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Abstract

Although nanotopography has been shown to be a potent modulator of cell behavior, it is unclear
how the nanotopographical cue, through focal adhesions, affects the nucleus, eventually
influencing cell phenotype and function. Thus, current methods to apply nanotopography to
regulate cell behavior are basically empirical. We, herein, engineered nanotopographies of various
shapes (gratings and pillars) and dimensions (feature size, spacing and height), and thoroughly
investigated cell spreading, focal adhesion organization and nuclear deformation of human
primary fibroblasts as the model cell grown on the nanotopographies. We examined the
correlation between nuclear deformation and cell functions such as cell proliferation, transfection
and extracellular matrix protein type | collagen production. It was found that the nanoscale
gratings and pillars could facilitate focal adhesion elongation by providing anchoring sites, and the
nanogratings could orient focal adhesions and nuclei along the nanograting direction, depending
on not only the feature size but also the spacing of the nanogratings. Compared with continuous
nanogratings, discrete nanopillars tended to disrupt the formation and growth of focal adhesions
and thus had less profound effects on nuclear deformation. Notably, nuclear volume could be
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effectively modulated by the height of nanotopography. Further, we demonstrated that cell
proliferation, transfection, and type | collagen production were strongly associated with the
nuclear volume, indicating that the nucleus serves as a critical mechanosensor for cell regulation.
Our study delineated the relationships between focal adhesions, nucleus and cell function and
highlighted that the nanotopography could regulate cell phenotype and function by modulating
nuclear deformation. This study provides insight into the rational design of nanotopography for
new biomaterials and the cell-substrate interfaces of implants and medical devices.
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INTRODUCTION

The extracellular matrix (ECM), constructed from diverse biomacromolecules with sizes
ranging from several to hundreds of nanometers,! often manifests significant nanoscale
topographies.2~> Mammalian cells can sense and actively respond to the nanotopography on
a synthetic surface, with sensitivity to variations of a few nanometers.® In addition to
inducing pronounced changes to cell morphology, migration, proliferation, nanotopography
could potentially regulate cell function, for instance, facilitating the differentiation of stem
cells into certain lineages.’~10 Nanotopography, thereby, can be a potent modulator of cell
phenotype and function.

The use of nanotopography can dramatically enlarge the surface area; however, the apparent
surface that cells can perceive is determined by the shape (e.g., pillars, wells and gratings),
dimensions and arrangement of nanofeatures, which is cell type-specific.”-13 For instance,
human fibroblasts responded differently to demixed isotropic nanoislands of 13, 35, and 95
nm in height. Fibroblasts displayed highly spread morphology containing well-defined
cytoskeleton on the 13 nm islands, but had a reduced cell spreading morphology with diffuse
actin and less stress fibers when the height of the islands increased.1415 Anisotropic gratings
usually enhance cell alignment, elongation and migration, while they may result in a smaller
cell size and lower proliferation rate, even leading to apoptosis.8-11.16-19 On
polydimethylsiloxane (PDMS) nanogratings (350 nm in width, 700 nm in pitch and 280 nm
in depth), human mesenchymal stem cells (MSCs) exhibited smaller (3.2 + 0.3 versus 5.3 +
0.6 um? on flat controls) and more dynamic focal adhesions, and significantly
downregulated expression of focal adhesion protein zyxin and nuclear proteins lamin C and
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retinoblastoma protein.2%-21 The smaller zyxin-positive adhesions and a higher turnover rate
of zyxin proteins led to faster and more directional migration on the gratings, 15.6 um/h,
compared with 8.3 um/h observed on flat controls.20 The proliferation of MSCs on the
nanogratings was significantly lower, 26.9 + 3.1% of 5-bromo-2-deoxyuridine (BrdU)
incorporation than 35.7 + 7.6% on flat surfaces.® Notably, on equally spaced nanogratings,
neonatal rat ventricular myocytes extended downward toward but did not reach the bottom
of 400 nm wide gratings, thus limiting the cell-substrate adhesion. By contrast, the cells
could fill the 800 nm gratings completely, with focal adhesions present throughout the cell-
groove interface.22 The different cell behavior may result from the alteration in cell-
nanotopography adhesion.

Physical signals of ECM/substrates can be transmitted through the adhesion-cytoskeleton-
nucleus mechanotransduction pathway to regulate cell phenotype and function.2324 The
molecular connections between focal adhesions, cytoskeletal filaments and nuclear scaffolds
may produce integrated changes in cellular and nuclear structure.29-21.25 |t has been shown
that the differentiation of murine MSCs into a chondrocytic phenotype required a rounded
cell shape. Direct comparison of cellular and nuclear shape of MSCs indicated that a more
rounded nuclear shape was associated with the greatest expression of molecular markers
associated with chondrogenesis.26 Nuclear deformation can result in conformational
adaptation in chromatin structure and organization, which affects transcriptional
regulation,2’ gene expression and protein synthesis,2428 eventually leading to the changes in
proliferation, differentiation or cell death.2%39 Nanotopography can rearrange focal adhesion
distribution and cytoskeleton assembly, which is speculated to regulate cellular and nuclear
shape and polarity. Modulation of cellular and nuclear shape through the spatial confinement
of focal adhesions is crucial in the context of mechanotransduction.3! Although efforts have
been made to elucidate the mechanisms by which nanotopographical cues influence cell
phenotype and function in the past decade, the relationships between focal adhesions,
nuclear volume, phenotype and function of cells on nanotopography have not been fully
explored. Thus, current methods to apply nanotopography to regulate cell behavior are
basically empirical or even trial and error. The delineation of the relationships of these
variables is critical to rational design of nanotopography to modulate cell behavior for
specific applications.32:33

