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Abstract

The objective of this study was to enhance the angiogenic capacity of endothelial cells (ECs) using
nano-scale signaling cues from aligned nanofibrillar scaffolds in the setting of tissue ischemia.
Thread-like nanofibrillar scaffolds with porous structure were fabricated from aligned-braided
membranes generated under shear from liquid crystal collagen solution. Human ECs showed
greater outgrowth from aligned scaffolds than from non-patterned scaffolds. Integrin a1 was in
part responsible for the enhanced cellular outgrowth on aligned nanofibrillar scaffolds, as the
effect was abrogated by integrin a1 inhibition. To test the efficacy of EC-seeded aligned
nanofibrillar scaffolds in improving neovascularization in vivo, the ischemic limbs of mice were
treated with: EC-seeded aligned nanofibrillar scaffold; EC-seeded non-patterned scaffold; ECs in
saline; aligned nanofibrillar scaffold alone; or no treatment. After 14 days, laser Doppler blood
spectroscopy demonstrated significant improvement in blood perfusion recovery when treated
with EC-seeded aligned nanofibrillar scaffolds, in comparison to ECs in saline or no treatment. In
ischemic hindlimbs treated with scaffolds seeded with human ECs derived from induced
pluripotent stem cells (iPSC-ECs), single-walled carbon nanotube (SWNT) fluorophores were
systemically delivered to quantify microvascular density after 28 days. Near infrared-11 (NIR-1I,
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1000-1700 nm) imaging of SWNT fluorophores demonstrated that iPSC-EC-seeded aligned
scaffolds group showed significantly higher microvascular density than the saline or cells groups.
These data suggest that treatment with EC-seeded aligned nanofibrillar scaffolds improved blood
perfusion and arteriogenesis, when compared to treatment with cells alone or scaffold alone, and
have important implications in the design of therapeutic cell delivery strategies

Keywords

nanofibrillar; peripheral arterial disease; induced pluripotent stem cell; angiogenesis; carbon
nanotube; ischemia

It is generally agreed that the extracellular matrix (ECM) milieu provides not only structural
integrity, but also biophysical and chemical signaling cues to direct cell behavior and
function. In native tissues, the ECM secreted by vascular cells forms nano- to micro-scale
fibrillar networks.! Bioengineered scaffolds have tremendous potential to advance the fields
of tissue engineering and regenerative medicine.2 3 To elucidate the role of bioengineered
scaffolds in modulating cell behavior, a number of properties have been examined, including
rigidity, ligand density, porosity, and spatial patterning.4~9 We and others have previously
demonstrated that human microvascular endothelial cells (ECs) respond to parallel-aligned
(anisotropic) nanopatterned scaffolds by morphologically reorganizing the cytoskeleton
along the direction of the nanofibrils.10-12 Besides inducing changes at the morphological
level, aligned nanofibrillar scaffolds also modulated EC function by enhancing cell survival
and by inhibiting inflammation.13: 14 In agreement with our findings, other studies
demonstrated a role of nanofibrillar cues in modulating cell function, stem cell
differentiation, cellular reprogramming, and tissue morphogenesis.15-17

A number of techniques have been developed to engineer nano-scale ECMs, including
electrospinning, soft lithography, peptide synthesis, and electron beam lithography.17-24 We
developed a shear-mediated technique to create aligned-braided collagen nanofibrillar
scaffolds.2> 26 The advantages of this approach over existing technologies are that it is
reproducible and allows the self-assembly of collagen into the structures mimicking
collagennative organization. This method takes advantage of monomeric collagen as a
lyotropic liquid crystal that undergoes fibrillogenesis selectively along the direction of
shear.25: 26 By altering the collagen concentration, ionic strength, and the shear rate, the
nanofibril diameter and pattern can be modulated. Parallel-aligned nanofibrillar sheets can
be further organized into thread-like porous scaffolds as we demonstrated previously.14
Unlike injectable hydrogels, these thread-like nanofibrillar scaffolds provide mechanical
strength, can be surgically sutured, and can be fabricated at clinically relevant length scales.

