sigma-Aldrich) at a concentration of 2.5-3.0 % w/v. 

Recombinant human TGF-β1 (R&D Systems, Inc., Minneapolis, MN) was reconstituted as 

per specifications listed by the company in sterile 4 mM HCl containing 0.1% w/v bovine 

serum albumin (BSA; Amresco, Inc. Solon, OH), divided into single-use aliquots and stored 

at -80 °C prior to encapsulation. During the encapsulation process, an aliquot of TGF-β1 (50 

μL) was mixed with an equal volume of an aqueous solution of 1% w/v BSA (Davda and 

Labhasetwar 2005), and added to the PLGA solution at loading concentrations of 1000, 

2000 ng and 5000 ng of TGF-β1. This solution was sonicated for 1 min on ice using a probe 

sonicator (Q500; QSonica LLC, Newtown, CT) at an amplitude of 20% to create a water-in-

oil emulsion. This primary emulsion was then added to an aqueous solution of 0.25% w/v 

PVA and sonicated for 1 min to create the final water-in-oil-in-water emulsion. The resulting 

emulsion was stirred for 16 h at room temperature, following which it was desiccated for 1 h 

under vacuum to remove any residual traces of organic solvent used. The NP suspension 

formed was centrifuged at 35,000 rpm in a Beckman L-80 ultracentrifuge (Beckman 

Instruments, Inc., Palo Alto, CA) to recover the NPs. The NPs were washed and 

ultracentrifuged twice at 30,000 rpm to remove traces of surfactants and unencapsulated 

TGF-β1, and finally lyophilized for 48 h. The supernatant solutions from the centrifugation 

steps during the NP formulation process were stored for subsequent analysis and 

quantification of unencapsulated TGF-β1 (see section 2.2).

DOX (doxycycline hyclate; Sigma-Aldrich) was encapsulated within NPs via the same 

protocol listed above, at two different loading percentages (2% w/w and 5% w/w ratios of 

DOX to PLGA), using 0.25% w/v PVA as the stabilizer during the formulation. 

Tetracyclines are known to be sensitive to light (Davies et al., 1985; Honnorat-Benabbou et 

al., 2001), and hence, appropriate precautions were taken to ensure minimal exposure to 

light during the formulation and release process.
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2.2. Efficiency of TGF-β1 and DOX encapsulation within NPs

The supernatant fractions generated during the NP formulation process were assayed to 

quantify the unencapsulated TGF-β1 or DOX. The total amount of TGF-β1 in the 

supernatant was quantified using a Quantikine® enzyme-linked immunosorbent assay 

(ELISA) kit specific for human TGF-β1 (R&D Systems, Inc.) (Jhunjhunwala et al., 2012). 

The supernatant containing unencapsulated DOX was analyzed via UV spectrophotometry 

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

exhibited by DOX at 270 nm (Injac et al., 2007; Mitic et al., 2008). The height of this peak 

was calibrated to serial dilutions of a 1.0 mg/mL DOX solution to obtain a standard curve, 

which was used for quantifying the amount of unencapsulated DOX in the supernatant. The 

total amount of TGF-β1 or DOX encapsulated in the NPs and the overall encapsulation 

efficiencies were determined by subtracting the total amount of unencapsulated TGF-β1 or 

DOX from their respective total amounts, added during NP formulation. The supernatant 

from control formulations (blank NPs containing no active agent) were also analyzed to 

eliminate possible absorbance contributions due to PLGA or PLGA breakdown products 

from these samples.

2.3. Size and surface charge measurements on TGF-β1 and DOX-loaded PLGA NPs

Dynamic light scattering (DLS) was used to determine the mean hydrodynamic diameters of 

formulated NPs and assess the overall homogeneity of their hydrodynamic sizes. NP surface 

charge or ζ-potential was quantified via a phase analysis light scattering technique. Both 

measurements were carried out using a commercial particle-sizing system (PSS/NICOMP 

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

and Ramamurthi 2013).

2.4. Characterizing DOX and TGF-β1 release from PLGA NPs in vitro

DOX and TGF-β1 release from NPs was carried out over 21 days at 37 °C on a shaker at 

100 rpm, in phosphate buffer saline (PBS, pH 7.4; Sigma-Aldrich) and PBS containing 0.1% 

w/v BSA, respectively. BSA was added to the release media, in order to minimize any 

potential non-specific growth factor binding to the walls of the tube/cell chamber into which 

TGF-β1 was released (Davda and Labhasetwar 2005; Tan et al., 2011). Briefly, 1.5 mL 

polypropylene microcentrifuge tubes (n = 3 per formulation) were filled with 1.0 mL of NP 

suspensions containing 10.0 mg/mL of TGF-β1 loaded NPs (1000, 2000 and 5000 ng of 

TGF-β1) and 0.2 and 0.5 mg/mL of DOX-loaded NPs (2% and 5% w/w DOX to PLGA). At 

each time point for analysis, the samples were centrifuged (7000 rpm, 20 min for TGF-β1 

NPs; 10,000 rpm, 30 min for DOX NPs) at 4 °C in a microcentrifuge (Beckman Microfuge 

16®, Beckman Coulter, Inc.), the supernatants withdrawn to quantify TGF-β1 or DOX 

content, and volume-replenished with the corresponding fresh buffer. The supernatant 

solutions from TGF-β1 release were frozen at -20 °C until further analysis, while that from 

the DOX release were analyzed immediately to quantify DOX released.

TGF-β1 and DOX released were quantified using ELISA and UV-spectrophotometry 

respectively, as described above in Section 2.2. The DOX standards for the calibration curve 

used to estimate its release were incubated under the same conditions as the NP samples, to 
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avoid any potential effects arising due to time- and temperature-dependent DOX degradation 

(Haerdi-Landerer et al., 2008; Sunaric et al., 2009).

2.5. Determining in vitro cytotoxicity of TGF-β1 and DOX-loaded PLGA NPs

The potential cytotoxicity of TGF-β1 and DOX loaded PLGA NPs on cultured human aortic 

SMCs (HASMCs) was assessed using a LIVE/DEAD® cell viability assay (Invitrogen, 

Carlsbad, CA). Briefly, HASMCs (Passage 5; Cell Applications, San Diego, CA) were 

seeded at a density of 8 × 104 cells/well in a sterile, 12-well plate (Beckton Dickinson, 

Franklin Lakes, NJ) and allowed to adhere over a 14 day period in DMEM-F12 cell culture 

media (Invitrogen, Carlsbad, CA) supplemented with 20% v/v fetal bovine serum (FBS; 

PAA Laboratories, Etobicoke, Ontario) and 1% v/v penicillin–streptomycin (PenStrep; 

Thermo Fisher, South Logan, UT). The TGF-β1 (2000 ng loading) and DOX-loaded PLGA 

NPs (5% w/w loading) were added at concentrations of 0.1, 0.2 and 0.5 mg/mL to the 

cultures, and incubated for 24 h prior to assessing their viability. Additionally, we also tested 

a combination of 0.3 mg/mL of TGF-β1 loaded NPs (loaded with 2000 ng TGF-β1) and 0.2 

mg/mL of 5% DOX loaded NPs. Blank PLGA NPs containing no encapsulated active agent 

were tested as an active agent control, while NP- untreated cultures served as the treatment 

controls. Stained cells were viewed using an Olympus IX51 fluorescence microscope 

(Olympus America, Center Valley, PA). Six different regions were assessed for each 

replicate culture.