In the current study, we engineered PDMS nanotopographies of various shapes (anisotropic
gratings and isotropic pillars) and dimensions (feature size, spacing and height), and
measured the alignment, elongation and size of focal adhesions and nuclear volume of
normal human lung fibroblasts (NHLFs) as an effect of nanotopography. We further
examined the nanotopographical effects on cell proliferation, transfection and ECM protein
type | collagen production, and correlated the cell functions with the nuclear deformation.
The results indicate that nucleus serves as a critical mechanosensor and suggest that the
nanotopography can be optimized to regulate cell phenotype and function by modulating
nuclear deformation.
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RESULTS AND DISCUSSION

Design and Fabrication of Nanotopographies

Nanoscale gratings and pillars were of interest because nanogratings (NGs) would provide
anisotropic guidance to cells while hexagonally arranged nanopillars (NPs) were isotropic.
The PDMS feature sizes were 300, 500, and 1000 nm for the line width of NGs and the
diameter of NPs (Figure 1a), covering the interesting feature dimensions of 400-800 nm as
previously reported.22 The edge-to-edge spacings of NGs were 1 and 3 times the line width
for each feature size and the center-to-center spacings of NPs were 1.3 and 1.9 times the
pillar diameter. The lateral dimensions were defined by electron beam lithography (EBL)
and the measured values based on scanning electron microscopy (SEM) images (see Table
S1 in the Supporting Information) agreed with the design. The height of nanotopographies
was controlled mainly by the reaction ion etching (RIE) time, and the heights studied were
150, 300, and 560 nm as measured by using atomic force microscopy (AFM) (Figure 1b).
To facilitate the discussion, the nanotopography was labeled by using its abbreviation (NG
or NP) followed by a combination of the feature size (line width for NGs and diameter for
NPs), the spacing and the height. For instance, “NG 500-3X-150" stood for the nanogratings
of 500 nm in line width, 3x the line width (1500 nm) in spacing and 150 nm in height, and
“NP 500-1.9X-560" for the nanopillars of 500 nm in diameter, 1.9x diameter in the center-
to-center spacing (or 450 nm in the edge-to-edge distance) and 560 nm in height. When the
height was not specified the nanotopography was 150 nm in height.

By varying the combination of spacing and height, the surface area that the cell could
perceive was altered from smaller to larger than the flat surface, which was expected to
modulate cell spreading and nuclear deformation from less to more than those on the flat
control. The current design allowed us to study systematically the effects of shape and
dimensions of nanotopographies on cell spreading, focal adhesion organization, nuclear
deformation and the downstream function.

Nanotopographical Modulation of Cell Spreading and Focal Adhesions

Prior to cell seeding, the fibroblasts were serum starved for 18 h to give rise to a 92%
population of cells possessing a synchronized G1 phase (see Figure S1 in the Supporting
Information), which reduced the variation in starting nuclear size.

Although the fibroblasts displayed multipolar morphology on the nanopillars, similar to
those on the flat control surfaces, they might orient along the nanograting direction (see
Figure S2 in the Supporting Information). Surprisingly, the fibroblasts did not always align
on the nanogratings. The cells did not display obvious alignment on the equally spaced
nanogratings (Figure 2a—c), but preferentially oriented along the nanograting direction when
the spacing was 3x the line width (Figure 2d—f). A close SEM examination showed that the
cells stayed on the top surface of NG 300-1X without showing a preferential orientation
(Figure 2g), but reached the trench of other five nanogratings (Figure 2h-I). On other
equally spaced nanogratings (NG 500-1X and NG 1000-1X), the cells overcame the grating
barrier and the filopodia reached out to the neighboring gratings. When the spacing was 3x
the line width, the cells preferred to follow contact guidance and the filopodia extended
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along the grating direction. When the spacing was further increased, i.e., 3 um for NG
1000-3X, the total surface area increased by 4%, the lamellipodia reached the groove bottom
and the cell spreading was similar to the flat controls.

