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Abstract

Understanding cellular interactions with culture substrate features is important to advance cell
biology and regenerative medicine. When surface topographical features are considerably larger in
vertical dimension and are spaced at least one cell dimension apart, the features act as 3D physical
barriers that can guide cell adhesion, thereby altering cell behavior. In the present study, we
investigated competitive interactions of cells with neighboring cells and matrix using a novel
nanoneedle gradient array. A gradient array of nanoholes was patterned at the surface of fused
silica by single-pulse femtosecond laser machining. A negative replica of the pattern was extracted
by nanoimprinting with a thin film of polymer. Silica was deposited on top of the polymer replica
to form silica nanoneedles. NIH 3T3 fibroblasts were cultured on silica nanoneedles and their
behavior was studied and compared with those cultured on a flat silica surface. The presence of
silica nanoneedles was found to enhance the adhesion of fibroblasts while maintaining cell
viability. The anisotropy in the arrangement of silica nanoneedles was found to affect the
morphology and spreading of fibroblasts. Additionally, variations in nanoneedle spacing regulated
cell-matrix and cell-cell interactions, effectively preventing cell aggregation in areas of tightly-
packed nanoneedles. This proof-of-concept study provides a reproducible means for controlling
competitive cell adhesion events and offers a novel system whose properties can be manipulated
to intimately control cell behavior.
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Introduction

Studying a regulatory role of extracellular matrix (ECM) in cell behavior remains a key
research area in developmental biology, biomedical engineering, and pharmacology [1, 2].
Cells sense physical and chemical signals arising from surface features (e.g., topography,
compliance, texture, and anisotropy) of ECM and synthetic culture substrates, resulting in
changes of their morphology, transcriptional behavior, and/or motility that are responsible
for developmental processes and wound healing [3-6]. Hence, it is essential to understand
the characteristic interaction between cells and specific surface features to further advance
cell biology and regenerative medicine.

Since the effect of substrate topography on cell behavior was first studied with development
of cell culture apparatus in 1890-1910’s [7, 8], topographical control of cell behavior has
been the subject of numerous review articles over the years [2, 3, 5, 6, 9-13]. The
topographical features that have been studied range from unrefined patterns (e.g., grooves
and ridges) [7, 8, 14-17] to precise topographical patterns and geometric profiles that are
generated by photo or electron beam lithography [13, 18-20]. Recent studies on
topographical control of cell behavior have been mostly done on 2D substrates in which the
size of topographical features usually ranges from 10 nm to 3 pum [3] in an array form of
nanogratings, nanopillars, or nanoholes [12, 21]. When these features are considerably larger
in vertical dimension and are spaced at least one cell dimension apart, the features act as 3D
physical barriers that specifically influence cell morphology, spreading, and alignment by
guiding cell-matrix interaction (“contact guidance™), particularly observed in the case of
fibroblast attachment and motility [22-25]. The contact guidance is mediated by an integrin-
ligand interaction [26], resulting in alternation of cell attachment, orientation, viability, and
motility [3, 15].

Three types of biomaterials (i.e., metals, ceramics, and polymers) are used for cell culture
studies [3, 5, 9]. In particular, polymers are considered an efficient template to generate
nano/microscale patterns via soft lithography. For example, micropillar arrays of
polydimethylsiloxane (PDMS) and silicon prepared via lithographic techniques are used to
study cellular responses to 3D microenvironments [9, 22, 25, 27]. Thermal properties of
polymers can also be used to produce micro- and nanoscale features, which influence
cellular behavior [28].