2.6. Experimental design: Nanoparticulate delivery of agents

The goal of this study was to compare if localized, nanoparticulate delivery of DOX and 

TGF-β1 (hereto collectively referred to as ‘agents’) provides benefits over their exogenous 

delivery to quantity and quality of elastogenesis by adult vascular SMCs in a 3-D 

collagenous tissue microenvironment. Cellularized collagen gels were cultured under three 

experimental conditions, namely, with blank NPs (BNP) and agent-loaded NPs (ANP) 

embedded within the collagen constructs, and with exogenous agents (DOX, TGF-β1) 

delivered in the culture medium to the constructs (Control; EDC) at concentrations 

equivalent to that achieved at steady-state or near-steady-state delivery from the NPs, as 

determined from their release curves. The details on the exact doses of BNP, ANP and EDC 

used within the collagen constructs to evaluate their functional effects or benefits towards 

the elastogenic induction of HASMCs are provided in Section 2.8 (below). Continuous 

cyclic stretch was provided to the constructs in all three cases at 2.5% strain and 1.5 Hz 

frequency, since these dynamic stretch parameters were shown by our lab previously to 

enhance matrix deposition and align cells and increasingly deposited matrix (unpublished 

data). The constructs were cultured for 21 days, at the end of which quantity and quality of 

elastic matrix, cell density and phenotype, and MMP content and activity were analyzed.

2.7. Bioreactor for Dynamic Stimulation of Constructs

A bioreactor capable of providing cyclic, circumferential stretch to tubular collagen gel 

constructs was developed. As shown in Figure 1, the bioreactor consists of a cylindrical 

culture chamber, with centrally placed silicone tubing, around which the collagen gel 

constructs compacted. The silicone tubing was in turn connected to metallic bellows (Mini-

Flex, Ventura, CA), forming a closed, airtight conduit into which a constant volume of water 
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was maintained. The bioreactor therefore worked on the principle that when the bellows 

contract and expand, the resultant displacement of water within the closed loop will 

proportionally expand or contract the silicone tube, and in turn the cell-seeded collagen gel 

construct around it. The contraction and expansion of the bellows were controlled by a 

stepper motor (All Motion, Union City, CA) and its motor controller, programmed to deliver 

the required 2.5 % strain at 1.5 Hz frequency.

2.8. Formulation of NP-loaded Collagen Constructs

The collagen constructs were formulated as detailed in a previous paper (Venkataraman and 

Ramamurthi 2011). Briefly, acid-solubilized rat-tail type-I collagen (BD Biosciences, 

Bedford, MA) was mixed with 5× DMEM-F12 and 0.1N NaOH and added drop wise to 

titrate the solution to pH 7.4. Following this, the NPs were added at a final concentration of 

0.5 mg/mL, (i.e., 0.2 mg/mL of NPs loaded with DOX at 5% w/w and 0.3 mg/mL of NPs 

loaded with 2000 ng of TGF-β1; ANPs). This overall concentration was decided upon based 

on the outcomes of our studies on release kinetics of the agents from NPs in PBS and of 

their cytotoxicity studies, to be explained in the discussion section. For constructs cultured 

with blank NPs (BNPs), the agent-free NPs at a concentration of 0.5 mg/mL was used. 

HASMCs (5 × 105/mL) were then added to this viscous mixture, mixed well by gentle 

pipetting, and then added to the culture chambers of the bioreactors. The constructs were 

cultured in DMEM-F12 medium containing 10 % v/v fetal bovine serum (FBS) and 1% v/v 

penicillin-streptomycin (PS). In cultures designated as exogenous delivery controls (EDC), 

DOX and TGF-β1 were exogenously supplemented to the medium at concentrations 

equivalent to steady-state levels released from the respective NPs over the 21 day culture 

period, as determined from the DOX/TGF-β1 release curves (see Section 2.4). Since the 

concentration of TGF-β1-releasing NPs within the constructs was much lower (0.3 mg/mL) 

than that (10 mg/mL) used in the TGF-β1 release studies, it was necessary to apply a 

correction to the steady-state doses obtained from the release curve (corresponding to 10 

mg/mL of NPs) to ascertain the equivalent exogenous dose. Thus, the exogenous doses of 

DOX and TGF-β1 were 11.2 μg/mL for DOX and 0.20 ng/mL for TGF-β1, respectively. For 

these constructs, the culture medium was again replaced every 2 days, and supplemented 

with new DOX and TGF-β1 at each of the medium change events. All constructs were 

harvested 21 days after seeding, rinsed 3 times in sterile PBS, and processed for various 

biochemical assays.

2.9. Compaction of Tissue Constructs

All constructs were photographed at regular intervals, using a digital camera, and their 

lengths and central widths were measured using the ImageJ imaging software (NIH, 

Bethesda, MD). At least five measurements for central width and three measurements for the 

length were made per construct. The extent of compaction of constructs was calculated and 

represented as the aspect ratio of length to outer diameter (O.D.) at harvest on day 21.

2.10. DNA Assay for Cell Quantification

After 21 days of culture, the collagen constructs were rinsed with PBS, flash-frozen, 

lyophilized and digested in 5 mg/mL proteinase-K (Life Technologies, Carlsbad, CA) at 
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65 °C for 10 hours. After inactivating the enzyme at > 75 °C, the samples were then 

centrifuged at 14,000 rpm to pellet any possible NPs. The supernatants were sonicated and a 

Hoechst 33258 dye (Life Technologies, Carlsbad, CA) -based fluorometric DNA assay was 

performed to calculate the DNA content (Labarca and Paigen 1980). Cell numbers were 

calculated based on an estimate of 6 pg DNA/cell, and normalized to mg tissue weights for 

comparison, (n = 5/case).

2.11. RT-PCR for mRNA Expression of SMC Phenotypic Markers and Matrix Proteins

Harvested constructs were rinsed in sterile PBS, cut into small (1–2 mm long) pieces and 

stored in RNAlater (Qiagen, Valencia, CA) solution until processing, and RNA isolated 

using an RNeasy kit (Qiagen, Valencia, CA), according to the manufacturer's instructions. 

RNA content was measured using a Ribo-green assay kit (Life Technologies, Carlsbad, CA), 

and 250 ng total RNA was reverse transcribed into cDNA, using iScript cDNA synthesis kit 

(Biorad, Hercules, CA). RT-PCR was performed for SMC markers such as smooth muscle 

actin-α (SMA), caldesmon (CALD1) and osteopontin (OPN), elastic matrix proteins such as 

elastin (ELN), fibrillin-1 (FBN1), fibulin-5 (FBLN5), lysyl oxidase (LOX) and collagen 1 

(COL1A1), and MMPs -2 (MMP2) and -9 (MMP9). Gene expressions were estimated 

(duplicate readings, n = 5 per sample) using the comparative threshold method with 18s as 

the normalizing gene (Livak and Schmittgen 2001). Primers for all genes were either 

purchased as optimized primer sets from Real Time Primers (Elkins Park, PA), or designed 

using the NIH software PerlPrimer® (Marshall 2004) and purchased from Applied 

Biosystems (Foster City, CA; Table 1).

2.12. Fastin Assay for Elastin Content

Matrix elastin quantified contained both less crosslinked alkali-soluble elastin, and the 

highly crosslinked alkali-insoluble elastin. Lyophilized construct segments were digested in 

0.1 N NaOH to solubilize alkali-soluble matrix elastin, followed by in 0.25 M oxalic acid to 

obtain solubilized alkali-insoluble matrix elastin, as described previously (Venkataraman and 

Ramamurthi 2011). Digested samples were once again centrifuged at 14000 rpm for 30 

minutes to eliminate any possible contamination from NPs. Elastic matrix in both the 

digested aliquots were quantified using the Fastin assay kit (Accurate Scientific and 

Chemical Corporation, Westbury, NY), as per the manufacturer's instructions and added to 

obtain the total generated amounts of elastic matrix.