Next, we investigated the organization of focal adhesions, the first and essential step of
cellular responses to the substrate, of the fibroblasts on the nanotopographies. The early
cell-substrate interactions are critical to mechanosensing.3* The focal adhesions matured
from early stage focal complexes could reach several micrometers in length. It was reported
that focal adhesions of MC3T3-E1 preosteoblasts grew in length from 4 to 12 h culture.3!
We thus quantified the alignment, elongation, and size of focal adhesions protein paxillin
ranging between 2 and 10 um? (see Figure S3 in the Supporting Information), the typical
size for mature focal adhesions after 12 h of cell culture.3® On the flat controls, the focal
adhesions were randomly distributed with an average alignment angle of 42.6 + 1.3 and an
average elongation of 2.7 £ 0.1. On the nanogratings of 150 nm in height the focal adhesion
alignment displayed similar patterns to the cell spreading except for NG 300-1X, where the
focal adhesions did not align along the nanogratings (the alignment angle: 41.0 £ 1.9, Figure
3a). However, the focal adhesions displayed significant alignment on other nanogratings (p
< 0.001, Figure 3 and Figure S4a—c in the Supporting Information), and the focal adhesion
alignment was enhanced when the spacing increased from 1x line width to 3x line width
(exemplified in Figure 3b). For instance, the alignment angle decreased from 25.6 £ 0.8 on
NG 500-1X to 13.0 = 0.8 on NG 500-3X. The enhancement in focal adhesion alignment for
1000 nm gratings was not significant, 23.0 £ 0.8 on NG 1000-1X versus 20.4 + 0.7 on NG
1000-3X. In addition, the focal adhesions on all these nanogratings were largely elongated
(aspect ratios: 4-5) except for NG 1000-3X (see Figure S4d in the Supporting Information).

On the nanopillars of 150 nm in height, the fibroblasts spread in all directions. Except for
NP 300-1.3X, where the PDMS pillars were densely packed and collapsed into bigger
aggregates because of the dimensional instability, the cells confined on all other pillar arrays
and the filopodia extended on the top of both small (300 nm) and large (1000 nm) pillars
(see Figure S5 in the Supporting Information). Focal adhesion protein paxillin displayed
random orientation on the isotropic pillars (see Figure S6 in the Supporting Information).
However, the focal adhesions were also significantly elongated on the nanopillars with the
aspect ratio of 4-6 (p < 0.001, see Figure S7 in the Supporting Information).

In the current study, both nanogratings and nanopillars provided anchoring sites to facilitate
focal adhesion elongation, but only nanogratings could provide contact guidance for focal
adhesions to align along the nanograting direction. The organization of focal adhesions
determined cell spreading. As shown in Figures 2 and 3, the alignment of focal adhesions
along the nanograting direction was enhanced when the spacing increased from 1x to 3x line
width; as a consequence, the cell alignment was promoted on the nanogratings with a
spacing of 3x line width. When the spacing was large enough and the lamellipodia extend
on the floor of nanotopography (e.g., NG 1000-3X-150), the nanotopographical effects
diminished. Therefore, the nanograting-induced focal adhesion alignment and cell spreading
were spacing dependent.
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Moreover, we quantified the size of focal adhesions. As summarized in Figure 4, the average
focal adhesion sizes on the nanotopographies were smaller than that on the flat controls. No
clear trend was observed regarding the effects of feature size or spacing of nanotopographies
on the average focal adhesion size. Although the elongation aspect ratios of focal adhesions
on all the nanotopographies (except NG 1000-3X with a large spacing) were larger, 4-6 than
2.7 on the flat controls (see Figures S4d and S7 in the Supporting Information), their average
focal adhesion sizes were smaller than the flat controls. Evidently, the elongation of focal
adhesions did not warrant their size growth. Intriguingly, the decrease in the focal adhesion
size was more pronounced on the nanopillars compared to the nanogratings. For example,
NG 500-1X had a similar spacing to NP 500-1.9X (500 nm versus 450 nm). However, the
average focal adhesion size on the nanogratings was comparable to the flat controls while
the size on the nanopillars was significantly smaller than the flat controls (p < 0.001).
Considering that the size of mature focal adhesions (2 to 10 pm?) is larger than a single
nanofeature, it is understandable that the formation of a focal adhesion structure requests the
involvement of multiple nanofeatures and the nanopillars are more effective in disrupting
the growth and maturation of focal adhesions than nanogratings.

Nanotopography Modulated Nuclear Deformation

We next examined the nuclear alignment and elongation on the nanotopographies.
Compared with the flat controls, the nuclear alignment angle significantly decreased on all
nanogratings (p < 0.001, most alignment angles <25, see Figure S8 and Figure S9a—c in the
Supporting Information). Different from focal adhesions, the nuclear elongation was less
sensitive to the nanogratings (see Figure S9d in the Supporting Information). On the
isotropic nanopillars, the nuclei did not show any alignment or significant elongation (data
not shown).

Of greater interest were the nanotopographical effects on nuclear volume. To validate the
accuracy of the confocal z-stack measurement of nuclear volume, we measured the FITC-
spheres of 15.4 + 0.13 pm, which were embedded in type | collagen gel. The measured
volume of the spheres was 1893.8 + 71 pm? (see Figure S10 in the Supporting Information),
which agreed well with the calculated volume of 1912.3 + 48 pm3 (measurement error
<1%). On the nanotopographies of 150 nm in height, the fibroblasts showed larger nuclear
volumes than those on the flat controls (Figure 5a,b). Generally, the nanogratings had a
stronger influence on the nuclear volume than the nanopillars. It was worth noting that the
nanotopographical effects on nuclear volume and area showed similar trends regardless of
the level of significance (Figure 5a vs 5¢ and Figure 5b vs 5d). However, no general trends
were observed regarding the influence of the feature size, spacing or the surface area on the
nuclear deformation.

