1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Acta Biomater. Author manuscript; available in PMC 2016 December 01.

-, HHS Public Access
«

Published in final edited form as:
Acta Biomater. 2015 December ; 28: 76-85. d0i:10.1016/j.actbio.2015.09.031.

Surface Chemistry Regulates Valvular Interstitial Cell
Differentiation In Vitro

Matthew N. Rushl:2, Kent E. Coombs!:3, and Elizabeth L. Hedberg-Dirk1:2:4.*
1Center for Biomedical Engineering, University of New Mexico, Albuquerque, NM, USA

2Nanoscience and Microsystems Engineering, University of New Mexico, Albuquerque, NM, USA
SBiomedical Science Graduate Program, University of New Mexico, Albuquerque, NM, USA

4Chemical and Biological Engineering, University of New Mexico, Albuquerque, NM, USA

Abstract

The primary driver for valvular calcification is the differentiation of valvular interstitial cells
(VICs) into a diseased phenotype. However, the factors leading to the onset of osteoblastic-like
VICs (obVICs) and resulting calcification are not fully understood. This study isolates the effect
of substrate surface chemistry on in vitro VIC differentiation and calcified tissue formation. Using
w-functionalized alkanethiol self-assembled monolayers (SAMs) on gold [CH3 (hydrophobic), OH
(hydrophilic), COOH (COO™, negative at physiological pH), and NH, (NH3*, positive at
physiological pH)], we have demonstrated that surface chemistry modulates VIC phenotype and
calcified tissue deposition independent of osteoblastic-inducing media additives. Over seven days
VICs exhibited surface-dependent differences in cell proliferation (COO™ = NHz*> OH > CHy),
morphology, and osteoblastic potential. Both NH3*and CHs-terminated SAMs promoted calcified
tissue formation while COO~-terminated SAMs showed no calcification. VICs on NH3*-SAMs
exhibited the most osteoblastic phenotypic markers through robust nodule formation, up-regulated
osteocalcin and a-smooth muscle actin expression, and adoption of a round/rhomboid morphology
indicative of osteoblastic differentiation. With the slowest proliferation, VICs on CH3-SAMs
promoted calcified aggregate formation through cell detachment and increased cell death
indicative of dystrophic calcification. Furthermore, induction of calcified tissue deposition on
NH3* and CH3-SAMs was distinctly different than that of media induced osteoblastic VICs. These
results demonstrate that substrate surface chemistry alters VIC behavior and plays an important
role in calcified tissue formation. In addition, we have identified two novel methods of calcified
VIC induction in vitro. Further study of these environments may yield new models for in vitro
testing of therapeutics for calcified valve stenosis, although additional studies need to be
conducted to correlate results to in vivo models.
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1. Introduction

Valvular heart disease (VHD) is estimated to affect 2.5% of the US population with a
disproportionate impact on an increasing elderly community.[1, 2] Derived from infections,
valve degeneration, or genetic disorders, VHD can manifest as regurgitation or stenosis of
the valve. As a result of obstructed blood flow, valve stenosis generates transvavlular
gradients that triggers compensatory ventricular hypertension, leading to increased risk for
other cardiovascular disorders.[1-3] As such, VHD represents a significant health risk
worldwide. Furthermore, there will continue to be rises in the prevalence of VHD as the
elderly population grows due to advances in medical technology.[1-5]

The leading cause of VHD is valve stenosis, which is characterized by valve thickening,
increased protein deposition, and eventual calcification.[3, 4, 6] The primary driver for
valvular calcification is the differentiation of valvular interstitial cells (VICs) into a disease
inducing phenotype.[6, 7] However, the factors leading to the onset of VIC differentiation
and resulting calcification are not fully understood and a more complete characterization of
VIC differentiation and phenotypic change is required before treatment of valve disease can
be realized.

As the predominant cell type within the valve, VICs are responsible for valve formation,
remodeling, and tissue homeostasis. VICs are a heterogeneous population that undergo
phenotypic change regulated by environmental factors. VICs have been shown to alter
phenotype in response to soluble factors,[8-11] substrate stiffness,[6, 8, 12-15] and
surrounding extracellular matrix proteins.[8, 10, 11, 16-21] Although phenotypic change is
a dynamic event, literature tends to compartmentalize VIC function in order to clarify and
separate the underlying causes.[22]

VICs are commonly characterized by their quiescent (qVIC), activated (aVIC), and disease
phenotypes. In a normal adult valve, qVICs are thought to preserve physiological structure
and function while maintaining a low level of matrix synthesis and degradation inhibiting
angiogenesis.[22] Following injury or abnormal hemodynamic/mechanical stress, VICs
become activated (aVVICs, myofibroblastic) and are associated with increased extracellular
matrix secretion and expression of various biological markers including a-smooth muscle
actin (a-SMA), matrix metalloproteinases, and transforming growth factor-$.[22, 23]
Activated VICs exhibit increased contraction, prominent stress fiber formation, increased
proliferation, and migration.[22] In vitro, aVICs display an elongated morphology and form
orthogonal patterns of overgrowth resembling hills and valleys.[6] Upon completion of
remodeling or wound healing, most aVICs are eliminated by apoptosis or reversion to
qVICs.[24]

