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Abstract

Tissue engineering is an innovative field of research applied to treat intestinal diseases. Engineered
smooth muscle requires dense smooth muscle tissue and robust vascularization to support
contraction. The purpose of this study was to use heparan sulfate (HS) and collagen coatings to
increase the attachment of smooth muscle cells (SMCs) to scaffolds and improve their survival
after implantation. SMCs grown on biologically coated scaffolds were evaluated for maturity and
cell numbers after 2, 4 and 6 weeks /i vitro and both 2 and 6 weeks /in vivo. Implants were also
assessed for vascularization. Collagen-coated scaffolds increased attachment, growth and maturity
of SMCs in culture. HS-coated implants increased angiogenesis after 2 weeks, contributing to an
increase in SMC survival and growth compared to HS-coated scaffolds grown /n vitro. The
angiogenic effects of HS may be useful for engineering intestinal smooth muscle.
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INNOVATION

Biomaterials are often critical for delivering cells into new environments within living
systems. As such, understanding the differential responses of biomaterials during /n7 vitro
and /n vivotissue engineering applications is necessary for favorable medical outcomes.
Collagen is a common extracellular matrix protein in mammals and is among the most
studied biomaterial coatings used in tissue engineering applications. Collagen generally
increases beneficial characteristics such as attachment and proliferation for cultured cells.
However, collagen may not have optimal properties for the complex /7 vivo environment. An
alternative biomaterial coating, heparan sulfate (HS), improves vasculogenesis and survival
of SMCs in vivo despite reduced cell attachment and proliferation characteristics /in vitro.
Using a novel technique for tissue engineering smooth muscle that utilizes a porous scaffold
made from degradable polymer fibers, this report demonstrates important biomaterial
characteristics to consider during the translation of /n vitro culture to /n vivo experiments.

Correspondence should be addressed to J.C.Y.D. (JDunn@mednet.ucla.edu).
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INTRODUCTION

Short bowel syndrome (SBS) is a disease characterized by loss of functional intestine,
resulting in malnutrition associated with high morbidity, mortality and healthcare costsl3.
Current treatments for SBS include total parenteral nutrition and intestinal transplantation,
but both are associated with unacceptable rates of complications*~7. Newer treatments have
attempted to increase intestinal transit time or intestinal length, thereby improving nutrient
absorption8-10, but have limited regenerative ability. Tissue engineering is an emerging field
of biomedical research that aims to regrow or create tissues or organs and may be a viable
alternative to current treatments for SBSL. Engineered intestine is often limited by
expansion of SMCs and the contractile forces they generatel2-13; therefore the survival of
thick, contractile smooth muscle tissues are essential to the ability to regenerate intestine.
Current tissue engineering methods have been unable to generate forces similar to native
intestine, i.e. approximately 30,000 millinewtons/gram during induced contraction, with a
baseline contraction frequency of 24-33 contractions per minutel4.

Some intestinal engineering approaches have grown SMCs on scaffolds derived from natural
polymers such as collagen®®, chitosanl® or decellularized submucosal’+18 as a substrate.
Unique challenges arise with extensive use of these naturally derived materials /n vivo due to
increased inflammation, scaffold contraction and inconsistency with the source material
compared to synthetic materials. Polycaprolactone (PCL) and similar combinations of poly-
lactic/poly-glycolic acid (PLGA) scaffolds provide a more consistent product and have been
used extensively to engineer a variety of intestinal tissues!®-21, but require chemical or
biological modification to overcome hydrophobic interactions with media and cells which
greatly reduce cell attachment and survival?2,

In order to improve cellular attachment on hydrophobic materials, scaffolds can be made
more hydrophilic with plasma etching, allowing for homogenous surface modification of the
intricate polymer scaffolds without changes to bulk material properties such as stiffness,
fiber size or fiber alignment?2, Specifically, plasma treatment converts hydrophobic polymer
chains on the surface of the PCL fibers to more hydrophilic carboxylate groups?3. Plasma
etching is known to affect surface charges and can lead to changes in release of various
surface-adsorbed proteins?2.

