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Vascular diseases are characterized by the over-proliferation and migration of aortic smooth muscle cells
(SMCs), and degradation of extracellular matrix (ECM) within the vessel wall, leading to compromise in cell–
cell and cell–matrix signaling pathways. Tissue engineering approaches to regulate SMC over-proliferation and
enhance healthy ECM synthesis showed promise, but resulted in low crosslinking efficiency. Here, we report
the benefits of exogenous nitric oxide (NO) cues, delivered from S-Nitrosoglutathione (GSNO), to cell pro-
liferation and matrix deposition by adult human aortic SMCs (HA-SMCs) within three-dimensional (3D)
biomimetic cocultures. A coculture platform with two adjacent, permeable 3D culture chambers was developed
to enable paracrine signaling between vascular cells. HA-SMCs were cultured in these chambers within col-
lagen hydrogels, either alone or in the presence of human aortic endothelial cells (HA-ECs) cocultures, and
exogenously supplemented with varying GSNO dosages (0–100 nM) for 21 days. Results showed that EC
cocultures stimulated SMC proliferation within GSNO-free cultures. With increasing GSNO concentration,
HA-SMC proliferation decreased in the presence or absence of EC cocultures, while HA-EC proliferation
increased. GSNO (100 nM) significantly enhanced the protein amounts synthesized by HA-SMCs, in the
presence or absence of EC cocultures, while lower dosages (1–10 nM) offered marginal benefits. Multi-fold
increases in the synthesis and deposition of elastin, glycosaminoglycans, hyaluronic acid, and lysyl oxidase
crosslinking enzyme (LOX) were noted at higher GSNO dosages, and coculturing with ECs significantly
furthered these trends. Similar increases in TIMP-1 and MMP-9 levels were noted within cocultures with
increasing GSNO dosages. Such increases in matrix synthesis correlated with NO-stimulated increases in
endothelial nitric oxide synthase (eNOS) and inducible nitric oxide synthase (iNOS) expression within EC and
SMC cultures, respectively. Results attest to the benefits of delivering NO cues to suppress SMC proliferation
and promote robust ECM synthesis and deposition by adult human SMCs, with significant applications in tissue
engineering, biomaterial scaffold development, and drug delivery.

Introduction

During development, a soluble monomer of elastin
(tropoelastin) secreted by aortic smooth muscle cells

(SMCs) coacervates with microfibrils (e.g., fibrillin) and
lysyl oxidase enzyme (LOX) to form a highly crosslinked
and stable elastin.1 Elastin regulates the maintenance of
tissue homeostasis, modulates the vascular cell–cell and
cell–tissue signaling pathways, and helps withstand blood
pressure exerted on the vessel walls.2–4 Such highly stabi-
lized and crosslinked elastin resists proteolysis and under-
goes little turnover under physiologic conditions.5 However,
when vascular elastin is congenitally malformed, damaged

by local injury, or degraded by acquired diseases, it severely
compromises vessel integrity, disrupts cellular interactions,
initiates inflammation, and weakens vessel wall.6 Under such
conditions, elastin gene expression is downregulated, and the
mature elastin is degraded by inflammatory markers (cyto-
kines, elastases, interleukins) into soluble peptides, which
subsequently interrupts elastin-SMC signaling pathways.7–10

Elastin disruption encourages SMC hyper-proliferation and
medial thickening, leading to reduced arterial compliance,
hypertension, and aneurysm.11–13 Since vascular tissues in-
herently possess a minimal self-repair capability, a potential
solution to stabilize and perhaps heal a diseased aorta is to
restore homeostasis in situ via regeneration of structural and
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functional mimics of native elastin. Failure to reinstate
healthy elastin matrix and suppress inflammation could lead
to heightened risk for atherosclerosis, aneurysm expansion,
and eventual catastrophic rupture.

Currently, there are no clinically proven methods to pre-
serve or restore elastin matrix within diseased aortae. Recent
approaches to stimulate cellular elastin synthesis include (1)
coaxing healthy adult cells in two-dimensional (2D) cultures to
crosslink exogenous elastin precursors into insoluble proteins,
(2) assembling elastomers from polypeptide precursors, (3)
developing scaffolds that could provide signals that are critical
for elastin synthesis, (4) delivering biomolecules (e.g., IGF-1,
TGF-b, cyclic GMP) to stimulate tropoelastin mRNA ex-
pression and corresponding protein synthesis in vitro, (5) im-
parting mechanical stimuli in vitro to modulate cell alignment,
tropoelastin synthesis, and matrix deposition by SMCs, and (6)
exogenously delivering matrix molecules (e.g., hyaluronan
fragments) to SMC cultures.14–21 Despite their relative merits,
these approaches (1) barely generate elastic fiber-associated
proteins that are critical to healthy cell signaling, (2) do not
demonstrate the feasibility of generating structural and func-
tional mimics of native elastin in bulk, and (3) are yet to
provide evidence for clinically sustainable delivery at the site
of diseased aortic section in vivo. Furthermore, these studies
were performed using either neonatal SMCs or dermal fibro-
blasts, typically derived from rodents, which inherently pos-
sess high elastogenic potential.22,23 Such efforts were also
limited by the incremental deterioration of tropoelastin mRNA
expression in adult vascular cells and the unavailability of
cellular cues that can upregulate tropoelastin synthesis and
robust crosslinking into mature elastin matrices.18,24–26 This
suggests that alternative approaches are needed to restore
crosslinked elastin matrices within elastin-deficient aortae
while minimizing proteolytic enzyme activity.

Nitric oxide (NO) is a ubiquitous biologically important
signaling molecule, an endothelium-dependent relaxing factor
continuously produced by NO synthase in the vascular endo-
thelium (endothelial nitric oxide synthase [eNOS]), and helps
regulate vascular tone.27,28 Under diseased conditions, endo-
thelial dysfunction reduces NO release, which, in turn, acti-
vates SMC phenotype, stimulates release of enzymes, and

degrades elastin matrix fibers, compromising SMC-elastin
signaling homeostasis.29–31 Localized NO delivery from photo-
crosslinked PEG-based hydrogels has been shown to inhibit
neointima formation in a rat carotid balloon-injury model.32,33

Other studies showed NO delivery to inhibit proliferation,
stimulate tropoelastin and LOX mRNA expression and syn-
thesis by chick aortic SMCs, in a dose-dependent manner,
although the amounts and quality of matrix elastin were never
quantified.34 These studies attest to the possible role of NO
donors in promoting elastin synthesis at transcriptional and
translational levels, and inhibiting inflammatory activity.
This raises the possibility that if physiological NO levels are
restored within the vascular microenvironment under dis-
eased conditions, (1) SMC activation, enzyme release, and
matrix degradation could be inhibited, (2) elastin synthesis
and crosslinked matrix formation could be upregulated, and
(3) disease progression regressed to predisease levels.

In this study, the benefits of delivering NO cues to human
aortic SMC (HA-SMC) proliferation, vascular extracellular
matrix (ECM; elastin, glycosaminoglycans, hyaluronan)
synthesis and deposition, proteases (MMPs-2,9) and their
inhibitors (TIMP-1) release, matrix crosslinking enzyme
(LOX) expression and activity, and NO synthase (eNOS,
inducible nitric oxide synthase [iNOS]) expression in vas-
cular cells were investigated. Specifically, the effect of
various NO concentrations, delivered exogenously to HA-
SMCs cultured within a three-dimensional (3D) coculture
microenvironment, in the presence or absence of human
aortic endothelial cells (HA-ECs) cocultures, was evaluated
both qualitatively and quantitatively.

