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Abstract
Endothelial cells (ECs) are aligned longitudinally under laminar flow, whereas they are polygonal
and poorly aligned in regions of disturbed flow. The unaligned ECs in disturbed flow fields
manifest altered function and reduced survival that promote lesion formation. We demonstrate that
the alignment of the ECs may directly influence their biology, independent of fluid flow. We
developed aligned nanofibrillar collagen scaffolds that mimic the structure of collagen bundles in
blood vessels, and examined the effects of these materials on EC alignment, function, and in vivo
survival. ECs cultured on 30-nm diameter aligned fibrils re-organized their F-actin along the
nanofibril direction, and were 50% less adhesive for monocytes than the ECs grown on randomly
oriented fibrils. After EC transplantation into both subcutaneous tissue and the ischemic hindlimb,
EC viability was enhanced when ECs were cultured and implanted on aligned nanofibrillar
scaffolds, in contrast to non-patterned scaffolds. ECs derived from human induced pluripotent
stem cells and cultured on aligned scaffolds also persisted for over 28 days, as assessed by
bioluminescence imaging, when implanted in ischemic tissue. By contrast, ECs implanted on
scaffolds without nanopatterning generated no detectable bioluminescent signal by day 4 in either
normal or ischemic tissues. We demonstrate that 30-nm aligned nanofibrillar collagen scaffolds
guide cellular organization, modulate endothelial inflammatory response, and enhance cell
survival after implantation in normal and ischemic tissues.
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1. Introduction
Endothelial cells (ECs) maintain vascular homeostasis by interacting with circulating blood
components, modulating smooth muscle contractility, and providing a selective barrier to
circulating small molecules and proteins [1, 2]. It is well-established that vascular ECs are
elongated and aligned longitudinally along the direction of blood flow in regions of laminar
flow, whereas in regions of disturbed flow the cells are polygonal and non-aligned [3].
These variations in EC morphology are accompanied by functional differences: cells
exposed to disturbed flow are more prone to atherogenesis, in part due to increased
expression of adhesion molecules and greater propensity for monocyte adhesion [4]. The
effects of laminar flow to reduce monocyte adhesion have been assumed to be due to shear-
induced release of paracrine factors such as nitric oxide from ECs, and the subsequent
downregulation of adhesion molecules [5, 6]. Since laminar shear stress confers EC
patterning in the presence of hemodynamic forces, it is difficult to decouple the
contributions of spatial patterning and mechanical forces to EC function We therefore
sought to examine the effects of spatial patterning on EC behavior and function in the
absence of shear stress using extracellular matrix (ECM) nanotopography.

Besides substrate nanotopography, the chemical composition of the biomaterial also
provides instructive signaling cues to cells. In particular, collagen is a major structural
component of ECM in native tissues that can regulate many biological processes including
cell assembly, migration, proliferation, and function [7]. Collagen is biodegradable and has
low antigenicity, making it advantageous as a transplant material. Aligned collagen I
fibrillar matrices were previously shown to provide essential cell-matrix interaction and
guide corneal EC alignment along the fibrils [8]. However, the fibrillar matrices used in
previous studies are basically an array of aligned fibrils that poorly reflects the complexity
of native ECM and its mechanical properties [8, 9]. In contrast, we present the generation of
aligned collagen fibrillar scaffolds with the woven-like helical and crimped configurations,
which are typical for collagen-based fibrous tissue under reduced load. These aligned,
woven fibrillar scaffolds better mimic the woven spiral structure of collagen bundles in
relaxed blood vessels [10] and have high mechanical strength. We used a liquid collagen
shearing technique to fabricate collagen membranes or scaffolds with parallel-aligned
nanofibrils with controllable distribution of fibril diameters and supramolecular spatial
patterns, and characterized the biological effect of anisotropic collagen nanofibrillar
scaffolds on EC morphology, function, and in vivo survival. We hypothesized that aligned
nanofibrillar collagen matrices could reorganize cytoskeletal and nuclear assembly,
modulate endothelial inflammatory response, and enhance EC survival in normal and
ischemic tissues.

