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Abstract

Elastin, a structural protein distributed in the extracellular matrix of vascular tissues, is critical to
maintaining the elastic stability and mechanical properties of blood vessels, as well as regulating
cell-signaling pathways involved in vascular injury response and morphogenesis. Pathological
degradation of vascular elastin or its malformation within native vessels and the poor ability to tissue
engineer elastin-rich vascular replacements due to innately poor elastin synthesis by adult vascular
cells can compromise vascular homeostasis, and must thus be addressed. Our recent studies attest to
the utility of hyaluronan (HA) oligomers for elastin synthesis and organization by adult vascular
smooth muscle cells (SMCs), though the elastin matrix yields in these cases were quite low relative
to total elastin produced. Thus, in this study, we investigated the utility of copper (Cu2*) ions to
enhance cellular elastin deposition, crosslinking and maturation into structural fibers. Copper
nanoparticles (CuNPs; 80-100 nm) in the dose range of 1-100 ng mI~1 were tested for Cu* ion
release, and based on mathematical modeling of their release profiles, CuNPs (1, 10 and 400 ng
ml~1) were chosen for supplementation to adult SMC cultures. The 400 ng mI~ dose of CuNPs
cumulatively delivered Cu?* doses in the range of 0.1 M, over the 21 day culture period. It was
observed that while exogenous CuNP supplements do not upregulate tropoelastin production by
vascular SMCs, they promoted formation of crosslinked elastin matrices. The deposition of
crosslinked matrix elastin was further improved by the additional presence of HA oligomers in these
cultures. Immunofluorescence imaging and structural analysis of the isolated elastin matrices indicate
that amorphous elastin clumps were formed within non-additive control cultures, while aggregating
elastin fibrils were observed within SMC cultures treated with CuNPs (1-10 ng mI™2) alone or
together with HA oligomers. The presence of 400 ng ml~1 of CuNPs concurrent with HA oligomers
furthered aggregation of these elastin fibrils into mature fibers with diameters ranging from 200 to
500 nm. Ultrastructural analysis of elastin matrix within cultures treated with HA oligomers and 400
ng ml~1 of CuNPs suggest that elastin matrix deposition as stimulated by Cu2* ions proceeds via a
fibrillin-mediated assembly process, with enhanced crosslinking occurring via stimulation of lysyl
oxidase. Overall, the data suggest that CuNPs and HA oligomers are highly useful for regenerating
crosslinked, fibrillar elastin matrices by adult vascular SMCs. These results have immense utility in
tissue engineering vascular replacements.
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1. Introduction

Elastic fibers, composed of amorphous elastin and associated microfibrillar proteins (e.g.
fibrillin), are primarily responsible for the extensibility and resilience of connective tissues
such as lungs, skin and blood vessels [1]. Elastic fibers and their components are also involved
in signaling vascular cells via their surface receptors, to modulate their proliferation and
phenotype [2,3]. Thus, the failure to reinstate a healthy elastin matrix, when these fibers are
damaged by injury or disease, or when they are congenitally malformed or absent, can severely
compromise vessel homeostasis [4]. In this context, active regeneration of elastin matrices in
vivo and within tissue-engineered constructs provides an alternative promising approach [5].

Current tissue engineering strategies for elastin regeneration in situ are limited by very poor
tropoelastin mMRNA expression by adult vascular cells and the unavailability of scaffolds that
can provide biomolecular cues necessary for cellular-mediated regeneration of native elastin
mimics [6]. Although synthetic elastomers or elastin peptide assemblies can replicate the
mechanics of native elastin [7,8], the absence of cell-signaling microfibrillar proteins (e.g.
fibrillin) prevents the construct from eliciting native responses from vascular SMCs [9]. Based
on earlier studies which suggested close association between several glycosaminoglycan
(GAQG) types (e.g. hyaluronic acid) and elastin within vascular tissues [10,11], we recently
showed that the elastogenic effects of hyaluronan (HA) are highly fragment-specific, with HA
fragments (<1 MDa) and shorter oligomers (<1 kDa) being more cell-interactive and
elastogenic than the relatively bioinert long-chain HA (>1 MDa) [12-15]. We determined that
HA oligomers, specifically, stimulate multifold increases in the production of soluble
tropoelastin and crosslinked matrix elastin, and enhance elastin fiber assembly and the
synthesis of lysyl oxidase (LOX, an elastin and collagen crosslinking enzyme) and desmosine
crosslinks [13]. In follow-up studies, we showed that these “elastogenic” effects could be
synergistically enhanced by stimulating cells with HA oligomers together with other growth
factors (e.g. TGF-B1, IGF-1) [14,15]. These studies attested to the tremendous potential of HA
oligomers, alone, or together with other growth factor cues, with respect to elastin matrix
regeneration.

Although our studies demonstrated the utility of HA oligomers for increasing tropoelastin and
total elastin (matrix elastin + tropoelastin) production on a per-cell basis, the net amount of
crosslinked matrix elastin relative to the total elastin produced, defined as elastin matrix yield,
remained low (~10-20%) [12-14]. This emphasizes the need to provide other exogenous
“elastin maturation cues” to enhance cellular LOX production or LOX enzyme activity, to
enhance elastin crosslinking or render it more efficient [16,17]. Since extracellular LOX
availability and activity are dependent on the presence of copper ions (Cu?*) [18], we
hypothesize that the simultaneous delivery of HA oligomers and Cu2* cues will enhance
tropoelastin recruitment and crosslinking into mature elastin matrix. Thus, the objective of the
current study is to evaluate the benefits of Cu?* ion delivery concurrent with elastogenic cues
(i.e. HA oligomers) on elastin crosslinking in a culture model of adult rat aortic smooth muscle
cells (RASMCs). Since sudden exposure of vascular cells to Cu* ions provided at high doses,
via exogenous supplementation of soluble copper salts, appears to induce some cytotoxicity
and cell death [19-21], we now seek to determine if gradual release of Cu* ions from copper
nanoparticles (CuNPs) concurrent with HA oligomeric cues can improve recruitment and
crosslinking of soluble tropoelastin precursors, and facilitate their assembly into mature fibers.
If shown to be beneficial, CUNP cues for elastin maturation will in the future be delivered
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together with other elastogenic cues (e.g. HA oligomers and growth factors) to simultaneously
enhance elastin precursor and matrix synthesis, and maximize the yield of matrix elastin within
tissue-engineered constructs.