Materials and Methods

Coculture platform development

The microfluidic coculture system utilized in this study
was created using photolithography and soft-lithography
techniques as detailed earlier.35 Briefly, the platform was
designed in SolidWorks (SolidWorks Corp.) and the mold
was developed at Stanford Microfluidics Foundry. Using
this mold, microfluidic chips (Fig. 1A) were created by
replica molding with polydimethylsiloxane (PDMS; Dow

FIG. 1. (A) Design of the microfluidic device for enabling biomimetic cocultures. (B) Cells could be cultured either alone
or in the presence of other cell types within designated chambers of the device. Cell chambers have individual gel-filling
ports, separated by microfluidic pillar posts, and could be supplemented with media through separate channels (blue and
green shaded areas). HA-SMCs were cultured within collagen scaffolds, in the presence or absence of endothelial cells
(EC) coculture and exogenous GSNO (0–100 nM dosage). GSNO, S-Nitrosoglutathione; HA-SMCs, human aortic SMCs;
SMCs, smooth muscle cells. Color images available online at www.liebertpub.com/tea
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Corning). PDMS was mixed with curing agent (10:1 ratio),
degassed and cured, removed from the mold, and cut into
separate devices. The chips were then sterilized in boiling
water (45 min) and dried (80�C, 2 h). The glass cover slips
were cleaned with ethanol, air-plasma was treated along
with PDMS devices for 60 s before bonding, and devices
were stored till usage. Our long-term goal is to investigate
the role of NO and cocultures under fluid flow conditions,
and such a device would help us smoothly transition to this
experimental setup. Transwell systems typically work better
when both the cell types are cultured in 2D or in pseudo-3D.

Cell culture

Healthy adult human aortic smooth muscle cells (HA-
SMCs) and HA-ECs were obtained from Life Technologies
Corp. and passaged using appropriate media (Medium 231 and
Medium 200, respectively; Life Technologies). For experi-
ments in this study, we used cells from passages 3 to 5. A
500mL collagen solution at 2 mg/mL concentration (pH*7.4)
was prepared by mixing type-1 collagen stock solution
(111.85mL; rat-tail derived, Corning�, 8.94 mg/mL master
batch) with a mixture of 10 · phosphate-buffered saline (pH
*7.4; 50mL), 1 N NaOH (2.572mL) and double-distilled water
(335.57mL), and maintained on ice till usage. Two sets of
cultures were performed in parallel: (1) HA-SMCs cultured
alone and (2) HA-SMCs cocultured with HA-ECs. Results
from the former set serves to (i) establish baseline data for
adult HA-SMC 3D cultures, (ii) act as a control for the adult
vascular 3D coculture data, and (iii) rapidly scale up this
process for further in vitro or in vivo studies. SMCs or ECs
were mixed in 2 mg/mL collagen solution at a density of
10,000 cells per chamber. The coculture platform has two
separate but adjacent 3D chambers (Fig. 1B), each with indi-
vidual gel-loading ports and media channels. The chambers
are separated from each other and from the media channels by
300 · 300mm square posts (Supplementary Fig. S1A; Sup-
plementary Data are available online at www.liebertpub.com/
tea). These posts help in holding the gel within designated
chambers due to surface tension. Each chamber is 2 mm
in width (x-direction) between the posts, 3 mm in length (y-
direction), and 150mm in height (z-direction). Each chamber
has a separate port for individual access, to enable flexibility in
loading respective gels and cells, and also selectively remove
gels postculture for biochemical analysis.

In devices where SMCs were cultured alone, collagen gel
containing SMCs were injected in the right gel chamber of
the device and collagen gel containing no cells in the left gel
chamber. Similarly, in cases where cocultures were per-
formed, collagen gel containing ECs were injected in the left
gel chamber and gel containing SMCs in the right chamber.
In this fashion, each cell type received its own media and S-
Nitrosoglutathione (GSNO) dosage, yet in constant diffusive
contact with neighboring cell type. Gels were injected into
the respective gel-loading chambers with a cold-pipette tip
containing *7 mL of collagen solution. The devices were
placed in a humidified incubator (37�C, 30 min) to poly-
merize collagen. On polymerization, cells were cultured for
21 days in either SMC or EC media (*250 mL in each
media channel), containing GSNO (Sigma), as an NO donor.

Four different concentrations of GSNO (0, 1, 10, 100 nM)
were tested for their ability to induce changes in SMC prolif-

eration and matrix synthesis. We choose these concentrations
because studies have shown that the physiological NO ranges
from 10- 4 to 103 nM,36,37 and in arteries it is within 0.1–
500 nM.38–41 GSNO at 0 nM concentration acts as a control for
higher GSNO dosages in each case. Previous studies have
shown that the half-life of GSNO ranges from 5.5 to 24 h,
depending on pH and environmental conditions,42,43 and is
considerably higher than that of pure NO (typically a few
minutes).44 GSNO was shown to have a relatively high sta-
bility, decomposing with a rate constant of 0.018 – 0.002 h - 1

and a half-life of 38 – 5 h.43 At physiological concentrations,
S-N bond of GSNO is enzymatically cleaved by thioredoxin
system to liberate NO and a thiyl radical such as glutathione.42

Such liberated low-molecular-weight thiols could, in turn,
react with oxides of nitrogen to form S-nitrosothiols.45

Therefore, we choose to replace the culture medium twice a
day, so that fresh NO is delivered to the cells within cultures.
The spent medium was pooled over the 21 day culture and
stored at - 20�C for further biochemical analyses. Similarly,
cell matrix layers at the end of 21 days were trypsinized (one
chamber at a time), pooled from respective chambers, and
processed for biochemical assays as detailed next.

In general, contraction and shrinkage of collagen gels
could be expected in long-term cultures, which might influ-
ence the biomechanical signaling experienced by the cells
cultured within. In this study, we did not notice significant gel
contraction within these devices over the 21 day culture
(representative images shown in Supplementary Fig. S1B),
possibly due to lack of external fluid shear across the gels,
surface tension/adhesion between the gel and the upper and
lower chamber surfaces, or fortification of collagen gels with
new matrix deposition by cells. We choose not to coculture
HA-SMCs with HA-SMCs (in separate chambers), due to
minimum benefits from autocrine signaling. These devices
could be scaled up in dimensions, for culturing larger gel
volumes or higher cell densities. Although the concentrations
of active ingredients within EC media (2% v/v fetal bovine
serum, 10 ng/mL EGF, 10 ng/mL bFGF, 1mg/mL hydrocor-
tisone, 10mg/mL heparin) are low, their effects, if any, would
be normalized across the cases and therefore may not alter
trends in data observed from these experiments.

DNA assay for cell proliferation

The cell density within different cases was quantified at
the end of 21 days to assess the proliferation of HA-SMCs
and HA-ECs over the culture period. Briefly, media was
removed from the media channels (n = 3 devices/condition);
0.25% v/v trypsin-ethylenediamine tetraacetate (EDTA;
Invitrogen) was added to the channels; cell layers were
detached and extracted separately from each chamber, pel-
leted by centrifugation, resuspended in 1 mL of NaCl/Pi
buffer (4 M NaCl, 50 mM Na2HPO4, 2 mM EDTA, and
0.02% Na-Azide; pH *7.4), and sonicated for 3 min over
ice; and a 100mL aliquot was assayed using a fluorometric
assay as detailed earlier.46 The cell density was calculated
on the basis of an estimated 6 pg DNA/cell.47

BCA assay for protein synthesis

The protein amounts synthesized by HA-SMCs under
various culture conditions were determined using bicinch-
oninic acid protein assay kit (BCA Kit; Sigma-Aldrich), as
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per the vendor’s protocols. This assay is based on the
principle that a Cu2 + -protein complex forms under alkaline
conditions, followed by reduction of the Cu2 + to Cu1 +

based on the amount of protein present in the sample. The
protein in the pooled spent media as well as in the cell
matrix at the end of 21 days was quantified (n = 6 devices/
condition). The total protein in pure 2 mg/mL collagen gels
loaded within each designated chamber in the device was
also quantified using this BCA assay. This amount was then
excluded from the protein quantified within cell matrix
under all the culture conditions, assuming that the collagen
gel volume remained constant during the culture period. It
should be noted that the protein amounts measured in pooled
media will also contain the proteins from the 2% serum-
additive media supplied to SMCs. This would not alter the
statistical analysis of quantitative data, as such protein
amounts are normalized across all the test cases in this
study. The protein in pooled media and deposited as matrix
also contain collagens synthesized and released by SMCs,
which were not quantified in this study.