When VIC dysregulation or abnormal extracellular matrix production occurs, conversion to
diseased phenotypes results in pathological fibrosis and calcification of the valve.[10, 24]
The mechanisms of VICs tissue calcification have been intensely study and currently two
processes have been proposed. [5, 25-27] Dystrophic calcification is a passive degenerative
process characterized by early cell injury and deposition of calcium associated with tissue
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damage and necrotic cells. [10, 25, 26] Alternatively, osteogenic calcification (ossification)
is an active process involving bone and cartilage development, marked by the expression of
various osteogenic markers. [7, 25, 26, 28] In vitro, VICs undergoing osteogenesis,
osteoblastic-like VICs (obVICs), are characterized by a round/rhomboid morphology
followed by the formation of three-dimensional calcified nodules. It is important to note,
that these two processes are not mutually exclusive as a common activator of tissue
calcification, TGF-B, has been shown to lead to cellular apoptosis as well as nodule
formation.[10] However, different processes may arise due to variations in signaling in the
cellular microenvironment. Forced obVIC differentiation in vitro is commonly achieved by
adding soluble signaling factors (3-glycerophosphate, ascorbic acid, and dexamethasone) to
media. However, spontaneous in vitro nodule formation in media lacking osteoblastic
inducing additives,[8] as well as calcification of decellularized biological valves in vivo,
suggests calcification may be mediated by additional physical cues.[29]

To understand how surface chemistry correlates to VIC behavior and initiation of valvular
disease, we used alkanethiol self-assembled monolayers (SAMs) of o-functionalized
alkanethiolates on gold as model substrates with uniform chemistry. The chemisorption of
thiols to gold and the hydrophobic interactions of alkane chains results in stable, ordered,
and well-packed monolayers (Figure 1).[30] As such, SAMs offer well-defined models for
systematically investigating phenotypic change directed by surface chemistry. Four
physiologically relevant functional groups were used to assess the effects of substrate
hydrophobicity and charge on VIC phenotypic behavior. Due to the negatively charged
environment present during valvulogenesis through increased hyaluronic acid expression, it
was hypothesized that anionic functional groups would result in VIC activation and tissue
production.[31, 32]

2. Materials and Methods

2.1. Reagents and Chemicals

All chemicals were purchased from Sigma-Aldrich chemicals unless otherwise noted. All
cell culture media and reagents were purchased from Thermo Fisher Scientific, unless
otherwise noted.

2.2. Fabrication of Self Assembled Monolayers

Gold-coated round 15 mm glass cover slips (26021, Ted Pella Inc.) were used as substrates
for self-assembled monolayer (SAMs) formation. Coverslips were etched for 30 minutes
prior to gold deposition in Piranha solution [70% (v/v) concentrated H,SO4, 30% industrial
grade H,0, (KMG Chemicals)] rinsed with diH,0, and blown dry with N,. Gold coating
was conducted by sequential electro-evaporation of optically transparent films of chromium,
adhesion layer (2 nm; High Vacuum Evaporator Systems), followed by gold (30 nm,
99.99% purity; Plasmaterials). Metal deposition was accomplished at 2 nm/s using a
Thermionics VE-90 vacuum Evaporation System (TLI Enterprises) with chamber pressures
at or below 1 x 107 Torr. Freshly prepared gold substrates were immersed in 1mM
ethanolic alkanethiol solutions [1-dodecanthiol (47-136-4); 11-mercapto-1-undecanol
(447528-16); 11-mercaptoundecanioc acid (450561-5G); 11-amino-1-undecanethiol,
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hydrochloride 1N NaOH (A423, Dojindo Laboratories)] and SAMs were allowed to
assemble for 12 hours.[30, 33] Etched cover glass and gold-coated controls were incubated
alongside SAMs in absolute ethanol. Before use or characterization, samples were cleaned
of unbound thiols in absolute ethanol and dried with N». In order to obtain desired charge on
COOH (COO07) and NH» (NH3*) surfaces, samples were rinsed in 1N basic (NaOH; EMD)
and acidic (HCI; EMD) ethanol solutions, respective of charge group, blown dry with N,
and then cleaned.[34]

2.3. Contact Angle Measurements

Static contact angles and images were evaluated using the sessile drop technique on a Model
100-00-115 Advanced goniometer (ramé-hart Inc.). Briefly, 5 pL of ultrapure water was
pipetted onto sample surface and the contact angles were measured immediately after drop
formation to minimize the effect of dynamic surface wetting and evaporation. Contact angle
measurements between the water droplet and the sample surface were determined using
DROPimage Standard software (ramé-hart).

2.4. X-Ray Photoelectron Spectroscopy (XPS)

XPS survey and high resolution spectra were obtained using Axis Ultra spectrometer
(Kratos Analytical Ltd.) with a monochromatic Al K(a) (1486.6 eV) source at 225W. High-
resolution spectra of carbon and oxygen were obtained for three areas for each sample at 30°
and 90° take-off angles. Electron pass energy of 20 eV was used to analyze the regions of
interest and curve fitting was performed on each spectral region to calculate atomic
percentages. Base pressure was less than 5 x 102 Torr. Charge compensation was
accomplished using low energy electrons. Linear background was used for elemental
quantification of C1s and O1s spectra. Quantification utilized sensitivity factors provided by
the manufacturer. All the spectra were charge referenced to Au at 84 eV. Curve fitting was
carried out using individual peaks of constrained width, position, and 70% Gaussian/ 30%
Lorentzian line shape.