2.13. Western Blotting for Elastic Matrix Assembly Proteins

Western blotting was performed to broadly assess if phenotypic marker proteins expressed 

by HASMCs (n = 1 construct/treatment condition) such as α-smooth muscle actin (SM-α; 

an early-stage marker), mid-stage markers such as smooth muscle-22-α (SM22), calponin 

and caldesmon, and myosin heavy chain (MHC; a late-stage marker) were altered by 

exposure to the NPs, or agents. Western blots were also performed to assess treatment-

specific changes to synthesis of elastic matrix assembly proteins (n = 3 constructs/treatment 

condition) such as LOX, fibrillin-1 and fibulin-5, and elastolytic matrix metalloproteases 

MMPs-2 and -9 (n = 3 constructs/treatment condition).

Venkataraman et al. Page 7

J Tissue Eng Regen Med. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Lyophilized segments of constructs were added to RIPA lysis buffer (Life Technologies, 

Carlsbad, CA) with a protease inhibitor cocktail (Thermo Scientific, Rockford, IL) and 

homogenized to solubilize proteins. A bicinchonic acid (BCA) assay (Thermo Scientific, 

Rockford, IL) was performed to measure concentration of total protein in all samples. 

Samples containing 10 μg of protein were loaded into lanes of SDS-PAGE gels (Life 

Technologies), along with a BenchMark™ pre-stained molecular weight ladder (Invitrogen). 

Following the separation of proteins based on their molecular weights, the protein bands on 

the gel were transferred dry onto a nitrocellulose membrane using an iBlot transfer system 

(Life Technologies) according to the manufacturer's instructions.

All blots were blocked with Odyssey Blocking Buffer (LI-COR Biosciences, Lincoln, NE) 

for 1 h, following which they were immunolabeled with primary antibodies for 16 h at 4 °C, 

with a mouse monoclonal antibody against β-actin (Sigma–Aldrich) as the loading control. 

All primary antibodies were purchased from Abcam (Cambridge, MA), except LOX, 

fibrillin-1 and fibulin-5 (Santa Cruz Biotechnology, Inc., Dallas, TX), and MMP-9 

(Millipore, Billerica, MA). Labeling with secondary antibodies was carried out using 

IRDye® 680LT goat-anti-rabbit (1:15,000 dilution) and IRDye® 800CW goat anti-mouse 

(1:20,000 dilution) polyclonal antibodies (LI-COR Biosciences) for 1 h at room temperature. 

A LI-COR Odyssey laser-based scanning system was utilized for fluoroluminescence 

detection of the protein bands. The band intensities of the protein of interest calculated in 

relative density units (RDU) using the ImageJ software, were first normalized to that of their 

respective β-actin bands (loading control) to enable comparisons between the different test 

cases in the same blot. These normalized band intensities were further normalized to those 

of the exogenous agent delivery condition (EDC) to evaluate the fold-change in expression 

of the different proteins and MMPs. The results presented in this manuscript were averaged 

from three replicate gels run per culture treatment.

2.14. Gelatin Zymography for Detection of Enzyme Activities of MMPs -2 and -9

Gelatin zymography was performed to semi-quantitatively estimate differences the enzyme 

activities of the MMPs -2 and -9, between the treatment conditions (n = 3/treatment 

condition), as described earlier (Venkataraman and Ramamurthi 2011). Protein samples (10 

μg) homogenized in RIPA buffer (as discussed in Section 2.13) were loaded into each lane of 

a 10 % zymogram gel (Invitrogen). Enzyme activity was represented as a fold change in 

RDU values relative to EDC constructs (control).

2.15. Visualization of Elastic Matrix

Tissue constructs harvested after 21 days of treatment were rinsed in PBS, and 0.5-cm-long 

sections fixed in 4% w/v paraformaldehyde, dehydrated and embedded in paraffin wax. 

Histology was performed on 30 μm-thick cross- and longitudinal- sections using an elastic 

stain kit (ScyTek Laboratories Inc., Logan, UT) to visualize the ultrastructure of elastic 

matrix content in the constructs. Immunofluorescence (IF) was performed on 10 μm cross- 

and longitudinal- sections, using rabbit anti-rat primary antibodies against elastin (Millipore) 

and fibrillin-1 (Abcam) and Alexa633-conjugated IgG secondary antibodies (Invitrogen). 

The labeled sections were mounted in Vectashield with 4′,6-diamidino-2-phenyindole 

(DAPI; Vector Laboratories, Inc. Burlingame, CA), which labels the nuclei of cells. Imaging 
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was carried out using an Olympus IX51 fluorescence microscope (Olympus America, 

Center Valley, PA). Six different regions were assessed per treatment condition to evaluate 

outcomes.

2.16. Statistical Analysis

All experiments were performed on n = 5 biological replicates per treatment condition, 

unless mentioned otherwise. Histology and IF were performed on segments from n = 1 

construct per condition. All quantitative and semi-quantitative results are represented as 

mean ± standard deviation per condition. Conditions were deemed to be significantly 

different for p values ≤ 0.05 calculated using one-way ANOVA.

3. Results

3.1. Formulation and characterization of agent-loaded PLGA NPs

The mean hydrodynamic diameters of the blank (agent-free), TGF-β1- and DOX-loaded 

PLGA NPs were comparable (∼300-350 nm), as listed in Table 1. The surface charge (ζ-

potential) on these NPs ranged between -26 and -32 mV (Tables 1 and 2), values comparable 

to that obtained in our previous studies that also generated PVA-functionalized NPs (-28 

mV) (Sivaraman and Ramamurthi 2013; Sylvester et al.,). Encapsulation of TGF-β1 or DOX 

within the PLGA NPs did not alter their size or surface charge significantly.

The efficiency of encapsulating TGF-β1 within NPs was determined to be 84.0 ± 9.0%, as 

calculated from values measured for NP preparations for the different TGF-β1 loadings 

(total of n = 6 replicates/loading; Table 2), while the overall encapsulation efficiency of 

DOX was 58.4 ± 0.7 % (total of n = 6 replicates/loading; Table 2). In the case of both the 

agents, encapsulation efficiency was not impacted by the % w/w loading of the agent in any 

statistically significant manner.

3.2. In vitro release of TGF-β1 and DOX from PLGA NPs

The in vitro release profiles for TGF-β1 and DOX from the PLGA NPs are shown in Figure 

2. Release studies for TGF-β1 loaded NPs was carried out at a NP concentration of 10 

mg/mL, as has been done in previous studies by other groups (Lu et al., 2000; Lu et al., 

2001), so as to obtain levels of released TGF-β1 that could be detected reliably via ELISA. 

As observed in Figure 2, TGF-β1 release from the PLGA NPs was characterized by a rapid 

burst phase initially over the first 24 h, followed by a more gradual release profile that 

attained a plateau by day 7 (corresponding to a steady state concentration of ∼2.0 ng/mL for 

1000 ng of loaded TGF-β1, ∼6.5 ng/mL for 2000 ng of loaded TGF-β1, and 4.2 ng/mL for 

5000 ng of loaded TGF-β1).

The DOX-loaded NPs also demonstrated an initial burst release of DOX over the first 24 h, 

which was followed by a slower exponential release phase over several days. The levels of 

DOX released from the NPs ranged between 8.2 – 15.4 μg/mL at day 21, and the release did 

not plateau even after 60 days (Supplementary Figure 1).
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3.3. Effects of NPs and active agents on construct compaction and cell proliferation

After 21 days, constructs under all treatment conditions actively compacted and were found 

to have an ultimate length: O.D. aspect ratio ranging between 8.4 and 9.5 (Supplementary 

Figure 2), although no significant differences were observed in the extent of compaction 

between the different treatment conditions (p = 0.91 for both sets of NP-treated constructs, 

with and without factors, compared to EDC).