2. Materials and methods

2.1 Copper ion release from CuNPs

To estimate the amounts of CuNPs (80-100 nm; Sigma-Aldrich, St Louis, MO) necessary to
generate Cu?* ion concentrations of the order of 0.1 M, which in an earlier study [22] were
shown to significantly enhance elastin crosslinking, but to be mildly cytotoxic, we fitted the
Cu?*ion release profiles experimentally generated with three randomly selected concentrations
of (1, 10, 100 ng mI~1) of CuNPs, to a mathematical model. We quantifed the concentration
of Cu?* ions in solution using an atomic absorption spectroscope (PerkinElmer Model 3030,
PerkinElmer, Norwalk, CT), fitted with a copper lamp. Briefly, the nanoparticles were
dispersed in 5 ml of distilled water (pH 7) at each of the above concentrations. The Cu?* ion
content in 1 ml aliquots of these solutions was measured at regular intervals over a 30 day
period, and cumulative Cu?* release calculated. The spent aliquots were replaced with 1 ml
fresh distilled water, and the concentration of Cu* ions in the removed aliquots was accounted
for in calculating the cumulative release of Cu?* ions. All measurements were done in triplicate
and the Cu?* ion concentrations expressed in moles.

The experimental Cu2* release profiles were then fit to a mathematical model, and that model
was used to predict a CuNP dose that would cumulatively release approximately 0.1 M of
Cu2* jons over the 21 day period of culture. This process eliminated the innumerable “trial-
and-error” experiments that would otherwise have been necessary to identify an “effective”
CuNP dose. The dependence of Cu2* ion release on CuNP concentration and time was fit using
a hierarchical regression analysis, wherein a new predictor is added to or dropped from those
used in the previous analysis based on the statistical significance of a particular model. The
quadratic regression model which can accommodate linear, curvature and interdependence of
the time (x) and CuNP concentration (y) used in this study was:

R:a+h*x+€*.v+d*x*y+e>:<x2+f*y2’ o

where R represents the amount of Cu2* ions released, and a-f are the estimated regression
coefficients. After initialization with the full quadratic regression model given in Eq. (1), a
backward elimination procedure was used to reduce the number of terms in the model until all
the remaining terms were statistically significant (P < 0.05). Based on this modeling, it was
estimated that 400 ng mI~1 of CuNPs would cumulatively release ~0.1 M of Cu2* ions over
the 21 day culture period, assuming no fouling occurs within the media.

2.2 Cell culture

HA oligomer mixtures, which were provided to cells as elastogenic cues, contained
predominantly 4-mers (75 £ 15% wi/w, with 6-mers and 8-mers forming the balance). These
mixtures were prepared in our lab using protocols we have previously reported [13]. Briefly,
20 mg of HMW HA (Genzyme Biosurgery, Cambridge, MA) was enzymatically digested with
bovine testicular hyaluronidase (3.6 mg, 451 U mg™1; Sigma-Aldrich, St Louis, MO) in 4 ml
of digest buffer (150 mM NaCl, 100 mM CH3COONa, 1 mM Nay,EDTA, pH 5.0) for 18 h at
37°C. The enzyme activity was terminated by boiling the mixture in a waterbath for 5 min
following digestion; the mixture was then dialyzed against water for 12 h, and frozen until use
at —20°C.
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Low passage (3-5) RASMCs (Cell Applications, San Diego, CA) were selected for the current
study due to their relatively lower levels of tropoelastin production compared to neonatal cells,
thus rendering them of greater relevance to regeneration of elastin-rich constructs from adult
cells. RASMCs were seeded onto 6-well tissue culture plates (BD Labware, Bedford, MA) at
a density of 3 x 104 cells well™! and cultured with DMEM-F12 (Invitrogen, Carlshad, CA)
containing 10% v/v fetal bovine serum and 1% v/v Penstrep (VWR Scientific, West Chester,
PA). HA oligomers prepared in serum-rich medium were added to cell cultures at an ultimate
dose of 0.2 ug mI~1. CuNPs dispersed in distilled water were supplemented exogenously to
the culture wells at final doses of either 1, 10 or 400 ng mI~L, except in control cultures which
received no supplements. The culture medium was replaced twice weekly, and the spent
medium from each well was pooled over the 21 day culture period and frozen for further
biochemical analysis.

2.3 DNA assay for cell proliferation

The DNA content of cell layers was estimated using a fluorometric method described by
Labarca and Paigen [23]. Briefly, cell layers at 1 and 21 days of culture were detached with
0.25% v/v trypsin—-EDTA, pelleted by centrifugation, resuspended in 1 ml of NaCl/Pi buffer
(4 M NaCl, 50 mM NayHPOg4, 2 MM EDTA, 0.02% sodium azide, pH 7.4), and a 100 ul aliquot
assayed. The DNA in the sonicated aliquot was measured using the fluorometric assay and the
cell count was used to normalize the measured amounts of synthesized matrix for reliable
comparison between experimental cases.

