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Abstract: The Drosophila melanogaster Hox protein ultrabi-
thorax (Ubx) has the interesting ability to hierarchically self-
assemble in vitro into materials that have mechanical proper-
ties comparable to natural elastin. Ubx materials can be eas-
ily functionalized by gene fusion, generating potentially
useful scaffolds for cell and tissue engineering. Here, we
tested the cytocompatibility of fibers composed of Ubx or an
mCherry-Ubx fusion protein. Fibers were cultured with three
primary human cell lines derived from vasculature at low
passage: umbilical vein endothelial cells, brain vascular peri-
cytes, or aortic smooth muscle cells. No direct or indirect tox-
icity was observed for any cell line, in response to fibers
composed of either plain Ubx or mCherry-Ubx. Cells readily

adhered to Ubx fibers, and cells attached to fibers could be
transferred between tissue cultures without loss of viability
for at least 96 h. When attached to fibers, the morphology of
the three cell lines differed somewhat, but all cells in contact
with Ubx fibers exhibited a microtubular network aligned
with the long axis of Ubx fibers. Thus, Ubx fibers are
cytocompatible with cultured primary human vascular cells.
© 2013 Wiley Periodicals, Inc. J Biomed Mater Res Part A: 102A: 97—
104, 2014.
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INTRODUCTION

Ultrabithorax (Ubx) is a Drosophila melanogaster Hox
protein which functions in vivo by binding DNA' and sub-
sequently activating or repressing transcription.’>™ Although
Ubx can bind DNA as a multimer,"® large oligomers have
not been observed in vivo. Surprisingly, Ubx hierarchically
self-assembles into biomaterials.” Ubx first forms subnano-
scale protofibrils, which align to form nanoscale fibrils.?
Nanoscale fibrils assemble at the air-water interface to
form films, which can be drawn into fibers with microscale
diameters.’

The mechanical properties of Ubx fibers can be tuned by
altering their diameter, which is in turn controlled by
manipulating protein concentration and material assembly
time.” This approach was used to generate fibers with a
breaking stress and breaking strain comparable to natural
elastin. Because Ubx fibers can mimic the mechanical
properties of the extracellular matrix protein elastin and
cells respond to the mechanical properties of their sur-

rounding matrix,'® Ubx materials may be useful as scaffolds
for tissue engineering or cell culture studies using primary
human cells.

Ubx materials have an additional useful trait: they can
be readily functionalized with full-length proteins by fusing
DNA encoding the functional protein to the ubx gene.!* The
resulting fusion gene produces a single polypeptide chain
comprising both the appended protein and Ubx. Many fac-
tors that control cell behavior in vivo either are proteins, or
bind to proteins, and thus could be easily incorporated and
patterned within the Ubx scaffold to generate a rich array of
functionalized materials. Proteins that direct cell behavior
often require their full-length sequence and a folded struc-
ture to retain their full activity,'* a requirement which can
be easily achieved with Ubx materials."* Because Ubx self-
assembles rapidly in mild aqueous buffers, proteins fused to
Ubx are incorporated into the resulting materials in a
native, fully functional state.!® In addition, multiple Ubx
fusion proteins, and consequently their corresponding
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FIGURE 1. mCherry-Ubx fibers and experimental design. A, Bar graph of the sequence of the Ubx and mCherry-Ubx fusion protein. Segments
listed from N- to C-terminus: methionine, a 10x His-tag, a hydrophilic linker (SerSerGlyGlyHisAspAspAspLysHis), mCherry, a two amino acid
GlyHis linker, and the la splice variant of Ubx. B, Micrograph demonstrating that mCherry fibers are fluorescent. C, A schematic depicting how
fibers were supported in culture with cells. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

functionalities, can be patterned within the material by
manipulating the method of assembly.

Together, these properties suggest Ubx materials could
be a useful scaffold for cell biology or tissue engineering
experiments. However, any scaffold must be both nontoxic
and able to promote cell interactions in culture for an
extended period of time. Unlike scaffolds created from
extracellular matrix proteins such as elastin or fibronectin,
Ubx materials do not exist in nature, and therefore cells
have not evolved to bind these materials. Consequently, the
studies presented here focused on whether Ubx materials
are compatible with cells and promote the attachment of
cells in culture. In addition to generating fibers with unfunc-
tionalized Ubx, in some experiments we also used an
mCherry-Ubx fusion protein’! [Fig. 1(A,B)] increase
monomer production in Escherichia coli and help visualize
the fibers.