In this study, we investigated the physical behavior of NIH 3T3 mouse embryonic
fibroblasts on an array of patterned silica nanoneedles. We used a recently-developed
nanomachining technique whose biological application has not been explored yet. The
pattern was a spatial 2D gradient array wherein needle spacing was varied from 10 pm to 50
pLm in one micron increments (spacing = 10,11,12...50, 49, 48...10 um) in both orthogonal
directions. First, an array of nanoscale diameter holes (nanoholes) with 2D gradient spacing
was prepared at the surface of fused silica by focusing single-pulses from an amplified
femtosecond laser system using a high numerical aperture (NA) microscope objective lens
(Figure 1). The fused silica template was etched to remove damaged material and slightly
enlarge the nanoholes. A negative replica of the template was extracted with cellulose
acetate (CA) by molding a CA film into the pattern creating an array of standing CA
nanoneedles (Figure 2). A thin layer of silica was then deposited on CA nanoneedles by a
low temperature chemical vapor deposition (CVD) process to form silica nanoneedles. This
nanofabrication technique enables high resolution control of geometrical structures in a use-
specified manner. NIH 3T3 fibroblasts were cultured on silica nanoneedles and their cell-
cell and cell-matrix interactions were compared with those cultured on a flat silica surface
prepared by the same CVD process. This proof-of-concept study provides a new gradient
template method for controlling cell adhesion and function.
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1. Materials and Methods

Nanoeedle Array Preparation

An amplified femtosecond laser system was operated in single-pulse mode to pattern fused
silica substrate of 500 wm thickness in air using a 160x microscope objective lens (NA =
1.25 in water) with 780 nm laser pulse central wavelength, 160 fs temporal length, and ~5.2
pJ energy per pulse [29-31]. The pattern made on the template was a 2x2 matrix of
quadrants, where each quadrant is a 2D gradient in nanohole spacing. In each quadrant, the
spacing between the successive nanoholes, in both x and y directions, was first increased
from 10 wm to 50 wm in 1 wm increments, and then reduced from 50 wm to 10 um in 1 wm
decrements, thus forming a 2D gradient in nanohole spacing. A schematic of the pattern (at
reduced scale) is shown in Figure 1. The template was subjected to chemical etching in
buffered oxide etch (Lodyne™, BOE, 6:1) for 30 seconds followed by rinsing in DI water,
and then neutralized in 10M KOH for 3 minutes followed by rinsing in DI water (all at room
temperature) prior to further use. Etching the template in BOE preferentially attacks laser
affected regions in fused silica and widens the entrance of nanoholes. The depth of the
nanoholes was determined to be at least 14 um by cellulose acetate replication. The average
entrance diameter was 750 nm post-etching.

A small piece of 35 pum thick cellulose acetate film was molded into the pattern using
acetone solvent as shown in Figure 2A. After a few hours the resulting film was peeled off
from the template using a pair of tweezers to remove the negative replica, a patterned array
of cellulose acetate nanoneedles. The replica film was then glued to a 170 wm glass
coverslip using a thin layer of uncured base PDMS (Sylgard® 184, Dow Corning
Corporation) as an adhesive. CA replica-on-PDMS-on-glass coverslip was then left at room
temperature for 24 hours for PDMS to crosslink for easy handling of the CA nanoneedles.
The glass coverslip with CA replica was then placed on an aluminum SEM peg using a
sticky tab (Lift-N-Press™, Structure Probe Inc., West Chester, PA) and subjected to a two-
step chemical vapor deposition process at 65°C for silica deposition to form silica
nanoneedles, details of which can be found in reference [29]. Briefly, CA replica was first
exposed to silicon tetrachloride (SiCly) vapor for 5 minutes in a beaker and then to water
vapor (H,0) for 5 minutes in another beaker. Silicon tetrachloride molecules adsorbed at the
surface of CA nanoneedles in the first beaker hydrolyze in the second beaker (SiCl4 + 2H,0
— SiO, + 4HCI) to form atop a thin silica coating of thickness 240 + 40 nm. Silica
nanoneedles thus formed are shown in Figure 2B—C and were used as a cell culture
substrate. Flat silica substrates were prepared with unpatterned glass coverslip as a template
using the same method (CA cast attached to glass with PDMS, followed by chemical vapor
deposition).