2.4 Hydroxyproline (OH-Pro) assay for collagen

Collagen incorporated within cell layers cultured over 21 days, and collagen released by the
cells into the pooled medium over the same period were quantified using a hydroxyl-proline
assay, as described previously [24]. Briefly, the cell layers were homogenized in distilled water,
pelleted by centrifugation (10000g, 10 min) and digested with 1 m; of 0.1 N NaOH (1 h, 98°
C). The digestate was centrifuged to isolate a mass of insoluble, crosslinked elastin. The
supernatant containing solubilized collagen and immature matrix elastin was neutralized with
an equal volume of 12 N HCI, and divided into two equal volumetric halves; one half-volume
was hydrolyzed at 110°C for 16 h, and dried in a constant stream of N, gas overnight and 20
ul aliquots of the reconstituted residue were assayed for OH-Pro content. The amounts of
matrix-derived collagen (i.e. in the cell layers) and soluble collagen (in pooled medium
fraction) were calculated on the basis of the 13.2% content of OH-Pro in collagen.

2.5 Fastin assay for elastin

Elastin was quantified using a Fastin assay (Accurate Scientific Corp, Westbury, NY), as
described previously [12]. Since the Fastin assay quantifies only soluble a-elastin, the matrix
elastin from the cell layer was first rendered to a soluble form. To do this, the harvested cell
layers were digested with 0.1 N NaOH (1 h, 98°C) and centrifuged (2000 g, 15 min) to isolate
an alkali-insoluble elastin pellet from a supernatant containing alkali-soluble elastin (S1
fraction). The alkali-insoluble elastin pellet, representing highly crosslinked matrix elastin,
was dried to a constant weight, solubilized with two cycles of digestion with 0.25 N oxalic
acid (1 h/cycle, 95°C), and the pooled digests filtered in microcentrifuge tubes fitted with 10
kDa cut-off membranes to obtain soluble a-elastin (S2 fraction). The number of cycles of
digestion with oxalic acid was optimized so as to render the insoluble matrix elastin into a
soluble form, fit for quantification with the Fastin assay. Finally, the digestates S1 and S2 were
neutralized with equal volumes of 12 N HCI, hydrolyzed (110°C, 16 h), dried in a constant
stream of N5 gas overnight and reconstituted in 20 pl of deionized (DI) water for direct elastin
protein quantification using the dye-binding Fastin assay. Separately, spent fractions of culture
medium pooled for each well at biweekly intervals over the 3 week culture period were also
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lyophilized, reconstituted in DI water, and then directly assayed for tropoelastin using the
Fastin kit. Thus total elastin amount was measured as the sum of the alkali-soluble matrix
elastin (from S1 fraction), alkali-insoluble (crosslinked) matrix elastin (from S2 fraction) and
elastin precursors (tropoelastin) in the pooled spent media. The volume-corrected amounts of
synthesized matrix were normalized to the respective DNA amounts to provide a reliable basis
of comparison between samples, and to broadly assess if the observed changes in the amount
of matrix synthesized could possibly be due to increases in elastin production on a per cell
basis.

2.6 Western blot analysis for (LOX synthesis

Western blot analysis was performed using methods described previously [12] to semi-
quantitatively assess the benefits, if any, of LOX protein synthesis. Briefly, aliquots of spent
medium from cultures were pooled at biweekly intervals over the 21-day culture period,
lyophilized, assayed for protein content using a DC protein assay kit (Biorad Corporation,
Hercules, CA) to further optimize sample volumes for SDS PAGE/Western blot. Protein bands
were detected with primary rabbit x rat polyclonal antibodies to the 31 kDa active LOX protein
(Santa Cruz Biotechnology, Santa Cruz, CA), visualized and quantified using a Chemi-Imager
IS 4400 system (Alpha Innotech, San Leandro, CA).

2.7 LOXfunctional activity

Spent culture medium pooled at day 21 of RASMC culture was assayed for LOX enzyme
activity using a fluorometric assay based on generation of H,O, when LOX acts on a synthetic
substrate. H,O, was detected using an Amplex red kit (Molecular Probes, Eugene, OR) as
described previously [25]. The fluorescence intensities were recorded with excitation and
emission wavelengths at 560 and 590 nm, respectively. Although the assay might also detect
semicarbazide-sensitive amine oxidase (also known as Vascular Adhesion Protein-1 or
VAP-1), this is not expected to interfere with the assay in this study, since cultured smooth
muscle cells do not express VAP-1 [26].

2.8 Assay for desmosine crosslinks

Desmosine crosslink densities within elastin matrices were quantified using ELISA to
determine if any of the provided cues enhanced efficiency of elastin crosslinking [12]. At 21
days of culture, cell layers were digested with collagenase (12 h, 37°C) and elastase (12 h, 37°
C), the digestates acid-hydrolyzed (6 N HCI, 110°C, 16 h), and the desmosine content in the
reconstituted dried residues determined by ELISA, and compared to corresponding trends in
insoluble matrix elastin.

2.9 Immunoflourescence detection of elastin, fibrillin and LOX

Immunofluorescence techniques were used to confirm elastin, fibrillin and LOX expression
by cells that were cultured under conditions deemed through biochemical analyses to be
important to up-regulate elastin synthesis. RASMCs were seeded in 4-well sterile chamber
slides at 5x103 cells/well and cultured with HA oligomers and CuNPs as described in Sec. 2.2.
At 21 days, the cell layers were fixed with 4% w/v paraformaldehyde for 10 min, and labeled
with Alexa 488 Phalloidin (Molecular Probes, Eugene, OR; 1:20 dilution; 20 min, 25°C), a
marker for smooth muscle cell F-actin. The target proteins were detected with rabbit polyclonal
antibodiesto elastin, fibrillin-1 (Elastin Products Company, Owensville, MO), and LOX (Santa
Cruz Biotechnology), and visualized with a Rhodamine-conjugated donkey anti-rabbit 19G
secondary antibody (Abcam, Cambridge, MA) on a fluorescence microscope. Cell nuclei were
visualized with the nuclear stain 4’, 6-diamino-2--phenylindole dihydrochloride (DAPI)
contained in the mounting medium (Vectashield; Vector Labs, Burlingame, CA).
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2.10 Elastin matrix ultrastructure

Scanning electron microscopy was used to discern the structural organization of matrix elastin
within cell layers cultured with or without exogenous HA oligomers and the provided doses
of Cu2* jons. For sample preparation, medium-aspirated cell layers were incubated in 1 N
NaOH for 2 h at 60°C to digest cellular material and non-elastin matrix components, rinsed in
PBS, fixed with 2% w/v glutaraldehyde (4°C, 1 h) and treated with increasing ethanol gradient
series (60-100% v/v, each for 15 min). The dried matrix layers were sputter gold-coated at 30
mA for 1 min, and visualized in a Hitachi S4800 field emission scanning electron microscope.