Because Ubx fibers mimic the mechanical properties of
elastin, which is enriched in the extracellular matrix of skin
and large arterial vessels,'>'* we initially focused this study
on cells that participate in vasculogenesis. Vascularization of
three-dimensional (3D) scaffolds represents a major hurdle
in tissue engineering, since cell growth is limited by the
availability of oxygen and nutrients.”>!® We tested here
whether Ubx-based materials are toxic to three primary
human cell lines: umbilical vein endothelial cells (ECs), aor-
tic smooth muscle cells (SMCs), or brain vascular pericytes
(PCs). In general, cells can be combined with materials by
direct application,’” cell layering,'® entrapment,’® or cell
electrospinning.zo’21 For the purpose of cytotoxicity studies,
we applied cells and media directly to mCherry-Ubx or Ubx
fibers. No evidence of either direct or indirect cytotoxicity
was observed for any cell line cultured with Ubx fibers.
Rather, all of these cell types interacted readily with
mCherry-Ubx and Ubx materials. Adherent morphologies
similar to those seen on tissue culture plastic were
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observed for cells bound to Ubx fibers, and the fibers
appeared to promote cell elongation along the fiber axis.
Cells attached to Ubx fibers remained attached after transfer
to separate culture dishes, and remained viable and associ-
ated with those fibers for up to 96 h. Tubulin staining
revealed a normal cytoskeletal arrangement, roughly aligned
in the direction of the fiber axis. These observations demon-
strate that Ubx fibers are not toxic to human vascular cells;
rather, Ubx fibers promote sustained cellular interactions in
culture.

MATERIALS AND METHODS

Production of mCherry-Ubx fibers

Fibers composed of mCherry-Ubx were used for these
experiments due to the higher expression and yield of this
fusion relative to plain Ubx. A His-tagged mCherry-Ubx
fusion [sequence schematic in Fig. 1(A)] was expressed in
Rosetta E. coli (Novagen) as previously described.”'! After
induction with 1 mM isopropyl B-p-1-thiogalactopyranoside,
cells were fermented 18 h at 25°C, harvested by centrifuga-
tion at 3500g for 30 min at 4°C, and stored at —20°C. Fro-
zen cell pellets were lysed in 15 mL of lysis buffer (50 mM
NaH,P0,4, 5% glucose (w/v), 500 mM NaCl, 20 mM imidaz-
ole pH 8.0, 1 ethylenediaminetetraacetic acid-free protease
inhibitor tablet (Roche), and 0.8 mg/L DNase I). Cell lysates
were centrifuged at 34,000g, for 30 min at 4°C. The super-
natant was loaded onto a Ni-nitrilotriacetic acid agarose
resin (Qiagen) column that was previously equilibrated with
100 mL of equilibration buffer (50 mM NaH,P0,, 5% glu-
cose (w/v), 500 mM NaCl, 20 mM imidazole, and pH 8.0).
The column was washed four times with equilibration
buffer containing 0, 20, and 40 mM imidazole (10 column
volumes each) and finally washed with 5-10 column vol-
umes of equilibration buffer containing 80 mM imidazole.
Purified protein was eluted in 10 column volumes of elution
buffer (200 mM imidazole dissolved in equilibration buffer),
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stored at 4°C, and used within 24 h. Fibers were produced
using the buffer reservoir method described by Huang
et al.'! Fibers were wrapped multiple times around a 10 pL
sterile plastic inoculation loop and the handle was cut away.
The resulting loop was stored in a sterile tissue culture dish
until used in cell culture experiments the following morn-
ing. Although no steps were taken to sterilize the fibers, we
did not observe bacterial or fungal contamination of the
subsequent cell cultures.

Cell culture

Primary human umbilical vein ECs, passages 3-6 (Lonza,
C2517A), were cultured on gelatin-coated (1 mg/mL) tissue
culture flasks and passaged once per week. Growth media
consisted of M199 medium (Gibco) containing 100 pg/mL
heparin (Sigma), 0.4 mg/mL lyophilized bovine hypothala-
mic extract (Pel-Freeze Biologicals, Rogers, AK), 15% heat
inactivated fetal bovine serum (FBS; Invitrogen), 1x antibi-
otic-antimycotic mix (Gibco), and 1 pg/mL gentamycin
(Gibco). The same medium was used for experiments with
ECs, but cells were cultured on tissue culture plastic with-
out gelatin coating.