In addition to the shape and lateral dimensions of hanotopographies, we further investigated
the influence of the nanotopography height on nuclear volume. On the basis of the results
shown in Figure 5, we focused NG 500-1X and NP 500-1.9X, which had significantly
higher nuclear volume at a height of 150 nm than the flat controls (p < 0.001). When the
nanotopographies were shallow (150 nm), the cells confined on the nanotopographies
(Figure 2 and Figure 5S in the Supporting Information) and well spread. With the increase in
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the height from 150 to 300 and 560 nm, the cells could not completely confine on the feature
but bridged over the gaps (Figure 6a,b). The decrease in the cell-nanotopography adhesion
reduced cell spreading, leading to a decrease in the nuclear volume. When the nanograting
height increased from 150 to 560 nm, the cell spreading area decreased from 2773.4 + 199.3
t0 2081.9 + 113.3 um? (p < 0.0001) and the nuclear volume varied from significantly larger
(p < 0.001) to smaller (p < 0.001) than the flat controls (Figure 6c). The nanopillars also
demonstrated similar effects to the nanogratings. To verify the nanotopography height
effect, we further examined the difference in nuclear size on the representative
nanotopographies using polystyrene (PS), the most commonly used cell culture substrate.
We focused on nuclear area because of the similarity between nuclear volume and area
demonstrated in Figure 5. The nuclear areas on PS nanotopographies of 560 nm height, i.e.,
NG 500-1X-560 and NP 500-1.9X-560, were significantly smaller than the corresponding
nanotopography of 150 nm height (p < 0.0001) as well as the flat controls, similar to what
was observed on PDMS nanotopographies (see Figure S11 in the Supporting Information).
The cells could deflect pliant PDMS but not rigid PS nanotopographies, in particular the
high features, as reported here and in a previous study.2® The deflection of nanofeatures
might mediate intracellular tension and affect cell behavior, and as a consequence, the extent
that nanotopography affected cell behavior such as nuclear deformation could differ.
Nonetheless, the nanotopography could exert similar effects on cell behavior regardless of
the substrate materials used.

Our observations suggested that the nuclear size could be modulated more effectively by the
height of nanotopography. Previously, we have shown that the average nuclear area of
human MSCs decreased to 145.1 + 4.1 um? on the PDMS nanogratings of 350 nm line width
and 280 nm height from 194.8 + 4.8 um? on the flat control.3¢ Recently, McKee et al.
measured the nuclear volume of several human corneal epithelial cells grown on equally
spaced nanogratings with the line width of 200, 400, 600, 800, and 1000 nhm and a constant
height of 300 nm. They found that the nuclear volume increased as the line width increased
from 200 to 1000 nm, and the 200 nm nanogratings resulted in the smallest volume and
other nanogratings had higher nuclear volume than the flat surface.3” Our observations
agreed with the previous reports,36:37 and showed with solid data (sample size n > 150) that
with an increase in height, the cell-nanotopography adhesion decreased, leading to a
reduction in the nuclear volume. Moreover, McKee et al. showed that there was a significant
decrease in the nuclear elastic modulus on 200 nm gratings compared to the moduli for flat
surfaces and for larger gratings.3 It was expected that the nanotopography height could
effectively modulate nuclear mechanics through nuclear deformation.

The external physical signals can be transmitted through the adhesion-cytoskeleton-nucleus
mechanotransduction pathway to regulate cell phenotype and function. Therefore, in
addition to investigating the nanotopographical effects on the initial and final components of
this pathway, we examined the correlation between the two components. Note that the
fibroblasts on the nanotopographies of 150 nm height had smaller average focal adhesion
sizes (Figure 4) but larger nuclear volumes (Figure 5) compared with the flat controls. The
nuclear volume became significantly smaller than the flat controls when the nanotopography
height increased to 560 nm (Figure 6¢). We postulated that the total area of focal adhesions
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instead of the average focal adhesion size determined cell spreading and nuclear
deformation. This was supported by the observations reported by Jean and the co-workers.38
They measured nuclear deformation in response to the alteration of cell shape as cells
detached from a flat surface, and found that the nuclear deformation appeared to be in direct
and immediate response to the alteration of the cell adhesion area.

Nanotopography Height-Dependent Cell Function

We further studied nanotopographical effects on cell functions such as cell proliferation,
transfection and type | collagen production, with the focus on NG 500-1X and NP 500-1.9X
of different heights, 150 and 560 nm. Interestingly, the nanotopographies showed similar
influences on these functions to that on nuclear volume. As shown in Figure 7a, when the
height of NG 500-1X increased from 150 to 560 nm, the percentage of BrdU positive cells
decreased from higher (26.8 + 1.8%) to lower (14.1 + 1.7%) than the flat controls (18.1 +
1.3%) while the nuclear volume changed from 37% larger to 27% smaller than the flat
controls. The cell proliferation displayed a similar trend on NP 500-1.9X.