At all tested NP doses (0.1, 0.2, and 0.5 mg/mL), standalone TGF-β1-loaded NPs (2000 ng 

loading) and DOX-NPs (5% w/w loading) did not impact viability of HASMCs in 2-D 

culture, similar to BNPs delivered at the same doses. Likewise, the combination of these two 

NP types (0.2 mg/mL of DOX-NPs and 0.3 mg/mL of TGF-β1-NPs) had no adverse effects 

on HASMC viability (Supplementary Figure 3). Average viable cell counts measured within 

the collagen constructs at 1 day post-seeding were (1.5 ± 0.25) × 105 cells/mg of tissue. Cell 

counts at 21 days were comparable to that at seeding with no significant differences between 

treatments (Figure 3; p = 0.93 for BNP vs. EDC, p = 0.22 for ANP vs. EDC, and p = 0.34 
for BNP vs. ANP).

3.4. NP and active agent effects on SMC phenotype

Detailed outcomes of the phenotypic characterization of the HASMCs utilized in these 

studies have been described in an earlier publication by our group (Gacchina et al., 2011). 

RT-PCR was performed to evaluate the mRNA expressions of SMC phenotypic markers 

following culture within the collagen constructs with ANPs or BNPs and EDC, in our 

bioreactor system. Expression of α-SMA and caldesmon, both contractile SMC markers, 

was maintained upon culture with NPs compared to EDC (p = 0.97 (SMA) and 0.99 

(caldesmon) for BNP vs. EDC and p = 0.93 (SMA) and 0.99 (caldesmon) for ANP vs. 

EDC), as seen in Figure 4. Gene expression of osteopontin, a marker for synthetic/activated 

SMC phenotype in presence of BNPs or ANPs was also not statistically different from EDC 

(p = 0.08 for BNP vs. EDC, and 0.07 for ANP vs. EDC; Figure 4). There were no statistical 

differences in gene expression for any of the tested markers between cultures with BNPs and 

ANPs (p = 0.97, 0.9, and 0.88 for SMA, caldesmon, and osteopontin respectively). 

Consistent with gene expression data, western blots (Supplementary Figure 4A) also showed 

no apparent differences in synthesis of the SMC marker proteins α-SMA, calponin, 

caldesmon, SM22α and MHC by cells cultured with both exogenous agents and NPs.

3.5. Effects of NPs and active agent release on elastic matrix synthesis and assembly

RT-PCR was used to analyze the treatment-specific differences in the cellular expression of 

genes coding for proteins involved in elastic matrix assembly, namely, ELN, FBN1, FBLN5 
and LOX (Figure 5A). When compared to EDC constructs, ELN expression was 3.0 ± 0.1 -

fold lower (p < 0.001) in BNP constructs. ELN expression within the ANP-treated 

constructs was similar to that in EDC constructs (p = 0.512) and significantly higher (2.5 

± 0.5 fold; p = 0.002) than in the BNP constructs. Similar trends were observed for FBN1 
and FBLN5, with their expression in ANP-treated constructs being 3.1 ± 0.9-fold and 3.6 

± 1.2-fold higher respectively, versus BNP-treated constructs (p < 0.05 in both cases). 

Constructs cultured with ANPs showed similar expression levels of FBLN5 (p = 0.99) as 

EDC constructs, but significantly lower expression of FBN1 (1.5 ± 0.1 -fold; p < 0.001 
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compared to EDC constructs). Expression of LOX on the other hand, was higher in 

constructs cultured with BNPs (1.5 ± 0.3 –fold increase; p = 0.012) and ANPs (1.7 ± 0.5 -

fold increase; p = 0.041) compared to EDC constructs. mRNA expression for COL1A1 in 

constructs cultured with BNPs and ANPs was not significantly different compared to that in 

EDC constructs (p = 0.07 for BNP constructs and 0.12 for ANP constructs vs. EDC 

constructs). Again there was no significant difference in COL1A1 expression between BNP 

and ANP-treated constructs.

A Fastin assay quantified the amount of elastic matrix generated by HASMCs within the 

differently-treated groups of constructs (Figure 5B). Total elastic matrix amounts generated 

within ANP constructs (20.7 ± 1.8 μg/mg) were similar to that in EDC (21.3 ± 2.0 μg/mg, p 
= 0.62), while that in BNP constructs were significantly lower than that in both EDC and 

ANP constructs (10.1 ± 2.6 μg/mg, p < 0.001 vs. both EDC and ANP constructs).

Western blotting was performed to semi-quantitatively estimate the cellular production of 

LOX, fibrillin-1 and fibulin-5. β-actin normalized intensities of bands corresponding to 

active LOX protein were higher in the constructs treated with NPs, both BNPs and ANPs, 

compared to EDC (Supplementary Figure 4B). However, in the other replicate blots, the 

band intensities for EDC-treated constructs were too low to be reliably quantified. Therefore 

statistical comparison representing differences in LOX protein content have not been 

performed. At the 10 μg protein concentrations tested, the amounts of fibrillin-1 and 

fibulin-5 were too low to be detected on western blots (data not shown).

3.6. MMPs -2 and -9-Mediated Elastolysis

As seen in Figure 6A, RT-PCR analysis showed MMP2 expression to be significantly 

enhanced upon culture of constructs with NPs. Constructs with BNPs showed an average of 

4.2 ± 0.6 -fold increase in MMP2 expression over that in EDC constructs (p < 0.001). The 

release of active agents from the NPs lowered MMP2 expression 1.8 ± 0.3-fold compared to 

that in constructs cultured with BNPs (p < 0.001), though expression levels were still 

significantly higher than in EDC constructs (2.4 ± 0.3 -fold; p < 0.001). Expression of 

MMP9 in constructs treated with BNPs and ANPs was not different relative to the EDC 

constructs (p = 0.06 for BNP constructs, and 0.18 for ANP constructs vs. EDC constructs). 

MMP2 expression was in general much higher than that of MMP9 (Ct = 20.4 ± 0.9 for 

MMP2, Ct = 36.5 ± 0.4 for MMP9; n = 14).

Western blotting estimated differences in MMP protein synthesis within the constructs 

subjected to the different treatments. As seen in Figures 6B and C, the intensity of the 72 

kDa bands corresponding to the zymogen form of MMP-2 were lower in BNP constructs 

compared to EDC constructs (3.0 ± 0.9 –times lower compared to EDC constructs, p = 0.03) 

while there were no differences between the ANP and EDC constructs (p = 0.1). Differences 

in the band intensities for MMP-2 zymogen between BNP and ANP constructs were 

insignificant (p = 0.19). In contrast, the intensities of the 66 kDa bands corresponding to 

active MMP–2 were found to be higher in both sets of NP-treated constructs (1.7 ± 0.4 fold 

and 1.5 ± 0.4-fold increase over EDC constructs; p = 0.05 and 0.27, respectively).
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While the 92 kDa MMP-9 zymogen band was undetectable in all cultures, the intensities of 

the β-actin-normalized 82 kDa band corresponding to active MMP-9 enzyme were found to 

be significantly decreased to similar extents in both ANP- and BNP-treated constructs 

compared to EDC constructs (0.22 ± 0.17 & 0.20 ± 0.14 times amounts in EDC constructs 

respectively, p = 0.001 in both cases; Figure 6C).