Fastin assay for elastin protein

The amounts of matrix elastin and tropoelastin (in pooled
spent medium) were quantified using a Fastin assay (Ac-
curate Scientific Corp), as previously detailed.46 Since the
Fastin assay quantifies only soluble a-elastin, the matrix
elastin was first reduced to a soluble form by digesting with
0.25 N oxalic acid (1 h, 95�C) and filtering the pooled di-
gestate in microcentrifuge tubes fitted with low-molecular-
weight cut-off membranes (10 kDa). In parallel, aliquots of
pooled spent medium over the 21 day culture were lyophi-
lized and processed for tropoelastin using the Fastin assay
(n = 6 devices/condition). The measured amounts of matrix
elastin and tropoelastin were normalized to their respective
cell counts to provide a reliable basis of comparison be-
tween samples.

sGAG assay for glycosaminoglycan synthesis

The amounts of sulfated glycosaminoglycans (sGAGs)
deposited within the cellular matrix as well as in the pooled
spent medium were quantified using a quantitative dye-
binding sGAG Assay (Kamiya Biomedical Company) as per
vendor’s protocols. This assay is based on the specific in-
teractions between sulfated GAGs and the tetravalent cat-
ionic dye Alcian blue, at low pH and optimized ionic
strength. It should be noted that this assay will not quantify
the nonsulfated GAGs such as hyaluronic acid. The absor-
bance values were read at 620 nm on an Epoch� microplate
spectrophotometer (Bio-Tek), and the measured sGAG
amounts were normalized to the corresponding cell counts
(n = 6 devices/condition). It should be noted that the sGAG
amount measured in pooled media might also contain GAGs
such as heparin (albeit in infinitesimal amounts) already
present in the 2% serum-additive media supplied to SMCs.

HA assay for hyaluronic acid synthesis

Hyaluronic acid synthesized and released by SMCs
within the cellular matrix as well as in the pooled spent
medium was quantified using a hyaluronan enzyme-linked
immunosorbent quantitative assay (Echelon Biosciences,

Inc.). HA concentration in the sample is determined using a
standard curve of known HA amounts. Absorbance values
were read at 450 nm on an Epoch� spectrophotometer, and
the measured HA content was normalized to the corre-
sponding cell counts (n = 6 devices/condition).

LOX functional activity

Studies have shown that lysyl oxidase (LOX) and LOX-
like proteins are endogenous enzymes responsible for
crosslinking elastin precursor (tropoelastin) molecules.
Thus, estimating the endogenous LOX activity in the cel-
lular matrix indicates the extent of cell-mediated cross-
linking of tropoelastin to form mature elastin matrix
structures. Using a fluorometric assay (AmplexRed� Assay;
Molecular Probes), we assayed for LOX activity within the
cell matrix and pooled spent culture medium aliquots from
different culture conditions. This assay works on the prin-
ciple that H2O2 will be released when LOX oxidatively
deaminates alkyl monoamines and diamines. Fluorescence
intensities were recorded with excitation and emission
wavelengths of 560 and 590 nm, respectively. The measured
activity was normalized to the cell density within that re-
spective culture condition (n = 3 devices/condition). Al-
though trypsinization of scaffolds to release cells and matrix
proteins could affect LOX enzyme activity compared with
that within spent pooled media, the effects are normalized
across the samples and might not significantly alter the
broad patterns observed here. Therefore, LOX enzyme ac-
tivity within spent pooled media and within cell matrix were
quantified, plotted, and discussed separately.

Western blot analysis for tropoelastin, LOX,
eNOS, and iNOS

Western blot analysis was performed to semi-quantita-
tively confirm observed biochemical trends in tropoelastin
synthesis and to assess LOX protein synthesis. In parallel,
the expression of eNOS in EC cultures, and iNOS within
SMC cultures (cultured alone, or in EC-cocultures), in the
presence or absence of exogenous NO, was also semi-
quantitatively assessed. As previously detailed,46 samples of
pooled spent medium were lyophilized and assayed for
protein content using a DC protein assay kit (Bio-Rad La-
boratories) to optimize loading sample amounts for SDS/
PAGE Western blot. Protein bands were detected with re-
spective primary polyclonal antibodies to elastin protein
(Elastin Products), the 31-kDa active LOX protein (Santa
Cruz Biotechnology), and the *135 kDa iNOS and eNOS
proteins (both from Abcam). The bands were visualized by a
chemiluminescence method according to vendor’s specifi-
cations, and the images were quantified using NIH ImageJ.

Quantification of MMPs-2, 9 and TIMP-1 release

The amounts of MMPs-2 and 9 deposited within the
cellular matrix as well as in the pooled spent medium were
quantified using MMP-2 ELISA (Boster Biological Tech-
nology Co.) and MMP-9 ELISA (R&D Systems, Inc.) as-
says as per vendor’s recommendations. The amount of
TIMP-1 deposited within the cellular matrix as well as in the
pooled medium was quantified using a TIMP-1 ELISA
(Boster Biological Technology Co.). The measured MMPs
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and TIMP-1 content were normalized to the respective cell
count within those cultures (n = 6 devices/condition).

Immunofluorescence imaging of matrix proteins,
iNOS, and eNOS

The presence of elastin, fibrillin, and LOX proteins within
cell matrix was qualitatively confirmed using immunofluo-
rescence labeling (n = 3 devices/condition for each protein).
The presence of fibrillin within cell layers will confirm
whether elastin matrix formation was mediated by pre-
deposition of a fibrillin scaffold. Similarly, the expressions of
iNOS and eNOS within SMC and EC cultures, respectively,
were also assessed. At 21 days, the cell layers within mi-
crofluidic devices were fixed with 4% w/v paraformaldehyde
for 15 min, and incubated with blocking serum (5% goat
serum, 0.3% Triton-100 in phosphate-buffered saline; 20 min;
25�C). Elastin, fibrillin, and LOX were detected with re-
spective polyclonal antibodies (Elastin Products; Abcam;
Santa Cruz Biotechnology) and visualized with appropriate
secondary antibodies (Chemicon), as detailed earlier.46 Simi-
larly, primary antibodies for iNOS and eNOS were obtained
from Abcam to detect their expression. Cell nuclei were
visualized with the nuclear stain 4¢,6- diamino-2-phenylindole
dihydrochloride (DAPI) contained in the mounting medium
(Vectashield; Vector Labs). Images were acquired with a
Zeiss Axiovert A1 florescence microscope equipped with
Hamamatsu camera and image acquisition software.

Statistical analysis

All biochemical data were obtained from three indepen-
dent repeat experiments per case and were analyzed using
one-way analysis of variance followed by Tukey’s HSD
post-hoc testing, assuming unequal variance and differences
deemed significant for p < 0.05. The data were assumed to
follow a near-Gaussian distribution in all the cases, and the
mean and standard errors were calculated accordingly.