Primary human brain vascular PCs (ScienCell, #1200)
were cultured on gelatin-coated (1 mg/mL) tissue culture
flasks and passaged once per week in PC medium (Scien-
Cell), 1x PGS (ScienCell), 10% FBS (ScienCell), 1x antibi-
otic-antimycotic mix, and 1 pg/mL gentamycin. The same
medium was used for experiments with PCs, but cells were
cultured on tissue culture plastic without gelatin coating.

Primary human aortic SMCs (Lonza, CC-2571) were cul-
tured on tissue culture flasks and passaged once per week
in SMC medium (Lonza) supplemented with 1x antibiotic/
antimycotic mix (Gibco), 1 pg/mL gentamycin, 10% FBS
(Invitrogen), 1x sodium pyruvate (Invitrogen), and 1x non-
essential amino acid (Invitrogen).

Live/dead assays

Inoculation loops, each wrapped multiple times with a single
fiber [Fig. 1(C)] were placed in separate wells in NUNC 5-well
plates. Cells were cultured to confluence, trypsinized, and
resuspended in growth media at approximately 80,000 cells/
250 pL for ECs and SMCs, or 100,000 cells/250 pL for PCs
and subsequently added to the interior of the inoculation
loops. After incubation for either 24 or 48 h, the media was
removed and the wells were rinsed three times with phos-
phate-buffered saline (PBS) containing 0.05 mM Mn®" and 0.5
mM Mg?* followed by the addition of 2 pM calcein acetoxyme-
thylester and 4 pM ethidium homodimer-1 (Live/dead viabil-
ity/cytotoxicity kit; Molecular Probes). The live/dead reagents
were incubated with cells for 30 min at room temperature in
the dark, prior to imaging with an Olympus CKX41 micro-
scope equipped with a Q color 3 Olympus camera.

Cell transfer experiments

ECs and SMCs were resuspended in growth media at 80,000
cells/250 pL and PCs were resuspended at 75,000 cells/
250 pL. These cells were added to 5-well plates (NUNC)
containing inoculating loops wrapped with Ubx fibers and

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH A | JAN 2014 VOL 102A, ISSUE 1

ORIGINAL ARTICLE

incubated at 37°C with 5% CO,. After 24 h, inoculating
loops and fibers were transferred to a new dish containing
fresh growth media without cells. After an additional 24-96
h in culture, the cells that transferred attached to the fibers
were subjected to live/dead assays as described above.

Immunostaining experiments

Cells were incubated with Ubx fibers wrapped around inocu-
lation loops as described above and cultured for 24 or 48 h.
A freshly made 6% paraformaldehyde stock in PBS (500 pL)
was added to the existing culture media at a final concentra-
tion of 4%, and samples were fixed overnight. Samples were
washed twice for 15 min with 25 mM Tris, 200 mM glycine
solution. Each sample was permeabilized with 500 pL of
0.5% Triton X-100 solution in PBS for 20 min. Wells were
aspirated and blocked overnight in 500 pL 0.1% Triton
X-100, 1% BSA, 0.2% sodium azide, and 5% goat serum at
4°C. Primary antibodies raised against o-tubulin (Sigma
T6199) were diluted 1:50 in blocking solution and incubated
in the wells for 3 h. Loops were washed three times for
10 min each in 0.1% Triton X-100 in PBS (500 pL) and incu-
bated with (1:200 dilution) goat anti-mouse Alexa 488 conju-
gated secondary antibodies (Molecular Probes) in blocking
solution for 1 h. Loops were washed three times in 0.1% Tri-
ton X-100 in PBS (500 puL), counterstained with 10 uM 4/,6-
diamidino-2-phenylindole (DAPI; Molecular Probes), placed
on a 22 mm x 55 mm coverslip and imaged immediately
using confocal microscopy on a Nikon Eclipse Ti equipped
with NIS Elements AR 4.10.01 software.

RESULTS AND DISCUSSION

Ubx fibers are compatible with primary human ECs in
culture

Because Ubx materials have properties that could be useful
in tissue engineering studies,”'’ we tested whether these
materials are directly and indirectly compatible with cells in
culture. For these experiments, we tested Ubx fibers, which
allow simultaneous comparison between cells growing on
Ubx materials and cells growing on tissue culture plastic,
thus providing an internal negative control in each experi-
mental replicate. The goal is to determine whether Ubx fibers
are either indirectly or directly toxic to cells in culture.