Similar nanotopographical effects were observed on the transfection efficiency of the
fibroblasts (Figure 7b). The transfection efficiency on the nanotopographies of 150 nm hight
was significantly higher than the flat control (p < 0.05), 46.8 + 5.0% and 44.0 + 2.6% versus
30.7 + 4.1% for NG 500-1X and NP 500-1.9X, respectively. When the height increased
from 150 to 560 nm, the transfection efficiency decreased and the difference between them
and the flat controls was not significant.

We also examined the production of type I collagen, an important ECM protein as a critical
cell function of fibroblasts. Western blot analysis (Figure 7¢) showed that the type | collagen
expression was higher on nanotopographies of 150 nm height than those on 560 nm
nanotopographies and the type | collagen expression on NG 500-1X-150 was significantly
higher than the flat controls, indicating that both height and shape of nanotopography had
profound effects on type I collagen production.

Nuclear deformation can alter gene and protein expression,28:39 and is strongly associated
with cell proliferation and differentiation.3940 Roca-Cusachs et al. suggested that cell
spreading promoted DNA synthesis by inducing nuclear swelling, thereby induced an
increase in proliferation, actin polymerization (F-actin content), and stress fiber formation.40
The enhancement in cell proliferation, made by applying stiff substrates*! or micro/
nanotopographies,*243 can promote the efficiency of nonviral transfection. Our study
demonstrated close correlations between nuclear deformation and cell proliferation,
transfection and type | collagen production. By mediating cell spreading and cytoplasm
membrane tension, nanotopography modulates nuclear deformation and thus alters cell
proliferation and nuclear accessibility to nonviral vectors.*44> Nanotopography-mediated
cell spreading also affects cell contractility and then type I collagen production.*6

In this study, we examined the correlations between focal adhesions, cell spreading, nuclear
deformation, and cell function as an effect of nanotopography. Cells adhere and respond to
the substrate through adhesive proteins/ligands. We postulate that nanotopography regulates
cell behavior by restraining the adhesive ligands at the substrate surface that cells can
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perceive. At nanoscale, the cell membrane elasticity may prevent a radical bending,*’ and
hence favoring the plasma membrane to bridge over the top of nanofeatures rather than
reaching the bottom when the spacing is small and/or the features are tall. The reduced cell-
nanotopography adhesion restricts focal adhesion formation, leading to reduced cell
spreading and decreased nuclear volume. With an increased spacing and/or a decreased
height, the cell is able to reach partially, or even fully the bottom of the nanotopography and
the cell would “see” a larger surface area, resulting in enhanced cell spreading and increased
nuclear volume. Briefly, nanotopography modulates cell spreading by organizing focal
adhesions through adhesive ligand rearrangement, which has implications in nuclear
deformation. Our study suggests that the height of nanotopography is an effective regulator
of nuclear deformation. Compared with nanogratings which provide continuous, anisotropic
contact guidance to the cell, discrete, isotropic nanopillars tend to disrupt the formation and
growth of focal adhesions and thus have less profound influence on nuclear volume.
Alteration in nuclear volume and elastic modulus or plasticity is strongly associated with
cell function.30:37 This study provides solid evidence that nucleus serves as a critical
mechanosensor in nanotopographical modulation of cell phenotype and function.

More important, the understanding of the adhesion-cytoskeleton-nucleus
mechanotransduction pathway provides insight into the rational design of nanotopography
for regenerative medicine. The shape and dimensions, in particular the height of
nanotopography can be optimally combined to largely enhance cell spreading through focal
adhesions rearrangement and thus to increase the nuclear volume, which is favorable in bone
regeneration (osteogenesis) and gene medicine.#2 On the other hand, the shape and
dimensions can be optimized to reduce cell spreading and nuclear volume, which may be
desirable for maintaining the stemness of stem cells, as previously reported that the
nanogratings which resulted in reduced nuclear volume and enhanced alignment facilitated
neuronal differentiation of human MSCs.8

CONCLUSIONS

We engineered a variety of nanotopographies covering primary shapes and important
dimensional parameters, and thoroughly investigated cell spreading, focal adhesion
organization and nuclear deformation of human primary fibroblasts as the model cell grown
on the nanotopographies, and examined the correlations between nuclear deformation and
cell proliferation, transfection and type I collagen production. It was found that the
nanoscale gratings and pillars could facilitate focal adhesion elongation by providing
anchoring sites, and the nanogratings could orient focal adhesions and nuclei along the
nanograting direction, depending on not only the feature size but also the spacing of the
nanogratings. Compared with continuous nanogratings, discrete nanopillars tended to disrupt
the formation and growth of focal adhesions and thus had less profound effects on nuclear
deformation. Notably, the height of nanotopography was shown to be an effective regulator
of nuclear deformation. Our observations suggest that the nucleus serves as a critical
mechanosensor for cell regulation. By optimizing the shape and dimensions, in particular
height of nanotopography, the nuclear volume can be modulated through focal adhesion
rearrangement to regulate cell function for the end application. Delineation of the
relationships between cell adhesion, nucleus and cell function provides insight into the
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rational design of nanotopography for new biomaterials and the cell-substrate interfaces of
implants and medical devices.