Transmission electron microscopy was used to characterize the ultrastructure of the elastin
matrix in select cultures (treated with 400 ng mI~1 of CuNPs and HA oligomers). Control and
test cell layers were fixed with 2.5% v/v glutaraldehyde, postfixed in 1% v/v osmium tetroxide
(1 h), dehydrated in graded ethanol, embedded in Epon 812 resin, sectioned, placed on copper
grids, stained with uranyl acetate and lead citrate, and visualized on a Hitachi H7600
transmission electron microscope [12].

2.11 Statistical analysis

All experiments were performed in triplicate and quantitative results reported as means + SD.
Statistical significance between and within groups was determined using two-way ANOVA.
Results are deemed significantly different from controls for P < 0.05.

3. Results

3.1 Copper ion release from CuNPs

Fig. 1 shows the release profiles of Cu2* ions for three different CuNP doses. While there were
no significant differences in the release profiles of Cu2* ions between 1 and 10 ng mI~1 of
CuNPs, 100 ng mI~1 of CuNPs generated significantly more Cu?* ions. It was observed that
over the 30 day period, 1 and 10 ng mI~1 of CuNPs resulted in cumulative release of ~0.03 M
of Cu2* jons, while 100 ng mI~1 CuNPs resulted in cumulative release of ~0.05 M of Cu?*
ions. As seen from the modeling curves shown in Fig. 1, the predictions fit quite closely the
experimentally measured values (P = 0.001 for all the parameters and the overall fit; number
of degrees of freedom for each fit = 29). Based on this mathematical analysis, we predict that
a CuNP dose of 400 ng mI~1 would be required to generate Cu?* ion release equivalent to 0.1
M over a 21 day period. The predicted Cu?* ion release profile from 400 ng ml~1 of CuNPs is
also shown in Fig. 1.

3.2 Cell proliferation

In Fig. 2A, proliferation ratios (ratio of cell number at day 21 to cell number at day 1) of
RASMC:s cultured in the presence of either CuNPs alone (black bars) or together with HA
oligomers (white bars) are shown normalized to proliferation ratios determined for control
cultures. At 3 weeks, proliferation ratios within cell layers cultured with 1, 10 and 400 ng
ml~1 of CuNPs were 1.54 + 0.15-, 1.84 + 0.23- and 1.32 + 0.16-fold of that in non-additive
controls, respectively (P = 0.002, 0.001 and 0.031 vs. controls). In cultures that received HA
oligomers as well, the ratios were also higher than controls (1.35 £ 0.3-, 1.28 £ 0.3- and 0.92
+ 0.2-fold, respectively vs. controls; P > 0.2, in all the cases). Also, differences in cell
proliferation ratios between cultures that received both HA oligomers and CuNPs and those
that received corresponding doses of CuNPs alone were not statistically significant.

3.3 Elastin protein synthesis

Fig. 2 shows mean = SD of elastin protein synthesized (n = 3 per case) in the different test
cultures, normalized first to their respective cellular DNA contents at 21 days, and further
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normalized to the corresponding elastin protein content in non-additive control cultures.
Tropoelastin synthesis in cultures that received CuNPs alone or together with HA oligomers
was identical to that measured in non-additive controls (28284 + 5088 ng/ng DNA; P > 0.2 in
all the cases). Likewise, addition of CuNPs alone or together with HA oligomers had no
stimulatory effect on the collagen synthesis (soluble and matrix forms), compared to control
cultures (826 + 125 ng/ng DNA; P > 0.4 in all the cases).

Elastin incorporated into the matrix was measured as the sum of two individual fractions, i.e.
a highly cross-linked, alkali-insoluble elastin pellet, and an alkali-soluble fraction. As shown
in Fig. 2B, of all the tested CuNP doses, only addition of 400 ng mI~1 of CuNPs increased
synthesis of alkali-soluble elastin by 1.54 + 0.08-fold; concurrent supplementation of HA
oligomers to these cultures furthered this increase to 2.16 + 0.26-fold, relative to non-additive
controls (6931 + 1200 ng/ng DNA,; P < 0.001 vs. controls, in both the cases). Lower
concentrations of CuNPs (1 and 10 ng ml~1) alone or together with HA oligomers, on the other
hand, suppressed alkali-soluble matrix elastin production relative to non-additive controls (P
< 0.01 in all cases vs. controls).