Materials and methods
2.1 Fabrication of aligned nanofibrillar collagen substrates

The scaffold fabrication process is based on technology developed for liquid crystal display
(LCD) manufacturing [11, 12] ENREF 19 ENREF 4 and is suitable for lyotropic liquid
crystal materials. Purified monomeric bovine type I collagen solution was concentrated, as
previously described [13-16], to reach a liquid crystal state and sheared onto glass or plastic
with optical precision [17]. This method creates thin membranes with controllable fibril size,
pitch, and helix diameter, as well as membrane thickness. We fabricated collagen
membranes with parallel-aligned fibrils of 30 nm (FD30) and 100 nm (FD100) diameters. In
addition, to examine the effect of microscale topographical cues, FD100 membranes were
fabricated with an additional microgroove pattern consisting of 500-nm deep and 60-μm
wide grooves arranged parallel to the fibrils (FD100-MP). Three-dimensional FD30
nanofibrillar collagen scaffolds (10 mm long and 0.18 mm in diameter) for in vivo
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implantation were fabricated by shearing the same liquid crystal collagen solution onto a
plastic substrate, delaminating the resulting membrane from the plastic, and converting the
free-standing membrane into a scaffold using liquid-air surface tension [18]. The
nanofibrillar materials were characterized using atomic force microscopy (AFM), diffraction
patterns, and scanning electron microscopy (SEM).

2.2 Cell seeding on nanofibrillar collagen substrates
Primary human dermal microvascular endothelial cells (ECs, Lonza, passage 3-12) or
human induced pluripotent stem cell-derived-ECs (iPSC-ECs, passage 8-12) ENREF 16
were cultured in EGM2-MV (Lonza) growth medium. For in vitro studies, nanofibrillar
collagen membranes and scaffolds were sterilized in 70% ethanol and then rinsed in
phosphate-buffered saline (PBS) before cell seeding at 1.3 × 104 cells/cm2 for 7 days (n ≥
3). As a control substrate that does not contain ordered nanofibrillar collagen (random
collagen), we coated glass substrates with 0.35 mg/mL collagen I (BD Biosciences) for cell
culture.

Toward developing a nanopatterned vascular conduit, we conducted studies of bilayered
scaffolds. The bilayered scaffolds consisted of 2 aligned nanofibrillar membranes with
nanofibrils of the first membrane aligned orthogonal to those of the second one, for
patterning both ECs and vascular smooth muscle cells (SMCs, Cell Systems, passage
18-25). These bilayered scaffolds were secured onto custom-made metal frames. ECs were
seeded onto one membrane for 2 days, followed by seeding of SMCs onto the other
membrane for one day. Cellular alignment was quantified by phalloidin staining for F-actin
(Invitrogen) of the cytoskeleton (n=3).

2.3 EC adhesiveness on nanopatterned collagen
ECs were cultured at 1.3 × 104 cells/cm2 for 7 days to confluency on FD30 or random
collagen substrates. For monocyte adhesion assay, the ECs were stimulated with tumor
necrosis factor-α (TNFα, 250 U/mL) for 7 hours. Monocytes (ATCC, U937) that were
fluorescently labeled with 1,1′-dioctadecyl-3,3,3′3′-tetramethylindocarbocyanine
perchlorate for 30 minwere introduced to ECs grown on either FD30 or non-patterned
collagen, for 30 min under conditions of gentle shaking. Unbound cells were removed in
PBS washes, and the number of monocytes in five 10X objective images were quantified
and expressed as relative monocyte adhesion (n = 3). For quantitative PCR assessment of
intercellular adhesion molecule-1 (ICAM1) and monocyte chemoattractant protein-1
(MCP1) gene expression, ECs were treated with TNFα for 24 hours, followed by cell lysis
with Trizol. Quantitative PCR using Taqman primers (Applied Biosystems) were performed
according to previous papers, and normalized to GAPDH housekeeping gene (n = 3) [19].
TNFα-treated cells were also immunofluorescently stained for ICAM1 (BD Pharmingen)
and F-actin using established staining methods [20]. For quantification of ICAM1 protein
expression, the mean intensity of at least 45 cells were quantified using Image J (n = 5).

2.4 In vivo studies
The efficacy of the FD30 substrate in maintaining cell viability in physiological and in
pathological conditions was examined in vivo. FD30 scaffolds, 1 cm long, were pre-coated
with fibronectin. Prior to implantation, human primary ECs or iPSC-ECs [21] were
genetically modified with a lentiviral construct encoding firefly luciferase (FLUC) and green
fluorescence protein (GFP) to confer bioluminescence and fluorescence detection, as
described previously [22]. To examine the effect of aligned nanofibrillar collagen on EC
survival in vivo, male NOD SCID (13-16 weeks old) mice received subcutaneous abdominal
transplants of FD30 collagen scaffold, 4 × 103 ECs in Dulbecco’s Modified Eagle’s Medium
(DMEM), 4 × 103 ECs cultured on the FD30 scaffold, or 4 × 103 ECs cultured on a non-

Huang et al. Page 3

Biomaterials. Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



patterned scaffold (NP1, Plain catgut collagen, Aspide Sutures) (n = 4). Cell survival was
tracked by bioluminescence imaging (BLI) for up to 14 days [21]. For assessing cell survival
in an ischemic disease model, we induced unilateral hindlimb ischemia by excising the
femoral artery, as previously described [23]. The animals were randomized to receive the
FD30 scaffold seeded with 4 × 103 ECs, NP1 scaffold seeded with 4 × 103 ECs, another
non-patterned scaffold (NP2, 3-0 plain gut collagen sutures, Ethicon) seeded with 4 × 103