Cell Experiments

NIH 3T3 fibroblasts were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM,
Gibco Cell Culture, Invitrogen, Carlsbad, CA, USA) supplemented with 10% heat-
inactivated fetal bovine serum (FBS, Gibco) with 1% penicillin-streptomycin (P/S, Gibco)
on tissue culture polystyrene in a water jacketed incubator at 37°C and 5% CO,. For
experiments, cells were seeded at a density of 80,000 cells / cm? and cultured either
overnight or for three days for attachment/viability or immunocytochemistry experiments,
respectively. For attachment and viability experiments, cells were treated with 4 LM Calcein
AM (Molecular Probes, Invitrogen) in phosphate buffered saline (PBS, Gibco) for 15
minutes at 37°C. For immunocytochemistry, cells were fixed with 4% paraformaldehyde for
15 minutes, permeabilized with 0.25% Triton X in PBS for 10 minutes, and blocked with
10% goat serum in PBS. Unless otherwise stated, all steps were performed at room
temperature. Cells were then incubated with phalloidin (Molecular Probes) for 20 minutes or
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1:100 rabbit anti-mouse a smooth muscle actin primary antibody (aSMA, Abcam,
Cambridge, MA) overnight at 4°C, followed by treatment of 1:50 FITC-conjugated goat
anti-rabbit secondary antibody (Abcam) for 2 hours. Cells were imaged using a Nikon
Eclipse Ti inverted fluorescence microscope (Nikon Instruments, Inc, Melville, NY). Images
were analyzed with Image J (National Institutes of Health, Bethesda, MD) and n =50 cells
from n =5 images were used for quantification. Individual cells, not those in aggregates,
were quantified for shape descriptors (i.e., average cell area and average cell perimeter).

2. Results and Discussion

Cellular Response to Nanoneedles

The cellular response was altered in the presence of SiO, nanoneedles as compared to flat
SiO, surfaces (Figure 3). Most strikingly, cell adhesion to surfaces with nanoneedles was an
order of magnitude higher than adhesion to flat surfaces (p = 0.005, Figure 3A), while
viability was maintained for cells adhered to either surface (Figure 3B). Cell spreading was
also influenced by the presence of nanoneedles. On nanoneedle-containing surfaces, cells
exhibited a larger area and perimeter than those cultured on flat surfaces (p < 0.005 and p =
0.007, Figure 3C and 3D, respectively), indicating increased cell spreading on the
nanoneedle-containing surfaces. Therefore, the nanoneedle-containing surfaces were proven
to promote cell-matrix interaction.

As seen in Figure 4, the presence and spacing of nanoneedles strongly influenced
competitive cell-cell versus cell-matrix interactions. On flat substrates without nanoneedles,
a significant number of cells formed large multicellular aggregates (Figure 4A; calcein,
green) that did not display any noticeable organization or regularity (Figure 4B; aSMA,
green; Hoechst, blue). In contrast, the presence of nanoneedles prevented cell aggregation,
interrupted cell-cell contacts, and promoted interactions with the matrix (Figure 4C-F;
aSMA, green; Hoechst, blue; actin, red). Cells preferentially aligned themselves along
tightly spaced nanoneedles in gradient regions with sparse spacing in the orthogonal
direction. In regions with sparse distributions in both directions, cells interacted both with
adjacent nanoneedles as well as those located in the parallel rows (Figure 4C-D). In general,
parallel rows of nanoneedles with substantial spacing between them (i.e. >30 um)
sequestered cells and biased them towards cell-matrix interactions. This spacing also
controlled the size and geometry of any small cell clusters that were present (Figure 4E). A
critical spacing between nanoneedles appeared to exist that regulated the ability of cells to
adhere and spread in two dimensions (Figure 4F).

Relative spacing ratios for local regions of nanoneedles regulated cell spreading. Sparse
spacing in two dimensions allowed single cells to spread in two dimensions (Figure 4C, top
left inset), whereas tight spacing in one dimension and wide spacing in the orthogonal
direction allowed cells to spread only in one direction (Figure 4C, top right inset). Given that
nanoneedle spacing allowed for cells to attach between parallel rows, cells tended to spread
in one dimension when the ratio between nanoneedles spacing in orthogonal directions was
less than 0.5. In contrast, cells spread in two dimensions when nanoneedles spacing ratio
was greater than 0.5. These data indicate that the cells actively sensed the microenvironment
and that nanoneedle spacing can be used as a critical parameter to intricately regulate cell-
cell and cell-matrix interactions.