Biological coatings have also been employed to promote cellular attachment. Collagen has
been used in many tissue engineering applications, often in conjunction with other
treatments2:26, and specifically for intestine?”:28 and intestinal smooth muscle?®-31, Tissue-
engineered smooth muscle constructs have used collagen extensively, both as a substratel®
and as a coating to enhance cell attachment to polymers2°. HS is an easy to use and well-
studied biological coating that is inexpensive compared to most growth factors, and has been
shown to maintain healthy intestine in a variety of studies'6:32:33_ Further, HS is known to
restrict the immature, proliferative phenotype of cultured aortic smooth muscle and promote
a contractile phenotype3435. HS has many traits beneficial to tissue engineering, including
the sequestration of circulating growth factors36, activation of ligand/receptor complexes3’,
and stimulation of angiogenesis3® which increases survival of transplanted intestinal smooth
muscle30,
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We sought to compare the beneficial cell attachment and proliferation effects of collagen
with the pro-angiogenic effects of HS. Scaffolds were coated with collagen or HS to
determine cell numbers and maturity on cultured and implanted polymer implants.

MATERIALS AND METHODS

Fabrication and coating of electrospun poly-e-caprolactone scaffolds

The scaffold formation protocol was described in detail previously3?; briefly, polymer
solution was made from 11% wi/w ester capped PCL (Lactel Absorbable Polymers,
Birmingham, AL) in hexafluoro-2-propanol (Sigma, St. Louis, MO). Electrospinning was
performed at approximately 3,000 rpm with 18 kV and 15 cm between the 18-gauge blunt-
tipped needle and collector, and approximately 165 mg PCL was deposited per scaffold.
After electrospinning, scaffolds were coated with either collagen or HS to better facilitate
cell adhesion. In short, approximately 150 um of thick electrospun PCL scaffolds were cut in
to a rectangle of size 25 mm x 9.5 mm, with 250-um diameter pores laser-cut in an arrayed
pattern.

Heparan sulfate coating

PCL scaffolds were sterilized for 30 minutes in 70% ethanol, rehydrated with a decreasing
sequence of ethanol rinses prior to three washes in sterile distilled water. Scaffolds were
coated with HS sodium salt derived from bovine kidney (Sigma, St. Louis, MO) as described
previously3? using 2-(N-Morpholino)ethanesulfonic acid buffer (0.05M, pH 5.5, Sigma), N-
(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC, 0.5M, Sigma) and N-
hydroxysuccinimide (NHS, 0.5M, Sigma). Briefly, 1 mg/mL heparan was crosslinked on to
scaffolds with EDC and NHS chemistry for 2 hours before three consecutive rinses with
deionized water. The coated scaffolds were subsequently dried and kept at 4°C until use. For
visualization experiments, a 1:100 ratio of FITC-heparan to unlabeled heparan was used
confirm heparan crosslinking fluorescently.

Collagen coating

Prior to collagen coating, dry PCL scaffolds were plasma etched (Harrick Plasma, Ithaca,
NY) in air for 90 seconds at high power and 500 mTorr pressure. Scaffolds were then
sterilized in 70% ethanol for 30 minutes, rehydrated with a decreasing sequence of ethanol
rinses and rinsed three times in deionized water with a final rinse of PBS. Each scaffold was
coated with 500 pL of 0.25 mg/mL collagen type I solution (Purecol, Advanced Biomatrix,
San Diego, CA) neutralized to physiological pH with 0.1N sodium hydroxide and diluted in
PBS. Scaffolds were then stored overnight in a 37°C humidified incubator and rinsed three
times in PBS before cell seeding.

Scaffold characterization

Scanning electron microscopy—The surface of the HS- and collagen-coated scaffolds
was assessed using low-vacuum scanning electron microscopy at 5 keV (Nova NanoSEM
230 FEI, Hillshoro, OR) after mounting on aluminum stubs.
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Fourier transform infrared spectroscopy—*Functional groups in uncoated PCL, HS-
coated PCL and collagen-coated PCL were compared via attenuated total reflection-Fourier
transform infrared spectroscopy (ATR-FTIR) using an Avatar 360 Thermo Nicolet
Spectrometer (Thermo Scientific, Waltham, MA). Scaffolds were placed in contact with the
diamond ATR crystal to obtain the absorbance spectra between 1,500 cm™1 and 4,000 cm™1
wavenumber. Results were converted to percent transmittance, and the functional group
region between 1,500 cm™1 and 4,000 cm™ was analyzed.