ECs, or 4 × 103 cells in 30 μl PBS into the adductor muscle (n > 5). The scaffolds were
implanted and sutured adjacent to the site of femoral artery excision. Immediately prior to
BLI, the animals were injected intraperitoneally with D-luciferin (375 mg/kg body weight).
For up to 2 weeks, cell viability was tracked by BLI. Similar hindlimb ischemia studies were
performed using iPSC-ECs and examined using BLI for up to 4 weeks (n = 6). All animal
experiments were performed with approval by the Administrative Panel on Laboratory
Animal Care in Stanford University.

2.5 Statistical analysis
All data are shown as mean ± standard deviation. Statistical comparisons between 2 groups
were quantified by a t-test. For comparisons of 3 or more groups, ANOVA with Holm’s
adjustment for multiple comparisons was used. A Repeated Measures ANOVA with Holm’s
adjustment was used for comparisons of the same samples over time. Statistical significance
was accepted at p < 0.05.

3. Results
3.1 Characterization of aligned membranes and scaffolds

Using liquid shearing technique, we fabricated nanofibrillar membranes having helical-like
fibrils with three different arrangements (FD30, FD100 and FD100-MP), deposited on glass
substrates. AFM analysis of the FD100 membrane shows a nematic structure with highly
aligned ~100 nm collagen fibrils (Fig. 1A). The FD30 membrane has an additional
translational order formed by the peaks of helices of the helical-like 30-nm fibrils (“crimp”)
[16]. ENREF 24 ENREF 29 ENREF 25 This crimp is perpendicular to the direction of fibril
alignment (Fig. 1B). Collectively, crimps form the “crimp pattern.” The difference between
the two structures is related to the difference in ionic strength of the initial collagen solution.
The structures in Fig. 1A-B correspond to collagen solution conductivities about 4 and 7.8
mS, respectively. The woven-like helical and crimped configurations of collagen fibrils (Fig.
1A-B) 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 [10]. The
woven-like helical configuration of 100-nm fibrils (FD100) was also supplemented with a
microgroove pattern consisting of 500-nm deep and 60-μm wide grooves arranged parallel
to the fibrils (FD100-MP), as shown by AFM analysis (Fig. 1C). Corresponding SEM
images of the aligned pattern of collagen fibrils and the microgrooves are shown in Fig.
1D-1F. All glass substrates were uniformly covered with the collagen fibrils. Diffraction
patterns further verified the orientation of nanofibrils (Supplementary Fig.1).

3.2 Modulation of EC alignment on aligned collagen nanofibrils
Primary human ECs, SMCs, or fibroblasts were cultured on aligned nanofibrillar collagen
membranes. In our initial studies we utilized FD100 or FD100-MP. Although human SMCs
or fibroblasts aligned well on this material (Supplementary Fig. 2 & 3), to our
disappointment, we did not observe alignment of ECs grown on these substrates.
Subsequently, we used smaller diameter fibrils 30 nm (FD30), with the hypothesis that ECs
may sense and respond to smaller architectural elements. To examine the effect of
nanotopographical features on cytoskeletal assembly, we fluorescently stained for
cytoskeletal F-actin fibers using phalloidin. Fluorescence microscopy revealed dramatic

Huang et al. Page 4

Biomaterials. Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



effects on cellular orientation induced by these modified substrates (Fig. 2A-D). After 4
days of cell culture, ECs on FD30 and FD100 substrates had significantly organized F-actin
assembly that were 9 ± 2° or 19 ± 8° along the nanofibr il direction, respectively, whereas
cells cultured on the control substrates had F-actin fibers randomly distributed within 49 ±
3° with respect to an arbit rary axis (p < 0.0001, Fig. 2G; in this analysis, a value of 45°
represents entirely random orientation of axis of cultured cells). The addition of
microgrooves appeared to reverse the effect of 100-nm fibrils on cell guidance, as samples
on the FD100-MP samples were not significantly different from the control substrates on
day 4. After 7 days when the cells were confluent, cells on FD30 and FD100 substrates
remained significantly aligned, in comparison to the control substrate (9 ± 2° FD30 and 23 ±
5° FD100 vs 48 ± 6° control, p < 0.0001, Fig. 2G). The cells on FD30 were notably
elongated in morphology, in comparison to the ECs on the control substrates which had
larger cell area and “cobble-stone” morphology, as shown by SEM (Fig. 2E-F). By 7 days,
the cells cultured on the FD100-MP samples showed modest effect in cellular alignment (38
± 1°) that was significantly different from that of the control substrate (p < 0.014).