Zymography was performed to estimate and compare the activity of the gelatinases present 

within the different groups of constructs (Figures 6D and E). Activities of the MMP-2 

zymogen and active MMP-2 enzyme within the ANP constructs were 2.1 ± 0.7-fold and 1.9 

± 0.6- fold higher than in the EDC constructs (p = 0.2 and p = 0.01 vs. EDC constructs) but 

lower than in the BNP constructs (0.75 ± 0.24-fold and 0.54 ± 0.17-fold respectively for 

zymogen and active forms, p = 0.37 and 0.023) On the other hand, at the protein 

concentrations assayed, bands corresponding to active MMP–9 enzyme were detected only 

in EDC constructs. They were not detected in either of the NP-treated constructs in any of 

the 3 biological replicates tested. Zymogen bands of MMP-9 enzyme were again undetected 

in all three conditions.

3.7. Matrix Ultrastructure

As seen in Figures 7 (Elastic Stain) and 8 (immunofluorescence labeling for elastin), cells 

and elastic matrix fibers deposited within the constructs were predominantly oriented along 

their long axis under all treatment conditions, although circumferential orientation of the 

matrix was observed in the regions closer to the lumen of the tubular constructs. As in 

histological sections, in immunofluorescence micrographs, elastic fibers were apparent and 

mostly oriented along the long axis of the constructs, except close to the lumen.

4. Discussion

In our pilot studies, we determined that the treatment of adult vascular SMCs within 

collagen constructs with elastogenic factors (such as TGF-β1) and DOX improve outcomes 

of induced elastogenesis. While these studies mimic an in vivo tissue microenvironment, 

these elastogenic factors and DOX were supplemented exogenously to the culture media. 

There are two limitations to such delivery. First, this mode of delivery of the active agents 

cannot be translated for in vivo induced regenerative matrix repair at sites of tissue 

proteolysis. Second, even in delivering these agents to cells within tissue constructs in vitro, 
there are likely to be limitations to their diffusion into the tissue constructs, resulting in 

reduced effects/benefits to the cells in the interior of the tissue constructs. Thus, in the 

context of consistent in situ matrix preservation, regeneration and repair, it is important to 

enable localized, controlled delivery of active agents, whose concentrations and 

bioavailability can be closely regulated to achieve significant and predictable cellular 

responses. Delivery of active agents from polymeric carriers, such as microparticle and 

nanoparticle (NP) carriers is being widely investigated for various in vivo drug delivery 

applications (Lee et al., 2000; Soppimath et al., 2001; Allen and Cullis 2004). Compared to 

other delivery modes such as those involving the use of microparticles, NPs offer several 

advantages, including higher drug release rates due to their higher surface area/unit volume, 

improved tissue infiltration and interaction at the cellular level due to their nano-range sizes 
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(Shive and Anderson 1997; Flemming et al., 1999; Wu 2004), and generation of small 

amounts of byproducts of polymer degradation that can potentially have adverse effects on 

cell viability or health (Panyam et al., 2003).

In this study, we evaluated the effects of localized delivery of active agents from PLGA) 

NPs, on the in vitro elastogenic induction of human aortic smooth muscle cells (HASMCs) 

seeded within a tubular collagen gel 3-D tissue microenvironment, a system wherein we 

have previously investigated auto-generation of elastic matrix by seeded cells 

(Venkataraman and Ramamurthi 2011). The biodegradability of PLGA and its 

biocompatibility, as well as its ease of formulation and characterization have led the FDA to 

approve its use as a vehicle for drug delivery (Astete and Sabliov 2006; Lu et al., 2009). 

PLGA undergoes hydrolytic degradation into lactic and glycolic acid, which have been 

demonstrated to be non-cytotoxic, both in vitro and in vivo (Astete and Sabliov 2006). 

PLGA composed of a 50:50 lactide:glycolide ratio is the primary type of PLGA used in 

biomedical applications, including drug delivery systems, as it degrades faster (50-60 days) 

than either polylactic acid (PLA) or polyglycolic acid (PGA) (Lu et al., 2009). It has been 

used to deliver both DOX (Patel et al., 2012; Wang et al., 2012; Sivaraman and Ramamurthi 

2013) and TGF-β1 (Lu et al., 2000; Jaklenec et al., 2008). For our studies, we thus 

formulated NPs using high molecular weight (MW = 117.7 kDa) PLGA containing a 50:50 

lactide:glycolide ratio. Since PLGA of this higher MW PLGA exhibits a slower degradation 

rate compared to lower MW PLGA (Song et al., 1997), we expected that with its use, we 

could achieve sustained delivery of therapeutic agents over longer periods of time.

The method of formulation of NPs critically controls their size and surface charge, with 

single- or double emulsion solvent evaporation methods being the most common methods 

used (Astete and Sabliov 2006; Lu et al., 2009). The double emulsion method, which 

involves the formation of a water-in-oil-in-water emulsion, is ideal to encapsulate water-

soluble drugs. This method was thus utilized for the encapsulation of both TGF-β1 and 

DOX. As stated earlier in the methods, the aqueous stabilizer used during NP formulation 

imparts the surface of PLGA NPs with a distinct charge, and concurrently stabilizes the 

polymer-drug emulsion to form NPs (rather than microparticles) of uniform sizes. PVA, 

which is a non-ionic surfactant (Peetla and Labhasetwar 2009) widely used in the 

formulation of biodegradable PLGA NPs, imparts the NPs with a negative surface charge (ζ- 

potential = -28 mV), as we have shown in recent studies (Sivaraman and Ramamurthi 2013; 

Sylvester et al.,). We sought to generate negatively-charged NPs which would remain in the 

extracellular space due to electrostatic repulsion by the cell surface which carries a net 

negative charge. This would be beneficial to influencing cellular elastin synthesis via release 

of active agents from the NPs, without them actually infiltrating the cells, which could have 

potential negative implications (Panyam and Labhasetwar 2003). Both the agent-loaded and 

agent-free NPs we formulated exhibited a negative surface charge between -26 and -31 mV, 

with a mean hydrodynamic diameter in the range of 300-350 nm. This NP size was 

particularly suited for our application, as NPs < 100 nm and > 500 nm have been shown to 

trigger an immune (Busch et al., 2011) or phagocytic response in vivo (Nguyen et al., 2009).

The encapsulation efficiency of TGF-β1 was relatively high (84.0 ± 9.0 %) for the different 

TGF-β1 loadings; Table 1), which was higher than that of the 25-40% entrapment 
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efficiencies obtained in other studies using PLGA as the carrier (Lu et al., 2001; 

Jhunjhunwala et al., 2012), but comparable to the 83% entrapment efficiency (Lu et al., 

2000) for TGF-β1 encapsulation within PLGA microparticles. However, the encapsulation 

efficiency of DOX was lower (∼58%; Table 2), which could be attributed to its highly water-

soluble nature, as hydrophilic drugs demonstrate a lower affinity for PLGA (Tewes et al., 

2007) due to its hydrophobic nature. On account of this, such drugs tend to partition into the 

aqueous phase instead of the organic (polymer) phase (Govender et al., 1999; Cohen-Sela et 

al., 2009), resulting in their lower encapsulation within the polymer carrier matrix.