While culture with 1 ng mI~1 supplements of CuNPs alone caused a 38 + 4% decrease in the
production of alkali-insoluble (crosslinked) matrix elastin relative to control cultures (183
29 ng/ng DNA), concurrent delivery of HA oligomers enhanced the same by 2.7 + 0.18-fold
over control levels (P < 0.001 vs. controls; Fig. 2C). When 10 and 400 ng ml~1 of CUNPs were
supplemented, alone or concurrently with HA oligomers, crosslinked elastin production
increased by 1.26 + 0.6- and 1.24 + 0.09-fold, respectively (P = 0.8 and 0.001 vs. controls),
and by 1.99 + 0.18- and 3.14 + 0.03-fold (P < 0.001 vs. controls), respectively. The trends in
total matrix elastin synthesis by RASMCs (Fig. 2D) reflected those observed in alkali-soluble
matrix elastin synthesis (Fig. 2B). When 400 ng miI~1 of CuNPs was added, alone or together
with HA oligomers, total matrix elastin synthesis increased by 1.6 + 0.1- and 2.28 + 0.23-fold
(P <0.001 vs. controls in both cases), respectively. Lower concentrations of CuNPs (1 and 10
ng mI~1), alone or together with HA oligomers, suppressed alkali-soluble matrix elastin
production (P < 0.01 in all cases vs. controls). No significant increase in desmosine crosslink
density was measured in test cultures compared to non-additive control cultures (0.92 + 0.05-,
0.65+0.21-and 0.64 + 0.1-fold in 1, 10 and 400 ng mI~1 of CuNP-alone cultures, respectively;
0.91+0.23-,0.9+0.05-and 0.94 + 0.2-fold in CuNP-and HA oligomer-supplemented cultures,
respectively).

Fig. 3A shows the elastin matrix yields (yield = matrix elastin/(tropoelastin + matrix elastin))
calculated from the elastin amounts shown in Fig, 2. While only 20.1 + 3.5% of total elastin
produced in non-additive control cultures was incorporated into the matrix, the elastin matrix
yield was 61.3 + 3.6% in those cultured with 400 ng mI~1 of CuNPs alone, and 58.8 + 6.1%
in those that received HA oligomers as well. Except for matrix elastin yield (35.5 = 3.4%) in
cultures that received 1 ng mI~1 of CUNPs and HA oligomers (Fig. 3A), the yield in the other
test cultures was not significantly different than in control cultures.

3.4 LOX protein synthesis and activity

Spent medium fractions pooled over 21 days from test and control cultures were analyzed by
Western blot, and the DNA-normalized intensities of the LOX-protein bands within test
cultures further normalized to those in controls. Exogenous CuNPs (1, 10, 400 ng mI™1) either
alone or together with HA oligomers (1 and 10 ng mI~1 only) did not enhance LOX protein
synthesis relative to controls (Fig. 3B). LOX protein synthesis was, however, enhanced by 1.67
+ 0.13-fold in the presence of both 400 ng mI~1 CuNPs and HA oligomers (P < 0.01 vs.
controls).
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Fig. 3C describes the effect of addition of CuNPs, alone or together with HA oligomers, on
LOX enzyme activity. Relative to controls, 1 ng mI~1 of CuNPs alone or together with HA
oligomers increased LOX activity by 1.09 + 0.02- and 1.15 + 0.02-fold, respectively (P < 0.01
in both the cases), while the corresponding values obtained with 10 ng mI~1 of CuNPs alone
were 1.1 £ 0.02- and 1.16 £ 0.01-fold, respectively (P < 0.01 in both cases). However,
surprisingly, no significant increases in LOX activity were detected on addition of 400 ng
mlI~1 of CuNPs alone, or together with HA oligomers (P > 0.8 in both cases vs. controls). It
should, however, be noted that the LOX protein expression and activity were measured in the
spent cell culture medium and not in the respective cell layers, which might explain the absence
of a strong correlation between the increase in crosslinked elastin protein production and the
LOX expression/activity within these cultures.

3.5 Immunodetection of elastin, fibrillin and LOX in cell layers

Immunofluorescence micrographs confirmed the presence of elastin, fibrillin and LOX (red
fluorescence) both in 21 day cultures that received 400 ng ml~1 of CuNPs alone and the same
dose of CuNPs together with HA oligomers (Fig. 4). The fluorescence intensity due to elastin
was visibly greater in cultures supplemented with CuNPs than in control cultures, and even
more so within cultures that also received HA oligomers. Elastin fiber networks were apparent
in the latter cultures, while the elastin appeared as homogenous and amorphous masses in
control cultures. Fluorescence intensity due to fibrillin was much greater in CuNP-
supplemented cultures than in non-additive controls, and was also as pronounced in cultures
that also received HA oligomers, thus confirming the fibrillin-mediated matrix elastin
deposition in the presence of these additives. Interestingly, while fluorescence due to LOX was
sparse in control cultures, intense coloration (red) due to LOX was observed in CuNP-added
cultures, and even more so when HA oligomers were concurrently supplemented. Negative
control cultures that were untreated with the respective primary antibodies against the studied
proteins showed no coloration.

3.6 Structural analysis of matrix elastin

Fig. 5 shows representative scanning electron micrographs of isolated elastin matrices from
21 day cultures. Compared to the non-additive control cultures where elastin was sparingly
deposited as amorphous clumps (panel A), addition of CuNPs alone, and together with HA
oligomers, enhanced elastin fiber formation. Relative to the presence of nanoparticles alone (1
ng mi~Lin panel B; 10 ng mI~1 in panel C) where elongated elastin fibers with diameter ranging
from 100 to 300 nm are clearly visible, the concurrent presence of HA oligomers promoted
deposition of bundles of aggregating elastin fibrils (1 ng mI~1 in panel E; 10 ng mI™L in panel
F). When 400 ng mI~1 of CuNPs was added alone, elastin fiber formation was likewise favored,
with a significantly higher density of elastin bundles observed (panel D). Concurrent presence
of HA oligomers promoted dense elastin matrix (panel G) containing a greater number of
apparently fully formed fibers (~ 300-500 nm diameter; panel H).