Isolation and culture of neonate intestinal smooth muscle cells

Primary green fluorescent protein (GFP)-expressing cells were harvested as described
previously30 from neonatal transgenic GFP-expressing Lewis rats generously gifted by
Reichardt at the University of Wirzburg, Germany. The GFP-expressing rats were
maintained by UCLA’s Department of Laboratory Animal Medicine and were sacrificed
with approval of the UCLA Institutional Review Board. In short, 5- to 7-day-old animals
were sacrificed and muscle strips were gently teased away from the small intestine. Muscle
tissue was digested at 37°C for 30 minutes in 0.01% collagenase 1V (Sigma), rinsed in
Hank’s buffered saline solution, filtered through a 70-um cell strainer, counted with a
hemacytometer and seeded with a density of 250,000 cells/cm? as determined in earlier
experiments39, either on circular scaffolds within a well plate for in vitro experiments, or on
rectangular scaffolds for in vivo experiments within a custom polydimethylsiloxane (PDMS,
Dow Corning, Elizabethtown, KY) cell seeding tray shaped to fit our scaffolds. Control cells
were seeded directly on to a 24-well plate at 25,000 cells/cm? density. For in vivo
experiments, the cells were allowed to grow on the scaffolds in these conditions for 2 weeks
prior to implantation (day 0), or maintained /n7 vitro until collection of implants at 2 weeks or
6 weeks after implantation. For /in vitro experiments, the scaffolds were collected at 2, 4 or 6
weeks following seeding. Cells were maintained in a humidified incubator kept at 37°C in
DMEM (Life Technologies, Carlsbad, CA) supplemented with 10% fetal bovine serum and
1x antibiotic/antimycotic.

The implantation procedure has been described previously39 and was performed in
accordance with UCLA’s Animal Research Committee protocol #2004-197-21. Briefly,
scaffolds were wrapped twice around a #6 silicone catheter, sutured with prolene, and
wrapped and sutured in place in the omentum of Lewis rats.

Immunohistochemistry

Immunostaining of GFP-expressing SMCs—Immunohistochemical determination of
the implants has been described previously3C. Constructs were retrieved and sectioned after
2 or 6 weeks implantation, then stained with antibodies to SMA or DES (Dako, Carpinteria,
CA; 1:50 dilution), myosin heavy chain (MHC; Santa Cruz Biotechnology, Dallas, TX; 1:50
dilution), GFP (Clontech, Mountain View, CA; 1:200 dilution) or von Willebrand Factor
(VWEF; Dako; 1:200 dilution). Antibodies were then labeled with fluorescent secondary
antibodies (Life Technologies; 1:500 dilution) except for vVWF, which was visualized with
DAB (3,3-diaminobenzidine; Vector Laboratories) and counter-stained with hematoxylin.
Scaffolds without primary antibodies did not show any significant amount of staining
(Supplementary Fig. 1).
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RNA and DNA gquantification

Statistics

RESULTS

RNA and DNA extraction and quantification was described in a previous publication30. In
short, RNA was extracted from scaffolds and implants using an RNeasy kit (Qiagen,
Germantown, MD) and quantified with real-time PCR on an ABI PRISM 7700 Sequence
Detection System (Applied Biosystems, Life Technologies). Primer/probe mixtures for
SMA, DES, MHC and GAPDH were purchased from Applied Biosystems (GAPDH —
Rn01775763_gl; SMA — Rn01759928 g1; MHC — Rn01530321_m1; DES -
Rn00574732_m1). GFP primer/probes were custom sequences purchased from Operon
(Huntsville, AL; Forward: 5"-ACTACAACAGCCACAACGTCTATATCA-3’; Reverse: 5’-
GGCGGATCTTGAAGTTCACC-3’; Probe: 5'-(6-FAM)
CCGACAAGCAGAAGAACGGCATCA(Tamra-Q)-3"). All samples were normalized to
GAPDH and to RNA extracted from muscle strips from rat pups 3-5 days after birth.