Results and Discussion

Coculturing vascular cells within 3D scaffolds in close
proximity to enable paracrine signaling has been reported by
few groups. In efforts toward functionalizing 3D cardio-
vascular tissue engineering constructs, Pullens et al. evalu-
ated the benefits of seeding a confluent human venous EC
layer on myofibroblast-laden poly(glycolic acid) poly-4-
hydroxybutyrate scaffolds, to collagen production by myo-
fibroblasts.48 Their results show that although the synthesis
of collagen has been slightly reduced, mechanical properties
of the constructs were significantly improved after co-
culturing with ECs for 1 week. Bulick et al. investigated the
stand-alone and synergistic effects of rat EC coculture and
mechanical conditioning on ECM production by rat SMCs
within bilayered poly(ethylene glycol) diacrylate hydro-
gels.49 They found that ECs and pulsatile flow synergisti-
cally increased elastin production and SMC differentiation,
but suppressed collagen type I deposition. More recently,
Bhattacharya et al. developed a coculture of human coro-
nary artery cells in 3D poly(carbonate urethane) scaffolds to
investigate EC-mediated Notch signaling and induction of
SMC contractile phenotype.50 These studies led to a critical
understanding of the benefits of cocultures, mechanical

stimuli, and 3D scaffolds to mimic physiological conditions,
and investigated biological mechanisms under more con-
trolled environments. Our current experimental setup differs
from these previous studies as follows: (1) collagen gels
were used in this study compared with synthetic polymeric
scaffolds tested in previous studies; (2) human aortic ECs
were cultured within 3D scaffolds in our study instead of a
confluent monolayer, to enable paracrine signaling between
ECs and SMCs; and (3) the microfluidic setup developed
here would allow diffusion of paracrine signals and exoge-
nous molecules under controlled static or dynamic flow
conditions, depending on the experimental need.

The benefits of delivering NO from various types of
biomaterials to promote healing and encourage matrix re-
modeling in vasculature have been gaining attention. Kim
et al. recently demonstrated the benefits of encapsulating
NO within liposomes and delivering in a rat subarachnoid
hemorrhage model for treatment of vasospasm after sub-
arachnoid hemorrhage.51 Controlled release of NO from
chitosan-based polymers has been shown to promote an-
giogenesis in diabetic mice with hind-limb ischemia and in
the treatment of limb necrosis.52 Naghavi et al. reviewed the
recent progress made in the field of controlled NO release
from various biomaterials for applications in cardiovascular
therapy (e.g., thrombosis, intimal hyperplasia, device en-
dothelialization).53 Taken together, these studies attest to the
numerous clinical applications of controlled delivery of
exogenous NO from donors such as S-nitrosothiols.54–56

HA-EC and HA-SMC proliferation

The proliferation of HA-ECs and HA-SMCs cultured in
the presence or absence of GSNO is shown in Figure 2. In
the absence of GSNO (controls), ECs proliferated approxi-
mately three-fold over 21 days, compared with their original
seeding density (Fig. 2A). The addition of 1 or 10 nM
GSNO significantly promoted EC proliferation compared
with day 1 seeding, although addition of 100 nM GSNO
offered no benefit to EC proliferation compared with con-
trols. In the presence or absence of GSNO, trends in SMC
proliferation rates were different from those of ECs. When
SMCs were cultured alone in the absence of ECs, increasing
GSNO concentration suppressed SMC proliferation within
3D collagen scaffolds over the 21 day period (Fig. 2B). In
the presence of EC cocultures, SMCs significantly prolif-
erated at 0 and 1 nM GSNO concentrations. However, SMC
proliferation rates significantly decreased at higher GSNO
concentrations within cocultures.

We hypothesize that the NO release from GSNO con-
centrations tested here is within the physiological level,44

which makes this study a good starting point for further
in vivo optimization studies. Given that NO is an unstable
gas and endogenous NO levels are tough to accurately
quantify or manipulate, exogenous aerosolized NO delivery
has been used to positively modulate circulating levels of
NO within cystic fibrosis patients.57 In this study, we did not
investigate the NO activity and release rates from GSNO
within culture media at neutral pH, as it has been exten-
sively reported earlier.45,58

The molecular weight of NO is 30 Da and assuming it is
spherical, the radius of NO molecule would be *0.2 nm.59

The diffusion coefficient of NO through a 2 mg/mL collagen
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scaffold was calculated using Stokes-Einstein equation,
Dc = kT/6pgR, where k is Boltzmann constant (1.38065E-23 J/
K), T is temperature (298.15 K), g is the viscosity of 2 mg/mL
collagen gel (0.0104 kg/m$s; provided by vendor), and R is
the Stokes radius (*0.2 nm). Thus, the diffusion coefficient
(Dc) was calculated to be 1.0499E-12 m2/s. Theoretically, the
time it takes for a molecule to diffuse through a length L is
given by, s = L2/4p2Dc, where Dc is the diffusion coefficient.
In our device, the length of collagen scaffold in the chamber
is 2 mm, and so it takes *965 s (i.e., 16 min) for the first NO
molecule to reach the other end of the scaffold under non-
convection conditions. Using these calculations, it takes
*32 min for a GSNO molecule (336 Da) to diffuse through
2 mg/mL collagen under similar conditions. However, in re-
ality, diffusion times could be slightly different, taking into
account the cells within the scaffold, molecular binding to
scaffold, limited porosity arising from localized gel hetero-
geneity, and obstruction from newly deposited ECM. In
conclusion, even in the absence of any induced flow, exog-
enously delivered NO diffuses rapidly from media channels
through the 3D collagen scaffolds, to enable stimulation of
SMCs and ECs within the scaffold.

Exogenously delivered NO has been shown to suppress
proliferation of endothelial cells derived from fetal bovine
aorta and human umbilical veins in a dose-dependent
manner,60 via an intracellular cGMP mechanism. In con-
trast, we noticed here that lower GSNO dosage (1–10 nM)
promoted modest HA-EC proliferation, while the stimula-
tory effect was attenuated at 100 nM GSNO. Our results on
the dose-dependent inhibitory effects of GSNO on HA-SMC
proliferation are in excellent agreement with similar studies
evaluating the role of NO donors (e.g., DETA NONOate,
sodium nitroprusside, nitroglycerin, SNAP) on human,
rabbit, chick, or rodent SMCs, both in vitro and
in vivo.34,44,58,61 Cell toxicity was not noted within our
cultures (LIVE/DEAD assay, Supplementary Fig. S2) with
the addition of GSNO, and cell morphology appeared
identical in both controls and test cases. Thus, the sup-
pression in SMC proliferation at higher GSNO dosages
could be an outcome of intracellular downstream signaling
pathways, the elucidation of which is beyond the scope of
this work. SMC proliferation data within cocultures was also
in agreement with studies by Fillinger et al., who reported
that within bovine aortic cell 2D cocultures, ECs stimulated
SMC proliferation by *56% compared with culturing

SMCs alone.62 Taken together, our results suggest that
vascular cell proliferation is differentially modulated by
exogenous NO delivery, with significant implications in
vascular remodeling under healthy and diseased conditions.

Protein synthesis by HA-SMCs

The protein amounts synthesized by HA-SMCs, in the
presence or absence of ECs, were quantified as two separate
components; released into pooled spent media; and that was
deposited within cell matrix. HA-SMCs produced and de-
posited *131 – 19 ng of protein within cell matrices, on a
per cell basis, when cultured alone in the absence of GSNO
(Fig. 3A). Although 1 and 100 nM GSNO offered no further
benefits to protein deposition within these SMC cultures,
10 nM GSNO significantly suppressed protein deposition
within SMC cultures. On the other hand, coculturing SMCs
with ECs did not improve protein deposition in cell matrix
in the absence of GSNO. Within EC cocultures, only
100 nM GSNO stimulated an increase in protein deposition
within cell layers, compared with GSNO-free cultures or
lower GSNO doses. It should be noted that in these BCA
assays, the amount of protein within SMCs was not sepa-
rated from the total protein amount in the cell matrix.

