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We report a facile strategy for the patterning of cells that utilizes
nanofibrous RGD-engineered phages in conjunction with micro-
contact printing methods to provide human fibroblast cells with
specific biochemical and physical cues. This approach can be used
for high-throughput screening assays as well as for energy and
biosensor development.

Introduction

Fabrication of precisely designed active biomaterials is of great
interest in many areas of bionanotechnology including regenerative
medicine, drug screening, and biosensors."” Micro- and nanometre
scale defined patterns have been developed which can control the
spacing and density of signaling molecules through top-down
microfabrication approaches, such as photolithography, e-beam
lithography, and microcontact printing techniques.>® Recently
developed bottom-up biomaterials such as peptide amphiphiles,'®'2
and polymers***S or protein matrices'®!” can more closely mimic the
nanofibrous network structures of extracellular matrices. Together
with the physical structures, additional control of biochemical
ligands, signaling density, and dynamic degradation or cross-linking
have been considered as critical components to instruct target cells to
assume desired tissue morphologies and fates.'*'7*

Recently, our group and others utilized filamentous viral particles
as tissue regenerating materials following genetic and chemical
maodification.?*? Specifically, our group utilized the unique ability of
M13 phage to self-replicate, self-assemble and self-evolve to prepare
various tissue-like scaffold structures for tissue regeneration. Through
the insertion of a desired gene sequence, we could easily display high
densities (1.5 x 10" epitopes per cm?) of signaling peptides along the
nanofiber-like phage surfaces. Due to the long-rod shape and mon-
odispersity of the phage, we were able to fabricate various two-
dimensional or three-dimensional self-aligned structures organized
from the nanometre scale to the centimetre scale without any nano-
or microfabrication processes. The resulting structures can control
physical and chemical cues to direct the growth of desired cells,
including neural cells, preosteoblasts, fibroblasts and others.?****
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Phage-based patterning has previously been used in the nano-
fabrication of electronic or energy storage devices.*** However, if
one can couple such biologically active phage materials with micro-
fabrication techniques, it will become possible to construct versatile
platforms for various biomedical applications, such as tissue regen-
eration, drug screening, and biological assay test-beds to investigate
the various parameters for cell biological processes.

Here, we developed a facile methodology to pattern engineered
phage for directional guidance of human fibroblasts for tissue engi-
neering and bioassay applications. We employed polydimethyl-
siloxane (PDMS) microcontact printing techniques to prepare the
micropatterned phage structures for guiding directional growth of
human fibroblasts. We also demonstrated that nanofibrous struc-
tures, along with the biochemical signals presented by the phage
microstructures, are critical to guiding human fibroblasts to grow
desired elongated morphologies. Our hybrid bottom-up and top-
down approach can be useful not only for regenerative medicine and
high-throughput screening assays, but also for other applications
including biosensors, energy, and semiconductor development.

Results and discussion

We fabricated patterned selective phage surfaces using microcontact
printing approaches with PDMS stamps (Fig. 1). We utilized the
engineered M13 phage with integrin-binding peptide (RGD), which
was constructed through directed evolutionary cloning approaches
previously reported.**! In order to create the desired phage patterns,
we first deposited a non-polar self-assembled monolayer (SAM) of 1-
octadecanethiol (ODT) on gold substrates using PDMS stamps, and
followed with deposition of a cysteamine SAM by dipping the
substrate in cysteamine solution. Selective patterning of hydrophobic
ODT and hydrophilic cysteamine induces selective M13 phage
patterning on hydrophilic surface regions, where the RGD-modified
phage serves as a nanofibrous platform to guide directional cell
growth.

We fabricated two patterns with different spacing (5/10 and 10/
20 um for cysteamine and ODT respectively). We chose 5/10 and 10/
20 pum spacing because this scale might be relevant to the size of the
human fibroblasts and significantly affects the cell morphology.
AFM analyses showed that we could fabricate the controlled spacing
of these selective patterns (Fig. 2A) by sequential deposition of the
ODT and cysteamine on the gold substrates. After applying the
phage suspension (0.1-1 mg mL~") for 60 min, followed by sequential
washing using DI water, we could obtain selective deposition of the
phage on cysteamine patterned areas as shown using AFM (Fig. 2B).
After ODT deposition, the average height increased to ~2 nm,
measured by AFM (Fig. 2A). Height changes (~7 nm) after depo-
sition of phage imply the selective deposition of phage on cysteamine
areas, which are partly composed of cysteamine coatings of
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Fig. 1 Schematic illustration of phage engineering and selective phage patterning for directional growth of human fibroblast cells. M13 phage was
genetically engineered to display integrin-binding motif RGD on every copy of pVIII major coat proteins. We used the resulting engineered M 13 phage
to create micropatterned surfaces using microfabrication techniques. We first used PDMS microcontact printing to create hydrophobic 1-octadeca-
nethiol (ODT) patterned surfaces. We then coated the substrate with hydrophilic cysteamine to create a self-assembled monolayer (SAM). When the
patterned substrate is submersed in M 13 phage suspension and pulled through dip-coating methods, phages are selectively deposited on hydrophilic
cysteamine coated areas. These patterned substrates were then used for guiding directional cell growth.