Differences between groups were evaluated using a Student’s #test. A p-value <0.05 was
considered statistically significant.

Scaffold characterization

Fibers of the electrospun PCL scaffolds showed a uniform thickness and directionality (Fig.
1a). Electrospun PCL formed a dense network of smooth fibers that was highly porous (Fig.
1b). HS-coated scaffolds contained sub-micron roughness on PCL fibers (Fig. 1c), which
was characteristic of scaffolds with HS coating38. After coating with collagen, scaffolds
showed a fine network of collagen fibers interspersed among the larger PCL fibers (Fig. 1d).

Scaffolds coated were labeled with FITC-HS and were immunofluorescently stained for
collagen (Fig. 2). FITC-labeled HS was visible on HS-coated scaffolds only (Fig. 2a,b).
Scaffolds coated with collagen only fluoresced red from the secondary antibody labeling to
anti-collagen type 1 (Fig. 2c,d).

FTIR spectra of the scaffolds contain absorption peaks at various spectra associated with
functional groups (Fig. 3). All scaffolds contain peaks at 2,970 cm~1 and 2,890 cm™2,
indicative of —-CH,— stretching, as well as a distinct carbonyl peak at 1,720 cm™1 consistent
with bare PCL (Fig. 3a). The HS-coated scaffolds created a peak at 3,350 cm~2, indicating a
secondary amine N-H stretch (Fig. 3b), and a peak at approximately 1,660 cm~1 from a new
amide C=0 bond. Heparan contains a sulfate group, which is normally observed between
1,350 cm™1 and 1,450 cm™1; however, artifacts of measurement in the PCL groups
overshadowed these peaks#C. The collagen-coated scaffolds (Fig. 3c) contained a broad peak
around 3,400 cm™1 from a stretch in an —OH group.

Immunohistochemical analysis

Scaffolds grown in culture stained positively for smooth muscle actin (SMA) after culturing
for 2, 4 and 6 weeks on all coatings (Fig. 4). SMCs grown in culture stain consistently high
for SMA, which is a general marker for intestinal SMCs. Cells grown on collagen-coated
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scaffolds showed the greatest amount of SMA at all points, while HS-coated scaffolds
increased SMA staining consistently from 2—-6 weeks. Collagen-coated scaffolds showed an
increase in cell attachment at all time points, and SMCs densely covered the surface of the
scaffold after only 2 weeks. The high levels of SMC attachment observed on the collagen-
coated scaffolds were consistent with gPCR results (Fig. 7). HS-coated scaffolds showed
reduced staining for SMA, indicating fewer SMCs attaching after initial seeding and reduced
proliferation during culture. SMC attachment on HS-coated scaffolds were similar to
collagen-coated scaffolds after plasma treating HS-coated scaffolds, although this technique
also reduced the angiogenic effects of HS-coated scaffolds /n vivo (data not shown).

Desmin (DES) is an intermediate marker for smooth muscle maturity. DES staining (Fig. 5)
on HS-coated scaffolds increased from weeks 2-6, but was reduced compared to either
collagen-coated scaffold. Both collagen- and HS-coated scaffolds showed comparable
results, with slight increases in DES staining, and collagen-coated scaffolds overall had
greater DES expression at all points.

MHC is a marker of advanced maturity in SMCs. MHC expression (Fig. 6) was consistently
low on all scaffolds at all time points, but had increased slightly by week 6 on collagen-
coated scaffolds, perhaps due to greater overall cell numbers on these scaffolds at this time
point. HS-coated scaffolds did not show the same increase.

Analysis of RNA expression

All scaffolds and cells grown in well plates showed a decrease in expression for SMA, DES
and MHC at all time points, for all genes, compared to expression in primary muscle strips
(Fig. 7). Collagen coated scaffolds showed an increase in gene expression for SMA, DES
and MHC compared to HS-coated scaffolds after 2 weeks. Conversely, cells seeded on to a
well plate showed an increase in gene expression for the same markers compared to any of
the scaffolds at 2 weeks.