Previous studies by our group and others have shown TGF-β1 to stimulate elastic matrix 

synthesis (Losy et al., 2003; Kothapalli et al., 2009; Kothapalli et al., 2009) in a dose-

dependent manner, though it is also known that its excess bioavailability can adversely 

impact cells by inducing apoptosis and augmenting cellular processes leading to matrix 

mineralization (Brown et al., 2002; Simionescu et al., 2005). In this context, localized, 

controlled, and steady-state delivery of TGF-β1 from PLGA NPs would be beneficial to 

limit its bioavailability in the cellular microenvironment. Similarly, there is need to deliver 

DOX in a controlled and localized manner, since it has been shown to generate side effects 

when delivered systemically (Baxter et al., 2002), while also inhibiting MMPs, which play a 

role in normal matrix turnover in healthy tissues, which is undesirable (Galis and Khatri 

2002). This is further emphasized by recent peripheral evidence that systemic DOX delivery 

leads to inhibited elastic matrix deposition by vascular SMCs (Bendeck et al., 2002; Franco 

et al., 2006), and evidence from our own studies (Sivaraman and Ramamurthi 2013) that 

DOX delivery from NPs at steady state concentrations in the low μg/mL range provides 

functional benefits in vitro in terms of MMP inhibition parallel with augmentation of elastic 

matrix deposition.

TGF-β1 and DOX (Figures 2A and B) exhibited a characteristic release profile, which has 

also been observed for the release of other drugs from PLGA NPs (Labhasetwar et al., 1998; 

Panyam et al., 2003). The release profile was characterized by an initial burst phase ending 

within the first 24 h, followed by a slower exponential release phase that extended over 

several more days before plateauing (Figure 2A) at ∼7 days. Since in the TGF-β1 release 

study, the concentration of TGF-β1-loaded PLGA NPs (10 mg/mL at 2000 ng of TGF-β1 

loading) was far higher than that delivered in our subsequent cell culture studies (0.3 mg/

mL), the TGF-β1 release in the latter was likely ∼33-fold lower (i.e., 0.2 ng/mL) than the 

6.5 ng/mL steady-state concentration generated for this formulation in the release-studies 

(see Figure 2A).

In the case of DOX, its release during the initial burst phase was higher (ranging between 5.7 

μg/mL for 2% DOX loaded NPs at 0.2 mg/mL to 10.6 μg/mL for 5% DOX-loaded NPs at 

0.5 mg/mL) than the dose of ∼ 5.0 μg/mL that we had observed in unpublished pilot studies 

to inhibit SMC proliferation and elastic matrix synthesis in aneurysmal rat aortic SMC 

cultures. However, when cultured with DOX-releasing NPs, neither the DOX, nor the NPs 

themselves impacted HASMC viability (Supplementary Figure 3), and proliferation and 

elastic matrix synthesis adversely, as shown in Figures 3 and 5B, respectively. The lack of 

any such adverse effects may likely have been due to only short, temporal exposure of cells 

to DOX doses > 5 μg/mL during the initial burst phase and their exposure to DOX at doses 
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(2.5-4.8 μg/mL) significantly below this threshold value, over the remaining culture period 

of 20 days. Regardless, these results suggest that transient burst release of DOX from these 

NPs is not a concern from the standpoint of cellular health. Extrapolating from our release 

curves in Figure 2A, we anticipate the release of TGF-β1 from NPs (2000 ng loading, 0.3 

ng/mL NP concentration) during the initial 24 h burst phase to be ∼0.15 ng/mL. This dose 

was determined to be non-cytotoxic when provided alone, or together with DOX to 

HASMCs, which might be expected in light of our published data which shows no 

cytotoxicity of TGF-β1 even at a 10 ng/mL dose (Gacchina et al., 2011).

The absence of any differences in expression of genes for contractile SMC markers and for 

osteopontin (a marker typically only expressed by activated SMCs) between BNP and ANP-

supplemented HASMC cultures, suggests the lack of SMC activation or phenotypic 

alteration by our delivered active agents. On the other hand, the lack of differences between 

cultures treated with exogenous agents (EDC) and the ANP, suggest that the nanoparticle 

carriers do not have any adverse effects on cellular phenotype or health. Consistent with 

gene expression data, western blots (Supplementary Figure 4A) also showed no apparent 

differences in β-actin band intensities corresponding to the SMC marker proteins by 

HASMCs cultured with both exogenous agents and NPs.

We observed expression of genes for elastin and other proteins important to elastic fiber 

assembly (fibrillin-1, fibulin-5) to be upregulated in ANP and EDC cultures relative to that 

in BNP cultures that did not receive TGF-β1 and DOX. Based on our recent published study 

(Sivaraman et al., 2013) wherein we showed DOX released from NPs to have no significant 

effect on tropoelastin or matrix elastin synthesis on a per cell basis, we attribute the 

upregulated elastin gene expression in agent-delivered cultures to effects of TGF-β1 (Figure 

5A). The stimulatory effect of TGF-β1 on elastin synthesis, both at the mRNA and protein 

levels, has been demonstrated in various in vitro models, including in our own studies (Liu 

and Davidson 1988; Kothapalli et al., 2009) and appears to primarily involve stabilization of 

elastin mRNA (Kahari et al., 1992; Davidson et al., 2007), although a TGFβ1–responsive 

element has been identified in the human elastin promoter (Marigo et al., 1993; Marigo et 

al., 1994).

Gene expression of LOX, an enzyme involved in crosslinking elastin precursors in matrix 

structures was enhanced in cultures that received NPs (both BNPs and ANPs) over that in 

EDC cultures (Figure 5A). Also, LOX gene expression was almost identical in BNP and 

ANP cultures. These outcomes suggest that the NPs, independent of the active agents, 

augment the elastin crosslinking aspect. In support of this, our western blot data for LOX 

protein (where detectable; see Supplementary Figure 4B) showed higher levels of LOX 

synthesis (normalized to β-actin) in BNP and ANP-supplemented cultures relative to the 

EDC cultures. Despite this supporting evidence, the mechanism(s) underlying NP-induced 

upregulation of LOX gene expression and protein synthesis are highly unclear and warrant 

future study. At this point, it may however be hypothesized that (a) the limited infiltration of 

the NPs into cells, and/or (b) cellular uptake of or cellular microenvironmental changes due 

to PLGA degradation byproducts (i.e., lactic and glycolic acids) or PVA could trigger 

intracellular cascades leading to downstream effects of augmented LOX gene expression/

mRNA stability, and LOX protein synthesis. Taken together, our gene expression data 
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suggests that active agent exposure is beneficial to elastin protein synthesis itself, while NP 

delivery serves to enhance the matrix crosslinking aspect. The former effect however likely 

dominates and determines elastic matrix deposition since our data for matrix elastin content, 

as measured by the Fastin assay (Figure 5B) shows a ∼2-fold increase in total matrix elastin 

in ANP- and EDC-treated cultures relative to that in BNP-treated cultures.

Matrix elastin content was significantly higher in ANP-supplemented constructs than in 

BNP-supplemented constructs clearly emphasizing the pro-elastogenic benefits of released 

DOX and TGF-β1. On the other hand, matrix elastin production in EDC and ANP constructs 

were very similar. This outcome is highly significant because despite the equivalence 

between exogenous delivery doses of TGF-β1 and DOX and their doses delivered from the 

NPs (see section 2.8), the total amounts of TGF-β1 (10 ng) and DOX (570 μg) delivered in 

the exogenous mode over 21 days of culture was in fact, 20-fold greater than that released 

from the NPs (0.5 ng and 28.5 μg respectively, assuming 100% NP retention within the 

collagen constructs as a highly conservative estimate). The amounts of the active agents 

delivered in the exogenous case were higher due to replenishment of new medium with 

agents every two days (10 medium changes over 21 days of culture). More specifically, the 

total amounts of exogenous agents delivered were calculated based on 5 mL of medium per 

medium change per construct, and a total of 10 medium changes over the culture period for 

added doses of 0.2 ng/mL of TGF-β1 and 11.4 μg/mL of DOX. A more realistic assumption 

of less than 100% NP retention within the constructs would suggest that NP-released 

amounts of the active agents within are even lower than the amounts estimated above from 

the release curves, assuming 100% NP retention. These results thus clearly emphasize that 

active agent amounts necessary to evoke the same elastogenic effects are far lower when 

they are delivered using NPs than when they are exogenously dosed. It must be noted that 

the process of ECM assembly is complex, and the duration required for deposition of a 

mature elastic matrix by SMCs is on the order of ∼21 days, as shown in a recent study by 

our group (Gacchina and Ramamurthi, 2011). The NPs serve as a reservoir of the active 

agents, releasing them in a controlled manner over 21 days (Figure 2), indicating that agents 

released from NPs remain bioavailable (and also bioactive), thereby enabling the generation 

of functional elastic matrix within the collagenous constructs. As seen in Figure 5A, the total 

amount of elastic matrix generated within the ANP-treated cultures over this duration, was 

approximately 2-fold higher than that obtained in cultures treated with BNPs, illustrating the 

elastogenic benefits of the controlled release of these agents from NPs at 20-fold lower 

concentrations compared to EDC. This benefit is expected to be accentuated for longer 

culture durations, as evidenced by the fact that their steady-state release may be extended up 

to 60 days, as shown in the case of DOX in Supplementary Figure S1.