0.5-0.8 nm thick (Fig. 2B). AFM and fluorescent images showed
selective and homogeneous deposition of phage on the desired
micropatterned substrates (Fig. 2C, S1 and S2 in ESI¥). In order to
obtain these phage coatings, we tested and optimized phage
patterning by varying the concentrations of phages (0.01-1 mg
mL™"), incubation times (5 min to overnight) and/or pulling speed
(10-100 pm min~") to fabricate uniformly patterned phage structure.
Due to the convective flow of phage suspension toward the hydro-
philic region from the hydrophobic background, along with the
downward movement of the meniscus during the drying process at
the contact line, phage deposition on hydrophilic stripe patterns leads
to bimodal alignment of the phage fibers along the strips. Horizontal
or diagonal orientation of phage fibers was formed along the central
axis of the vertical hydrophilic stripes. Because of the dominant effect
from the hydrophobic background on the meniscus movement, only
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small amounts of phage were deposited on the hydrophilic cyste-
amine area (thickness is ~7 nm). Instead, phages applied on the
substrate without such hydrophobic/hydrophilic patterns formed
much thicker phage deposition in similar conditions (data not
shown). 1 mg mL~" phage concentration and 10 pm min~' pulling
speed gave the most optimized uniform phage coverage (Fig. S1
and S27). Higher speed gave narrower patterning whereas lower
speed gave wider patterning on hydrophilic surfaces due to
hydrophobic repulsion from the next hydrophobic regions. We
believe that M13 phages were selectively deposited on hydrophilic
cysteamine surfaces through hydrophilic and electrostatic interac-
tion as well as by hydrophobic repulsion generated by the nearby
hydrophobic ODT. The resulting nanofibrous patterns, with
a high-density of RGD-peptides on the phage, were further
investigated for inducing specific cellular responses.
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Fig.2 Micropatterning of M13 phage. (A) AFM image of cysteamine (Au)/ODT SAM pattern. (B) AFM image of selective adsorption of M13 phage
on the desired micropattern. (C) Magnified AFM (of B) and fluorescent images of patterned M13 phage on the gold substrates. (Up: 5 um Au/10 um
ODT, down: 10 pm Au/20 pm ODT; fluorescent image stained with anti-fd phage.)
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The micropatterned substrates with integrin-binding RGD-peptide
engineered phage exerted specific cellular effects on cultured human
fibroblasts. We chose human fibroblast cells (CCD32Sk) because of
their known sensitivity to textured materials,3*** and because direc-
tional guidance is important to regenerate desired tissue morpho-
logies during wound healing processes.>* When fibroblast cells were
cultured on top of RGD-phage patterned surfaces, the cells attached
well and elongated through the direction of the phage pattern
(Fig. 3A and B). Cell alignment on the selectively deposited phage
regions was maintained during cell proliferation for up to eight days
(data not shown). The specific biochemical effect of the RGD-phage
was further observed by using RGE- and wildtype-control phage-
patterned substrates (Fig. 3C and D and see Fig. S4At). When RGE-
and wildtype-phage were used, the attached number of cells were
much less and the elongation of the fibroblasts were much shorter
than those observed on the RGD-phage. However, the attached
fibroblast cells on the RGE-phage patterned substrates still exhibited
aligned morphology through the line pattern direction. Interestingly,
the center of the fibroblasts was on the boundary of the patterned
substrate (white arrows in Fig. 3D), while that of the RGD substrate
was mainly in the middle of the phage patterns (white arrow in
Fig. 3B). We believe that the resulting elongated cell morphology
from the RGE-phage patterns was mainly caused by the topological
edge structures generated by the phage patterning, because many cells
can sense micro ridge or groove structures.**' ODT/cysteamine
patterns might induce similar topological edge effects as observed
with the RGE-edge. However, we could not find such parallel
elongation patterns as those shown in our control experiments with
RGE-phage edge effects (data not shown). We believe that this
morphological difference might come from height difference between
ODT and the deposited phages. The topological height difference of
ODT/cysteamine is 1.2-1.5 nm, whereas that of the ODT/RGE-
phage patterns is ~5 nm.