EXPERIMENTAL SECTION

Fabrication of Nanotopographies

Cell Culture

Nanotopographies were generated by EBL. Briefly, a poly(methyl methacrylate) (495
PMMA A4; MicroChem, Westborough, MA, USA) thin film was spin-coated onto a silicon
substrate and a focused electron beam of 20 nm in diameter was used to directly write the
designed pattern on the PMMA film. After developed, the nanopatterned PMMA surface
was deposited with a thin nickel layer using a Kurt J. Lesker E-beam evaporator (Jefferson
Hills, PA, USA). The PMMA part was then lifted off in Remover PG (MicroChem) at 80
°C, thus leaving a reversed nickel pattern on the silicon substrate, which functioned as a
mask for the following RIE process performed in a Trion Minilock I11 ICP/RIE (Clearwater,
FL, USA).

A mixture of PDMS resin and curing agent (Sylgard 184 kit, Dow Corning, Midland, Ml,
USA) in a 10:1.05 w/w ratio was poured onto the EBL-written mold. Different from the
manufacturer recommended ratio of 10:1, a slightly higher concentration of curing agent
was added to reduce the amount of uncured oligomers.*8 After curing at 70 °C for 4 h, the
inverse PDMS nanotopography was peeled from the EBL mold. To facilitate the separation
of PDMS nanotopography from the EBL mold, the EBL mold was silanized with 1H,1H,2H,
2H-perfluorooctylmethyldichlorosilane (Oakwood Products, West Columbia, SC, USA) for
5 h under vacuum prior to the PDMS casting.

To seed enough cells for subsequent biological analyses, the PDMS nanotopography was
expanded to a large area of nanopatterned substrate by applying a stitch technique developed
previously.36 Briefly, multiple PDMS nanotopographies, replicated from an EBL mold were
aligned with the nanopatterned surface face-down on a silicon wafer, thus ensuring that all
the nanopatterned surfaces were at the same level. The backside of these PDMS
nanotopographies was glued with a PDMS prepolymer layer spin-coated on a glass plate.
After curing at 80 °C for 2 h, a single large nanopatterned surface was created. The stitched
mold was then imprinted into polystyrene (PS) substrates, which were directly used for cell
culture and also served as a master mold to replicate working PDMS substrates.

The PDMS substrates including nanopatterned and the flat control surfaces were sterilized
by using 70% ethanol and then UV exposure, each for 30 min, and incubated with
fibronectin (human, BD Biosciences, San Jose, CA, USA) of 20 pg/mL in phosphate
buffered saline (PBS, Life Technologies, Carlsbad, CA, USA) for 15 min prior to cell
seeding.

Normal human lung fibroblasts (NHLFs, CRL1490 cells from ATCC, Manassas, VA, USA)
were cultured in fibroblast basal medium supplemented with 2% fetal bovine serum (FBS),
0.1% recombinant human fibroblast growth factor basic (rhFGF-B), 0.1% insulin, and 0.1%
gentamicin/amphotecin-B (Lonza, Walkersville, MD, USA), and used in passages 3-6.
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NHFLs were starved in the serum-free medium for 18 h to induce cell cycle
synchronization,*° and then refreshed with complete culture medium. The cells were seeded
on the substrates at a density of 4000 cells/cm? and cultured at 37 °C and 5% CO, for a
predefined period of time before the analyses.

SEM Observations

The substrates with cells grown were washed with PBS and fixed in a mixture of 4%
paraformaldehyde (PFA, Electron Microscopy Sciences, Hatfield, PA, USA) and 2%
glutaraldehyde (Fisher Scientific, Pittsburgh, PA, USA) in PBS at ambient for 4 h. The
samples were then rinsed with deionized water and progressively dehydrated using a
Tousimis Autosamdri-815 CO», Critical Point Dryer (Tousimis Co., Rockville, MD, USA).

The substrates with and without cells grown were sputter-coated with a gold layer of ~10 nm
thick by using a Denton Vacuum Desk V sputter unit (Denton Vacuum, LLC, Moorestown,
NJ, USA), and imaged in a JEOL JSM-7600F SEM.

AFM Measurement

AFM measurement was performed using a Veeco Nanoscope MultiMode scanning probe
microscope in the tapping mode under ambient conditions. Topography images were
recorded at the fundamental resonance frequency of the cantilever, with a typical scan rate
of 1 Hz and a resolution of 512 samples per line.