Fig. 6 shows representative transmission electron micrographs of elastin matrices within 21
day cultures. Discrete amorphous elastin clumps with relatively few elastin fibers were present
in additive-free control cultures (Fig. 6A). CuNPs (400 ng mI~1) stimulated deposition of
numerous aggregating elastin fibrils between the cells (Fig. 6B), more densely distributed than
in control cultures. However, when both 400 ng mI~1 of CuNPs and HA oligomers were
supplemented instead (Fig. 6C,D), mature elastin fiber formation was observed, with the matrix
containing numerous fully formed bundles of fibers (100-300 nm diameter), more than that
observed in control cultures and those that received CuNPs alone. Fibrillin (immunogold
particle-stained), which appeared in transverse sections as darkly stained nodules, was located
at the periphery of aggregating elastin fiber bundles, signifying normal elastic fiber assembly
under these conditions.
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4. Discussion

An outstanding problem in the field of vascular tissue engineering is the inadequacy of
conventional tissue engineering methods and materials for manufacturing structurally and
functionally faithful vascular elastic matrices on demand. This is because cardiovascular
tissues are highly complex in their architecture and structural organization, and the capacity
of adult vascular cells for self-repair is less effective than what tissue-engineering principles
demand. Although fully developed mature elastic fibers are insoluble and inert to local changes
in pH and chemical environment, various proteolytic enzymes secreted by SMCs, such as
matrix metalloproteinases (MMPs-2, 9, 12) and elastases can degrade elastin fibers and its
components [27-29]. The literature suggests that these degradation products can modulate
vascular remodeling via their interaction with SMCs [30], leading to structural and mechanical
abnormalities in large arteries [31]. Thus, proper assembly and functioning of elastic fibers is
critical for maintaining homeostasis in organs and tissues.

As mentioned above, elastic fibers are complex macromolecular structures which contain
amorphous elastin and other non-elastin protein components (e.g. fibrillin, elaunin). They are
difficult to repair because their deposition pattern requires the coordinated expression of all of
the microfibrillar molecules as well as the cross-linking enzymes critical for elastin, so that the
correct temporal sequence is followed [1]. Cell-secreted soluble elastin protein precursors, i.e.
tropoelastin monomers [32], are recruited by coacervation onto preformed templates of
fibrillin-rich microfibrils [33], and stabilized by LOX-catalyzed formation of desmosine
crosslinks [34]. Microfibrils, which appear first in the elastic fiber development and associate
themselves close to the cell surface, facilitate tropoelastin cross-linking to form the functional
polymer [35]. Hence, approaches to elastin regeneration must be able to mimic the
spatiotemporal sequence of these events leading to elastin matrix assembly. However, elastin-
producing cells in adult tissues often synthesize elastin that does not polymerize or organize
into a functional three-dimensional fiber, leading to loss of tissue homeostasis.

Current tissue engineering approaches to regenerate elastin-rich vascular constructs are limited
by progressive destabilization of tropoelastin mMRNA expression in adult vascular cells [36,
37] and the unavailability of cellular cues necessary to up-regulate elastin synthesis, maturation
and organization [6,38]. Thus, an important aspect of tissue-engineering elastin-rich vascular
constructs is the ability to regulate the amount, quality, ultrastructure and hierarchical
organization of the synthesized elastin precursors, so as to maximize their crosslinking
efficiency and matrix formation. In this context, our recent studies strongly attest to the utility
of HA-based biomaterials and biomolecular cues for cellular-mediated elastin matrix
regeneration [12-14,39]. A key deduction from these studies is that though HA oligomers (<1
kDa) are more biologically active than long-chain HA (>1 MDa), and dramatically increase
elastin synthesis and deposition, the elastin matrix crosslinking efficiency is unchanged relative
to control cultures [12,13].

Dahl et al. demonstrated the benefits of increasing medium Cu2* concentration to elastin matrix
crosslinking efficiency in an engineered vascular-like tissue [40]. Likewise, in our own
previous studies [22], we investigated the effects of soluble copper salts, delivering steady-
state doses of 0.01 and 0.1 M of Cu2* ions, to elastin matrix deposition, assembly (i.e. fiber
formation) and maturation (i.e. crosslinking) in RASMC cultures. Our results suggested that
0.1 M of CuSOy (but not 0.01 M) and HA oligomers (or HMW HA) significantly improved
elastin matrix synthesis, crosslinking and fiber formation by RASMCs. However, cytotoxicity
associated with exposure of vascular cells to Cu?* doses of this order of magnitude [21,22],
delivered at steady-state levels from soluble copper salts, suggested that more controlled modes
of Cu?* ion delivery, such as from CuNPs, may be necessary to deter the same. Thus, in this
study, we have sought to deliver a Cu?* dose in the range of 0.1 M via controlled release from
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CuNPs and investigated the impact of such delivery with or without HA oligomers on elastin
matrix synthesis, assembly and maturation. Since the kinetics of Cu2* ion release from CuNPs
was not known, we experimentally measured Cu?* release from three random concentrations
of CuNPs (1, 10, 100 ng mI1), fitted mathematical models to the release profiles, and used
the models to predict the dose of CuNPs that would over 21 days theoretically release an
equivalent of 0.1 M of Cu2* ions in a serum-free solution. Via this method, we eliminated the
need to laboriously determine the desired CuNP dose via trial-and-error experimentation.
Detectable amounts of Cu2* ions (~0.0012 M) were released even from 1 ng ml~1 of CUNPs
within the first 5 h, which showed that exogenous nanoparticles are effective vehicles for even
short-term Cu2* ion delivery. From the release profiles, it can be observed that irrespective of
CuNP dose, Cu?* ion release peaked within the first 30 h, after which sustained release of ions
was maintained. Thus, in effect, CuZ* release over the 21 day culture period can be deemed
steady state. Based on our mathematical model, we estimated that in a solution free of any
fouling agents (e.g. proteins), 400 ng mI~1 of CuNPs would generate ~0.1 M of Cu?* ions over
21 days; in culture medium containing low amounts of serum supplements, the release might
be slightly lower due to mild fouling of the CuNP surfaces, but still within the same order of
magnitude. Based on this analysis, we tested the utility of 400 ng ml dose of CuNPs to elastin
maturation in smooth muscle cell cultures.