As an additional method for quantification of F-actin assembly, we used automated two-
dimensional Fast Fourier Transform (FFT) analysis to generate frequency plots and
alignment histograms. The frequency plots depict random orientation as pixels evenly
distributed about the origin, and parallel alignment as pixels organized along the axis of the
nanofibrils. In this analysis, the frequency plots depict distinct organization of pixels along
the fiber axis on the FD30 samples (Fig. 2H inset), whereas the control substrates are
represented by pixels evenly distributed about the origin. The frequency plots were also
displayed as frequency alignment histograms that depict the principal angle of orientation
within 360° of space ( Fig. 2H). Based on FFT analysis, the alignment on control substrates
consists of low frequency peaks with a Gaussian distribution that is commonly observed in
randomly oriented assemblies. In contrast, the alignment histograms for the FD30 substrate
showed 2 distinctive peaks separated by 180°, concurring with cell align ment analysis (Fig.
2G) that the cells primarily align along the same direction. Therefore, both the FFT (Fig.
2H) and cellular alignment (Fig. 2G) analyses show that FD30 substrates promote EC
alignment along the direction of collagen nanofibrils.

3.3 Modulation of nuclear alignment on aligned collagen nanofibrils
Besides modulating the actin cytoskeleton, the aligned nanofibrillar substrates also affected
nuclear elongation as revealed by the nuclear shape index (NSI), which was defined as
(4π*Area)/(Perimeter2), in which a value of 1 approximated the shape of a circle and a
value of 0 depicted that of a straight line [24]. As ECs became progressively more aligned
along the direction of the nanofibrils from the FD100-MP to FD30 substrates, the NSI
significantly decreased, suggesting that the nuclei became increasingly more elongated
(Supplementary Fig. 4C, p < 0.001). Similar reduction in NSI was also observed in SMCs
and fibroblasts when comparing the nanopatterned collagen fibrils to the control substrates
(Supplementary Fig. 4A-B). Together, these results suggest that aligned nanofibrillar
collagen substrates could modulate F-actin assembly and nuclear elongation.

3.4 Modulation of EC inflammatory properties on aligned collagen nanofibrils
It is well established that laminar shear stress modulates both endothelial function and
morphology. ECs exposed to laminar blood flow in a straight segment of an artery are
aligned longitudinally along the direction of blood flow, and aligned ECs are less adhesive
for monocyte attachment [4]. To determine if nanofibril-induced cellular alignment could
also confer similar functional effects, we cultured ECs on either the FD30 or control
substrates to confluency. ECs that were aligned on FD30 substrates or non-aligned on the
control substrates were then exposed to the inflammatory cytokine, TNFα, followed by the
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incubation of the ECs with fluorescently labeled monocytes. Notably, for the ECs grown on
FD30 collagen, there was a 50% reduction in the numbers of adherent monocytes by
comparison to the ECs grown on random collagen (Fig. 3 A,C). To further verify these
results, we next interrogated the expression of adhesion markers and chemokines that may
account for the reduction in monocyte adhesion. Indeed, ICAM1 was significantly reduced
in cells cultured on the aligned nanofibrillar substrate at the protein (Fig. 3 B,D) and gene
expression (Fig. 3E) levels, in comparison to cells cultured on the non-patterned substrate.
Furthermore, MCP-1 gene expression was also significantly reduced on the aligned
nanopatterned substrate. These results are consistent with reduced EC adhesiveness on the
FD30 substrate, leading to reduced monocyte adhesion. Together, these results suggest that,
even in the absence of shear stress, nanofibril-induced EC alignment could modulate EC
adhesiveness.

To exclude the possibility of cytotoxicity or reduced proliferation as causes for reduced
monocyte adhesion, we used a Live/Dead cytotoxicity assay and immunofluorescence
staining of cell cycle marker, Ki67. All three cell types showed robust calcein AM uptake
(green), suggesting high cell viability on all of the collagen configurations (Supplementary
Fig. 5). Proliferation analysis based on the cell cycle marker, Ki67, demonstrated that
fibroblasts and SMCs generally showed a decline in proliferation from 4 to 7 days,
presumably due to cell contact inhibition, without any significant difference between the
various substrates at the same time point (Supplementary Fig. 6). For ECs, there was only a
modest increase in proliferation on day 7 on the FD100 substrate, when compared to the
other substrates (p < 0.04). These data suggest that F30 substrates could modulate
inflammatory response of ECs.