2.5. Atomic Force Microscopy

Scanning was performed at 2.50 um/s (0.25 Hz) using a super sharp silicon probe (SSS-
NCH, r > 5nm, Nanoworld) on an MFP3D-BIO (Asylum Research).

2.6. Ellipsometry

Freshly prepared samples were analyzed for film thickness using a Nanofilms EP3 optical
ellipsometer @ 532nm (Accurion). Samples were collected at an incident angle of 70° for
three areas on three different samples. The layer thickness was calculated using an index of
refraction n = 1.52.[35, 36]

2.7. Primary Cell Extraction & Characterization

VICs were obtained through primary cell extraction from recently excised pig hearts
(Hormel Foods Corp.) shipped overnight on ice. Aortic heart valves leaflets were removed
and washed in 25 mL Dulbecco’s phosphate buffered solution (DPBS) containing 2% (v/v)
penicillin/streptomycin (P/S, Life Technologies). Three hearts (9 leaflets) were combined in

Acta Biomater. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rush et al.

Page 5

25 mL collagenase solution [12,500 units collagenase (LS004174, Worthington Biochemical
Grp.) in 50 mL Media 199 (Hyclone, SH30253.01)] filtered through 22 um Steriflip unit
(Millipore) and incubated at 37°C for 15 min with gentle agitation. Both sides of leaflets
were scraped and rinsed in DPBS. Leaflets were then incubated with 25 mL fresh
collagenase solution at 37°c for 60 min with gentle agitation. Leaflets were vortexed for 2
min to break free loosely attached cells. Supernatant was collected and filtered through 100
um cell strainer (BD Falcon). To remove valvular endothelial cells (VECs), cell solutions
were incubated with 50 uL of magnetic beads labeled with CD31 antibody (Dynabead
CD31, Life Technologies) at 4°C for 30 minutes with occasional mixing. Dynabeads were
removed by magnetic separation. VICs were then placed in a new conical tube and
centrifuged. Supernatant was removed and cells were re-suspended in VIC media [Media
199 (Hyclone), 10% FBS, 1% P/S, & 1% Fungizone]. Cells were seeded in T75 flasks
(collagenase sample), and remaining leaflet material was diced up and plated into 6-well
plates (Corning), 1 leaflet/well, to allow remaining VICs to migrate from leaflet (explant
sample).

VICs were incubated (37°C, 5% CO,, ~90% RH) and grown for 7-10 days, with media
changes every other day. Cell supernatant was removed from T75 flasks after 2 days of
attachment. Heart valve leaflets were removed from well plates after 3 days. Cells were
grown to 70% confluence and enzymatically detached from surface with 2 mL of .25%
(w/v) trypsin (Life Technologies). Collagenase and explant samples were combined in
M199 media with 10% FBS (v/v) and 10% DMSO (EMD), and cryogenically frozen until
use. VICs were seeded on SAMs between passages 3—4.

2.8. Cell Growth & Viability

Before seeding on substrates, VICs were thawed and grown till 80% confluence, to ensure
cell viability. For all experiments, substrates were equilibrated with complete growth media
[Medium 199, 10% fetal bovine serum, 1% penicillin/streptomycin, 1% fungizone] prior to
cell seeding at 21,500 cells/cm?2. Media was replaced after 12 hours to remove unbound cells
(attachment) and changed every two days. Osteoblastic controls were grown in OB media
[Media 199, 10% fetal bovine serum, 10mM B-glycerophosphate, 2 mM ascorbic acid, &
10~"M dexamethasone] [6] after initial 12-hour attachment. Substrates were rinsed prior to
testing. Cell attachment and proliferation was assessed after 12 hours, and at 3, 5, & 7 days
using MTT calorimetric assay (30-1010K, ATCC) according to manufacturer’s instructions.

VIC viability was further investigated using AlexaFluor 488 Annexin V//Dead cell apoptosis
kit (V13241, Life Technologies) according to manufacturer’s instructions. Briefly, at 12 hrs
and 5 and 7 days, culture media was removed and retained for apoptotic/dead cell
concentrations while attached cells were enzymatically removed from surfaces. Cells were
centrifuged, supernatant removed, and cell pellet re-suspended in 1x annexin binding buffer.
Necrotic controls were achieved by incubating with 70% (v/v) ethanol. Apoptotic controls
were achieved by leaving cultures at room temperature overnight. All samples were
incubated with 100 pL staining solution [5 pL Annexin V and 1 pL propidium iodide @
100ug/mL in 1x annexin binding buffer] for 15 minutes. Samples were read on Accuri C6
flow cytometer (BD Bio.).
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2.9. Calcium Content

After 5 and 7 days, calcium deposition was visualized by incubating cells with the
anthriquinone dye alizarin red S (ARS), forming a complex via chelation. Briefly, culture
medium was aspirated and cells were rinsed 3x with DPBS followed by fixation using 10%
formalin for 1 hour. After fixation, 100 pul of 40 mM ARS staining solution (pH 4.1) was
added to each well and incubated for a minimum of 30 minutes in the dark at room
temperature. [6] Upon completion the ARS solution was aspirated and the wells were rinsed
3x with diH20 then PBS in order to ensure removal of non-specific ARS stain. Samples
were imaged under brightfield with phase contrast 10x magnification objectives (Eclipse
TS1000). Calcified tissue and nodule diameter was determined using Image J (NIH).