In order to confirm the importance of the specific physical or
chemical cue effects of the nanofibrous phage structures, we per-
formed additional control experiments using RGD-peptide (Fig. 3E)
or phage without micropatterns. We first synthesized a linear RGD
peptide linked through a glycine linker and cysteine (RGDGGGC)
using FMOC chemistry, where cysteine binds to Au surfaces and
GGG provides spacing of the RGD-peptide. After PDMS micro-
contact printing of the RGD-peptides, we achieved the self-assembled
monolayers of the RGD-peptides which display the same signaling
peptides but without the nanofibrous structures of the RGD-phage.
AFM studies (Fig. S3At) showed that the RGD-peptide generated
relatively uniform self-assembled monolayers with average height of
~2 nm (Fig. S3Bt) and with lower surface roughness (1.53 + 0.37
nm) than those of phage patterns (3.46 £+ 0.53 nm). The resulting
RGD-peptide patterns could induce directional growth of the fibro-
blasts. However, the cells exhibited shorter elongation and less
alignment than those on the RGD-phage patterned substrates. We
believe that the different morphologies of the RGD-peptide patterns
compared with RGD-phage patterns might come from the topo-
logical changes, such as edge structures made by its fibrous textures,
and more surface areas generated by the nanofibrous phage patterns.

In addition, when the cells were cultured on the drop-cast phage
films without micropatterns (Fig. 3G), the cells adhered well and
exhibited less elongated morphology. We also observed locally
aligned fibroblast growth within ~200 to 300 um domain, which
might be induced by local lyotropic liquid crystalline ordered phage
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Fig. 3 Human fibroblast morphologies on the phage pattered surfaces.
(A and B) Cellular morphologies from RGD-, (C and D) RGE-phage, (E
and F) RGD-peptide (RGDGGGC) patterned substrates and (G) RGD-,
(H) RGE-phage drop cast films. (A, C, and E: 5 pm cysteamine/10 pm
ODT patterns; B, D, and F: 10 pm cysteamine/20 pm ODT patterns.) The
fluorescent images were labeled with phalloidin for actin (green), DAPI
for nucleus (blue), phage antibody for phage (red). Characterization of
morphological parameters of the cellular response for the phage
substrates in cell numbers (1) and aspect ratio (J).

films. However, the overall orientation of fibroblasts is a random
collection of the locally oriented fibroblasts throughout the samples.
When the cells were cultured on the RGE-phage drop cast films, the
cells showed significantly decreased cell numbers and round-cell
shapes, which indicated that there is little focal contact between the
fibroblasts and the substrates (Fig. 3H). On ODT or gold substrate
controls lacking a pattern, the fibroblasts exhibited randomly grown
morphologies in no specific direction (Fig. S41). We also observed
microspacing dependent cell morphologies: The 10/20 ym RGD-
phage patterned substrates had higher numbers of cells compared
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with cultures on 5/10 pm patterned substrates. We believe that
10/20 um pattern spacing provides more favorable hydrophilic
surfaces for the fibroblasts than 5/10 um patterns due to the
comparable size of the human fibroblasts. Similar microspacing
preferences of the fibroblasts were previously observed on micropeg
pillars.®® By analyzing the cellular morphology parameters (Fig. 31
and J), we quantified the effects of physical and chemical cues
generated by the engineered phage on the 5/10 or 10/20 um patterned
surfaces with different phage substrates. In all quantifications of
parameters including cell attachment, areas, aspect ratios, and
orientation, RGD-phage patterned substrates exhibited the most
favorable cellular morphologies.