For live/dead assays, we used fibers composed of an
mCherry-Ubx fusion protein which are fluorescent and have
a similar absorption-emission as free mCherry in solution
[Fig. 1(A,B)].** By including mCherry, we could visualize the
fibers in the assay, and thus more easily determine whether
cells were in contact with Ubx fibers. mCherry-Ubx is also
produced at higher yields than Ubx in E. coli (data not
shown), making these fibers more efficient to generate.
Because mCherry is a small structured protein and Ubx is a
much larger protein with long unstructured regions,’ it is
unlikely that mCherry can completely mask Ubx from con-
tact with the cells.

Initial studies were conducted with human umbilical
vein ECs. mCherry-Ubx fibers were wrapped around inocu-
lation loops and placed in culture before adding a nearly
confluent layer of ECs to allow abundant cell-fiber contacts
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FIGURE 2. Ubx fibers are not toxic to endothelial cells and are capable of supporting normal cell morphologies. Live/dead assays of cells incu-
bated on or in the presence of fibers for either 24 h (A-E) or 48 h (F-H). mCherry-Ubx fibers are marked by red arrows. A, Live/dead assays
reveal no evidence of dead (red) cells, and thus no cytotoxicity either for cells cultured in the presence of mCherry-Ubx fibers or for cells in con-
tact with fibers. B, Long processes are generated by cells growing on fibers (white arrowheads). C, Spread morphologies are also observed for
cells grown both on (white arrows) and off (yellow arrows) fibers. An EC attached to the side of a fiber is marked by a black arrow. D, Fluores-
cence microscopy and E) phase microscopy of cells (white arrows) growing in the crevice between two partially fused fibers. Processes are also
occasionally observed for cells growing on tissue culture plastic (orange arrowhead in panel D). ECs are also able to use lamellipodia to wrap
around mCherry-Ubx fibers (bottom white arrow in D and E). F, After 48 h in culture with Ubx fibers, a greater density of cells was observed in
contact with the fiber. G and H, After 48 h, fewer processes and more spread out cells are observed both on fibers and on tissue culture plastic.
Scale bar equals 100 pm in all panels. Viability of ECs on fibers was 99%, and for ECs on tissue culture plastic was 98%. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

[Fig. 1(C)]. Cell viability experiments were conducted at 24
h [Fig. 2(A-E)] and 48 h [Fig. 2(F-H)]. There was no evi-
dence of contact inhibition for cells growing adjacent to
fibers, and cells that were exposed to but not touching
fibers (indirect contact) as well as cells in direct contact
with fibers were viable, as evidenced by fluorescent
(green) signal [Fig. 2(A)]. No evidence of cytotoxicity was
observed after either 24 or 48 h of culture. PCs were 99%
viable on mCherry-Ubx fibers, similar to the 97% PC viabil-
ity on tissue culture plastic. This lack of apparent toxicity
was not due to an inability of EthD-1, the “dead” stain, to
become activated, since toxicity was observed after a 10
min exposure of cells to ethanol (data not shown) and after
a 45 min exposure to room air (Supporting Information
Fig. 1). These data demonstrate that Ubx fibers do not
leach toxic substances, since cells growing on the tissue
culture plastic survive, remain adherent, spread, and show
no signs of toxicity (Fig. 2).

ECs readily attach to mCherry-Ubx fibers. Because cells
are observed binding to the sides of the fiber, they cannot
simply be resting on top of fibers with little interaction [Fig.
2(C) black arrow]. In addition, cells appeared to elongate
within crevices between two partially fused fibers [Fig.
2(D,E) white arrows], a situation that may maximize cell-
fiber interactions. After 48 h in culture, a high density of
cells was observed in contact with mCherry-Ubx fibers [Fig.
2(EG)]. Cells attached to fibers and appeared to spread
(white arrows) and extend (white arrowheads) along the
length of the fiber [Fig. 2(B,C,H)]. Cells cultured in mono-
layers also had spread [Fig. 2(C,H) orange arrows] and
extended [Fig. 2(D) orange arrowheads] morphologies. The
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similarity in cell morphologies both on and off fibers dem-
onstrates Ubx fibers do not negatively affect cell behavior.