3.5 EC survival upon subcutaneous implantation on aligned nanofibrillar scaffolds
In addition to evaluating endothelial morphology and function in vitro, we assessed whether
aligned FD30 nanofibrillar collagen scaffolds could enhance the survival of implanted ECs
under physiological or pathophysiological conditions. Human ECs in an aligned flow field
have a longer lifetime than those in a disturbed flow field. For example, ECs in the disturbed
flow field at the iliac artery bifurcation manifest shorter telomeres, an indication of more
frequent cell turnover in these zones [25]. Accordingly, in addition to evaluating endothelial
morphology and function in vitro, we assessed whether aligned FD30 nanofibrillar collagen
scaffolds could enhance the survival of implanted ECs under physiological or
pathophysiological conditions. The nanofibrillar FD30 matrix was fabricated into three-
dimensional porous scaffolds and then characterized for mechanical properties. Uniaxial
tension tests for the collagen scaffold with cross-section 1.2 μm × 25000 μm (~180 μm
effective diameter) showed that its maximum load was 2.1 N in dry state, 0.9 N in wet state,
and its elastic modulus was 160 ± 20 MPa. These mechanical properties are consistent with
collagen materials with high mechanical strength.

We cultured ECs on FD30 nanofibrillar scaffolds. Based on SEM microscopy, the ECs were
generally aligned longitudinally along the direction of the nanofibrils (Fig. 4A-B). The ECs
maintained robust expression of the endothelial specific marker CD31 (Fig. 4C) and
proliferation antigen Ki67 (Fig. 4D), suggesting that the cells maintained their phenotype
and proliferated on the scaffold. Each scaffold contained ~4000 cells, as quantified by
dissociation of the cells from the graft after confluent cell attachment.

We investigated the ability of aligned nanofibrillar scaffolds as cell delivery vehicles to
maintain cell viability upon transplantation. To enable non-invasive imaging of the
transplanted ECs by BLI and fluorescence microscopy, we genetically modified the cells
with a lentiviral construct and purified the cells that were transduced based on GFP
expression (Supplementary Fig. 7A-B). This genetic modification did not affect cell
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behavior as the ECs maintained expression of endothelial markers such as CD31 while also
expressing GFP (Supplementary Fig. 7C). The transduced cells were indeed bioluminescent,
and the bioluminescence intensity correlated linearly with cell numbers, and this relationship
enabled quantification of cell density non-invasively in vivo (Supplementary Fig. 7D-E).

To examine the effect of aligned nanofibrillar collagen on EC survival, male NOD SCID
mice received subcutaneous abdominal transplants of 1) FD30 collagen scaffold, 2) 4 × 103

ECs in DMEM, 3) 4 × 103 ECs cultured on the FD30 scaffold, or 4) 4 × 103 ECs cultured on
a non-patterned (NP1) scaffold (Supplementary Fig. 8,n = 4). Using BLI to track cell
survival and localization in subcutaneous implants, we demonstrated that the EC-seeded
scaffolds showed prolonged survival for at least 14 days, with an average in
bioluminescence intensity of 3.7 ± 3.4 × 105 ps−1cm−2sr−1 on day 0 and 1.1 ± 1.7 × 106

ps−1cm−2sr−1 on day 14 (Fig. 5 A-B). In stark contrast, when similar numbers of cells were
delivered on the NP1 scaffold or injected in media alone, cell survival rapidly declined and
the bioluminescence signal was no longer detectable over the threshold after 4 days. The
acellular scaffold group demonstrated no detectable signal besides for endogenous
background that was below threshold. These data indicated that the FD30 scaffold supported
cell survival and localization to the transplant site for at least 14 days, whereas cells
delivered on either the control NP1 scaffold or in media were no longer viable or were
cleared from the region of implantation within 4 days.

3.6 EC cell survival on aligned nanofibrillar scaffolds upon implantation into the ischemic
hindlimb

Based on the finding of enhanced EC cell survival in non-diseased subcutaneous tissue, we
next examined whether aligned FD30 nanofibrillar scaffolds could also maintain cell
survival in the hostile environment of an ischemic tissue, where death of implanted cells is
increased due to hypoxia, inflammation, and reduced nutrient availability. Upon induction of
hindlimb ischemia by excision of the femoral artery, we transplanted in the bed of the
excised femoral artery one of the following: 1) 4 × 103 ECs cultured on the FD30 scaffolds,
2) 4 × 103 ECs cultured on the NP1 scaffold, or 3) 4 × 103 ECs in saline. Notably, the cells
on the FD30 scaffolds survived for up to 14 days, although there was gradual decrease in
bioluminescence intensity from day 1 (2.3 ± 3.6 × 105ps−1cm−2sr−1) to day 14 (4.1 ± 7.5 ×
104 ps−1cm−2sr−1) (Fig. 6A-B), which could be attributed to the ischemic environment. In
contrast, the cells delivered in saline showed a rapid decrease in signal by day 1 post-
transplantation (1.8 ± 1.4 × 104 ps−1cm−2sr−1) and were undetectable by day 4. To our
surprise, cell survival on the NP1 scaffold was also very low after day 1 (2.2 ± 1.4 × 104