In this study, we developed aligned thread-like nanofibrillar collagen scaffolds for treatment
of peripheral arterial disease (PAD), which affects over 8 million patients in the US 27 and is
characterized by tissue ischemia of the distal limbs due to atherosclerotic lesions that
obstruct blood flow. Approaches to enhance angiogenesis and arteriogenesis so as to
improve blood flow are promising, but therapeutic cell delivery alone has had only moderate
benefit in restoring blood perfusion in clinical trials.28 We hypothesized that nanofibrillar
scaffolds provide signaling cues to enhance the therapeutic potential of ECs. Using both
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primary ECs as well as ECs derived from human pluripotent stem cells (iPSC-ECs), we
show for the first time that aligned nanofibrillar scaffolds enhance the regenerative capacity
of transplanted endothelial cells to restore blood perfusion in the ischemic limb and promote
arteriogenesis, in part by activation of the transmembrane adhesion molecule, integrin al
subunit.

RESULTS

Generation of EC-seeded aligned nanofibrillar scaffold

We fabricated nanofibrillar membranes having helical-like fibrils deposited on plastic
substrates. The production process is schematically represented in Fig. 1A, in which
polarized microscopy images demonstrate the specific features of each step. The starting
material is a liquid crystal collagen in nematic phase that shows a typical domain size of 100
um (Fig. 1Ai). The same material under the shear reveals a typical banding period of 10 um
(Fig. 1Aii). After evaporation, the resulting aligned nanofibrillar collagen membrane
demonstrates a typical crimp periodicity of 3 um (Fig. 1Aiii). AFM analysis of the
nanofibrillar collagen membrane on plastic show a nematic structure with highly aligned
collagen fibrils with diameter ~30 nm and an additional translational order formed by the
peaks of helices of the helical-like fibrils (“crimp”) (Fig. 1B). The crimps are perpendicular
to the direction of fibril alignment, and collectively, they form the crimp pattern.26: 2% The
crimped configurations of collagen fibrils are typical for collagen-based fibrous tissue when
external load is reduced, and mimic the woven spiral structure of collagen bundles in relaxed
blood vessels.30 The crimped aligned pattern revealed by AFM was confirmed by
corresponding SEM images (Fig. 1C). The cross-sectional view revealed that the scaffold
was porous and measured approximately 300 um in diameter (Fig. 1D). The scaffolds were
degradable by collagenase (Supp Fig. 1).

Primary human ECs seeded on the aligned nanofibrillar scaffold were elongated and
polarized along the direction of nanofibrils, based on F-actin fluorescence staining and SEM
(Fig. 2A,E), which was in stark contrast to the less elongated morphology of the ECs
cultured on the control (non-patterned) collagen scaffold (Fig. 2D). The cells on the aligned
nanofibrillar scaffolds surrounded the scaffold, as shown by three-dimensional
reconstruction and orthogonal views of the F-actin staining (Fig. 2B—C). Quantification of
cell shape index (CSI) as a measure of elongation demonstrated that ECs on aligned
nanofibrillar scaffolds were significantly more elongated than cells on the control substrate
(Fig. 2F, p<0.01).

Aligned nanofibrillar scaffold induces EC outgrowth through integrin al activity

To test the ability of aligned nanofibrillar scaffolds to enhance endothelial migration in
vitro, the fibronectin pre-coated scaffolds seeded with EC were embedded into a 3D
hydrogel for quantification of cellular outgrowth based on calcein-AM fluorescent dye (Fig.
3A) and Hoechst 33342 nuclear stain. After 3 days, the number of ECs that migrated from
the nanofibrillar scaffold to the surrounding hydrogel was 3.8+1.5 times higher in the
aligned nanofibrillar scaffold group, than in the control group (p <0.01), suggesting that the
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aligned nanofibrillar scaffold modulated EC activity by inducing significantly greater
cellular outgrowth (Fig. 3B).

We next sought to elucidate the potential mechanisms of aligned nanofibril-mediated
endothelial migration. Given the importance of integrin expression and binding as an
important mechanism by which nanotopography modulates cellular effects,3! we reasoned
that collagen-binding integrin a1B1 may be involved. Quantitative PCR analysis of integrins
al and B1 demonstrated that ECs cultured on the aligned nanofibrillar substrate had a
1.8+0.4 times higher expression of integrin a1, when compared to control collagen substrate
(p <0.05), whereas integrin 1 expression was not significantly different between the two
groups (Fig. 3C).