Ubx fibers are compatible with primary human

SMCs in culture

As for ECs, mCherry-Ubx fibers did not compromise human
aortic SMC viability when tested with live/dead viability
dyes (Fig. 3). No cell death was observed for any SMCs cul-
tured with Ubx fibers, regardless of whether the cells were
in direct or indirect contact with fibers for 24 h [Fig. 3(A-
G)] or 48 h [Fig. 3(H-J)]. SMC viability was >99% on
mCherry-Ubx fibers and 97% on tissue culture plastic. The
morphology of cells enveloping the fiber is adherent [Fig.
3(B,]) white arrows]. SMCs also extend processes that vary
considerably in length and appearance [Fig. 3(B,C,G,I) white
arrowheads]. Long processes that occur on fibers were con-
sistently oriented along the axis of mCherry-Ubx fibers [Fig.
3(C,D,I) white arrowheads] and sometimes connected multi-
ple SMCs on a single fiber [Fig. 3(E,G) white arrowheads].
Both long (unoriented) and short extensions were also
observed for SMCs grown on tissue culture plastic [Fig.
3(B,F) orange arrowheads]. Importantly, toxicity was also
not observed in these elongated cells nor in SMCs attached
to tissue culture plastic near fibers.

In addition, SMC morphology was not altered in cell
monolayers bridging mCherry-Ubx fibers and the tissue cul-
ture plastic [Fig. 3(B,G)]. In several cases, SMCs attached to
fibers above the monolayer [Fig. 3(E,I)]. This arrangement is
likely due to the ring detaching from the bottom of the dish
during the live/dead staining process. Interestingly, the
SMCs that were attached to fibers and suspended above the
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FIGURE 3. mCherry-Ubx fibers are not toxic to smooth muscle cells. Fibers were incubated with cells for either 24 h (A-G) or 48 h (H-J) before
live/dead staining. mCherry-Ubx fibers are marked by red arrows. A, After 24 h in culture with SMCs, no cytotoxicity from mCherry-Ubx fibers
was observed. An out-of-focus fiber is marked by a black arrow with red outline. B, SMCs have similar morphologies on or off the fibers: spread
morphologies (white arrow), scalloped edges (black arrow), and thin processes anchoring the cells (white arrowhead). C and D, When cells form
projections along the axis (white arrowheads), these projections can become extremely long and may terminate on the fiber (panel D black
arrow) or in contact with neighboring cells (E-G). F, A different focal plane of the image in panel (E), showing that cells with long projections
(yellow arrowheads) were also observed on tissue culture plastic. H, Fibers are still not toxic to cells after 48 h of culture. However, SMCs do
not cluster around fibers to the extent observed for ECs and pericytes. |, Greatly elongated cells bound to the fiber are still observed after 48 h
incubation. J, Cells interact normally when crossing fibers, rather than aligning with them. Scale bars equal 100 um in all panels except panel
3D, in which the scale bar equals 50 um. Viability of SMCs on fibers was >99%, and for SMCs on tissue culture plastic was 97%. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

cell monolayer were also viable [Fig. 3(C,E]I)]. Such cells,
supported only by fibers, were observed both at 24 and 48
h of culture. Thus, in all conditions tested, mCherry-Ubx
fibers are not toxic to SMCs.

Ubx fibers are compatible with primary human

PCs in culture

We next tested whether human brain vascular PCs were
compatible with mCherry-Ubx fibers. All PCs that were
observed after 24 and 48 h were alive and exhibited no evi-
dence of cytotoxicity, either in direct or indirect contact
with fibers. PCs appear to readily interact with fibers and
exhibit little toxicity, indicated by the predominant green
fluorescence following live/dead staining of PCs that nearly
or entirely coated mCherry-Ubx fibers [Fig. 4(all panels)].
PCs that grew on mCherry-Ubx fibers and tissue culture
plastic were 97% viable. Cells not only attached readily to
mCherry-Ubx fibers, but they also appeared to increase in
density adjacent to mCherry-Ubx fibers [Fig. 4(A)]. A conflu-
ent PC monolayer can also form beneath mCherry-Ubx
fibers [Fig. 4(B)]. In areas where abundant PCs are present,
processes extended around the upper [Fig. 4(C)] and lower
[Fig. 4(D)] surfaces of the mCherry-Ubx fiber in a manner
similar to envelopment of capillaries in vivo.** After 48 h of
culture, low power images showed that PCs remained asso-
ciated with fibers at significantly higher densities than on
tissue culture plastic [Fig. 4(E,F)]. PCs were consistently
observed on or in a network between fibers at 48 h [Fig.
4(G-1)]. These networks were observed on tissue culture
plastic [Fig. 4(B)], on mCherry-Ubx fibers [Fig. 4(D,F-1)],
and between cells attached to different mCherry-Ubx fibers
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[Fig. 4(F-1)]. By 48 h, cells were often able to fill in the Y-
shaped gaps between fused fibers [Fig. 4(G)] or partially fill
in the space between parallel fibers [Fig. 4(H,1I)]. As with
SMCs, we observed PCs on fibers suspended above the
monolayer [Fig. 4(F)]. Surprisingly, suspended PCs can
extend processes connecting cells attached to nearby fibers,
even without tissue culture plastic to support these proc-
esses [Fig. 4(F black arrow)]. These results demonstrate
that culturing PCs on Ubx materials does not alter either
the shape of the cells or their ability to form processes
between cells.