2.10. Gene Expression

All reagents for gene expression were purchased from Life Technologies unless otherwise
noted. MRNA was extracted from cell samples using RNAeasy plus micro kit (Qiagen
74034) with gDNA removal, according to manufacturer’s instructions. Total mMRNA content
was analyzed using Nanodrop UV/Vis Spectrometer (Model 2000c, Thermo Fisher Sci.) and
reverse transcription carried out using GoScript reverse transcriptase system (Promega).
Gene expression of aSMA/ACTA (Ss04245588_m1), osteocalcin/BGLAP
(Ss03373655_s1), collagen I-a2 (Ss03375690_U1), and elastin (EMLIN: Custom
Primer#AJLIJIR9) were analyzed using TagMan Gene Expression master mix, according to
manufacturers specifications, and measured on a StepOne Real Time-PCR (Applied Bio).
Data was collected and analyzed using StepOne software v2.2.2. All samples were
compared to GAPDH (Ss03374854 _g1) endogenous controls.

2.11. Immunocytochemical (ICC) Staining

Cells were fixed with 10% formalin for one hour and washed twice with DPBS. Cells were
then permeabilized with 0.01% (v/v) Tween20 in DPBS (PSBT) for 15 min followed by
reactive ion removal using 10% (m/v) sodium azide and 10uM H50O5 in PBST. Samples
were incubated with primary antibodies (aSMA, ab7817) diluted 1:75 in a 3% (w/v) BSA
solution for 90 minutes. Primary antibodies were removed and samples washed twice with
PBST followed by secondary antibodies goat anti-mouse AlexaFluor 488 (A11001,
Invitrogen) 1:400 in DPBS incubation for 90 minutes. Cells were counter stained with DAPI
in DPBS (1:1000, Invitrogen) for 5 minutes. Samples were mounted (Fluoromount,
F4680-25ML) on glass slides and sealed with clear nail polish. Samples were imaged on a
Zeiss LSM 510 META microscope with 40x oil 1.3 NA objective.

2.12. Statistical Analysis

All results were analyzed using one-way analysis of variance followed by Tukey-Kramer
post hoc analysis with Sidak correction for multiple comparisons and a 95% confidence
interval (p < 0.05). All analyses were done using Prism 6 software (GraphPad).

Acta Biomater. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rush et al.

3. Results

Page 7

3.1. Surface Characterization of Self-Assembled Monolayers

Self-assembled monolayers expressing four different functional groups (CHs, OH, COO™,
NH3*) were used as model surfaces to assess the effect of substrate chemistry on VIC
phenotype. These four chemistries exhibit different degrees of wettability and charge. CH3-
SAMs are non-polar and relatively hydrophobic, whereas, OH, COO~, and NH3* are
relatively hydrophilic. At physiological pH (7.4) partially ionized COOH and NH, SAMs
present negative or positive charges, respectively (COO~ and NH3").[34, 35] Gold-coated
and uncoated glass were run as negative control substrates. Results from all experiments
performed showed no statistical difference between the gold (Au) and glass controls.
Therefore, only Au data will be included here. As current methods of osteoblastic
differentiation utilize supplemented media, obVIC-media induced positive control samples
on glass were used. All surface treatments and controls were characterized prior to VIC
studies.

Static water contact angles of SAMs measured by goniometry are summarized in Figure 1.
Measured values are in agreement with those reported in literature.[33, 37] X-ray
photoelectron spectroscopy analysis of surface chemistry agrees with theoretical percentages
(Supplemental Figure I). Ellipsometric measurements of SAMs indicate monolayer
formation, with confirmation by atomic force microscopy (Supplemental Figure 1l and Table
1).[34, 35]

3.2. Proliferation and Cellular Density of VICs

Initial differences in the number of attached cells were observed within the first 12 hours
(Supplemental Figure I11). CH3-SAMs resulted in significantly lower attachment (53% of
attachment average) as compared to all other treatments when seeded at 21,500 cells/cm?.
Results reflect literature showing decreased cell adhesion to hydrophobic surfaces.[37-39]
In order to provide uniform seeding density all subsequent experiments were seeded at
43,000 cells/cm? on CH3-SAMSs and 21,500 cells/cm? on all other surfaces ensuring no
significant difference in initial cell density between treatments (Figure 2).