By week 4, collagen-coated implants still showed an increase in expression of SMA and
DES, but there was no increase in MHC compared to HS-coated scaffolds. Cells grown in
well plates also showed an increase in SMA and DES compared to any scaffold, but only
had increased expression of MHC compared to HS-coated scaffolds.

By week 6, there was no statistical difference between any set of scaffolds, including cells
grown on a well plate only, for any marker.

Immunohistochemistry of implants

Histological staining with hematoxylin and eosin was performed after recovering explants
following 2 or 6 weeks in the rat omentum (Fig. 8). HS-coated explants (a, 2 weeks /in vivo;
¢, 6 weeks /n vivo) and collagen-coated implants (b, 2 weeks /n vivo; d, 6 weeks in vivo)
both showed cell infiltration throughout the scaffolds.

Implants were sectioned circumferentially and imaged with the outer, omental-facing layers
in the bottom of the image and inner layers, luminal layers at the top of the image as
described previously3?. Immunohistological staining for SMA and DES (Fig. 9) and MHC
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(Fig. 10) showed an increase in both markers from 2—-6 weeks. SMA stained strongly, but
sporadically at 2 weeks in all implants; however, actin staining was uniform and dense
throughout the scaffolds by 6 weeks (Fig. 9a—d). DES staining increased slightly between 2
and 6 weeks (Fig. 9e-h). MHC showed a slight increase in staining from 2 weeks (HS, Fig.
10a; collagen, Fig. 10b) to 6 weeks in all scaffold groups (HS, Fig. 10c; collagen, Fig. 10d).
GFP staining of SMCs (Fig. 11) remained constant from 2 weeks (HS, Fig. 11a; collagen,
Fig. 11b) to 6 weeks (HS, Fig. 11c; collagen, Fig. 11d).

GFP-expressing DNA quantification

During /n vitro culture, scaffolds coated in collagen showed a statistically higher number of
GFP-expressing SMCs as determined by gPCR compared to HS-coated scaffolds at all time
points (Fig. 11e). HS-coated scaffolds had about the same number of cells from the initial
seeding by week 6, while collagen-scaffolds had reached this number by the day of
implantation. Implants were recovered after 2 and 6 weeks and GFP+ cells were quantified
with gPCR to GFP DNA. After 2 weeks /n vivo, HS-coated implants had more GFP+ cells
than HS-coated scaffolds /n vitro, but there were no significant differences between HS- and
collagen-coated implants at either week 2 or week 6.

Quantification of angiogenesis

Angiogenesis was quantified with staining for vVWF, which stains blood vessels a brown/
black circle when positive (Fig. 12). There was a significant increase in blood vessels in HS-
coated implants compared to collagen-coated implants after 2 weeks (HS, Fig. 12a; collagen,
Fig. 12b), however after 6 weeks (HS, Fig. 12c; collagen, Fig. 12d) the differences were no
longer significant (Fig. 12e).

DISCUSSION

The goal of this study was to improve cellular attachment, proliferation and maturity by
coating scaffolds with either HS or collagen. While collagen led to rapid SMC proliferation
and maturation /n vitro, HS increased the speed of angiogenesis and improved survival of
implanted SMCs /n vivo.

HS-coated scaffolds had improved /n vivo characteristics despite the reduced cellular
attachment exhibited /in vitro. Vascularization of tissue-engineered implants remains a
significant limitation to development of larger tissues and organs. In our experiments, we
used laser-cut pores to improve cellular infiltration and vascular perfusion in vivo, both
characteristics that should also be improved by HS coating38. HS-coated implants showed a
significant increase in angiogenesis after 2 weeks post-implantation, which corresponded to
an increase in GFP+ SMCs on implants (678,000 + 273,000 after 2 weeks; 871,000

+ 278,000 after 6 weeks) compared to scaffolds /7 vitro (168,000 + 42,000 after 2 weeks;
511,000 + 178,000 after 6 weeks). This result suggests that the rapid vascularization into
HS-coated implants might aid SMC survival or proliferation after implantation compared to
collagen-coated implants. Although not statistically significant, more GFP+ SMCs were
measured on HS-coated implants after 6 weeks compared to either 2-week implants or 6-
week HS-coated scaffolds /n vitro, but vascularization did not change noticeably between 2
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and 6 weeks implantation. A possible explanation for this observation is that early
infiltration of blood vessels may be critical to sustaining recently implanted cells, and
continues to support proliferating SMCs after angiogenesis tapers off.