ps−1cm−2sr−1) and below the threshold for a positive signal by day 4. We confirmed these
results using another non-patterned scaffold (NP2), showing again that cell survival on non-
patterned scaffold in the ischemic hindlimb setting was low and no longer detectable within
4 days (Supplementary Fig 9). This data suggested that the FD30 scaffold promoted cell
survival under ischemic conditions for at least 14 days, whereas the non-patterned control
scaffolds could not maintain cell survival for more than 4 days.

To further validate this finding, we performed in vitro studies to quantify cell death under
conditions mimicking ischemia (hypoxia and reduced nutrient conditions) for 24 hours.
Under the conditions of 1% O2 and 5% FBS without additional growth factors, the relative
level of non-viable cells was more than 2-fold higher on the NP2 scaffold than when
compared to the FD30 scaffold, based on the intensity of ethidium homodimer fluorescent
dye that labels non-viable cell nuclei (Supplementary Fig. 10). Confirmation of the
increased cell death on the non-patterned control scaffold in these in vitro studies
corroborated our in vivo results suggesting that the FD30 scaffold could more effectively
promote cell viability.
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To determine whether the aligned collagen scaffold could also maintain cell survival of
another type of EC, namely human induced pluripotent stem cell-derived ECs (iPSC-ECs),
we delivered iPSC-EC-seeded FD30 scaffolds into the ischemic limb. Previously, we
reported that a single injection of iPSC-ECs (5 × 105 cells) in saline into the ischemic
hindlimb were no longer detectable after 11 days using BLI [21]. Notably, despite starting
with fewer cells (by two orders of magnitude) we could detect a bioluminescence signal
from cells on the scaffold in vivo for at least 28 days. When a similar number (4 × 103) of
iPSC-ECs were injected in saline, they disappeared by 4 days (Supplementary Fig. 11, 12).
These findings suggest that cell delivery on nanofibrillar collagen scaffolds could promote
prolonged cell survival in ischemic tissues.

3.7 Bilayered membranes for EC and SMC coculture
Based on our findings of nanotopography-mediated effects on promoting EC alignment and
anti-inflammatory function, a potential therapeutic device is a bilayered vascular graft
consisting of a luminal layer of aligned collagen nanofibrils oriented longitudinally along
the direction of blood flow to guide endothelial alignment and an outer layer containing
circumferentially oriented nanofibrils to guide the assembly of SMCs (Fig. 7A). To mimic
the orthogonal alignment of cells between the intimal and medial layers, we constructed
bilayered membranes consisting of an FD30 upper membrane to guide the assembly of ECs
and a FD100 lower membrane for SMC culture. The nanofibrils of the two membranes were
oriented orthogonal to one another to mimic their physiological orientation (Fig. 7B). As
shown in Fig. 7C, the bilayered membranes were secured in metal frames for sequential
seeding of ECs and then SMCs. After 3 days of culture, we quantified cell alignment by
staining for F-actin using phalloidin. Fig. 7D demonstrates the orthogonal alignment of ECs
and SMCs that match their orthogonal alignment in vivo. Cellular alignment of the ECs and
SMCs were within 15 degrees from the axis of the nanofibrils (Fig. 7E), which represents
highly aligned cells. This data suggests that nanotopographical cues may be beneficial for
guiding cellular alignment and function in engineered vascular conduits.

4. Discussion
The salient findings of this work are: 1) by comparison to human SMCs and fibroblasts,
human ECs are more sensitive to the fibril size of aligned collagen matrices, aligning best on
collagen nanofibrils with smaller features (Fig. 2, Supplementary Fig. 2 & 3); 2) aligned
collagen nanofibrils (FD30) could efficiently guide cytoskeletal assembly and nuclear
orientation of ECs (Fig. 2, Supplementary Fig. 4); 3) aligned ECs cultured on FD30
substrates were less adhesive for monocytes (Fig. 3), suggesting that biological properties of
the ECs could be regulated by alignment; 4) aligned FD30 scaffolds could promote EC
survival and retention in both non-ischemic and ischemic tissues for up to 28 days (Figs. 5,
6, Supplementary Fig. 12).