Proliferation of VICs was assessed over seven days, demonstrating variations in growth rate
due to substrate chemistry. A lack of initial proliferation on CH3z and OH-SAMs resulted in
a significantly lower cell concentration at day 3. Over the same time, VICs on glass induced
with OB media demonstrated the greatest proliferation rate and significantly higher cell
concentration. All other treatments (Au, COO™~, and NH3™) resulted in a moderate initial
proliferation (Figure 2). Differences in proliferation rate continued through 5 days (Figure
2). During this time, COO™-SAMs promoted the greatest proliferation rate. After 7 days in
culture, however, all treatments except CH3-SAMs resulted in VIC confluence inhibiting
further proliferation (Figure 3).

3.3. Morphological Variation Between Surfaces

Upon attachment (12 hrs), VICs adopted a characteristic elongated morphology on all
treatments with the exception of CH3-SAMs, which exhibited cellular aggregates and areas
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of increased cellular density with large cell-free regions (Figure 3). On CH3, OH, and
osteoblastic-induced samples a small subset of VICs maintained a spherical morphology but
remained anchored after media changes (Figure 3).

By day 3 VICs on all surfaces exhibited an elongated morphology (Figure 3). However,
between days 3 and 5, significant morphological differences amongst treatments emerged.
Individual VICs in OB media adopted a round/rhomboid morphology and spread to fill the
entire growth area. Similar round/rhomboid VIC morphology was exhibited by NH3*, CHa,
and OH-SAMs to varying degrees (Figure 3, Supplemental Figure IV-V). VICs on COO™-
SAMs and Au maintained elongated morphology through 5 days.

By day 7 VICs on Au, OH, and COO™-SAMs adopted highly aligned cellular confluent
cultures, generally exhibited by aVICs,[6, 22] while VICs in OB media and on NH3*-SAMs
tended to adopt a round/rhomboid morphology with non-linear/spread confluent cultures
(Figure 3). As the only surface not to reach confluence, VICs on CH3-SAMs adopted a
round morphology in lower density regions, and formed clustered aggregates in higher
density areas. The tendency for cellular aggregates on CH3z-SAM s to partially detach from
the surface led to the formation of sheeted aggregates semi-suspended in culture media (cell
sheets). Cell sheets were typically bound by a single edge resulting in the cell sheet folding
back upon itself (Supplemental Figure VI).

3.4. Development of Calcified Nodules

At confluence (day 7), cells on all treatments except COO™-SAMs and osteoblastic culture
exhibited some degree of calcified tissue formation (Figures 3 and 4). On CH3-SAMs early
cellular clustering resulted in the formation of large cellular aggregates (221 + 123 um). On
Au and OH-SAMs, small spherical nodules were observed infrequently and the nodules
were typically small (30-60 pm), indicative of recent formation. Distinct from all other
treatments, VICs grown on NH3™-SAMs exhibited nodule formation by day 5, which
increased in size (115 £ 40 um) and frequency by day 7 (Figure 3 and Table 1). VICs grown
in OB media exhibited no nodule formation through 7 days, consistent with the observation
that nodules typically appear between 14 and 21 days under supplemental media conditions
(without TGF-B).[6, 8, 40] Small nodules were observed on OB cultures when cultured out
to 14 days (Supplemental Figure VII).

Nodule formation is typically accompanied by apoptosis and deposition of Cay.. In order to
determine calcium deposition and apoptosis/necrosis, samples were stained with alizarin red
S and imaged using bright field microscopy, or evaluated by flow cytometry using annexin
V and propidium iodide. After 7 days, VICs grown on COO™-SAMs were the only cells to
lack nodule formation or calcium staining (Figure 4). On Au and OH-SAMSs VICs exhibited
few small alizarin red S stained nodules, while VICs on CH3-SAMs exhibited calcium
within cellular aggregates with no distinct boundary. OB media induced VICs exhibit some
cellular alizarin red S staining, but no aggregate nodular structures were observed. NH3*-
SAMs, however, developed tightly bound, spherical calcium nodules with significant
alizarin red S staining (Figure 4, arrows). When apoptosis was assessed at day 7, VICs
exhibited equivalent levels of apoptosis on all treatments (Figure 5a). Overall cell death,

Acta Biomater. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rush et al.

Page 9

staining positive for annexin V and propidium iodide, was statistically elevated on CH3-
SAMs (Figure 5b).

3.5. Genetic Analysis of Phenotypic Markers

In order to determine phenotypic expression of VICs, samples were tested for common
genetic markers. The development of contractile a-SMA cytoskeletal filaments is an
accepted indicator of activation.[22, 41] At 3 and 5 days VICs grown on NH3*-SAMs and
OB media exhibited a significant up-regulation of a-SMA mRNA expression compared to
other treatments (Figure 6A). Similar up-regulation was observed in VICs stained for a-
SMA using immunocytochemical techniques (Supplemental Figure V). Osteocalcin (OCN),
a late-stage marker of OB differentiation[6, 22] that typically accompanies the onset of
nodule formation was tested at 5 and 7 days of culture. By day 7, VICs grown on NH3*-
SAMs showed significant increase in OCN mRNA expression over all other treatments,
including media induced obVICs (Figure 6B). In order to assess tissue production, collagen |
and elastin mMRNA expression were quantified at 3 and 5 days (Figure 7). After 3 days,
collagen is up regulated on NH3™-SAMs and media induced osteoblastic controls. Elevated
collagen expression was also observed on CH3-SAMS, but results were not statistically
different from Au controls. By day 5, all SAMs treatments are significantly lower than Au
controls. Elastin expression is elevated on NH3* surfaces at day 5, accompanying nodule
formation.