To verify the role of the integrin a1 subunit in selectively mediating EC migration on
nanopatterned scaffolds, we performed pharmacological loss-of-function assay using an
integrin al neutralization antibody that was embedded within the surrounding hydrogel.
Inactivation of integrin al reduced EC outgrowth from the aligned nanofibrillar scaffold to
0.1+0.1 times the value for the isotype-matched negative control group (p < 0.001),
suggesting that integrin al is an important mediator of EC outgrowth from aligned
nanofibrillar scaffolds (Fig. 3D). Fibronectin pre-coating did not appear to influence the
ability of the cells to respond to collagen binding motifs, as cell-seeded scaffolds without
fibronectin pre-coating similarly retained cell attachment capability (Supp Fig. 2A) and
showed significant reduction in EC outgrowth from aligned nanofibrillar scaffolds in the
presence of integrin a1 inhibition (0.4+0.2), relative to isotype-matched negative control
group (p < 0.001) (Supp Fig. 2B).

Aligned nanofibrillar scaffolds seeded with ECs improve blood perfusion in the ischemic

hindlimb

To verify these in vitro results, we next determined whether the aligned scaffolds, in
combination with cultured primary ECs, would induce therapeutic enhancement in blood
perfusion recovery in a murine model of PAD, which is characterized by limb ischemia
upon excision of the femoral artery. At 14 days after treatment, only the animals treated with
aligned scaffolds seeded with ECs showed significant blood perfusion recovery when
compared to the saline control group (p <0.05, Fig. 4A-B). In stark contrast, the animals
treated with the control scaffold with ECs, ECs alone, or aligned scaffold alone were not
significantly different in mean perfusion ratio, relative to the saline control group (Fig. 4B).
To understand the mechanism by which the EC-seeded aligned nanofibrillar scaffolds
induce angiogenesis, histological analysis of transverse tissue sections after 14 days was
performed. Hematoxylin and eosin (H&E)-stained sections showed remnants of the aligned
nanofibrillar scaffold (Supp Fig. 3 A,C), suggesting partial degradation of the scaffold over
the course of 2 weeks. Vascular regeneration in the immediate vicinity of the scaffold was
evident, based on immunofluorescence staining of murine CD31 for neovessels (Supp Fig.
3B, D). These results suggested that the aligned nanofibrillar scaffolds enhance angiogenesis
in vivo by inducing local neovasculature formation along and around the scaffold.

ACS Nano. Author manuscript; available in PMC 2016 February 17.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nakayama et al. Page 5

Aligned nanofibrillar scaffolds seeded with iPSC-ECs induce arteriogenesis in the
ischemic hindlimb

To substantiate these data using therapeutic cells, we generated, purified, and expanded
human iPSC-ECs. These cells have been comprehensively characterized in phenotype,
transcriptome, and function previously.32: 33 The iPSC-ECs express known endothelial
phenotypic markers including von Willebrand factor and CD31 (Supp Fig. 4). Similar in
vivo studies were performed using scaffolds seeded with iPSC-ECs, as a potential infinite
source of autologous therapeutic cells. To visualize as well as quantify the formation of new
microvasculature non-invasively, we utilized near infrared in the second window (NIR-II,
1,000-1,700 nm emission wavelength) imaging of single walled carbon nanotubes (SWNTSs)
as a fluorescent blood contrast agent, which we previously demonstrated to correlate with
histological analysis of neovessel density.34 Given the limit of detection of ~100 pum vessel
diameters using NIR-1I-based imaging, the vessels that were detected represented arterioles.
As shown in Fig. 5A-B, the aligned scaffold seeded with iPSC-ECs demonstrated
statistically higher relative vascular density, in comparison to the saline treatment group as
well as the iPSC-ECs treatment group (p < 0.05, Fig. 5B). Quantification of the relative
distribution of vessel sizes suggested that the significant increase in arteriogenesis in the
aligned scaffold with iPSC-ECs group was attributed to vessels that ranged 150-200 pm in
diameter (Supp Fig. 5). Immunofluorescence staining of transverse tissue sections confirmed
the presence of murine-derived CD31-expressing vessels (Supp Fig. 6) in animals treated
with the aligned scaffold containing iPSC-ECs. The vessels with visible lumens and having
diameters >10pum (denoted by arrow) were consistent in size with arterioles (Supp Fig. 6A),
whereas vessels with flattened lumens <10 um in diameter were more consistent with
capillaries (Supp Fig. 6B).3° Together, these data support our finding that treatment of the
ischemic limb with therapeutic endothelial cells cultured on aligned nanofibrillar scaffolds
augments arteriogenesis.