A significant observation was that 400 ng ml~1 of CuNPs had no cytotoxic effects on SMCs,
and thus no apparent change in morphology over the 21 day culture period. In contrast, our
previous studies [22] showed that an equivalent dose of Cu?*, released from soluble copper
sulfate salt, induced mild cytotoxicity that was apparent within a day of addition, and caused
temporary cell rounding and some cell death. Previously, we also showed that in the presence
and absence of HA oligomers, supplementation of 0.01 M of Cu2* ions from copper salts
increased cell proliferation (1.5-2-fold relative to controls), while 0.1 M of Cu?* ions
suppressed the same (80% of controls) [22]. In this study, in the cases where the CuNPs
delivered were far less than 0.1 M of Cu* ions (i.e. 1 and 10 ng mI~1 of CuNP doses), a similar
1.5-2-fold increase in cell proliferation over control cultures was observed. However, when a
Cu?* dose of the order of 0.1 M was released from 400 ng ml~1 of CuNPs, active promotion
rather than suppression of cell proliferation was noted. Thus, our experiments show that
controlled release of Cu?* ions from CuNPs deters rapid increase in Cu?* concentration in the
initial period after cell seeding, and thus may not have long-term toxic effects. In accordance
with our earlier observation that 0.2 ug mi~1 of HA oligomers inhibits SMC proliferation
[15], in this study also, supplementation of HA oligomers to cultures together with CuNPs
suppressed cell proliferation down to levels measured in control cultures. Thus, from a tissue
engineering perspective, CUNPs and HA oligomers do not promote cell proliferation, but at
the same time do not induce cell death thereby in turning adversely impacting matrix synthesis
and accumulation within the constructs.

In this study, exogenous CuNPs had no effect on total elastin production, both in the presence
and absence of HA oligomers. In general, lower doses of CuNPs (1-10 ng mI™1), alone or
together with HA oligomers, as expected offered no benefit to matrix elastin synthesis, except
for a 2.7-fold increase in crosslinked elastin synthesis in the presence of 1 ng mI~1 of CuNPs
and HA oligomers. The lack of any benefits to elastin synthesis mimicked our prior
observations when 0.01 M of CuSO,4 was supplemented to RASMC cultures [22]. However,
production of matrix elastin (both soluble and crosslinked forms) increased multifold with the
addition of 400 ng mI~1 of CuNPs, both alone and together with HA oligomers, suggesting the
effectiveness of these cues in the recruitment and crosslinking of tropoelastin precursors into
matrix structures. Since total cellular elastin production was unaffected by these cues, the net
result of doubling in matrix deposition is a much higher matrix yield (400 ng mI~1 CuNPs
alone: 61.3 + 3.6%; 400 ng mI1 CuNPs and HA oligomers: 58.8 + 6.1%; control cultures: 20.1
+ 3.5%).
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LOX protein synthesis was unchanged in cultures supplemented with CuNPs only (all doses)
and those that received the lower doses (1 and 10 ng mI™1) of CuNPs and HA oligomers
together. On the other hand, when 400 ng mI~1 of CuNPs was added to cultures together with
HA oligomers, a significant increase in LOX protein synthesis was observed. Interestingly, in
a prior study, we showed that HA oligomers alone have no effect on LOX protein synthesis,
suggesting that observed increases in this case are due to CUNPs (400 ng mI~1) and not the HA
oligomers. Collectively, these results suggest that (i) CUNP doses (1 and 10 ng mI™1) that
generate far less than 0.1 M of Cu2* ions do not induce LOX protein synthesis; (ii) Cu®*
concentrations of the order of 0.1 M generated by 400 ng mI~1 of CuNPs can potentially
stimulate LOX protein synthesis by cells, provided HA is also present; and (iii) HA oligomers
which likely interact and bind to cell surface receptors (e.g. CD44, TLR-4) also likely
immobilize Cu?* ions via opposite charge interactions, as others have shown possible [41].
Thus, when both CuNPs and HA oligomers are present, it may certainly be possible that
Cu2* ions localize close to the cell layer where they may intimately influence cell behavior,
including their induction of LOX production by cells and preferred crosslinking of tropoelastin
that coacervates on HA [42], close to the cell surface. However, it is not clear at this stage
whether this electrostatic binding complex affects intracellular cell signaling cascade, thereby
modulating the transcription of elastin gene itself. Our results also show that all provided doses
of CuNPs induced marginal, but statistically significant, increases in LOX enzyme, although
these increases were deemed not to depend on CuNP dose. In all cases, addition of HA
oligomers induced a small but significant increase in LOX activity. Since we showed in an
earlier publication that HA oligomers have no impact on LOX activity, the observed increases
here may be solely due to opposite charge interactions of CuNPs with HA oligomers and their
resultant localization at the cell layer to somewhat enhance activity of endogenous LOX.
Regardless, in view of the limited effects on LOX activity, more efficient recruitment and
crosslinking of tropoelastin into a matrix may primarily occur due to a combination of greater
available LOX amounts and physical proximity of elastin precursors and LOX at the cell layer,
rather than due to increases in LOX activity. Another possibility is that the observed elastogenic
effects might also be due to the pro-oxidative potential of Cu2* ions released from 400 ng
mlI~1 of CuNPs. However, investigating this hypothesis is beyond the scope of this study.