Our findings indicate that the alignment of ECs per se, independent of shear stress, can
favorably modify endothelial biology. Based on the nanotopography-mediated effects on EC
morphology and function demonstrated in this study, we envision several venues for
developing our aligned collagen scaffolds into therapeutic devices. First it could be a
bilayered vascular graft consisting of a luminal layer of aligned collagen nanofibrils oriented
longitudinally along the direction of blood flow to guide endothelial alignment and an outer
layer containing circumferentially oriented nanofibrils to guide the assembly of SMCs. The
proposed bilayered construct could promote a physiologically relevant alignment pattern of
ECs and SMCs (Fig. 7). Furthermore, based on our monocyte adhesion studies
demonstrating reduced adhesion on aligned nanofibrils (Fig. 3), this anisotropic vascular
graft may be more resistant to atherogenesis or myointimal hyperplasia compared to
isotropic grafts.
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In addition, using our scaffold as cell delivery device could be beneficial for cell therapy
approach. Currently, a major limitation in the efficacy of cell-based therapies is donor cell
loss, especially upon transplantion into sites of tissue damage. Cell survival can be promoted
by small molecules or target gene activation [26-28], and it may be further improved by
providing appropriate ECM microenvironmental cues. In addition to providing a scaffolding
support, the ECM imparts instructive cues to the cell, activating cell signaling pathways that
can trigger biological responses such as migration, proliferation, and survival [29, 30].
Recent data showed that scaffold in form of fibrin microthreads support hMSC viability and
proliferation and suggested it could improve localized cell delivery [31]. In line with these
data, we demonstrated that when cells were pre-seeded onto the FD30 scaffold before
transplantation, the scaffold could serve as a cell delivery vehicle that provides site-specific
cell retention and survival. In contrast to the non-patterned scaffolds that lack specific
topographical features, the FD30 scaffolds may provide instructive nano- and
microtopographical cues that promote cell survival. Other additional advantages of aligned
nanofibrillar scaffolds include as tunable mechanicaland degradation properties, scalability
in fabrication, and ease in control over fibril diameters.

We showed that aligned nanofibrillar collagen could modulate not only morphological
changes in ECs, but also their functional modes in inflammatory response and cell survival.
The mechanism by which nanotopography confers cues that direct cellular behavior is
thought to be related to cryptic binding sites on ECMs that become revealed as a result of
nanotopography-mediated cellular forces [32-34]. ENREF 19 Our finding is consistent with
a larger body of literature suggesting that nanoscale topographies trigger signal transduction
pathways, presumably by activating cell surface integrin receptors and focal adhesions that
relay cues from the ECM to the cytoskeleton [35-37].