DISCUSSION

The salient findings of this work are that 1) EC-seeded aligned nanofibrillar scaffolds
promote greater endothelial outgrowth in vitro than non-patterned scaffolds, in part by
integrin al activation (Fig. 3); and 2) EC-seeded aligned nanofibrillar scaffolds enhance
blood perfusion and arteriogenesis in the murine ischemic hindlimb, compared to cell
delivery or scaffold delivery alone (Figs 4 & 5).

Our results suggest that the therapeutic benefits of cell delivery were augmented when the
cells were transplanted while adherent to aligned nanofibrillar scaffolds. Mediating this
process was integrin al, which is abundant in microvascular ECs and is known to be
upregulated during angiogenesis.38 Its activity was necessary for EC outgrowth, since
inactivation of integrin al abrogated EC outgrowth from the aligned nanofibrillar scaffold
in vitro. Moreover, integrin activation is also an important mechanism by which cells sense
nanotopography. Arnold et al. employed nanoscale patterned Au dots with various spacing
to probe cell attachment and demonstrated differential integrin activation with different
spacing.3! This study supports a larger body of literature suggesting that integrin
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interactions with nanopatterned substrates induce morphological as well as biochemical
cellular responses.’

Besides integrin activation, another mechanism by which aligned nanofibrillar scaffolds
promote vascular regeneration is by enabling the transplanted ECs to survive and thereby
confer a therapeutic benefit. We previously demonstrated that the aligned nanofibrillar
scaffolds sustained iPSC-EC survival for up to 28 days after implantation, whereas cells
delivered in saline were no longer detectable by day 4.14 Notably, in order for iPSC-ECs in
saline to enhance blood perfusion after 14 days, we previously showed that an increase in
cell number by two orders of magnitude (from 4x103 to 5x10°) was required to account for
the sharp decline in cell viability in the ischemic hindlimb.33 Therefore, it is likely that
aligned nanofibrillar scaffolds promote cell survival as a way to confer regenerative
capacity, even at low numbers of transplanted cells.

Compared to conventional cell delivery method in saline, the treatment approach of cell
delivery on a supporting scaffold has the advantage of engaging cell adhesion and integrin
binding during the process of cell transplantation, as well as localizing cell delivery to the
intended delivery site. This study underscores the potential of aligned nanofibrillar scaffolds
as a delivery system that can effectively induce therapeutic effects of ECs in ischemic
tissues. Being thread-like in shape, the cell-seeded scaffolds can be easily applied to the
ischemic tissue in a minimally invasive manner using a commercial tunneling device.

Besides aligned nanofibrillar scaffolds, other methods of engineering scaffolds with
angiogenic properties have been developed. For example, Moon et al. co-cultured ECs with
stromal progenitor cells at high cell density within a polyethylene glycol hydrogel bearing
angiogenic growth factors, and delivery of the cell-encapsulated hydrogel enhanced
angiogenesis in the murine cornea.3’” Raghaven et al. encapsulated ECs in collagen gel
within micropatterned channels and demonstrated that the ECs surrounded the gel in channel
so as to mimic a cylindrical vessel-like structure.3® However, the resulting vascular
structures were filled with collagen and did not constitute a hollow lumen. Compared with
these two works, our approach focuses on the role of aligned nanofibrillar patterning to
guide EC elongation and to attract native ECs towards the scaffold to increase
arteriogenesis.