In this study, we have employed a novel surface of patterened silica nanoneedles as a
synthetic cell culture substrate and evaluated how needle presence and spacing affects cell
attachment, morphology, and alignment. The impact of this work lies in the translation of a
new material fabrication technique whose application to biology allows for the design of
culture substrates that direct and regulate cell behavior. Specifically, the cellular response to
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silica nanoneedles provides a means to directly modulate competitive cell adhesion events.
Competitive cell-cell and cell-matrix interactions are a fundamental regulator of
embryogenesis [11] and have been manipulated for complex tissue engineering strategies
[32]. Cells of different lineages exhibit biased interactions depending upon their
physiological location and function. For example, sheet-like epithelial and endothelial cells
are dominated by cell-cell contacts through which various signals can be propagated, yet
cells of a mesenchymal lineage are primarily cell-matrix interactive. Intricate lineage
transition events, such as mesenchymal-to-epithelial transition (MET) and its reverse
(EMT), confer new characteristics to differentiated cells that can also involve pathological
progression. In certain cancers, for example, malignant cells in a primary tumor can undergo
such a lineage transition, allowing them to escape from their normal location and
metastasize [33]. By probing and modulating cell adhesion events, fundamental processes
involved in embryogenesis, tissue engineering, and cancerous transformation can be
intimately controlled, studied, and exploited for therapeutic intervention.

Fibroblasts, a mesenchymal cell type, are involved in diverse body processes including
normal wound healing and pathological fibrosis. In healthy wound healing, fibroblasts
express a smooth muscle cell-like phenotype (myofibroblast) to aid in remodeling and
contraction of wound sites [34, 35]. Myofibroblasts are also associated with numerous
pathological conditions, such as fibrous scarring, aortic valve calcification, and other fibrotic
diseases, usually when environmental variables result in an over-abundance of
myofibroblasts [34, 36]. Fibroblasts express basal levels of a SMA, however, increased
aSMA expression and formation of a SMA stress fibers is indicative of myofibroblast
phenotype [34, 35, 37]. There are several known modulators of myofibroblast phenotype,
the most notable are stimulation with transforming growth factor 1 (TGF- 1), and
mechanical forces arising from dynamically changing strain and substrate stiffness [35, 36,
38, 39]. Furthermore, aSMA expression has been shown to correlate with fibroblast
contractile ability, and is upregulated on stiffer substrates, and can be dynamically
modulated by changing substrate stiffness [35, 39, 40]. In the present study, we investigated
the cellular response to patterned SiO, substrates in the context of aSMA expression to
determine if needles altered the contractility or myofibroblasts phenotype of 3T3 fibroblasts.
Neo-expression of aSMA was not observed on any of the test substrates, a SMA expression
was not significantly different, and a SMA stress fibers were not evident in fibroblasts
cultured on either substrate (Figure 4B-C). This indicates that culture of 3T3 fibroblasts on
SiO, substrates does not induce a myofibroblast phenotype. However, fibroblasts which
formed large clumps on flat substrates were not analyzed for aSMA expression. These
clumps of cells demonstrate similar morphology to fibroblasts which form calcific nodules
in aortic valve disease [40, 41]. Because these test substrates have a high surface modulus,
which has been shown to induce myofibroblast formation, we would expect to see the
contraction of fibroblasts into nodules when seeded on SiO, substrates. Clump formation
was significantly lower on patterned nanoneedles substrates, which suggests that
interrupting cell-cell interactions in favor of cell-matrix interactions decreases the contractile
ability of fibroblasts, even when seeded on stiff substrates.