With the recognition of scaffold architecture as a critical factor in tissue engineering, the
scaffold design has evolved from isotropic to anisotropic, more complex biomimetic
scaffolds, with the goal being to simulate the ECM architecture of specific tissues and to
influence the organization and function of target cells. Collagen, being the main natural
ECM component, may be an ideal choice for an engineered scaffold material, as it has the
advantage of providing both structural and microenviromental support, the latter through
storage and delivery of biologically active factors. Moreover, collagen I scaffolds are
biodegradable and low in antigenicity, making them suitable for transplantation. Current
laboratory methods aimed at achieving orientational anisotropy in reconstituted collagen
matrices include mechanical loading [38], microfluidic alignment [39, 40], flow and
magnetic field induced alignment [41], electrochemical processing [42], interstitial flow
[43], high magnetic field [44, 45], oriented electrospinning [46], Langmuir-Blodgett
deposition [47], extrusion processes [48, 49], and spin-coating [50]. Aligned collagen I
matrices produced by these methods provided for essential cell-matrix interaction and
successfully guided fibroblast [51-53] and endothelial cell alignment [8]. However, these
matrices are essentially two-dimensional in structure [8] and lack secondary structures that
mimic the spatial complexity of natural ECMs [54] such as crimps [55] and microscale
topographical features. The lack of secondary structure results in poor strength of the
synthetic scaffold and affects cellular survival and behavior [56, 57]. To overcome these
challenges, we developed a production process to fabricate bioequivalent scaffolds with
controlled three-dimensional nano- and micro-structure, pre-determined thickness, fibril
size, and high uniformity. These scaffolds 1) better mimic the complexity of native ECM at
nano- and micro-scales, 2) show high mechanical strength, 3) have uniform properties over a
large area of several cm2, and 4) have controlled biodegradation rate depending on the level
of crosslinking. Furthermore, these scaffolds provide a high degree of cell adhesion and
confer cell guidance signals. We anticipate these materials will have translational
applications for tissue engineering and regenerative medicine.
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5. Conclusion
In summary, this study demonstrates the capacity of anisotropic nanofibrillar collagen to
organize cytoskeletal and nuclear components of ECs, and to favorably influence
inflammation and cell viability in vivo. The collagen scaffolds with aligned 30-nm diameter
fibrils could orient F-actin stress fiber assembly in ECs along the nanofibril direction and
promote reduced adhesiveness for monocytes, when compared to isotropic non-fibrillar
collagen substrates. Cell survival after implantation into normal or ischemic hindlimb tissue
was markedly prolonged when ECs were cultured and implanted on the aligned nanofibrillar
scaffolds, in comparison to randomly oriented scaffolds. We further demonstrated similar
improvement in cell viability after implantation of the aligned scaffolds seeded with iPSC-
ECs. This work highlights the importance of nanotopography for therapeutic cell delivery
and presents a new approach to enhance cell survival in vivo.
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Fig. 1. Characterization of the nanofibrillar collagen membranes
Characterization of the fibril diameter (A, 100 nm; B, 30 nm) and microgroove size (C, 60-
μm wide microgrooves and 100 nm fibrils) by atomic force microscopy. Solid arrow shows
the direction of the fibrils, and dashed arrow shows the direction of the crimp. Visualization
of crimped fibrils (D, 100 nm and E, 30 nm) and microgrooves (F, 60-μm wide
microgrooves and 100 nm fibrils) by scanning electron microscopy. Scale bar: 10 μm (D), 5
μm (E), 500 μm (F).
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Fig. 2. EC morphology on aligned nanofibrillar membranes
Immunofluorescence staining with phalloidin (green) for cytoskeletal protein F-actin and
Hoechst (blue) for nuclei after 7 days of cell culture on (A) collagen coated (control), (B)
FD100-MP, (C) FD100, and (D) FD30 substrates. SEM images of (E) control and (F) FD30
samples. Arrows denote direction of collagen fibrils. G. Quantification of mean cell
alignment, with respect to nanofibril direction. In this analysis, a value of 45° represents
entirely random orientation of axes of cultured cells, whereas a value of 0° represents
complete alignment of the cell s. H. Cell alignment after 7 days of cell culture was
quantified by two-dimensional FFT analysis and depicted by alignment plots. Insets
represent corresponding frequency plots. * Indicates statistically significant difference vs.
control at day 4 (p < 0.0001); # indicates statistically significant difference vs. control at day
7 (p < 0.0001) (n ≥ 3).
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Figure 3. EC adhesiveness on oriented nanofibrillar collagen after TNFα treatment
A. Fluorescent images of U937 monocytes adhered onto ECs grown on control or FD30
substrates. B. Immunofluorescence staining of ICAM1 and corresponding F-actin staining
on ECs cultured on control of FD30 substrates. C. Quantification of relative fold change
monocyte adhesion on ECs grown on control or FD30 substrates (n=3). D. Quantification of
mean ICAM1 protein expression based on intensity of immunofluorescence staining (n=5).
E. Gene expression of ICAM1 and MCP1 on ECs on control or FD30 substrates (n=3).
Arrow indicates direction of nanofibril direction. Scale bar, 100 m. *p < 0.05; **p < 0.005.
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Fig. 4. Endothelial morphology and phenotype on FD30 collagen scaffolds
A-B) SEM of FD30 scaffolds at low (A) and high magnification (B). C.
Immunofluorescence staining for endothelial marker CD31 (green) and nuclei (blue,
Hoechst dye); D. Immunofluorescence staining for cell cycle marker, Ki67 (red) and nuclei
(blue, Hoechst). Arrow denotes direction of collagen nanofibrils. Scale bar: 200 μm (A), 10
μm (B), 50 μm (C-D).
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Figure 5. Aligned nanofibrillar collagen scaffold enhances endothelial survival after
subcutaneous implantation
A. BLI reveals cell localization and survival of ECs when delivered as cells in DMEM
(Cells), cells within a non-patterned scaffold (NP1+Cells), or cells within the FD30 scaffold
(FD30+Cells). FD30 scaffold without cells (FD30) served as a negative control to establish
background levels alone. B. Quantification of bioluminescence intensity. Dotted line
indicates threshold for positive signal.
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Figure 6. Aligned nanofibrillar collagen scaffold enhances endothelial survival after
implantation into ischemic hindlimb
A. BLI reveals cell localization and survival of ECs when delivered alone (Cells), when
seeded on non-patterned scaffold (NP1+Cells), or on FD30 scaffold (FD30+Cells). B.
Quantification of bioluminescence intensity. Dotted line indicates threshold for positive
signal.
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Figure 7. Application of oriented collagen nanofibers for fabrication of bilayered vascular grafts
consisting of ECs and SMCs
A. Schematic of bilayered nanofibrillar vascular grafts (A) and bilayered membranes (B)
that guide the assembly of ECs and SMCs orthogonal to one another. C. Metal frames were
used for securing bilayered membranes. D. F-actin was used to visualize the alignment of
ECs and SMCs oriented in orthogonal directions within the bilayered membranes. E.
Quantification of cell alignment (n=3). Scale bar: 50 μm.
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