Cytoskeletal alignment with fibers reflects

cell-fiber interactions

To test whether cells have a normal cytoskeletal architec-
ture when associated with Ubx fibers, we stained for tubulin
using indirect immunofluorescence. Because mCherry fluo-
rescence from the fibers is particularly robust, we used
plain Ubx fibers for these assays to avoid masking the im-
munofluorescence signal. Samples were also stained with
DAPI to visualize cell nuclei. Filamentous networks of tubu-
lin were detected in all cells associated with Ubx fibers. ECs
[Fig. 5(AB)], SMCs [Fig. 5(C,D)], and PCs [Fig. 5(E,F)]
remained associated with fibers throughout the staining
process and microtubule networks generally aligned with
the Ubx fiber axis [Fig. 5(B) black arrow]. Since cells nor-
mally respond to the geometry of the materials upon which
they grow;?? 26 it is reasonable to expect the shape of Ubx
fibers to influence the configuration of the cytoskeleton.
This observable cytoskeletal organization provides addi-
tional evidence that all cell types tested can bind and
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FIGURE 4. Human brain vascular pericytes strongly interact with mCherry-Ubx fibers and show no signs of toxicity. Fibers are incubated with
cells for either 24 h (A-D) or 48 h (E-I). mCherry-Ubx fibers are marked by red arrows. A, mCherry-Ubx fibers are not toxic to pericytes, either in
direct or indirect contact. After 24 h, cells are already beginning to concentrate on the fiber surface. B, Pericytes create networks of long proc-
esses (yellow arrowheads), including cells both on and off the fiber. C and D, Two focal planes, showing cells interacting with the sides (C) and
top (D) of mCherry-Ubx fibers. Both thin processes (white arrowhead) and wider cell extensions (white arrow) are observed. E, After 48 h, cells
are also more densely distributed at the surface of the fiber, an indication of good cell-fiber interactions. F, Cells on nearby fibers have also cre-
ated a long process to bridge the two fibers (black arrow), even when the fibers are suspended in media well above the floor of the culture
dish. G-I, Cells can use these bridges to fill in the area between the fibers. Even though cells are plated at even densities as in panel (A), cells
vacate nearby areas to cluster around fibers. The fiber—cell and cell-cell connections are strong enough to lift a layer of pericytes off the tissue-
culture plastic as a sheet (G, black arrow). Pericytes completely coat fibers and will begin to fill in the area between nearby fibers. A portion of
panel (G) is magnified in the inset. Scale bar equals 100 pm in all panels. Viability of PCs on both fibers and tissue culture plastic was 97%.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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ECs