Structural analysis (electron microscopy) of matrix elastin qualitatively supported the
biochemical measurements within CuNP-stimulated cultures. While the control cultures
contained only amorphous elastin deposits, aggregating elastin fibers were seen within cultures
treated with CuNPs (all doses), alone and together with HA oligomers, with multiple bundles
of fully formed elastin fibers with diameter ranging from 200 to 500 nm. Immunofluorescence
images confirmed the amorphous and fibrillar nature of elastin matrix within control and test
cell layers. Fluorescence (red) due to LOX expression was also much more intense in cell layers
that received CuNPs (400 ng mI~1) alone or together with HA oligomers than in control cell
layers. This confirms the outcomes of our biochemical measurements of LOX protein synthesis
(Fig. 3B). The matrices also showed presence of fibrillin-1 microfibrils, which confirmed
normal mechanisms of elastin fiber assembly. The literature indicates that the fibrillin
microfibrils guide the alignment of tropoelastin molecules for crosslinking and fiber formation
[43]. This initial alignment is stabilized by copper ion-dependent LOX, which oxidizes the
lysine residues of the aligned elastin molecules and enables crosslinking. Thus, these stabilized
and aligned elastin structures act as nucleation sites for further coacervation and crosslinking
of more tropoelastin, resulting in organized elastic fiber growth. The presence of highly anionic
HA oligomers might also promote elastic fiber formation by electrostatically binding to the
unoxidized lysine residues of newly synthesized tropoelastin during their association with
microfibrils, thus preventing their random self-aggregation far away from the site of fiber
formation [42]. However, these are only possibilities which remain to be investigated in future
studies.
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5. Conclusions

This study demonstrates the utility of CUNPs as effective vehicles for Cu2* ion delivery to in
vitro cultures for improved fibrous elastin matrix assembly. Although exogenous CuNP
supplements do not upregulate tropoelastin production by vascular SMCs, they are highly
effective in promoting crosslinked elastin matrix formation. The additional presence of HA
oligomers within these CuNP-stimulated cultures further improves the deposition of
crosslinked matrix elastin. Structural analysis of the isolated matrix elastin reveals the presence
of aggregating elastin fibrils within SMC cultures treated with CUNPs (1-10 ng mI™1) alone
or together with HA oligomers, different from the amorphous elastin clumps observed within
non-additive control cultures. The addition of 400 ng mI~! of CuNPs concurrent with HA
oligomers further enhances aggregation of these elastin fibrils, into mature fibers with
diameters ranging from 200 to 500 nm. Immunofluorescence imaging and ultrastructural
analysis of the elastin matrices with 400 ng ml of CuNP-treated cultures suggest elastin matrix
deposition as stimulated by Cu2* ions and HA oligomers proceeds normally via a fibrillin-
mediated assembly process, with enhanced crosslinking occurring via stimulation of LOX.
Overall, the results attest to the combined benefits of CuNPs and HA oligomers to the
regeneration of highly crosslinked fibrillar elastin matrices by adult vascular smooth muscle
cells cultures, with immense potential applications to tissue engineering elastin-rich tissue
constructs, incorporating elastogenically deficient adult patient cells, for clinical use.
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Figure 1.

Copper ion release profiles from CuNPs (1-100 ng mI~1) in distilled water. The profiles were
fitted with hierarchical regression analysis model described by Eq. (1). Based on this model,
the CuNP dose that cumulatively releases ~0.1 M of Cu2* ions over a 21 day period was
determined to be 400 ng mI~L,
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(A\) Proliferation ratios of RASMCs supplemented with CuNPs (1-400 ng mI~1) alone or
together with HA oligomers (0.2 ug ml~1). Data shown represent mean + SD of cell count after
21 days of culture, normalized to initial seeding density and further normalized to control
cultures that received no additives (n = 3 per case). Effects of exogenous CuNPs with or without
HA oligomers on alkali-soluble matrix elastin (B), crosslinked alkali-insoluble matrix elastin
(C) and total matrix elastin (D), synthesized by adult RASMCs. Values (mean = SD) are shown
normalized to the DNA content of the respective cell layers at 21 days of culture (n = 3 per
case) relative to control cultures. * represents significant differences relative to control cultures

(P < 0.05).
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(A) Matrix elastin yield within RASMC cultures supplemented with CuNPs and HA oligomers.
The ratio of matrix elastin deposited to total elastin synthesized was calculated in each test case
and was further normalized to similar ratio in control cultures. (B) LOX protein amounts in
pooled medium aliquots collected over 21 days of culture. Shown are mean £ SD of DNA-
normalized intensities, measured from representative SDS-PAGE/Western blots containing
bands corresponding to LOX produced in the respective cases. (C) LOX enzyme activities in
cultures treated with CuNPs and HA oligomers. Values (mean + SD) are shown normalized to
the LOX activity measured in control cell layers at 21 days of culture (n = 3 per case). *
represents significance in differences relative to controls (P < 0.05).
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Figure 4.

Immunodetection of elastin, fibrillin and LOX (red) within RASMC layers following 21 days
of culture in the presence of 400 ng mI~1 of CuNPs alone or together with HA oligomers (0.2
ng mI~1); control cultures received no additives. Immunolabeling controls received no primary
antibodies and exhibited no background fluorescence when treated with the fluorophore-
labeled secondary probe.
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Figure 5.

Representative SEM images of 21 day old RASMC cell layers for non-additive controls (panel
A); cultured with CuNPs alone (1 ng mI~L: panel B; 10 ng mI~1: panel C; 400 ng mI~1: panel
D); cultured with CuNPs and HA oligomers (1 ng mI~L: panel E; 10 ng mI~1: panel F; 400 ng
ml~1: panels G, H). Compared to CuNP-supplemented cultures, the additional presence of
oligomers enhanced the formation of dense crosslinked matrix elastin fibers with diameters
ranging between 0.2 and 0.5 pm.
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Figure 6.

Representative TEM images of 21 day old RASMC cell layers cultured additive-free (A), with
CuNPs alone (400 ng/ml~1; panel B) or together with HA oligomers (panels C and D).
Aggregating amorphous elastin clumps leading to the formation of elastin fibers can be clearly
seen in these images (panel C), which confirm the identity of elastin observed at higher
magnifications (100000x%; panel D).
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