NIR-11-based imaging of vascular regeneration using systemically delivered SWNTs was
pioneered by us for non-invasive and sensitive imaging of the microvasculature.34 3% 40 e
have shown previously that it has similar imaging resolution with microCT (UCT) and
correlates with histological analysis for quantifying blood vessel numbers and sizes.3* Some
of the additional advantages of NIR-11 imaging over uCT include greater contrast-to-
background ratio, minimum interference from the bones and higher sensitivity of detecting
microvascular structures. The nanoscale SWNTs with small molecular weight PEGylated
surfactant have short retention time, are biocompatible, and exhibit minimum adverse effect
when administered in vivo. To our knowledge, this is the first application of NIR-II
fluorescence imaging of SWNTSs for demonstrating induced arteriogenesis by a
bioengineered scaffold with iPSC derivative cells.
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Although the present study highlights the beneficial effects of EC-seeded aligned
nanofibrillar scaffolds for vascular regeneration, further studies are needed to validate long-
term benefits. In addition, further chemical analysis will need to be performed to optimize
the retention time and mechanical properties of the scaffold to match the rate of native ECM
remodeling. Large animal studies will need to be conducted to determine its suitability for
clinical use. A limitation of this study is the use of collagen sutures without nanofibrillar
patterning as the basis for comparison to the aligned nanofibrillar scaffold. Due to the
fabrication method that utilizes shear to orient liquid crystal collagen, randomly oriented
scaffolds produced at reduced shear do not possess sufficient mechanical strength to self-
assemble into thread-like scaffolds. Other fabrication methods such as electrospinning may
produce scaffolds that enable direct comparison of fibril alignment on endothelial function.
In addition, the control scaffold employed in this study is composed primarily of collagen
1,41 but other types of collagen may be present that may influence cell function.

CONCLUSION

Collectively, this study demonstrates that aligned nanofibrillar scaffolds are a potent cell
delivery device to enhance the angiogenic effects of ECs in the ischemic hindlimb. In
particular, EC-seeded aligned nanofibrillar scaffolds promoted 3D cellular outgrowth in
vitro by activating integrin a1, and induced blood perfusion recovery in the ischemic limb
after 14 days. Furthermore, iPSC-EC-seeded aligned nanofibrillar scaffolds showed
enhanced arteriogenesis in the ischemic hindlimb after 28 days based on NIR-1I imaging of
systemically perfused vessels. Together, these studies demonstrate that dual treatment with
adherent ECs on aligned nanofibrillar scaffolds improved blood perfusion and
arteriogenesis, when compared to treatment with cells alone or scaffold alone, and have
important implications in the development of therapeutic cell delivery approaches.

MATERIALS & METHODS

Fabrication of aligned nanofibrillar scaffolds

The aligned nanofibrillar scaffolds were fabricated based on a shear-based fibrillogenesis
technique that is suitable for lyotropic liquid crystal materials#? 43 as described
previously.1# In brief, purified monomeric bovine type | collagen solution (Advanced
Biomatrix) was concentrated to reach a liquid crystal state 25: 29 44,45 and then sheared onto
glass or plastic surface,*6 creating thin membranes with parallel-aligned braided
nanofibrillar orientation with 30 nm fibril diameter (Fig. 1).46 To make three-dimensional
thread-like scaffolds (~10 x 0.3 x 0.3mm), the membranes were delaminated into a free-
standing membrane that was configured into a multi-luminal scaffold using liquid-air
surface tension 26, The scaffolds were then crosslinked by dehydrothermal treatment (DHT)
at 110°C under 50 mtorr vacuum for 48 h. As a control scaffold, we used collagen sutures
that did not contain ordered nanofibrillar topography (Ethicon, 3-0 plain gut). The scaffolds
were characterized using atomic force microscopy (AFM) and scanning electron microscopy
(SEM) using routine methods. The polarized microscopy images of liquid crystal collagen
were obtained using Leitz Ergolux microscope in transmission mode between crossed
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polarizers. Prior to cell seeding, the scaffolds were sterilized in 70% ethanol. Where
indicated, scaffolds were coated with fibronectin (0.005%) prior to cell seeding.