Additionally, visual analysis of elastin and elastic matrix within the constructs (Elastic stain 

in Figure 7 and Immunofluorescence imaging in Figure 8) did not reveal obvious differences 

between the three treatment conditions. The ultrastructure of all constructs showed a higher 

degree of longitudinal orientation than circumferential alignment, likely due the application 

of low strains. Circumferential alignment of cells and elastic matrix were however found in 

regions closer to the lumen of the tubular constructs.
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Both the anionic BNP- and ANP-treated constructs demonstrated a marked increase in 

MMP2 mRNA expression, protein synthesis, and enzyme activity, compared to EDC-treated 

constructs (Figures 6A-E). However, it must be noted that the delivery of active agents from 

the NPs resulted in a decrease in overall MMP2 mRNA expression in the ANP-treated 

constructs relative to BNP-treated constructs (Figure 6A), illustrating the positive influence 

of the active agents in attenuating MMP2 gene expression. The overall increase in MMP2 

gene expression in NP-treated constructs vs. EDC-constructs is consistent with observations 

made upon exposure of other cell types such as gingival fibroblasts to anionic NPs (Naveau 

et al., 2006). As noted in that prior study, here too, it is certainly possible that a transient 

inflammatory response is incited by our NPs, characterized by increased production of 

cytokines, which in turn may have served to induce MMP-2 transcription. On the other hand, 

increased synthesis and activity of active MMP-2 in NP-treated constructs (Figure 6B) may 

be attributed to electrostatic attraction-based interactions of anionic NPs with MMPs that 

carry a net positive charge (primarily due to the presence of a cationic Zn2+ ion at its active 

site) (Gertler 1971; Takahashi et al., 2005). Although MMP-2 enzyme activity was lower in 

ANP-treated constructs compared to BNP-treated constructs (Figure 6E), it remained higher 

than the constructs treated with exogenous DOX and TGF-β1. These outcomes are not 

unexpected, and may be attributable to the inability of the DOX released from the NPs (11.4 

μg/mL over 21 days) to overcome the enhanced upregulation of MMP-2 at the gene and 

protein levels due to the electrostatic interactions of the anionic NPs with the net positively-

charged MMP-2. Additionally, the exogenous amount of DOX dosed over the 21-day 

duration of the culture (570 μg; 20-fold higher than the total amount of DOX released from 

NPs within the construct) would be expected to be highly effective in inhibiting MMP-2 

production and activity in the EDC-treated constructs.

Studies by other groups have shown decreased MMP-2 activity due to electrostatic repulsion 

of the negative-charged glutamic acid residues within its active site, and essential to its 

activity, by anionic drug-conjugates (Visse and Nagase 2003; Chau et al., 2004). However, it 

must also be noted that the effects of cationic compounds in inhibiting MMP-2 production 

and activity studies has been shown contradictorily in numerous other studies (Gendron et 

al., 1999; Ganguly et al., 2007; Mendis et al., 2009; Tezvergil-Mutluay et al., 2011). In fact, 

a recent study by our own group (Sivaraman and Ramamurthi 2013), showed that cationic 

functionalization of NPs is conducive to attenuated MMP-2 synthesis and activity. However, 

in these latter studies, consideration must be given to the fact that the cationic compounds all 

contained long-alkyl chains which could have contributed strongly to MMP inhibition via 

steric blockade of its active site, as hypothesized in our earlier work (Sivaraman and 

Ramamurthi 2013). Nevertheless, collectively our results suggest that a fine line exists in 

terms of interactions and consequent effects of charge of NP surface moieties with the 

regulation of MMP2 synthesis and activity, which mandates a further dedicated 

investigation.

In contrast to MMP-2, the mRNA expression, total protein content and enzymatic activity of 

MMP-9 was found to be significantly lower in constructs cultured with BNPs and ANPs 

relative to EDC-treated constructs (Figures 6A-E). The lack of difference in the MMP-9 

protein levels (as seen in western blots; Figures 6C and D) between BNP- and ANP-treated 

cultures suggests that active agent delivery from the NPs did not have any significant effect 
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on MMP-9 synthesis. In addition to this, zymogen bands for MMP-9 enzyme were 

completely undetected in both sets of the NP-treated constructs, unlike the EDC-treated 

constructs which showed a distinct band corresponding to active MMP-9 (Figures 6D and 

E). We hypothesize that this may be attributed to either (a) the ability of these anionic NPs to 

attenuate MMP-9 synthesis and activity in ANP- and BNP-treated cultures, or alternatively, 

(b) the ability of the exogenously dosed DOX and TGF-β1 to activate MMP-9, although the 

exact mechanisms underlying these distinct phenomena remain unclear. Since DOX would 

be expected to inhibit MMP-9 on account of its MMP-inhibitory properties (Uitto et al., 

1994; Boyle et al., 1998; Hanemaaijer et al., 1998; Thompson and Baxter 1999; Kim et al., 

2005; Bedi et al., 2010; Stechmiller et al., 2010), we hypothesize that the exogenous dosage 

of TGF-β1 potentially mediates intracellular signaling events/cascades which culminate in 

increased activation of MMP-9, but not MMP-2. This would then be consistent with results 

obtained by other groups, which have demonstrated the ability of TGF-β1 to activate 

MMP-9 but not MMP-2, albeit in cancer cell lines (Welch et al., 1990; Samuel et al., 1992; 

Sehgal et al., 1996). However, studies have demonstrated the ability of DOX to inhibit TGF-

β1 induced activation of MMP-9 in human corneal epithelial cells (Kim et al., 2005). Hence, 

this suggests that the attenuation of MMP-9 synthesis and activity is likely to be mediated by 

the anionic NPs present within the constructs, again providing evidence as to a role for NP 

surface charge in regulating MMP synthesis and activity. Future studies will need to focus 

on the mechanistic basis for these effects.