HA-SMCs released *2 – 0.15 mg of protein into pooled
media on a per cell basis, over the 21 day culture, in the
absence of EC cultures and GSNO (Fig. 3B). While the
addition of 1 and 10 nM GSNO did not alter these amounts,
100 nM GSNO upregulated protein release. Surprisingly,
coculturing with ECs significantly suppressed protein re-
lease into pooled media by SMCs, on a per cell basis,
compared with their stand-alone cultures. Although addition
of 1 nM GSNO did not rescue decrease in protein synthesis
by SMCs within cocultures, 10 or 100 nM GSNO addition
stimulated increases in protein synthesis compared with
controls. Taken together, results suggest that 100 nM GSNO
dosage significantly increased protein synthesis, release into
pooled media, and deposition within cell matrix layers, in
the presence or absence of EC cocultures.

The effects of NO on matrix protein synthesis by SMCs
or any other mammalian cell types has been reported in a
very few studies thus far. Kolpakov et al. have shown that
NO donors such as SNAP (0.4–1.2 mM) and SNP (0.1–
0.5 mM) inhibited total protein synthesis and collagen
synthesis by rabbit aortic SMCs in vitro in a reversible but

FIG. 2. (A) Fold increase in HA-
EC density within 3D cultures
supplemented with GSNO (0–
100 nM). (B) Proliferation ratios of
HA-SMCs in the presence or ab-
sence of EC cocultures and GSNO
(0–100 nM). Data shown represent
mean – standard error of cell count
after 21 days of culture, normalized
to initial seeding density (n = 3/
condition). *p < 0.01 compared with
GSNO-free cultures; #p < 0.01 for
no cocultures versus EC coculture,
at a given GSNO dosage. 3D, three-
dimensional; HA-EC, human aortic
endothelial cell.
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dose-dependent manner,63 highlighting the role of NO in
modulating SMC phenotype. In another study, SNAP in-
hibited total protein synthesis by rat aortic SMCs in a time-
dependent manner, when cultured in the presence of 5%
fetal calf serum.64 Curran et al. have shown that SNAP
inhibited total protein synthesis by hepatocytes in a re-
versible but dose-dependent manner.65 In this study, NO
delivered from GSNO did not significantly enhance total pro-
tein synthesis by HA-SMCs, except within cultures receiving
100 nM dosage and EC cocultures. Although investigating the
mechanisms by which NO mediates inhibition of protein
synthesis by SMCs is beyond the scope of this work, previous
studies suggest that multiple biochemical pathways might be
involved in this process.63

Elastin synthesis and deposition by HA-SMCs

The total elastin synthesized by HA-SMCs was quantified
as that released into pooled media (i.e., tropoelastin) and
that deposited into the cell layers (i.e., matrix elastin).
Within SMC cultures over the 21 days, the tropoelastin
content on a per cell basis increased with the addition of
GSNO compared with its absence (Fig. 4A). In the absence
of EC cocultures, 10 nM GSNO appeared to stimulate higher
tropoelastin synthesis and release by HA-SMCs compared
with other GSNO dosages. Even in the absence of GSNO,
coculturing with ECs stimulated significantly higher
amounts of tropoelastin release by SMCs (Fig. 4A) com-
pared with that within no coculture cases. Within cocultures,
addition of 10 or 100 nM GSNO furthered tropoelastin
synthesis compared with that seen in controls, although no
such benefit to tropoelastin synthesis was noted at 1 nM
GSNO dosage.

In the absence of EC cocultures, matrix elastin deposited
within HA-SMC cultures was undetectable at 0 nM GSNO
(Fig. 4B). However, with increasing GSNO dosage, matrix
elastin amounts on a per cell basis increased in a linear
fashion, with significant differences noted between incre-
mental GSNO dosages. Taken together, results suggest that
(1) although adult HA-SMCs produce quantifiable tro-
poelastin over the 21 day culture period, they do not de-
posit detectable amounts of matrix elastin, in the absence
of GSNO; (2) coculturing with ECs significantly upregu-
lated tropoelastin and matrix elastin by adult HA-SMCs,

even in the absence of GSNO; (3) GSNO addition signif-
icantly enhanced both tropoelastin release and matrix
elastin deposition by SMCs in a dose-dependent manner, in
the presence or absence of EC cocultures; and (4) EC co-
culture and 100 nM GSNO synergistically contributed to
multi-fold increases in tropo- and matrix elastin by adult
HA-SMCs. Overall, these results suggest that the presence
of NO and ECs not only promoted tropoelastin production
by SMCs but also encouraged formation of crosslinked
matrix elastin (with the help of endogenous LOX) to result
in functional elastin, desirable from a tissue engineering
standpoint.

Despite recent progress in the field of vascular tissue
engineering, elastin synthesis and deposition by vascular
SMCs within 3D constructs remain a formidable chal-
lenge.18,66 This is partially due to the highly reduced ability
of adult SMCs, at both transcription and translation levels,
to synthesize, release, and deposit mature elastin. Thus, the
overarching goal of cellular or tissue engineering ap-
proaches is to stimulate these adult SMCs, using an optimal
combination of biochemical and biomechanical cues, to
deposit mature and crosslinked elastin within blood vessels.
In a series of studies, we have shown that exogenous cues
such as hyaluronan oligomers, TGF-b1, IGF-1, and LOX
induced increases in elastin synthesis within 2D cultures of
adult rat aortic SMCs.46,67–70 Recently, Lin et al. have
shown that surface topography affects elastin gene expres-
sion and protein synthesis by adult human coronary artery
SMCs.71,72 Elastin gene expression and protein synthesis by
these cells increased significantly when cultured within 3D
porous polyurethane scaffolds compared with their 2D cul-
ture counterparts, and the addition of TGF-b1 to these cul-
tures furthered these trends. Such increases in elastin
expression by SMCs within these 3D scaffolds were facili-
tated by Ras-ERK1/2 signal transduction pathways. How-
ever, these cells were cultured only till 14 days, which is not
sufficient for elastin matrix deposition and maturation
within cell layers. Ramamurthi and coworkers recently
showed that adult human and rat SMCs produced higher
elastin protein within 3D collagen gels exposed to exoge-
nous growth factors or cyclical stretching conditions.73,74

These studies point to the overall superiority of 3D scaffolds
over 2D cultures, in stimulating elastin synthesis and release
by SMCs.

FIG. 3. Protein amounts deposited within cell matrix (A) or released into pooled media (B), when GSNO (0–100 nM) was
supplemented to HA-SMC cultures, in the presence or absence of HA-EC cocultures. Here, the protein amounts within SMCs
was not separated from the overall protein quantified in the cell matrix (shown in A). Data shown represent mean – standard
error of protein synthesis after 21 days of culture, normalized to cell count within respective cases (n = 6/condition). *p < 0.05
compared with GSNO-free cultures; #p < 0.01 for no cocultures versus EC coculture, at a given GSNO dosage.
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Thus, in this study, we cultured HA-SMCs within 3D
collagen scaffolds under coculture conditions, and enable
future tissue engineering-based approaches for in situ elastin
regeneration. We noted multi-fold increases in tropoelastin
production and matrix elastin deposition within HA-SMC
3D cultures, in the presence of GSNO and EC cocultures.
Interestingly, similar trends shown in Figure 4A and B were
noted when the absolute amounts of tropoelastin and matrix
elastin were normalized to the protein amounts quantified
within pooled media and cell matrix (Fig. 3), respectively. A
study by Sugitani et al. was the only known report that
evaluated the role of NO on elastin expression and synthesis
by chick aortic SMCs.34 Although elastin deposition into
matrix was not evaluated by them, results showed NO to
stimulate tropoelastin mRNA expression, synthesis, and
release into pooled media by chick cells in a dose-dependent
manner (1–100 nM), with the maximum stimulation noted at
100 nM GSNO. Given that the adult human SMCs inher-
ently do not produce much crosslinked elastin, increases in
matrix elastin within GSNO and EC cocultures in the ab-
sence of external mechanical stimuli are quite relevant and
encouraging from a tissue engineering and regenerative
medicine standpoint. However, further studies are needed to
quantify the changes in elastin gene expressions under these

culture conditions, and provide a better explanation for the
observed high matrix elastin content at specific GSNO
dosages.