Scaffold Degradation

Collagen scaffold degradation in collagenase was assayed by measuring soluble protein
using ninhydrin reactivity.*” Briefly, aligned collagen scaffold pieces were incubated at
37°Cin 0.1 M Tris, 0.25 M CaCl, solution (pH 7.4) containing 125 U/ml bacterial
collagenase (Clostridium histolyticum, Calbiochem) for up to 24 h. After incubation, the
samples were centrifuged at 15,000 x g, and the supernatant was then reacted with 2%
ninhydrin reagent (Sigma) in boiling water for 10 min. The optical density was measured at
570 nm in a spectrophotometer (SpectraMAX, Molecular Devices). The relative optical
density was calculated by subtracting the value of the background (collagenase only control)
from the acquired optical density. The enzymatic degradation of each scaffold type was
assayed in replicates of n=6.

Cell seeding on nanofibrillar scaffolds

The primary human dermal microvascular endothelial cells (ECs, Lonza, passage 3-12) and
human induced pluripotent stem cell-derived-ECs (iPSC-ECs, passage 8-12)*8 were
maintained in EGM2-MV (Lonza) media. The cells were dissociated at a density of 1 x
108/ml and seeded onto scaffolds with or without fibronectin pre-coating, followed by
intermittent shaking for 6 h, resulting in 4 x 103 adherent cells per scaffold. After cell
attachment, scaffolds were transferred to ultra-low adhesion dishes (Corning). Cell viability
was confirmed by the uptake of calcein-AM fluorescence vital dye (Life Technologies).

EC outgrowth from nanofibrillar scaffolds

Cellular outgrowth was assessed in a 3D migration assay using scaffolds with or without
fibronectin pre-coating. One day after EC seeding, the control or aligned nanofibrillar
scaffolds were encapsulated within a three-dimensional collagen | hydrogel (1 mg/ml)
containing 10% fetal bovine serum and EGM2-MV. After 3 days, the scaffolds were stained
with calcein-AM vital dye and then fixed in 4% paraformaldehyde. Cell nuclei were
visualized by Hoechst 33342, and 3 fluorescent images were captured for each sample.
Cellular outgrowth from the scaffolds was quantified as the total number of cell nuclei that
branched from the scaffold into the hydrogel (n=3).

To assess the role of integrin al in mediating 3D cell migration on aligned nanofibrillar
scaffolds, inhibition studies were performed in which neutralization antibodies directed
against mouse anti-human integrin al (Millipore, MAB1973Z) or isotype-matched mouse
1gG negative control (Millipore, CBL600) were embedded into the collagen hydrogel at 10
ug/ml. Cellular outgrowth after 3 days was quantified as described above (n=3). Aligned
nanofibrillar scaffolds with or without fibronectin pre-coating were assessed to determine
whether fibronectin affects integrin al1-mediated endothelial outgrowth (n=3).

Endothelial cell morphological analysis

Elongation of primary ECs on scaffolds was quantified by the cell shape index
(CSI)=[(4n*Area)/(Perimeter?)], in which CSI=1.0 indicates a perfect circular cell, whereas
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CSI=0.0 represents a line. Primary ECs seeded on either control or aligned nanofibrillar
scaffolds were processed routinely and then imaged by SEM for cell morphology. Using
Image J software (version 1.48), the borders of individual cells on each sample were
outlined for measurement of cell area and perimeter, which was used to calculate the CSI
(n=2). In addition, in vitro samples were fluorescently stained for F-actin cytoskeletal
assembly using Alexfluor-488-conjugated phalloidin (A12379, Life Technologies) as
described previously.14 Confocal microscopy imaging (Zeiss LSM710) and three-
dimensional reconstruction was performed.

Gene expression analysis

ECs were cultured on aligned nanofibrillar collagen membranes attached to the glass support
without fibronectin pre-coating. Dishes coated with monomeric collagen | (rat-tail, BD
Biosciences, 0.4 mg/ml) served as a control substrate. After 6 days, cells were lysed for
RNA extraction using the RNEasy Kit (Qiagen) with modifications,*? followed by first
strand DNA synthesis using Superscript Il reverse transcriptase (Life Technologies).
Quantitative real-time PCR was performed on a 7300 Real-Time PCR system (Life
Technologies). Tagman primers consisted of integrins al (Hs00235006_m1) and 1
(Hs01127543_m1) and housekeeping gene GAPDH (HS99999905 m1). Relative fold
change in gene expression was calculated using the AACt method and normalized to
GAPDH housekeeping gene expression (n=3).