We believe that the resulting preferential and desired elongated
human fibroblast morphologies on the RGD-phage were mainly
contributed by the biochemical and physical cues generated by the
phage structure. In our phage-tissue engineering materials system, the
nanofibrous phage (880 nm by 6.6 nm) uniformly displays, at high
density (1.5 x 10" ligands per cm?), the 2700 copies of RGD-peptides
uniformly, with a spacing of 2.7 nm axially, and 2 nm laterally along
the phage fiber (Fig. 1). Such structures might help cells to recognize
the high-density of RGD-peptide organized along the phage fiber,
inducing them to form stable focal contacts on phage-coated
surfaces.?® Previous RGD-ligand studies showed that ligand density,
ligand spacing, presentation, and their clustering play a critical role to
induce specific cellular morphologies.** Higher peptide density led
to increased cell spreading, whereas cells on lower density maintained
a rounder morphology. Minimal peptide concentration necessary for
cell attachment and spreading was 6 x 10° ligands per cm? and an
average peptide-to-peptide spacing of 440 nm in the case of human
foreskin fibroblast culture. In addition, nanotextured morphologies
enhanced cellular interaction.!®* Therefore, we believe that our
nanofibrous RGD-phage tissue matrices can induce similar effects as
those previously observed.

We also measured the orientation and elongation of the phage to
the preferential direction and calculated orientation order parameters
(OP = '»(3cos’  — 1), with § = measured angle of the long axis of
cells in relation to the preference angle). The fibroblasts on RGD-
modified phage-patterned surfaces exhibited preferential orientation
through the direction of the patterned phage, with an orientation
order parameter (OP) of 0.99 on 10/20 pum patterns and 0.98 on
5/10 pm patterns comparing to values for RGE-phage and RGD-
peptide (OP = ~0.8 and ~0.7 respectively; OP = 1 for perfectly
oriented, and 0 for randomly oriented system). These results show
that the nanofibrous RGD-phage patterned substrates induce the
human fibroblast cells to attach on the desired patterned substrates
through the programmed RGD signaling peptide on the phage
surfaces. Additionally, the RGD-phage patterned substrates
encouraged elongated morphologies through nanofiber-like phage
structures. We believe that the resulting structures provided the
necessary physical topology with appropriate biochemical cues
critical to synergic stimulation of the target cells.

Extracellular matrices (ECMs) are mainly composed of nano-
fibrous protein networks.#* Their fibrillar diameter ranges 3-
20 nm.** These structures provide instructive cues to nearby cells,
orchestrating the assumption of desired cellular morphologies and
fates in a dynamic manner through signaling ligands, hierarchically
organized supramolecular structures, and material stiffness. Various
approaches have been explored to recapitulate such nanofibrous cell-
instructive matrices on device platforms for the purpose of tissue

regeneration, drug-screening and molecular biological assays.>*348
However, previous approaches based on synthetic polymers or
natural protein matrices without micro- and nano-fabrication have
trouble incorporating both nanofibrous network structures and
controllable presentation of chemical ligands in a well-defined
manner. Our phage-based patterning approaches provide multiple
advantages over conventional biomaterial patterning: first, we can
easily prepare basic building blocks for nanofibrous tissue scaffolds
through genetic engineering and bacterial amplification. Second, we
can self-assemble nanofiber micropatterns with high signaling density
through facile microcontact printing techniques, which closely mimic
the ECM structures. Third, we can modulate the chemical ligand
structures through single or multiple mutations of deposited phage
genomes, with little change of substrate physical properties, spacing,
and chemical density. Fourth, the phage does not elicit any harmful
or toxic response from eukaryotic cell systems, which would allow for
biocompatibly tailoring of tissue structures for regenerative medicine
purposes. Thus, our facile phage micropatterning approaches might
be useful for various applications beyond the scope of what is
demonstrated here.