Glycosaminoglycan synthesis by HA-SMCs

Studies have shown that chondroitin sulfate and heparan
sulfate were the main constituents of sGAGs produced by
HA-SMCs.75 Suarez et al. have shown that growth factors
such as EGF, FGF, and VEGF stimulate SMCs to synthesize
heparin sulfate in a dose-dependent manner.76 However, the
role of NO or EC cocultures in mediating GAG (sulfated or
nonsulfated) synthesis remains unexplored, and this study
reports for the first time the dose-dependent effects of NO
donors on GAG synthesis by HA-SMCs. In general, the
GAG content within the cell layers and pooled media was
quantified as sulfated GAGs (sGAGs) and nonsulfated
GAGs (HA). In the absence of EC cocultures, GSNO ad-
dition (1–100 nM) significantly suppressed sGAG release
into pooled media when compared with controls (Fig. 4C).
Although no further benefit of EC coculture to sGAG re-
lease into pooled media was noticed within GSNO-free
cultures, presence of 1 nM GSNO suppressed sGAG release
by SMCs, while 10 and 100 nM GSNO stimulated sGAG

FIG. 4. Elastin protein released
into pooled media (A) or deposited
within cell matrix (B), sulfated
GAGs released into pooled media
(C) or deposited within cell matrix
(D), and HA released into pooled
media (E) or deposited within cell
matrix (F), when GSNO (0–
100 nM) was supplemented to HA-
SMC cultures, in the presence or
absence of EC cocultures. Matrix
elastin and tropoelastin were
quantified using a Fastin� assay,
sGAGs in pooled media and matrix
quantified using a quantitative dye-
biding sGAG Assay, and HA
amounts in pooled media and ma-
trix quantified using a hyaluronan
enzyme-linked immunosorbent
quantitative assay. Data shown
represent mean – standard error of
protein synthesis after 21 days of
culture, normalized to cell count
within respective cases (n = 6/con-
dition). *p < 0.05 compared with
GSNO-free cultures; #p < 0.01 for
no cocultures versus EC coculture,
at a given GSNO dosage.
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release compared with controls ( p < 0.01 for 1 nM vs. 10 nM
or 100 nM; p < 0.01 for 10 nM vs. 100 nM GSNO). Taken
together, except within GSNO-free cultures where signifi-
cant differences were not noticed, coculturing with HA-ECs
appeared to stimulate sGAG release by HA-SMCs in a
GSNO dose-dependent manner.

The sGAG content deposited within cell matrices seems
to reflect the trends observed in matrix elastin synthesis by
HA-SMCs. sGAGs presence could not be detected within
HA-SMC cell layers in the absence of EC coculture and
GSNO (Fig. 4D). However, in the absence of EC cocultures,
increasing GSNO concentration from 1 to 100 nM promoted
significant sGAGs deposition in the cell layers in a dose-
dependent manner ( p < 0.01 for 1 nM vs. 10 nM or 100 nM;
p < 0.01 for 10 nM vs. 100 nM). In the presence of EC co-
cultures, although 1 or 10 nM GSNO did not further promote
sGAG deposition into matrix layers compared with that
noted within GSNO-free cultures, 100 nM promoted a
drastic increase in sGAG deposition within cell layers. Ta-
ken together, results show that 100 nM GSNO stimulated
synthesis, release, and deposition of sGAGs by HA-SMCs
within a 3D vascular coculture microenvironment. Inter-
estingly, similar trends (Fig. 4C, D) were noted when the
absolute amounts of sGAG content in pooled media and
matrix were normalized to the protein amounts quantified
within pooled media and cell matrix (Fig. 3), respectively.

The release of nonsulfated GAGs within SMC cultures
was different from sGAG trends (Fig. 4E). In the absence of
EC cocultures, no benefits to HA release were realized at
lower GSNO dosages (0, 1 or 10 nM) except at 100 nM
GSNO. However, in the presence of EC cocultures, GSNO
at 0 and 1 nM suppressed HA release by SMCs into pooled
media, although this suppression was rescued at higher
GSNO dosages. The trends in HA deposition within cell
matrix (Fig. 4F) mirrors those noted in sGAG deposition
within respective cultures. When SMCs were cultured alone,
only 100 nM GSNO stimulated an increase in HA deposition
compared with lower GSNO dosages. Although no addi-
tional benefits of EC coculture were noted at 0 or 1 nM
GSNO (Fig. 4F), a significant increase in HA deposition
within cell layers was noted at 10 or 100 nM. Similar trends
(Fig. 4E, F) were noted when the absolute amounts of HA
content in pooled media and matrix were normalized to the
protein amounts quantified within pooled media and cell
matrix (Fig. 3), respectively.

Taken together, results show that 100 nM GSNO might
help in the synthesis, release, and deposition of hyaluronic
acid by HA-SMCs within vascular coculture environment.
Our future studies are designed to elucidate the molecular
weight ranges of hyaluronic acid fragments synthesized and
released under respective conditions.

LOX enzyme activity

LOX has been shown to play an important role in the
crosslinking and maintenance of ECM proteins such as
elastin and collagen, and is, thus, expected to participate in
ECM remodeling associated with cardiovascular diseases.
However, LOX synthesis and activity within adult HA-SMC
cultures has not been identified earlier. In this study, the
LOX enzymatic activity was quantified within the cell ma-
trix and pooled media to (1) establish the stand-alone and

synergistic benefits of GSNO and EC cocultures to LOX
activity, and (2) determine whether a correlation exists be-
tween LOX enzymatic activity and matrix protein amounts
within respective cultures. In the absence of EC cocultures
(Fig. 5A), LOX activity basal levels within pooled media
drastically increased with the addition of 1, 10, and 100 nM
GSNO. In GSNO-free cultures, EC coculture resulted in a
4.2-fold increase in LOX activity within pooled media,
compared with that within SMC cultures. These levels were
furthered with the addition of 1, 10, and 100 nM GSNO to
SMC-EC cocultures.

The basal levels (0 nM GSNO) of LOX activity within
cell matrix of SMC cultures increased significantly with the
addition of 1, 10, and 100 nM GSNO (Fig. 5B). EC cocul-
ture provided no significant benefit to LOX activity within
cell matrix, in the absence of GSNO. Surprisingly, 1 and
10 nM GSNO inhibited LOX activity within cell matrices in
the presence of EC cocultures, while 100 nM GSNO pro-
moted a dramatic 10.6-fold increase ( p < 0.001 for 100 nM
vs. lower dosages). This increase in LOX activity within cell
matrix at 100 nM GSNO dosage, in the presence or absence
of EC cocultures, partially explains the multi-fold increases
in HA, elastin, and sGAG deposition within HA-SMC cell
matrices. The only other known report on the effects of NO
on LOX synthesis showed a 4.5-fold increase in LOX
mRNA expression within chick aortic SMC cultures, with
the addition of 100 nM GSNO.34 We hypothesize that the
increases in LOX activity seen at 100 nM GSNO and EC
cocultures in our study might be due to a significant increase
in LOX mRNA expression, which would be investigated in
our future studies.