Hindlimb ischemia and scaffold implantation

The efficacy of the aligned nanofibrillar scaffold to support angiogenesis and arteriogenesis
was examined in the murine hindlimb ischemia model, which mimics PAD. Aligned or
control scaffolds (1 cm long) were pre-coated with fibronectin before seeding with primary
ECs. Unilateral hindlimb ischemia was induced in male NOD SCID (13-16 weeks old) by
excision of the femoral artery as previously described.>% The animals were randomized to
receive one of the following treatments at the excision site in the femoral artery bed: 1)
aligned nanofibrillar scaffold seeded with ECs; 2) control scaffold seeded with ECs; 3)
aligned nanofibrillar scaffold without cells; 4) 4 x 102 ECs in 30 pl PBS; or 5) 30 pl PBS
(n=8). The scaffolds were implanted and sutured to the remaining free ends of the femoral
artery left after its excision (Supp Fig. 7). Cells or saline treatment was injected into the
ischemic adductor muscle. Recovery of blood perfusion was assessed at regular time
intervals over 14 days using laser Doppler spectroscopy, for which the data are expressed as
the mean perfusion ratio = (perfusion in ischemic limb)/(perfusion in unoperated limb). To
assess the application of human iPSC-ECs as a therapeutic cell source, hindlimb ischemia
studies were performed in which the mice were randomized into the following groups: 1)
aligned nanofibrillar scaffold seeded with iPSC-ECs; 2) aligned nanofibrillar scaffold
without cells; 4) 4 x 103 iPSC-ECs in 30 pl PBS; or 5) 30 pl PBS (n=3). Non-invasive
imaging of arteriogenesis in the hindlimbs was assessed after 28 days using NIR-I1 as
described below. All animal experiments were performed with approval by the
Administrative Panel on Laboratory Animal Care in Stanford University.
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Intravital NIR-1l Imaging of Arteriogenesis

NIR-I1 fluorescence imaging of hindlimb vasculature in live mice was performed with a
home-made NIR-11 imaging system as described in our previous publications.34 39 In brief,
each animal was injected with a 200 pl solution of SWNT NIR-II fluorophores coated with
DSPE-mPEG (5 kDa) (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethyleneglycol, 5000)], Laysan Bio) at a concentration of 0.10 mg/mL for
SWNTs through the tail vein. At approximately 10 min post injection, each animal was
placed on the imaging stage in the supine position, and the hindlimb area was positioned
within the field of view (25 mm x 20 mm). The field of view was illuminated with a fiber-
coupled 808-nm diode laser (RMPC lasers) through a 4.5-mm collimator (Thorlabs) to reach
an in-plane power density of 140 mW/cm?2. An 850-nm short-pass filter and a 1000-nm
short-pass filter (Thorlabs) were used as excitation filters to remove the long-wavelength
light from the laser. The fluorescence emission from the SWNT fluorophores circulating in
the hindlimb vasculature was collected using a 200-mm achromat and a 75-mm achromat
(Thorlabs, both with anti-reflective coating in the NIR-11 window), and filtered through a
900-nm long-pass filter and an 1100-nm long-pass filter (Thorlabs) to remove the laser light.
The filtered fluorescence in the range of 1,100-1,700 nm was focused onto a liquid-nitrogen
cooled, 2D indium-gallium-arsenide (InGaAs) detector array (Princeton Instruments 2D
OMA-V), which captured static fluorescence images of the mouse hindlimb with an
exposure time of 100-300 ms, depending on the brightness and the actual injection dose of
the SWNTs.

After NIR-1I fluorescence images were acquired with the 2D InGaAs camera, a line profile
peak counting method, which was described in detail in our previous publication,34 was
used to analyze the relative microvascular density of the ischemic hindlimb in comparison to
the control hindlimb. Briefly, two horizontal lines were drawn medially and laterally to the
femoral vessels and two vertical lines were drawn perpendicularly to the previous two lines
near the proximal and distal ends of the femoral vessels (Supp Fig. 8). The line profile of
NIR-11 fluorescence intensity along each line was extracted and plotted in the ImageJ
software, where peaks in the line profile were assigned as blood vessels. Since the two
vertical lines intersect the same femoral vessels twice, these double counted vessels were
subtracted from the total number of vessels. To find the relative microvascular density of the
ischemic hindlimb, the total number of vessels found in the ischemic hindlimb was divided
by that found in the control hindlimb.