Conversely, GFP+ cells on collagen-coated implants did not change noticeably (498,000

+ 195,000 after 2 weeks; 668,000 + 135,000 after 6 weeks) after implantation and may have
even decreased compared to scaffolds grown /n vitro (604,000 + 193,000 after 2 weeks;
1,439,000 £ 570,000 after 6 weeks). Collagen-coated implants had significantly fewer
infiltrating blood vessels compared to HS-coated implants (287 + 58 blood vessels with HS-
coated implants after 2 weeks; 195 + 44 blood vessels on collagen-coated implants after 2
weeks), leading to a decrease in surviving SMCs immediately after implantation.

Characteristics of scaffolds with each coating in vitro were very different than the implants
with each coating /n vivo. Although the collagen-coated scaffolds were nearly confluent
after 2 weeks /n vitro, desmin expression did not increase appreciably until 4 weeks,
suggesting a lag in the restoration of maturity following confluency and the proliferative
state of the SMCs. This finding would seem to agree with the widely held belief that SMCs
can transition between a proliferative, synthetic state and a slow-growing, mature state
following confluency20. There was only a small increase in MHC staining within the 6-week
timeframe of this study on collagen-coated scaffolds compared to the HS-coated scaffolds.
Seemingly, the small increases in SMA gene expression observed with gPCR on collagen-
coated scaffolds accumulate over the course of weeks. This led to improved staining of DES
and MHC compared to HS-coated scaffolds at 6 weeks. There was very little positive
staining for either desmin or MHC on either coating after implantation, suggesting that the
cultured SMCs may have lost their natural phenotype.

The effects of both biological coatings follow the expected effects seen in other literature.
Collagen-coated PLGA had increased cell attachment and proliferation of esophageal
SMCs?9, and intestinal SMCs proliferated in collagen sponges in vivo®; however, excessive
amounts of collagen | has been associated with colitis* and has maintained SMCs in the
synthetic phenotype after implantation?, Conversely, heparan proteoglycans are known to
immobilize and activate growth factors in the extracellular matrix adjacent to cells3® such as
bFGF354243 3 known regulator of SMC proliferation and maturity2C. In radiation-induced
models of fibrosis, increases in collagen were associated with the proliferative state of
SMCs, which was ameliorated by a heparan mimetic33. Heparan’s angiogenic properties are
well studied38 and further enhance the survival of SMCs after implantation. Scaffolds that
were plasma etched after coating with HS did not exhibit angiogenic properties (data not
shown). HS is a highly charged biopolymer, and plasma etching alters surface charges and
surface groups*4. Any interference with the charge density, distribution or overall charge
would likely reduce the ability to bind circulating growth factors through electrostatic
interactions, thereby reducing the intrinsic angiogenic properties*. In a previous
publication, we have shown through high magnification tunneling electron microscopy that
HS crosslinks around PCL fibers38. An alternative method to combine the angiogenic
properties of HS with increased cell attachment would introduce HS, or a short heparan
ligand, linked to the collagen-coated PCL. Other surfaces have been used to engineer smooth
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muscle tissue, including fibrin#6, fibronectin®’, vitronectin*8:49, chitosan650, laminin®?,
matrigel®2 and RGD adhesive peptides®3.

Both collagen and HS coatings could contribute to the development of a thick layer of
engineered contractile smooth muscle. One potential area of future research could introduce
attachment ligands to HS-coated implants to improve growth of SMCs. An important
consideration is maintaining the negative charges on heparan that generate the growth factor
binding characteristics of heparan®®. Attempts to coat collagen on to HS-coated scaffolds
rendered characteristics indistinguishable from collagen-coated scaffolds alone, /n vivoand
in vitro (data not shown).