5. Conclusions

Our results show that DOX- and TGF-β1 released from PLGA NPs positively influences 

elastogenic outcomes for HASMCs within tubular collagen constructs, and generates 

outcomes comparable to that induced by exogenous medium supplements of DOX and TGF-

β1. The overarching significance of this study however lies in the fact that for equivalent 

release concentrations of these agents, the total amount of active agents released from the 

NPs over a 21 day period of culture was ∼20-fold lower than the amount of active agents 

dosed exogenously. This clearly illustrates that controlled, sustained delivery of pro-

elastogenic factors from scaffold-embedded polymeric NPs is a more efficient strategy for 

directed elastogenesis, particularly in longer-term cultures demanded of for generation of 

mature tissue constructs. Although the anionic NPs used in this study caused a moderate 

upregulation of MMP-2 synthesis and activity, they exerted a significant inhibitory effect on 

MMP-9 synthesis and activity by the HASMCs. Based on this study, as well as other recent 

studies in our laboratory, future work will evaluate the functional benefits of delivery of 

these active agents from cationically- and anionically-functionalized PLGA NPs, towards 

enhancing elastogenic induction and attenuating MMP production and activity in vitro, as 

well as in vivo within rat AAAs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Schematic and (B) setup of multi-channel perfusion bioreactor capable of providing 

cyclic, circumferential stretch to tubular collagen gel constructs for 3-D dynamic culture. It 

consists of a cylindrical culture chamber (a), with centrally placed silicone tubing, around 

which the collagen gel constructs compacted. The silicone tubing was in turn connected to 

metallic bellows (b), forming a closed, airtight conduit into which a constant volume of 

water was maintained. The bioreactor worked on the principle that when the bellows 

contract and expand, the resultant displacement of water within the closed loop will 

proportionally expand or contract the silicone tube, and in turn the cell-seeded collagen gel 

construct around it. The contraction and expansion of the bellows were controlled by a 

stepper DC motor (d) and its controller (e), programmed to deliver the required 2.5 % strain 

at 1.5 Hz frequency via a piston (c).
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Figure 2. 
In vitro release profiles for (A) TGF-β1 and (B) DOX from the PLGA NPs. TGF-β1 release 

studies were carried out at 10.0 mg/mL NP concentration for NPs loaded with 1000 ng, 2000 

ng and 5000 ng TGF-β1. Two different DOX loadings (2% and 5% w:w DOX:PLGA ratios) 

at three NP concentrations (0.2, 0.5 and 1.0 mg/mL) were utilized for DOX release curves. 

(n = 3 per group; mean ± SD).

Venkataraman et al. Page 26

J Tissue Eng Regen Med. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Proliferation of human aortic smooth muscle cells (HASMCs) in response to the addition of 

blanks NPs (0.5 mg/mL) and agent-loaded NPs (0.2 mg/mL of 2% DOX-NPs and 0.3 

mg/mL of 2000 ng TGF-β1 loaded NPs), compared to exogenous delivery (EDC) of TGF-

β1 (0.2 ng/mL) and DOX (11.4 μg/mL). The cell number was calculated based on an 

estimate of 6 pg of DNA per cell, via a DNA assay at 21 days post-seeding, and normalized 

to mg tissue weights for comparison (mean ± SD; n = 5 per case).
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Figure 4. 
Effects of NP addition on phenotypic response of HASMCs, as analyzed via PCR. Fold-

change in mRNA expression of α-smooth muscle active (SMA), caldesmon and osteopontin, 

compared to EDC controls (n = 5 per treatment condition). The mRNA expression levels for 

the different phenotypic markers for the EDC condition was set to unity to determine the 

fold change in their expression for the blank- (BNP) and agent-loaded NP (ANP) treated test 

cases.
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Figure 5. 
Effects of NPs on expression of elastic matrix-associated proteins. (A) Fold-change in 

mRNA expression of elastin, fibrillin-1, fibulin-5, lysyl oxidase (LOX) and collagen-1 

compared to EDC controls (n = 5 per treatment condition, * denotes p < 0.05 compared to 

EDC, # denotes p < 0.05 compared to BNP, $ denotes p < 0.05 compared to every treatment 

condition). The mRNA expression levels for the different phenotypic markers for the EDC 

condition was set to unity to determine the fold change in their expression for the blank- 

(BNP) and agent-loaded NP (ANP) treated test cases. (B) Comparison of total matrix elastin 

deposition by HASMCs for the different agent delivery modes. The elastic matrix content 

was normalized to the construct weights for comparison ($ denotes p < 0.05 compared to 

every treatment condition).
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Figure 6. 
Effect of NPs on MMP expression and activity by HASMCs. (A) Fold-change in mRNA 

expression of MMP-2 and -9 compared to exogenous delivery control (EDC). (n = 5 per 

treatment condition, * denotes p < 0.05 compared to EDC, $ denotes p < 0.05 compared to 

every treatment condition). (B) Representative western blot image illustrating the synthesis 

of MMP-2 and -9 by HASMCs within the constructs, with β-actin (loading control). (C) 

Fold-change in expression of MMP-2 zymogen, and active forms of MMP-2 and -9 

compared to exogenous delivery control (EDC; set to unity). (n = 3 per treatment condition; 

* denotes p < 0.05 compared to EDC). (D) Representative gel zymograms showing the 

active and zymogen forms of MMP-2 and active form of MMP-9. (E) Fold-change in 

zymogen and active forms of MMP-2 compared to exogenous delivery control (EDC; set to 

unity) (n = 3 per treatment condition; * denotes p < 0.05 compared to EDC, $ denotes p < 

0.05 compared to every treatment condition).
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Figure 7. 
Elastic staining of 30 μm thick cross- (CS; upper panel) and longitudinal sections (LS; lower 

panel) of collagen constructs (stained pink) after 21 days of treatment. Orientation of cells 

and elastic fibers (stained purple/black, indicated by arrows) were seen in the longitudinal 

direction. (Scale bars for upper panel are equivalent to 100 μm; scale bars for lower panel 

equivalent to 500 μm)
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Figure 8. 
Representative images of 10 μm thick sections of collagen constructs labeled for 

immunofluorescent detection of elastin, following 21 days of treatment. Elastin (red) was 

detected in (upper panel) cross- and (lower panel) longitudinal sections of the constructs. 

Nuclei were stained with DAPI (middle panels). White arrows indicate longitudinal 

direction of constructs. L = lumen. Magnification = 10 ×. Scale bar equivalent to 200 μm.
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Table 1

Size and surface charge of TGF-β1 encapsulated PLGA NPs, formulated with 0.25 % w/v PVA as the 

surfactant/stabilizer. (n = 6, mean ± S.D).

TGF-β1 loading [ng]

1000 2000 5000

Size [nm] 295.7 ± 5.1 351.6 ± 9.8 347.3 ± 40.3

ζ-potential [mV] -28.1 ± 2.0 -25.5 ± 2.7 -25.9 ± 3.0

Encapsulation efficiency [%] 85.7 ± 1.2 73.7 ± 14.6 91.4 ± 3.0
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Table 2

Size and surface charge of DOX-encapsulated PLGA NPs, formulated with 0.25 % w/v PVA as the surfactant/

stabilizer. (n = 6, mean ± S.D).

Blank NPs DOX loading [%; w/w ratio to PLGA]

Agent-free 2 5

Size [nm] 386.8 ± 46.5 343.8 ± 5.3 342.3 ± 1.4

ζ-potential [mV] -30.3 ± 2.3 -28.2 ± 1.0 -31.6 ± 1.0

Encapsulation efficiency [%] N/A 58.3 ± 0.5 57.9 ± 0.9
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Table 3

Forward and reverse primer sequences of genes designed using Perl Primer.

Gene Primer Sequence (5′-3′) Size (bp)

Fibrillin- 1 Forward GCTCCAGATCCATACAACAC
145

(FBLN1) Reverse ACACCTTCCTCCATTGAGAC

Collagen-1 Forward AAGGGACACAGAGGTTTCAG
189

(COL1A1) Reverse TAGCACCATCATTTCCACGA

Caldesmon Forward CCCAAACCTTCTGACTTGAG
162

(CALD1) Reverse CGAATTAGCCCTCTACAACTG

Osteopontin-1 Forward TGTGCCATACCAGTTAAACAG
147

(OPN1) Reverse ACTTACTTGGAAGGGTCTGTG
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