Histology and Immunofluorescence Staining

At specified time points, the mice were euthanized, and the adductor muscles were excised
together with the scaffolds for cryosectioning. Tissue sections were stained with
hematoxylin and eosin (H&E) for histological analysis. Murine microvasculature adjacent to
the scaffold was visualized using rat anti-mouse CD31 (BD Pharmingen, 550274) antibody,
followed by goat anti-rat Alexfluor-488 (A11006, Life Technologies) or Alexafluor-594
(A11032, Life Technologies) secondary antibodies, according to our previous
publications.33: 34 Total nuclei were stained by Hoechst 33342 dye (Life Technologies).
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Statistical Analysis

All data are shown as mean + standard deviation. Statistical comparisons between 2 groups
were quantified by an unpaired t-test. For comparisons of 3 or more groups, analysis of
variance (ANOVA) with Holm’s adjustment for multiple comparisons was used. Statistical
significance was accepted at p < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Generation and characterization of aligned collagen scaffold
(A) Schematic of fabricating aligned collagen scaffold in which collagen liquid crystal in the

nematic phase (i) is sheared onto glass to create aligned liquid crystal collagen (ii) and then
allowed to evaporate, forming an aligned nanofibrillar collagen film (iii). The aligned
collagen film then self-assembles into a thread-like scaffold. (B) AFM shows aligned,
crimped nanofibrillar scaffold structure. SEM shows the crimped micro-scale structure along
the surface (C) and porous structure by cross-sectional view (D). Scale bars: 10 um (C), 100
pum (D). Double arrows denote orientation of nanofibrils.
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Fig. 2. Endothelial morphology on aligned collagen scaffolds
(A) Confocal microscopy images of F-actin fluorescent staining on primary human ECs

cultured on aligned nanofibrillar scaffolds. (B) Three-dimensionally reconstructed images
showing F-actin staining (green) and Hoechst 33342 total nuclei (blue) surrounding scaffold.
(C) Orthogonal view of F-actin staining. SEM of primary human ECs cultured on control
(D) scaffold or aligned nanofibrillar (E) scaffolds. (F) Quantification of CSI between cells
seeded on control or aligned nanofibrillar scaffolds. Arrow denotes direction of collagen
nanofibrils. Scale bar: 100 pm (A-B), 20 um (D-E).
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Fig. 3. Endothelial outgrowth from aligned nanofibrillar scaffolds
Human ECs seeded on fibronectin-pre-coated control or aligned scaffold were encapsulated

into a 3D hydrogel for tracking cellular outgrowth. (A) Fluorescently labeled ECs are shown
migrating from scaffold into the surrounding hydrogel after 3 days. Dotted line denotes
border of scaffold. (B) Quantification of cellular outgrowth from control or aligned scaffold
after 3 days (n=3, *P<0.01). (C) gPCR analysis of integrin subunit gene expression (n=3,
*P<0.05). (D) Cellular outgrowth from aligned nanofibrillar scaffolds in the presence of
integrin al inhibition antibody or 1gG control (n=3, *P<0.001). Scale bar: 200 pm.
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Fig. 4. EC-seeded aligned scaffolds enhance limb perfusion after induction of hindlimb ischemia
(A) Representative laser Doppler images showing recovery of perfusion in the ischemic

limb (denoted by arrow) after 14 days. (B) Quantification of mean perfusion ratio (ischemic/
unoperated limb). *P<0.05, compared to PBS control group (n=8).
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Fig. 5. Near infrared-11 (NIR-I1)-based fluor escence imaging of the hind limb vasculature at 28
days after implantation of aligned scaffold with human iPSC-ECs

(A) Representative images of each group for the ischemic and unoperated limb. (B)
Quantification of relative vascular density between treatment groups. Dotted lined denotes
vascular density of unoperated limb (*P<0.05, n=3).
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