CONCLUSION

Our results show that collagen performs better than HS in maintenance of SMC attachment
and proliferation /n vitro. Confluency is rapidly reached on collagen-coated scaffolds
compared to HS coating. We also showed that maturity increased immediately after cells
reached confluency on the collagen-coated scaffolds, suggesting a transition between
synthetic and mature phenotypes /n vitro. However, implanted HS-coated implants showed
no difference in GFP+ cell numbers compared to collagen-coated implants, and had a
significant increase in blood vessels after 2 weeks of implantation. These results show that
HS-coating has beneficial effects when used /n vivo that are inadequate to support SMCs /n
vitro.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Scanning electron microscope (SEM) analyses of uncoated PCL scaffolds at 1,000x

magnification (a) and 10,000x magnification (b), HS-coated scaffolds (c) and collagen-
coated scaffolds (d) Scale bar = 100 um (a) and 10 um (b—d).
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Figure 2.
FITC-heparan immobilization on polycaprolactone (PCL) electrospun scaffolds. Scaffolds

coated with FITC-HS (a) showed only green fluorescence and no red (b), and collagen-
coated scaffolds (c) were negative for FITC (c) but had uniform red fluorescence from
RITC-labeled secondary antibodies to anti-collagen (d). Scale bar = 200 um.
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Figure 3.
Fourier transform infrared spectroscopy (FTIR) transmittance spectra of uncoated PCL (a),

HS-coated PCL (b) and collagen-coated PCL (c). The asterisk (*) indicates a peak at 3,350
cm™1 from stretching amines in HS, a carrot (") indicates a peak at 1,660 cm™ from an
amide bond in HS and the arrow head indicates hydroxyl stretching at 3,400 cm™ due to
collagen.
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Figure 4.
Well plates and scaffolds stained with anti-smooth muscle actin (SMA) at 2, 4 and 6 weeks

post-seeding. Well plates (top row) increased in SMA-positive cells from 2 weeks (left
column) through 6 weeks (right column), and SMA expression remained consistently high.
HS-coated scaffolds (middle row) increased expression from 2, 4 and 6 weeks. Collagen-
coated scaffolds (bottom row) showed consistently high SMA staining. Scale bar = 200 um.
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Figure 5.
Well plates and scaffolds stained with anti-desmin (DES) at 2, 4 and 6 weeks post-seeding.

Well plates (top row) increased in DES-positive cells from 2 weeks (left column) through 6
weeks (right column). HS-coated scaffolds (middle row) increased expression from 2, 4 and
6 weeks. Collagen-coated scaffolds (bottom row) showed consistently high DES staining,
and increased slightly over the 6-week duration. Scale bar = 200 pm.
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-
Figure 6.

Well plates and scaffolds stained with anti-myosin heavy chain (MHC) at 2, 4 and 6 weeks
post-seeding. Well plates (top row) had consistently low numbers of MHC-positive cells
from 2 weeks (left column) through 6 weeks (right column). HS-coated scaffolds (middle
row) had low levels of MHC expression from 2, 4 and 6 weeks. Collagen-coated scaffolds
(bottom row) had some MHC expression that increased in week 6. Scale bar = 200 um.
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RNA expression 2, 4 and 6 weeks after seeding as quantified with gPCR and normalized to
strips of smooth muscle. HS, HS-coated; COL, collagen-coated. After 2 and 4 weeks in
culture, well plates had significantly greater expression of SMA, DES and MHC compared
to both HS-coated and collagen-coated scaffolds. Collagen-coated scaffolds had significantly
more expression of SMA, and DES at both 2 and 4 weeks, and MHC at 2 weeks compared
to HS-coated scaffolds. By 6 weeks, there were no statistically significant differences
between any of the culture conditions. (*denotes p < 0.05 compared to HS-coated scaffolds,
**denotes p < 0.05 compared to collagen-coated scaffolds).
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Figure 8.
H&E stained implants collected 2 and 6 weeks post-implantation. HS-coated implants (a,c)

and collagen-coated implants (b,d) were harvested at either 2 weeks (HS, a; collagen, b) or 6
weeks (HS, c; collagen, d) /n vivo. Scaffolds are labeled with omentum (O) and luminal (L)
labels on the outer- and innermost layers, respectively, and arrows mark the edges of laser-
cut holes through the PCL layers. Scale bar = 200 um.
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Figure 9.
Scaffolds harvested after implantation for 2 or 6 weeks and labeled for SMA (left) or DES