The utility of this surface format for basic and applied biological sciences and biomedical
engineering lies in its ability to manipulate cell behavior in order to probe fundamental
biological processes and pathological mechanisms. This technique is versatile and other
materials, such as synthetic polymers, can be used in the place of CA through a simple
solvent casting approach. Material properties (i.e. stiffness, hydrophobicity/philicity, charge)
impact cell health and fate, and can be tuned through copolymerization [42, 43]. For
example, our laboratory has used copolymers with subunits of varying molar ratios to alter
material properties and control cell health, proliferation, and differentiation [42, 43]. By
applying these polymers in the nanoneedle format, we plan to use synthetic surfaces to
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investigate tissue formation/regeneration and early mechanisms in cancerous transformation
of human cells.

3. Conclusions

Single-pulse femtosecond laser machined templates were used to extract gradient patterns of
CA nanoneedles by replication. After coating CA nanoneedles with silica, the resulting 3D
silica nanoneedle patterns were used to study the effect of two dimensional gradient spacing
on cell-cell and cell-matrix interactions that play a mechanistic role in tissue regeneration as
well as pathogenesis. The technique is useful in understanding cell biology with possible
application to the study of cell lineage transition, particularly the mesenchymal-to-epithelial
transition and myofibroblast phenotype expression. The advantage of this process is the ease
and control of geometrical structuring by femtosecond laser machining. We foresee the use
of this technology and advanced polymers to engineer synthetic surfaces for tissue
regeneration.
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Figure 1. Pattern prepared on fused silica substrate by single-pulse femtosecond laser machining

(A) A schematic of the pattern displaying the 2D gradient in nanohole spacing (nanohole
density reduced for visual clarity). The pattern is a 2x2 matrix of four quadrants, each
formed by increasing the spacing between successive nanoholes by 1 pum starting from 10

pwm in the densest location (edge) to 50 m in the sparsest location (middle of the quadrant)
and then decreasing from 50 m to 10 wm at 1 pwm decrements in both x and y directions. A

quadrant is a matrix of 84x84 nanoholes, and a 2x2 matrix of these quadrants forms the
pattern with 168x168 nanoholes. Each black dot in the schematic represents a nanohole
made by focusing a single laser pulse. (B) An SEM image of the nanoholes from one edge
of the pattern.
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Figure 2. Silica nanoneedle fabrication

(A) Schematic of the fabrication of silica nanoneedles starting from cellulose acetate (CA)
replication of the laser patterned fused silica template (steps | and I1). The replica with CA
nanoneedles is then peeled off from the template and glued to a 170 pm glass coverslip with
uncured PDMS, and cured at room temperature for 24 hours (steps 111 and 1V). The glass
coverslip with CA nanoneedles is then affixed to an aluminum SEM peg (step V) and
subjected to silica deposition to form silica nanoneedles. The glass coverslip with silica
nanoneedles is then detached from the SEM peg by selectively dissolving the sticky tab
adhesive in toluene. (B) SEM image of silica pattern in a specific location where
nanoneedles are densely spaced in one direction and sparsely spaced in the orthogonal
direction. (C) SEM images of silica nanoneedles (taken at 45° stage tilt) from a section of
the 2D gradient pattern at one edge illustrating the x and y increment of 1 um every
successive nanohole.
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Figure 3. SiO5 nanoneedles promote cell attachment and spreading

(A) Significantly more cells attach to nanoneedle-containing surfaces and (B) cell viability
is unaffected. (C-D) Cell spreading (area, perimeter) are increased on nanoneedle-
containing substrates.
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Figure4. Cell adhesion isinfluenced by the presence and spacing of SiO» nanoneedles

(A-B) Flat surfaces promote the formation of large, unorganized cell aggregates. (C-D)
Cells interact directly with the nanoneedles and only small cell aggregates, if any, are able to
form. (E) Parallel rows of tightly spaced nanoneedles sequester cells between them. (F)
Few, if any, cells are able to attach in areas of densely packed nanoneedles, but attachment
improves as spacing becomes sparser. Nanoneedle locations are indicated by X’s in each
image. A: calcein, green; B-C: aSMA, green; Hoechst, blue; D—F: actin, red; Hoechst,
blue.
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