Flow Cytometry

The cells were harvested as a single cell suspension in PBS and fixed in cold 70% ethanol
overnight at 4 °C. Fixed cells were washed with PBS containing 2% FBS and resuspended
in PBS containing 0.2% Tween 20 (Fisher Scientific) for 15 min at 37 °C. Next, the cells
were washed and resuspended in 1.8% RNase-A (Sigma-Aldrich, St. Louis, MO, USA) in
PBS for 15 min at room temperature. Propidium lodide (50 mg/mL, Life Technologies) in
PBS was added for 15 min at room temperature. After incubation, the volume of each
sample was brought up to 500 mL. Samples were assayed using a LSRFortessa (BD
Biosciences) and Diva 8 software immediately after staining. A minimum of 20 000 events
were collected for each samples. Final cell cycle analysis (data modeling) was done using
FCS Express 4 software (De Novo Software Los Angeles CA).

Immunofluorescence Staining

NHLFs were fixed in 4% PFA in PBS for 15 min at room temperature, and permeabilized in
a blocking solution, which consisted of 0.03 g/mL bovine serum albumin (BSA, Sigma-
Aldrich) and 0.1% goat serum (Sigma-Aldrich) in 0.2% Triton X-100 (Sigma-Aldrich) in
PBS for 1 h. Primary antibody conjugation was performed in 0.2% Triton X-100 in PBS for
2 h, followed by secondary antibody labeling for 1 h, both at room temperature. Focal
adhesions were stained with antipaxillin rabbit monoclonal antibody (1:200; Abcam,
Cambridge, MA, USA), followed by the Alexa Fluor 555 goat antirabbit secondary antibody
(1:200; Life Technologies). BrdU was stained with anti-BrdU mouse monoclonal antibody
(1:200; Life technologies), followed by the Alexa Fluor 488 antimouse 1gG secondary
antibody (1:200; Life Technologies). F-actin was stained with Alexa Fluor 488 phalloidin

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2016 March 23.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 12

(Life Technologies), and the nuclei were counterstained and mounted using ProLong Gold
Antifade Reagent with 4,6-diamidino-2-phenylindole (DAPI, Life Technologies).

Imaging was performed with a Zeiss LSM 510 inverted confocal microscope. For the
nuclear volume measurement, confocal z-stack imaging with 0.1 pm intervals between
planar images was performed. To validate the accuracy of z-stack imaging of nuclei, FITC-
labeled beads (diameter: 15.4 + 0.13 um, BD Bioscience) were used as the standard.

Proliferation Assay

22 h after NHLFs were cultured in complete culture medium on the nanotopographies and
the flat controls, BrdU labeling reagent (1:100; Life technologies) was added and the cells
were cultured for additional 2 h. The immunofluorescence staining for BrdU detection was
described in the Immunofluorescence Staining Section. Prior to permeabilization, the cells
were treated with 2 N hydrogen chloride for 30 min to separate DNA into single strands.

Cell Transfection

pPEGFP-N1 (Clontech Laboratories, Mountain View, CA, USA) plasmid expressing green
fluorescent protein (GFP) was employed for the cell transfection assay. NHFLs were first
cultured with the complete medium on the nanotopographies and the flat controls for 24 h.
Next, the cells were transfected with pEGFP-N1 plasmid using Lipofectamine 2000 (Life
Technologies) in the absence of serum for 5 h. The medium was then replaced with the
complete medium, and the cells were cultured for another 19 h, followed by 4% PFA
fixation and DAPI staining.

Western Blot

The whole cell protein was extracted by lysing cells with radioimmune precipitation assay
(RIPA) buffer (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) containing protease
and phosphatase inhibitors for 30 min on ice, separated by 10% sodium dodecy! sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), and transferred to polyvinylidene
difluoride (PVDF) membranes (EMD Millipore, Darmstadt, Germany). The PVDF
membranes were then blocked with 5% nonfat milk in TBST (1x Tris-buffered saline with
0.1% Tween-20), followed by blotting with anticollagen I rabbit monoclonal antibody
(Fitzgerald, Concord, MA, USA, 1:3000) at 4 °C overnight with shaking, and incubating
with a horseradish peroxidase-conjugated secondary antibody (Sigma-Aldrich) for 1 h at
room temperature. Protein bands were visualized using enhanced chemiluminescence
detection reagents (EMD Millipore) and acquired by C DiGit Blot Scanner (LI-COR
Biosciences, Lincoln, NE, USA).

Densitometric analysis was performed using ImageJ (http://rsb.info.nih.gov/ij/index.html).
The collagen bands were corrected against f-actin, compared with those in cells cultured on
flat PDMS surface.

Image Analysis

Focal adhesion size and nuclear area and volume were analyzed using Imaris (Bitplane,
South Windsor, CT, USA). For focal adhesion analysis, superficial surfaces were first
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created to overlay the image. The threshold was set to the TRITC channel and was adjusted
to best match the confocal image. Focal adhesions (surfaces) of sizes between 2 and 10 pm?
were extracted using a filter and analyzed. The focal adhesions of different size were further
labeled using different colors (see Figure S3 in the Supporting Information). Nuclei were
analyzed by using the same method except swapping the channel to DAPI (see Figure S10 in
the Supporting Information).