In summary, a facile phage patterning method was developed by
combining top-down microcontact printing with bottom-up
designed genetically engineered M13 bacteriophages. We demon-
strated that the periodic phage patterns could support human
fibroblast cell growth and guide the growth processes of the target
cells. The specific biochemical cues provided through genetic engi-
neering of the MI13 phage, in conjunction with their intrinsic
nanofibrous structure, played a critical role in inducing the direc-
tional growth of the target cells. We believe that the resulting
elongated cell morphology from the phage patterns was mainly
caused by the topological surface structures by the nanofibrous
phage, which is a key factor giving stronger directional growth of
fibroblast cells on RGD-phages rather than on RGD peptide. RGD
peptide gives adhesion force and stimulates cellular proliferation by
interacting cells, which would be the chemical cue effect by RGD-
peptide itself. The spacing (peptide density exposed to cells) together
with topologic structures can also be recognized by cells and help
cells to elongate more. The interspacing of M13 pVIII proteins as
2.7 nm represents the spacing of RGD peptide motifs along the
filamentous phage structure (Fig. 1) and the phage particles were
deposited on the pattern surface constituting three-dimensional
fibrillar structures which mimics the natural extracellular matrices.
We believe that nanofibrous phage structures with high density of
RGD peptide together with high surface areas with topological edge
will help cells more elongated along the phage pattern, which then
help again cells to recognize RGD peptide better than in the case of
peptide-only pattern with smooth surfaces. We quantitatively
analyzed the contribution of the nanofiber-like phage structures to
the cell morphological difference in terms of number of attached
cells on the pattern surface and elongation of the cells along the
phage stripe patterns as shown in Fig. 31 and J. The use of surfaces
with defined nanoarrays of RGD peptides has been studied for the
control of integrin-mediated cell adhesion and behavior.*** Along
these lines, our phage nanofiber structure can support highly defined
dense arrays of the integrin ligands in regular spacing with its
nanofibrous topographic structures and gives the different prolifer-
ation from RGD-peptide itself application. Our novel phage
patterning approach will be useful to develop various test-beds for
cell biology studies, drug screening, and tissue regenerating
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materials, as well as other phage nanocoatings for semiconductor,
energy, and biosensor applications.

Experimental section
Genetic engineering and purification of M13 bacteriophage

M13 phage major coat protein pVIII was engineered to display the
RGD or RGE peptide motif by using a partial library cloning and
a site-specific mutagenesis approach as previously reported.!

Patterning of RGD-phage or RGD-peptide on ODT/cysteamine-
patterned substrate

Phages were selectively coated on the cysteamine pattern using dip-
coating method. The ODT/cysteamine patterned substrate (vertical
cysteamine stripe pattern) was first immersed in the RGD-phage
solution (I mg mL ") vertically and pulled up at a controlled speed by
a computer-programmed system. To find the optimal condition for
selective phage deposition on the pattern, we tested the withdrawal
speed in the range of 10-100 pm min~". In case of RGD peptide
deposition, RGDGGGC were used, where cysteine binds to Au
surfaces and GGG provides spacing of the RGD-peptide. The ODT
patterned substrate was immersed in RGD peptide solution
(RGDGGGC) vertically and pulled up at the same condition as
phage pattern. The resulted phage or peptide pattern substrate was
dried in air for 2 h and kept in a desiccator prior to use.

Human fibroblast cell culture

CCD32SK, human fibroblast cells were obtained from Cell Facilities
in the University of California, Berkeley (Berkeley, CA) and used at
passages 20-30. Cells were cultured in DMEM media (Invitrogen,
Carlsbad, CA) with 10% heat-inactivated fetal bovine serum and 1%
antibiotics—antimicotics at 37 °C, 5% CO, and 95% humidity. The
growth media was changed every 2 days, and the base population of
cells was passaged when near confluency. After trypsinization of cells
cultured as a monolayer, the cells were added onto patterned (or
bare) surface at 5 x 10° cells per mL'.

Atomic force microscopy (AFM) analysis

The topographic images of the patterned surfaces were acquired in air
using AFM (MFP-3D AFM, Asylum Research, Santa Barbara, CA)
operating on tapping mode with a silicon cantilever (AC240TS,
Olympus, Tokyo, Japan). The typical scan size was 20 x 20 um?* and
the scan rate was 0.5 Hz. Height difference profiles were determined
from line profiles traced perpendicularly through the features of
interest on the surfaces using Igor Pro MFP-3D software (Asylum
Research, Santa Barbara, CA).

Immunostaining and fluorescence microscopy

Cells were fixed in 3.7% formaldehyde solution for 15 min at room
temperature and, after four washes with PBS, cells were made
permeable by incubation in 0.1% Triton X-100 for 30 min. Cells were
again washed with PBS. All samples were blocked in 5% normal goat
serum for 30 min. To detect phages bound to surfaces, samples were
incubated with rabbit anti-fd (Sigma Aldrich, St Louis, MO) at
1 : 1000 dilution/PBST, and washed with PBST three times. Samples
received the secondary stain goat Alexa fluorochrome-conjugated

anti-rabbit antibody (Molecular Probes, Eugene, OR), and were then
incubated at 1 : 1000 dilution in PBST and washed three times with
PBST. The fluorescence images were collected using an IX71 Fluo-
rescence Microscope (Olympus, Tokyo, Japan). Areas, aspect ratios,
elongation, orientation of the cells on various engineered phage and
control surfaces were analyzed using NIH Image] (NIH, http:/
rsb.info.nih.gov/ij/).
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