Western blot analysis semi-quantitatively confirmed the
trends noted in tropoelastin synthesis and LOX activity
within pooled media. Relative to GSNO-free controls,
multi-fold increases in tropoelastin (Fig. 5C) and LOX
protein (Fig. 5D) expression were noted within HA-SMC
cultures with increasing GSNO concentration, and these
increases were further enhanced in the presence of EC co-
cultures at higher GSNO dosages. Representative SDS-
PAGE/Western blots containing bands corresponding to
tropoelastin and LOX protein in pooled media are shown.

Release of MMPs-2, 9 and TIMP-1

The amounts of MMPs-2, 9 and TIMP-1 into pooled
media were quantified on a per cell basis (Fig. 6). The
amounts of these enzymes were insignificant to be accu-
rately quantifiable in cell matrix. In the absence of EC co-
cultures (Fig. 6A), addition of 1–100 nM GSNO to SMC
cultures suppressed MMP-2 release by 50–70% on a per cell
basis. Coculturing with ECs suppressed MMP-2 release by
SMCs, in the absence of GSNO. MMP-2 release within
cocultures increased significantly within 10 or 100 nM
GSNO cultures. On the other hand, MMP-9 levels increased
marginally within SMC cultures in the presence of GSNO,
compared with GSNO-free cultures (Fig. 6B). Within EC
cocultures, MMP-9 levels were inhibited at lower GSNO
concentrations (0–10 nM) compared with SMC cultures,
although 100 nM GSNO increased MMP-9 release by SMCs
for reasons not clear at this stage.

In the absence of cocultures (Fig. 6C), TIMP-1 levels
were significantly suppressed by addition of 1 nM GSNO,
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FIG. 6. The release of MMP-2
(A), MMP-9 (B), and TIMP-1 (C)
into pooled media, when GSNO
(0–100 nM) was supplemented to
HA-SMC cultures, in the presence
or absence of EC cocultures. Data
shown represent mean – standard
error of protein synthesis after 21
days of culture, normalized to cell
count within respective cases (n = 3
per condition). *p < 0.05 compared
with GSNO-free cultures; #p < 0.01
for no cocultures versus EC cocul-
ture, at a given GSNO dosage.

FIG. 5. LOX enzyme activity
within pooled media (A) or within
cell matrix (B), when GSNO (0–
100 nM) was supplemented to HA-
SMC cultures, in the presence or
absence of HA-EC cocultures.
LOX activity was quantified using
a fluorometric AmplexRed� assay.
Data shown represent mean – stan-
dard error of LOX synthesis after
21 days of culture, normalized to
cell count within respective cases
(n = 6 per condition). Data from
western blot analysis showed fold
increases in expression of elastin
protein (C) and LOX protein (D)
within pooled media, compared
with GSNO-free cultures (con-
trols). Representative SDS-PAGE/
Western blots containing bands
corresponding to tropoelastin and
LOX protein in pooled media are
shown for comparison. The protein
bands were quantified in respective
cases (n = 3 per condition) and
normalized to controls. *p < 0.05
compared with GSNO-free cul-
tures; #p < 0.01 for no cocultures
versus EC coculture, at a given
GSNO dosage.
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while 10 and 100 nM GSNO offered only marginal benefits
compared with controls. Within EC cocultures, although
1 nM GSNO did not enhance basal levels of TIMP-1 release
by SMCs, 10 and 100 nM GSNO promoted increases in
TIMP-1 release into pooled media. In general, higher levels
of TIMP-1 release were noted in cocultures compared with
when SMCs were cultured alone. Taken together, these re-
sults suggest that (1) exogenous GSNO supplementation
suppressed MMP-2 and marginally enhanced MMP-9 re-
lease when HA-SMCs were cultured alone, (2) MMP levels
increased within cocultures with increasing GSNO, and (3)
higher GSNO dosages enhanced the release of TIMP-1 by
HA-SMCs in the presence of HA-EC cocultures.

Matrix metalloproteinases, specifically MMP-2 and MMP-
9, play an important role in degrading basement membrane
and ECM microenvironment, thus facilitating SMC migra-
tion during an injury or diseased (atherosclerosis, aneurysms,
angioplasty, etc.) conditions in vasculature. On the other
hand, naturally available tissue inhibitors of MMPs (e.g.,
TIMP-1) released by SMCs contribute to reduction in such
ECM breakdown, SMC migration, and inflammation lev-
els. Thus, a balance (or lack thereof) of these two com-
ponents contributes to changes in SMC phenotype from
quiescent to migratory and invasive nature. However, the
specific levels of MMPs and TIMPs synthesized by adult
human vascular SMCs within 3D cocultures are not known.
Besides, very few studies explored the role of NO in reg-
ulating MMPs and TIMP levels within vasculature, under
healthy or diseased conditions. In a recent study, Dey et al.
reported on the molecular pathways involved in NO-
mediated release of MMPs and TIMP by rat aortic SMCs
in vitro.77 They noted that in the presence of DETA
NONOate, an NO donor, rat SMCs synthesized and se-
creted more MMP-2 and less amounts of MMP-9, while
TIMP-2 levels increased as well. We hypothesize that the
higher levels of MMPs and TIMP-1 noted within cocul-
tures might be due to the combined release from SMCs and
ECs, although further experiments are needed to quantify
their release from ECs alone, and the effects of paracrine
signaling between HA-ECs and SMCs.

Immunofluorescence labeling of elastin,
fibrillin, and LOX

Immunofluorescence images under these culture condi-
tions qualitatively support the elastin and LOX deposition
within cell matrix layers discussed earlier. When SMCs
were cultured alone within 3D scaffolds (Fig. 7), signifi-
cantly higher staining for matrix elastin was noted within
cultures supplemented with 10 and 100 nM GSNO, com-
pared with that at 0 and 1 nM GSNO. Similar increases in
LOX deposition were noted within cultures receiving higher
dosages of GSNO. Although coculturing with HA-ECs re-
sulted in higher amounts of matrix elastin deposition at all
GSNO dosages, the staining intensity was more pronounced
at higher GSNO concentrations (10 and 100 nM; Fig. 8). In
agreement with quantitative data, a robust staining for LOX
within 100 nM GSNO additive cultures was apparent, when
SMCs were cocultured with ECs. Images from negative
control cultures (stained without primary antibody) showed
no coloration (data not shown). These data are in broad
agreement with the quantitative data on matrix elastin (Fig.
4B) and LOX activity (Fig. 5B) within respective cultures.
While staining for fibrillin expression could be seen within
all the cases, it was modest and seems to be confined to the
periphery of the cells. It also raises the possibility that adult
HA-SMCs do not produce much fibrillin, although further
studies are needed to precisely measure the ability of HA-
SMCs to synthesize and deposit protein fibers (fibrillin, fi-
bulins, MAGPs, etc.) that are important for elastin assembly
and maturation. In general, staining for these proteins was
evident in multiple focal planes within these 3D gels, con-
tributing to diffuse staining and lack of clarity in images.
Our current studies are elucidating the ultrastructure of
the deposited elastin and matrix proteins (e.g., fibrillin
co-localization) using a confocal microscope and a trans-
mission electron microscope.