SMCs

PCs

FIGURE 5. Ubx fiber interaction induces cytoskeletal alignment. Ubx fibers, lightly stained by DAPI, are marked with blue arrows. ECs (A and B)
SMCs (C and D) and PCs (E and F) growing on plain Ubx fibers were immunostained for tubulin (green) and stained with DAPI (blue). In all
cases, the cytoskeletons are normal and roughly aligned with Ubx fibers. Scale bars: (A) 20 um; (B, E, and F) 10 um; (C and D) 50 um. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 6. Cells bound to fibers can be transferred between cultures. Cells were grown on fibers for 24 h and moved to a new dish with
fresh growth media. Cells were monitored by phase microscopy, and cell survival after transfer by live/dead stains at various timepoints
marked on each panel. mCherry-Ubx fibers are marked by red arrows. The presence of ECs on fibers immediately after transfer (A) and in
the same sample 24 h after transfer demonstrate that transfer does not kill the cells (B and C). Live/dead assays demonstrate cells have a
long viability 48 h (D) and 96 h (E) after transfer. F-J, Smooth muscle cells at various times after transfer are also viable and retain the elon-
gated (panels F-H) and spread (panels | and H white arrows) morphologies observed previously. K-N) An apparent sheet of pericytes
bounded by two mCherry-Ubx fibers before transfer (K) and 48 h after transfer (L-N) to a new dish. L and M, After 48 h culture in the new
dish, a live/dead stain confirms that cells not only survived the transfer, but filled in holes and created an additional connection between the
two fibers. O, Live/dead stain of a different sample with pericytes coating and suspended between fibers 96 h after transfer. Scale bars are
100 pum in all panels. Viability for all cell transfer experiments was 100%. Note that fluorescent micrographs originate from different dishes
and thus differences in cell density do not necessarily reflect cell growth. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

interact with the fiber. Importantly, the use of plain Ubx
fibers, which lack the mCherry fusion, confirms that expo-
sure to Ubx is not cytotoxic to ECs, SMCs, or PCs.

Vascular cells remain viable and associated with Ubx
fibers in long-term cultures

To determine whether ECs, SMCs, or PCs maintained long-
term interactions with Ubx fibers in culture without sup-
port from a cell monolayer, we incubated mCherry-Ubx
fibers with ECs for 24 h. After 24 h, fibers and any associ-
ated cells were transferred to a new dish with fresh
growth media and incubated for an additional 24-96 h
(Fig. 6). Phase contrast images taken immediately after
transferring fibers show ECs remained associated with the
fiber through transfer [Fig. 6(A) white arrows] and 24 h
after transfer [Fig. 6(B) white arrows]. This viability per-
sisted for as long as we monitored the ECs [24-96 h; Fig.
6(C-E)]. After the fiber transfer, the total density of viable
ECs on mCherry-Ubx fibers did not appear dramatically
different at 24, 48, or 96 h [Fig. 6(C-E)]. These data show
ECs were consistently alive immediately after transfer and
for several days afterward.
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SMCs also maintained association with Ubx fibers after
transfer and remained viable at 24, 48, and 96 h after trans-
fer [Fig. 6(F-])]. Most observed SMCs had an elongated mor-
phology with extensions protruding down the length of the
axis [Fig. 6(F-H)]. However, spread SMC morphologies were
also observed [Fig. 6(1,]) white arrows].

Interestingly, what appeared to be sheets of PCs, sup-
ported by multiple mCherry-Ubx fibers, successfully trans-
ferred with the fibers [Fig. 6(KL)]. These PC sheets
remained intact [Fig. 6(L)] and viable after transfer [Fig.
6(M-0)]. Many tissue engineering applications require the
growth of sheets of cells.”””*® Thus, PC addition to mCherry-
Ubx fibers could provide a new approach to creating and
manipulating cell sheets.

Together, these results demonstrate that primary human
ECs, SMCs, and PCs remained associated with mCherry-Ubx
fibers and were viable for at least 96 h after transfer to a
new culture dish. These data reinforce the concept that
these cell lines attach to fibers, and that fibers exhibit no
toxicity toward any of the primary cell lines tested. Impor-
tantly, the fibers are also a sufficient substrate to maintain
cell viability in culture. These traits are consistent across
multiple cell lines.
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CONCLUSIONS

In this work, we have demonstrated that Ubx fibers are not
toxic to a variety of cells. Since dead cells were rarely
observed in the live/dead assays for any of the three cell
lines, we conclude that cell viability exceeds 97% when
cultured in the presence of or in direct contact with Ubx
fibers. The cytoskeletons of all three cell lines were robust
and intact when in contact with Ubx fibers. The observation
of cytoskeletal alignment for all three cell types suggest that
cells are not merely resting adjacent to Ubx fibers, but
instead are interacting with and responding to the fibers.
The ability of all tested cell types to remain attached to
fibers and viable when transferred between cultures, com-
bined with their ability to remain bound through staining
and washing steps, demonstrates that cell-Ubx interactions
are reasonably robust. In addition, cells cultured on Ubx
fibers maintain normal morphologies. Together, these data
suggest Ubx fibers are cytocompatible and cell adherent,
and thus are a potentially useful tool for designing cell or
tissue engineering experiments.
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