The alignment and elongation of focal adhesions and nuclei were analyzed using ImageJ.
The nuclei (based on the projected area) and focal adhesions were highlighted by adjusting
threshold of the brightness, outlined, and best-fitted with ellipses. From the ellipses, the
major and minor axes were determined and the elongation was defined by the aspect ratio of
major axis/minor axis. The alignment angle was defined by the angle between the major axis
and the nanograting direction (see Figure S3 in the Supporting Information).

Fluorescence imaging (for proliferation and transfection assays) of stained cells was
performed using a 10x objective on a Nikon Eclipse Ti-E inverted microscope. The
proliferation and transfection efficiency were calculated by dividing BrdU positive cells or
GFP positive cells by the total cell number indicated by DAPI staining.

Statistical Analysis

Dimensions of nanotopographies were expressed as mean * standard error from 6
measurements. Focal adhesions (n > 1000, from 15 to 20 cells), nuclear area and volume (n
> 150), proliferation (n > 200), and transfection (n > 200) of NHLFs were measured from
three replicates for each condition and presented as mean * standard error of mean (S.E.M.).
The difference in cell behaviors is analyzed by one-way ANOVA and compared using
Dunnet's method.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Characterization of nanotopographies. (a) SEM micrographs of the nanotopographies. The

nanotopographies in the same row have the same feature size (the line width of NGs and the
diameter of NPs). The nanotopographies in the same column have the same ratio of spacing

(the edge-to-edge spacing for NGs and the center-to-center spacing for NPs) to feature size.

The inset provides the enlarged image. All scale bars are 1 um. (b) AFM 3-D image and 2-D
profile of NG 500-3X-560 (left) and NP 500-1.9X-150 (right).
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Figure2.
Fibroblasts spreading on nanogratings of 150 nm in height. (a—f) Confocal images of the

fibroblasts. The nuclei were stained with DAPI in blue, the actin filaments were stained with
phalloidin in green, and focal adhesions were stained with paxillin in red. The white arrows
point to the nanograting orientation. (g—I) SEM micrographs of the cell spread on
nanogratings. The scale bars are 1 pm.
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Figure 3.
Alignment and elongation of focal adhesions on nanogratings of 150 nm in height. (a, b)

Overlay of the confocal image of paxillin (red) and the bright field image of nanogratings
for the fibroblasts on (a) NG 300-1X and (b) NG 300-3X. (c) Polar plots of focal adhesion
alignment (angular coordinate) and elongation (radial coordinate) of the fibroblasts on
nanogratings as well as the flat control. Each data point represents a focal adhesion
structure. In the plot, the narrow triangle on the top of the data points the mean 6, the length
of the short side represents the standard error of mean (S.E.M.), and the length is defined as
the elongation aspect ratio r of the focal adhesions.

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2016 March 23.

Spacing



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Wang et al.

FA size (um?)

Page 20
+ * b * %* + +
10 10
8 E 8
2
6 a 6
»
) |I| g 9 Q g g g = I:[l Q g I:[l g g
2 2
X 3X 0 1.3X 1.9X
0| Fiat 300 | 500 | 1000 | 300 | 500 | 1000 Flat 500 | 1000 | 300 | 500 | 1000

Figure4.
Focal adhesion sizes of fibroblasts on the nanotopographies of 150 nm in height. Box plots

of focal adhesion size on (a) nanogratings and (b) nanopillars. The straight horizontal lines
indicate the median focal adhesion size on the flat control (4.1 + 0.1 um?). Significant
difference from the flat controls is indicated by * where p < 0.05 and + where p < 0.001.
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Figure5.

Nanotopographical effects on nuclear deformation of fibroblasts. (a) Nuclear volume and (c)
projected nuclear area of the fibroblasts on nanogratings. (b) Nuclear volume and (d)
projected nuclear area of the fibroblasts on nanopillars. Each data point represents a nucleus.
The straight horizontal lines indicate the median nuclear volume (1109.9 + 45.4 um?3) in (a,
b) or area (571.5 + 16.8 um?) in (c, d) of the fibroblasts on the flat control. Significant
difference from the flat controls is indicated by * where p < 0.05, # where p <0.01 and +
where p < 0.001.
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Effects of nanotopography height on cell spreading and nuclear volume. SEM micrographs
of fibroblasts grown on (a) NG 500-1X-560 and (b) NP 500-1.9X-560. Scale bars are 1 um.
(c) Height-dependent nuclear volume. The first and second rows of x-axis labels provide the
lateral dimensions and the height (both in nm) of nanotopographies. Significant difference

from the flat controls is indicated by + where p < 0.001.
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Figure7.
Nanotopography height-dependent (a) proliferation, (b) transfecti

on efficiency and (c) type |

collagen production of fibroblasts. The first and second rows of x-axis labels provide the
lateral dimensions and the height (nm) of nanotopographies, respectively. Significant

difference from the flat controls is indicated by * where p < 0.05,

# where p< 0.0l and +

where p < 0.001. The p value between two groups (same lateral dimensions but different

heights) is provided.
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