It could be seen that the combined amount of elastin and
GAGs (quantified in Figs. 4 and 5), in both pooled media
and cell matrix, is much lower than that quantified from
BCA assay (Fig. 3). This suggests that in addition to elastin

FIG. 7. Immuno-
fluorescence images of elas-
tin, fibrillin, and LOX
proteins deposited by HA-
SMCs within cell matrix
layers, in the presence of
GSNO (0–100 nM). HA-
SMCs were cultured alone
within 3D scaffolds, in the
absence of cocultures with
HA-ECs. Cultures were
counter-stained with DAPI to
visualize nuclei within these
cell layers. Color images
available online at www
.liebertpub.com/tea
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and GAGs, numerous other proteins such as collagens and
proteoglycans might be released and deposited by HA-
SMCs within 3D scaffolds, which we intend to quantify in
our future studies. Specifically, SMCs could be releasing
collagens in response to external stimuli, and LOX enzyme
promotes crosslinking and deposition of such collagens to
further stiffen the matrix. However, since the SMCs were
cultured within collagen scaffolds in this study, it is difficult
to distinguish newly deposited collagen from existing 3D
matrix scaffold, using conventional histology or biochemi-

cal assays. Our future studies will assess the changes in gene
expression levels of various collagens in response to dose-
dependent exogenous NO cues. Intuitively, we speculate
that changing the composition or stiffness of the 3D scaffold
might also influence the cell proliferation and matrix syn-
thesis outcomes by HA-SMCs in the presence of GSNO. It
is worth noting that the coculture setup presented here might
not (1) represent the true interactions and paracrine signal-
ing between ECs and SMCs in vivo, (2) mimic native EC-
ECM interactions, or (3) reflect native effects of exogenous

FIG. 8. Immuno-
fluorescence images of elas-
tin, fibrillin, and LOX
proteins deposited by HA-
SMCs within cell matrix
layers, in the presence of
GSNO (0–100 nM). HA-
SMCs were cultured within
3D scaffolds, in the presence
of cocultures with HA-ECs.
Cultures were counter-
stained with DAPI to visual-
ize nuclei within these cell
layers. Scale bar = 50mm.
Color images available
online at www.liebertpub
.com/tea

FIG. 9. (A) Immuno-
fluorescence images of eNOS
and iNOS expression within
HA-EC and HA-SMC cul-
tures, respectively, in the
presence or absence of ex-
ogenous GSNO (0–100 nM).
HA-SMCs were cultured ei-
ther alone or cocultured with
HA-ECs. From western blots
of pooled media, eNOS (B)
and iNOS (C) protein ex-
pressions were quantified and
normalized to those noted
within respective controls.
eNOS, endothelial nitric ox-
ide synthase; iNOS, induc-
ible nitric oxide synthase.
Color images available
online at www.liebertpub
.com/tea
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NO delivery on vascular cells. It nevertheless serves as a
good starting point to further refine the protocols involved in
the development of a physiologically relevant in vitro cul-
ture setup, investigate vascular biology, and develop clini-
cally applicable tissue engineering approaches.

iNOS and eNOS expression

Representative immunofluorescence images of eNOS ex-
pression within HA-EC cultures, in the presence or absence
of exogenous NO, are shown in Figure 9A. Although faint
eNOS expression could be noted within control cultures
(0 nM NO), addition of 1 nM NO did not alter this expression.
However, with 10 or 100 nM NO addition, a significant in-
crease in eNOS staining could be noted. Results from Wes-
tern blots on pooled media from these cultures support this
qualitative data (Fig. 9B). A significant increase in eNOS
protein expression was noted at 10 and 100 nM exogenous
NO addition, compared with nonadditive controls. It is worth
noting that no significant difference was noted in eNOS
staining or protein expression between 10 and 100 nM NO
additive cultures. Such GSNO-induced changes in eNOS
expression were also reported by Kuo et al., wherein intra-
venously injected GSNO (0.6 mg GSNO/kg) significantly
increased plasma levels of NO and enhanced eNOS expres-
sion in a rat inferior epigastric artery flap.78

When HA-SMCs were cultured alone in the absence of
EC cocultures, iNOS staining was very weak in both con-
trols (0 nM) and at 1 nM GSNO exposure (Fig. 9A). How-
ever, iNOS staining significantly increased progressively
with the addition of 10 and 100 nM GSNO within these
cultures. Similar patterns of iNOS staining were noted
within HA-SMC cultures, when cocultured with HA-ECs
and supplemented with exogenous NO (Fig. 9A). Interest-
ingly, coculturing with ECs seemed to promote iNOS
staining with SMC cultures, and robust iNOS expression
was noted within 100 nM NO additive SMC cultures.
Western blots of iNOS protein expression within these
cultures (Fig. 9C) suggested that (1) iNOS expression in-
creased with increasing NO concentration within both no
coculture and EC coculture conditions; and (2) no signifi-
cant benefits of EC coculture to iNOS expression were re-
alized at all NO concentrations. Taken together, these results
suggest that exogenous NO supplementation was stimulat-
ing the endogenous expression of iNOS within HA-SMCs,
and eNOS within HA-ECs, and coculturing these cells was
compounding these benefits, resulting in significantly higher
cell stimulation.

Although the physiological benefits of iNOS expression
within diseased blood vessels remain controversial,79–81 our
results demonstrate a positive correlation between higher
levels of iNOS expression and enhanced matrix synthesis,
deposition, and LOX protein levels within HA-SMC cul-
tures. Furthermore, such elevated levels of iNOS might
enhance localized NO levels through its interaction with L-
arginine, to further regulate the pathophysiology of blood
vessels. Thus, our results also suggest that increasing iNOS
expression within HA-SMCs, via exogenous delivery of NO
donors, could help remodel matrix microenvironment under
physiologically demanding conditions. Nevertheless, a sys-
tematic understanding of the complex pathways involved in
NO-mediated SMC signaling is essential in formulating

pharmaceutical approaches for the treatment of vascular
degenerative diseases.

Conclusions

This study is based on the hypothesis that robust syn-
thesis, organization, and maturation of elastin and GAGs
within adult blood vessels could be accomplished, on de-
mand, by exogenously delivering NO cues that proffer de-
velopmental signals and stimulate the intrinsic elastogenesis
capability of adult HA-SMCs. Accordingly, a 3D cellular
engineering approach has been developed and tested to
evaluate the stand-alone and synergistic effects of NO and
EC cocultures on the synthesis and deposition of matrix
proteins on demand. Although the in vitro approach pre-
sented here may not be directly translational to an in vivo
setting, it nevertheless establishes the baseline for NO dose
that stimulates SMCs and promotes matrix deposition. We
have observed that NO donor, such as GSNO, suppresses
HA-SMC proliferation, encourages multi-fold increase in
ECM protein (elastin, sGAGs and HA) synthesis and de-
position, upregulates LOX release and enzymatic activity,
and enhances TIMP-1 release within 3D collagen hydrogels,
in a dose-dependent manner. Furthermore, it was noted that
coculture with HA-ECs advances these patterns. Increasing
GSNO concentration attenuated MMP-2 levels but not
MMP-9 levels, and EC cocultures furthered these trends.
This microfluidic platform and its variants could be ex-
tended to (1) coculture of other types of cells for elucidating
paracrine signaling effects, (2) evaluate the effects of other
physiologically relevant signaling molecules on ECM syn-
thesis by SMCs, (3) test the role of fluid flow on cell
behavior, and (4) investigate the role of ECM microenvi-
ronment on cell migration, proliferation, and matrix re-
modeling. Our current studies are geared to understand
the signaling pathways involved in facilitating these NO-
mediated trends on SMC behavior. Results from these
studies not only serve as an experimental model for eluci-
dating the role of NO in developmental stages of vasculature
but also are highly relevant for drug and toxicology
screening, tissue engineering and regenerative medicine
therapies, and vascular disease remodeling.
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