(right). HS-coated implants (a,c,e,g) and collagen-coated implants (b,d,f,h) were harvested
at either 2 weeks (a,b,e,f) or 6 weeks (c,d,g,h) /n vivo. There was consistently high
expression of SMA in both scaffolds and at both time points. Between 2 and 6 weeks, there
was a slight increase in DES immunofluorescence in both HS- and collagen-coated implants.
Scale bar = 200 pm. Omentum (O) and luminal (L) are labeled adjacent to the outer- and
innermost layers, respectively.
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Figure 10.
Scaffolds harvested after implantation for 2 or 6 weeks and labeled for MHC. HS-coated

implants (a,c) and collagen-coated implants (b,d) were harvested at either 2 weeks (HS, &;
collagen, b) or 6 weeks (HS, c; collagen, d) /n vivo. There was very little MHC expression in
both HS- and collagen-coated scaffolds at both time points. Scale bar = 200 pm. Omentum
(O) and luminal (L) are labeled adjacent to the outer- and innermost layers, respectively.
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Figure 11.
Scaffolds harvested after implantation for 2 or 6 weeks and labeled for GFP. HS-coated

implants (a,c) and collagen-coated implants (b,d) were harvested at either 2 weeks (HS, &;
collagen, b) or 6 weeks (HS, c; collagen, d) /n vivo. Green fluorescent protein (GFP)-
expressing cells were present in both scaffold coatings at 2 weeks and increased at 6 weeks.
Scale bar = 200 pm. GFP-positive DNA-quantified by gPCR on scaffolds grown /n vitroand
in vivo (e). Scaffolds were seeded with 500,000 cells 2 weeks prior to “D0” — simultaneous
with day 0 of implantation of rolled scaffolds. “Wk2” corresponds to 2 weeks after
“implantation”, or 4 weeks after cell seeding. “Wk6” corresponds to 6 weeks after
“implantation”, or 8 weeks days after cell seeding. Collagen-coated scaffolds grown /n vitro
had significantly more GFP+ cells compared to HS-coated scaffolds at every time point.
Scaffolds that were implanted were cell-seeded with 500,000 cells 2 weeks prior to
implantation and retrieved after 2 or 6 weeks — simultaneous with 2 or 6 weeks of /n vitro
scaffolds. There was no statistical difference between HS- and collagen-coated scaffolds at
either week 2 or week 6. (*denotes p < 0.05 compared to HS-coated implants). Omentum
(O) and luminal (L) are labeled adjacent to the outer- and innermost layers, respectively.

Technology (Singap World Sci). Author manuscript; available in PMC 2017 July 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Walthers et al.

Page 24

' ' Fle

.

QNN
=]

- -
g
=]
.

vWF-Positive Blood Vessels
(Four Sections Per Scaffold)

Week 2 Week 6

Figure 12.
Immunohistochemical evaluation of implants for von Willebrand factor (vVWF) positive

blood vessels. Angiogenesis was quantified with anti-vWF antibodies, diaminobenzidine
(DAB) stain, and counterstained with hematoxylin A. There was an increase in blood vessels
in HS-coated implants (a) compared to collagen-coated implants (c) after 2 weeks, but there
was no difference in blood vessel infiltration in either HS-coated (b) or collagen-coated
implants (d) after 6 weeks. Scale bar = 100 um. Blood vessels were stained for vWF and
positive vessels were quantified (e). There was a statistical increases in blood vessel
infiltration between the HS- and collagen-coated scaffolds at week 2, but not week 6 (p <
0.05, *). Omentum (O) and luminal (L) are labeled adjacent to the outer- and innermost
layers, respectively.
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