4. Discussion

Many factors influencing VIC phenotype have been studied in the hope of understanding
calcified nodule formation and controlling in vitro culture for healthy tissue production.[6,
8-11, 17-21] Previous research investigating the effect of distinct protein adlayers on VIC
phenotype has attempted to control the cellular binding environment through adsorption and
presentation of specific proteins onto tissue culture polystyrene.[6, 8-11, 17-21] However,
the non-homogeneous surface of tissue culture substrates causes random deposition of
proteins with uncontrolled orientations,[8, 42] resulting in conflicting results in literature.
[18, 20]

4.1. Alkanetiolate Self-Assembled Monolayers

The uniform SAMs surface chemistry allows for controlled protein deposition and
orientation, producing distinct and reproducible culture surfaces for understanding cell
behavior in different microenvironments.[37, 38, 42, 43] In previous work, it has been
observed that proteins in culture adsorb at a faster rate than cell attachment, and dictate cell-
surface interactions.[38, 44] Specifically the adsorption of proteins to hydrophaobic/
hydrophilic and charged surfaces has shown that specific extracellular matrix proteins bind
in a surface dependent manner, with variability in their tertiary structure, resulting in
variation in available cellular attachment domains.[37-39, 43, 45]

4.2. Media-Induced Osteoblastic VICs

As a positive control VICs were grown in OB media on glass. Observed increases in
proliferation rate and cell spreading resulting in confluent cell sheets is similar to results
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reported in literature.[6] While calcification never occurred in OB media cultures within the
seven days examined in this study, cultures were take out to 14 days to confirm nodule
formation in our controls. Previous research indicates nodule formation occurs between 14—
21 days in low-density (<25,000 cells/cm?) cultures following the development of aSMA
stress fibers, cellular detachment, and contraction.[6, 9, 40] For this reason aSMA is
considered necessary for osteoblastic differentiation, suggesting that qVV1Cs must go through
activation to result in obVICs and tissue calcification.[9, 23] However, our results on CHz-
SAMs suggest a direct transition through well-defined stress fiber formation (quiescent —
activated — osteoblastic) is not always necessary for the development of calcified tissues,
similar to previous observations of dystrophic calcification caused by increased cell death.
[10]

4.3. Non-activated VIC Calcium Deposition on CHz-SAMs

As hydrophobic CH3-SAMs have been shown to irreversibly adsorb and denature proteins
resulting in loss of cellular binding domains, CH3-SAMs provide a look into changes in VIC
phenotype that result from low cell adhesion.[38, 39, 44] The slow proliferation, cellular
aggregation, and formation of loosely adhered cell sheets suggest minimal interaction
between the VICs and CH3-SAMs. As such, the early aggregate behavior of VICs is likely
the result of cell-cell adhesion to compensate for a lack of cell-surface adhesions.

Previous experiments have shown the release of mechanical tension on VICs also leads to
increased apoptosis and in vitro calcification.[6, 7, 46, 47] Increased aSMA expression
typically accompanies nodule formation, thus, calcification on hydrophobic surfaces without
elevated aSMA expression suggests that VIC detachment may result in calcification without
the need for aSMA-mediated contraction.[9, 23] Higher CaZ* deposition under hydrophobic
conditions are therefore likely related to the high cell necrosis levels observed through
classical dystrophic mechanisms of cell death resulting in release of intracellular calcium
and aggregation under this condition. Previous results by Jain B. et al. have shown that
tissue calcification in vitro does not require cellular contraction and spherical nodule
formation to induce apoptosis and calcium deposition.[6, 10] As such, inhibition of cell
adhesion and possibly altered integrin and cell-cell signaling may explain the triggering
event for increased cell death and CaZ* deposition under these experimental conditions.[6,
48] Further studies are needed to determine if this observed behavior is exemplary of in vivo
disease development.

4.4. Osteoblastic VIC Differentiation on NH3z*-SAMs

With increased proliferation, elongated morphology, and increased aSMA expression over
other functionalized SAMs, VICs grown on NH3™ surfaces exhibit early myofibroblastic
behavior. With the onset of a round/rhomboid morphology, robust nodule formation, and
OCN expression NH3*-SAMs undergo a clear transition from an aVIC to obVIC phenotype
between days 3 and 5. The expression of OCN, a late stage osteoblastic marker, and the
early appearance of calcified nodules suggests an accelerated transition between activated
and osteoblastic phenotypes on cationic surfaces. Such behavior correlates with the observed
osteoblastic differentiation of pre-osteoblastic cells on NHz* surfaces.[39] Compared to the
soluble factors used in OB media induction, the rapid obVICs differentiation on NH3*-
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SAMs is controlled by cell-surface interactions, as no media additives are present. As no
calcium deposition and gene expression in osteoblastic culture were observed during this
same period, the accelerated obVIC behavior is likely the result of a novel signaling
pathway in VICs induced by cell-material interactions specific to protein adsorption on
NH3* surfaces. NH3*-SAMs have been shown to preferentially adsorb greater amounts
collagen and fibronectin than other hydrophilic groups (COO™ and OH).[43] However,
currently literature on the influence of collagen and fibronectin on VIC nodule formation is
conflicting.[10, 18-20] These differences may be due to differences in processing of the
extracellular matrix proteins in these studies. Interestingly, NH3*-surfaces also resulted in a
significant up-regulation of elastin expression over all other surfaces, which seems to
correspond with development of nodules in culture at day 5. As fibronectin is required for
microfibril formation onto which elastin is deposited, the early availability of fibronectin on
NH3*-SAMs may be at least partially responsible for increased rate of nodule formation by
VICs.[49, 50]

4.5. Delayed Growth on OH-SAMs

Previous research has demonstrated decreased protein adhesion on OH-SAMs, and thus,
lower levels of binding domains available for cell attachment and proliferation.[36, 37, 45,
51] In this study VICs have shown limited attachment and proliferation over the first 3 days,
but do not undergo significant apoptosis (Figure 5). No significant increase in collagen or
elastin mMRNA expression was observed up to 3 days in culture. However, collagen
expression increased through 5 days. The increased cell spreading and proliferation of VICs
on OH-SAMs suggests secretion of ECM proteins by VICs on these surfaces is sufficient to
maintain viability and recover cellular functions. Lack of OCN expression and adoption of
an elongated morphology forming highly aligned cultures suggests OH-SAMSs serve to
maintain the aVIC phenotype. However, as VICs on OH-SAMs eventually lead to nodule
formation at high cell densities, OH substrates may not be ideal for VIC expansion in vitro.

4.6. Non-Osteoblastic Activation of VICs on COO™-SAMs

The activation of VICs on COO™-SAMs characterized by rapid proliferation and
maintenance of an elongated, myofibroblastic morphology at confluence indicates COO™-
SAMs are a favorable substrate for cell amplification. While confluent VIC cultures tend to
undergo rapid conversion to obVICs,[8, 10, 40] COO~-SAMs do not exhibit such behavior,
suggesting the negative charged environment plays a role in preventing osteoblastic
differentiation of VICs.[18, 39, 43] Proliferation without confluent nodule formation
supports the hypothesis for activation of VICs on negatively charged substrates similar to
hyaluronic-acid rich valvulogenesis.[31] However, the lack of increased aSMA expression
and protein (collagen or elastin),suggests secondary signaling may be required for healthy
tissue production.

4.7. Cell-Material Phenotypic Signaling

It has been suggested that VVICs in osteoblastic media do not become true osteoblasts due to
a lack of osteoblastic expressed gene markers. This has led to the support of dystrophic
calcification mechanisms in VICs.[52] In this study osteocalcin expression and an
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osteoblastic morphology, suggest VIC phenotype on NH3* SAMs may be more related to an
osteogenic differentiation rather than dystrophic mechanisms. This is likely due to changes
in integrin expression and focal adhesion formation resulting in up-regulation of an
osteoblastic phenotype. Previous research has shown NH3;*-SAMs expose more
abBlintegrin binding domains, causing differentiation of pre-osteoblastic cell (MC3T3-E1)
to osteoblasts.[39] Similar results using VICs and primary osteoblasts also indicate the
necessity of a531 integrin binding in calcified nodule formation and osteoblastic gene
expression.[18, 53]

Conversely, it has been observed that COO™ surfaces allow for greater binding availability
of avp3, and reduced mineralization by MC3T3s, which was reversed when (33 binding was
inhibited.[39] Furthermore, increased avp3 integrin expression in MC3T3s show increased
proliferation but a down-regulation of osteocalcin and other osteoblastic markers similar to
VICs on COO™-SAMs.[54] Although some correlations to integrins in research have been
presented here, a more complete explanation of integrin expression and phenotype needs to
be conducted to better understand the importance and influence of specific cell-material
interactions on VIC phenotype. Once these are better understood a correlation between in
vitro and in vivo conditions can be sought.

4.8. Experimental Limitations

It is well understood that self-assembled monolayers allow for the control of surface
chemistry for investigating the effects on cell behavior. However, the use of gold-bound
alkanethiolate SAMs on glass do present some experimental difficulties for comparison with
in vivo tissue development, primarily though the use of stiff substrates [55] and two-
dimensional environments. It has previously been observed that VIC growth on stiffer
matrixes results in greater differentiation towards myofibroblastic and calcifying
phenotypes.[6] However, this is also a limitation to standard methods of in vitro expansion
of VICs on TCPS.

It is also well understood that variations in fetal bovine serum (FBS) can result in altered
cell-behavior.[56] As batch-to-batch variations in FBS result in differences in protein
constituents, the results of this work were collected utilizing a single lot of FBS to control
growth environment. To accommodate for such changes, surfaces can be pre-incubated with
specific proteins for creation of a more-homogeneous environment. However, even surfaces
treated for single protein interactions can become attenuated upon addition of FBS as higher
affinity proteins dissociate the adhered proteins before cell attachment.[38, 43, 57] As such
when attempting to control cell-surface interactions it becomes important to characterize
protein adlayers or utilize well-defined surfaces such as SAMs, which help to guide protein
adsorption.[43, 58]

Furthermore, species-specific differences do exist between VICs in culture. These
differences do lead to greater susceptibility of porcine VICs to develop calcified nodules in
vitro. However, due to limited availability of human VICs and the tissue specific similarities
between human and porcine heart tissue, porcine VICs remain the predominant cell type in
literature used to investigate the development of valve stenosis.[59, 60]
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5. Conclusions

Although VIC activation and proliferation can result in calcified nodule formation in
confluent cultures, tissue mineralization is likely the result of several distinct mechanisms in
vitro. Through variations in surface chemistry we have identified an osteoblastic-inhibiting
environment (COO™), and surfaces which possess characteristics of dystrophic calcification
(CH3) and osteogenic differentiation/calcification (NH3*). The rapid nodule formation by
VICs on NH3*-SAMs may provide an accelerated in vitro model of heart valve disease,
although additional studies remain to verify that our results resemble material mediated VIC
differentiation in aortic valve disease in vivo. While cell-signaling cascades will be the
subject of future investigations, these results establish surface-dependent effects on VIC
phenotypic behavior. Using SAMs to study VIC behavior should also prove to be clinically
relevant in guiding the selection of biomaterials for heart valve implants and tissue
engineering scaffolds. Overall these results establish the importance of surface chemistry on
VIC phenotypic behavior and establish SAMs as model surfaces for studying in vitro VIC
differentiation.
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Figure 1.
A) Schematic of alkanethiol self-assembled monolayer (SAM) on gold (Au, 30nm) coated

glass with chromium (Cr, 2nm) adhesion layer. B) Air-water-surface contact angles
determined using the sessile drop goniometry (ultrapure H,O in air).
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Figure 2.
Valvular interstitial cell (VIC) proliferation on monolayer surfaces as compared to bare

glass/osteoblastic (OB) and gold controls (dashed lines). Initial inhibition of VIC growth (1-
3 days) is exhibited by OH and CH3-SAMs with significant lower cell concentration, while
osteoblastic (OB) controls are significantly greater than other treatments. Between 3 and 5
days, VICs on OH-SAMs begin proliferation while CH3-SAMs result in significantly lower
cell concentration throughout the experiment. By day 5, COO~-SAM s have significantly
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higher cell concentrations than any other treatment. Between five and seven days in culture
all samples, except CH3-SAMs, reach confluence. *p < 0.05, n = 6.

Acta Biomater. Author manuscript; available in PMC 2016 December 01.



1duosnuely Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Rush et al.

Page 20

Figure 3.
Bright field (phase contrast) representative images of cell morphology on varying surfaces

chemistry compared to gold (Au) and osteoblastic controls over seven days of growth. Day 5
and 7, insets show morphology and relative size of nodules formed in culture, COO~
surfaces did not show any nodule formation over the course of this study. Further images
can be found in online data supplement. Scale = 50 pm, inset images same scale.
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Representative images of alizarin red S calcium staining after seven days of growth. Arrows

indicate distinct calcium-stained nodules. Scale = 50pum
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Figure 5.
Measurement of valvular interstitial cell A) apoptosis and B) overall cell death after seven

days. CH3-SAMs result in significant increase of dead cells over all other treatments. Cell
death assessed through measurement of annexin V activity (apoptosis) and propidium iodide
infiltration (dead). *p < 0.05, n = 6.
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Figure 6.
A) a-smooth muscle actin (aSMA) and B) osteocalcin (OCN) geneexpression (NMRNA) by

valvular interstitial cells (VICs) at later stages of growth on functionalized surfaces. Initial
expression of aSMA visualized through immunocytochemical staining (data not shown) is
reduced by day 5 on most surfaces except NH3*-SAMs and osteoblastic controls, which
have a significantly higher in aSMA expression. NH3*-SAMs also express significant
increases in OCN expression (a late stage osteoblastic marker observed in between days 14
& 21 in osteoblast-like VICs) as early as day 7. *p < 0.05, n = 6.
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Figure 7.
A) Collagen-I and B) Elastin genetic expression (MRNA) by valvular interstitial cells

(VICs) at three and five days of growth on functionalized surfaces. After 3 days, collagen is
up regulated on NHz*-SAMs and media induced osteoblastic controls. Elevated collagen
expression was also observed on CH3-SAMSs, but results were not statistically different from
Au controls. Collagen expression is significantly greater in all treatments between days 3
and 5. By day 5, all SAMs treatments are significantly lower than Au controls. * Indicates a
statistically significant difference (p < 0.05) between treatments and Au controls and T
indicates significant differences among SAMs treatments, n = 4.
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Calcified tissue/nodule diameter after 7 days.

Treatment  Average Nodule Diameter (um)

Au 60.5 + 27.0
CH, T 221 +123*
OH 29.8+10.9
coo- -
NH* ¥ 115 +39.8*
OB -

(=) No nodules observed during culture

THighly irregular cellular aggregates, no distinct boundary

iTightly bound, spherical calcium nodules
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