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In this study, we have used nanoimprinting to create a range of micro- and nanoscale gratings, or their
combination, in bulk polystyrene plates to investigate anisotropic cell behaviors of human dermal
fibroblasts with respect to the aspect ratio (depth/width) of gratings. The depth and width of the
polystyrene gratings both show strong effects individually on cell alignment and elongation that are
qualitatively similar to the results of other studies. However, consistent quantitative comparison of these

ﬁeyw?rdS:‘ i b individual parameters with different studies is complicated by the diversity of combinations of width and
T;ggg;iﬁ; ithography depth that have been tested. Instead, the aspect ratio of the gratings as a unified description of grating

topography is a more consistent parameter to interpret topographic dependence of cell morphology.
Both cell alignment and elongation increase with increasing aspect ratio, and even a shallow grating
(aspect ratio of ~0.05) is sufficient to induce 80% cell alignment. Re-plotting data recently published by
other groups vs. aspect ratio shows a similar dependence, despite differences in cell types and surface
structures. This consistency indicates that aspect ratio is a general factor to characterize cell behaviors.
The relationship of cell elongation and alignment with topographic aspect ratio is interpreted in terms of
the theory of contact guidance. This model provides simplicity and flexibility in geometry design for
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devices and materials that interface with cells.

Published by Elsevier Ltd.

1. Introduction

To fully realize the potential applications of guided cell growth
on patterned surfaces, it is crucial to obtain a fundamental under-
standing of cell-substratum interactions and establish accurate
models for biological and abiological interfaces that predict cell
behaviors. In addition, an understanding of cell-substrate interac-
tions gained from in vitro studies on precisely engineered topog-
raphy can provide insight into the complex interactions occurring
between the cell and the natural extracellular matrix (ECM), which
is itself a complex structure, consisting of nanopores, fibers, ridges
and bands [1]. A variety of studies have been conducted for a wide
range of cell types displaying changes in cell morphology and
function in response to topographic and chemical cues [2-14].
Many patterning methods have also been developed to create
microscale and nanoscale structures of different shapes on the
surfaces of various materials. The interdisciplinary nature of
research in this field has led to extensive understanding of how
cells respond to topographic, chemical, mechanical, biological, and
even electrical cues. Comprehensive summaries can be found in
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several excellent review articles [15-17]. Many of the studies in this
area have quantified the anisotropic behaviors, e.g. alignment and
elongation, of various cell types on grating structures of varying
linewidths or depths [3,5-7,9,13,14,16], an effect related to contact
guidance [15,18,19]. These studies have established that almost all
types of cells can grow and elongate along the grating direction;
both the width and depth/height of gratings (grooves or ridges) can
have strong effects on cell behavior. However, the findings of these
studies have not been consistent on the degree of such effects. For
instance, there were conflicting observations on which property
has a stronger effect on cell behavior, e.g. depth or width [16] and
nano- or microstructures [3,9,20]. Such inconsistency in cell studies
is in part due to the biological complexity associated with using
different cell types and more importantly a lack of standard rules
for topographic design and control. Many studies have varied one
dimension, width or depth, while maintaining poor control over
the other or in some cases, ignoring one dimension entirely. Such
practices have often led to inaccuracy in predicting cell behavior
due to inconclusive data produced by a very limited amount of
width-depth variations.

Beyond the empirical relationships observed for particular
gratings and cell types in these studies, it would be highly desirable
to have general physical models that relate cell interactions to
three-dimensional substrate topography. A few recent studies have
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used surface roughness, either random roughness or calculated
from both pitch and depth of gratings and pillars/pores, to study
cell behaviors [21-24]. Roughness, as a combination of width and
depth effects, has indeed proven to be a useful factor for describing
cell behaviors. Noting a correlation of anisotropic roughness with
cell behavior, Lenhert et al. have proposed a capillary force-induced
mechanism extended from contact guidance [24]. The observation
of linear dependence of cell alignment and elongation on capillary
forces related to surface roughness, while interesting and useful,
does not lend itself to an intuitive physical picture with which to
correlate the shape and dimensions of topography to cell behaviors.
Roughness describes lateral topographic variation in two direc-
tions, X- and Y-, which does not facilitate description of anisotropic
cell behaviors such as alignment and elongation in only one
direction. A recent study has shown that, for similar surface
roughness, cells respond quite differently to ordered (aligned
grooves) and disordered/random features [23]. Even ordered
surfaces, pillars and gratings, show different effects on cells despite
having similar surface roughness. In this study, we have studied the
anisotropic behaviors of cells adhering to well-controlled gratings
of varying widths and depths, aiming to develop a unified factor
that describes topographic effects on cell behaviors. Because the
gratings impose no constraints on cells along the grating direction,
the topographic effect is limited to the spatial constraints on cell
spreading in the lateral direction perpendicular to the grating
direction. We find that the aspect ratio of the gratings, defined as
depth or height over width, is a useful unifying factor to charac-
terize topographic effects on cell alignment and elongation.
Although the designs of previously reported experiments have
incidentally varied the aspect ratios of gratings, the relationship
between cell behavior and aspect ratio has not been explicitly
analyzed. This analysis provides new insight into the interactions of
cells with their substrates.

A surface patterning method capable of high precision and
accuracy over large areas is required to investigate topographic
effects on cell behavior. Until recently, few techniques existed that
allowed for precise patterning at the nanoscale, making it impos-
sible to model in vitro 3D and nanoscale features similar to
authentic ECM. Many lithographic methods, including e-beam
lithography, nanoimprint lithography (NIL) and microcontact
printing, have been explored to mimic this environment [2-
5,7,9,25-27]. Yet, many of these methods fall short due to their
small patterning areas, micron resolution limits, slow speeds, and
high costs. A variety of chemical and solution-based methods, such
as electrospinning and solvent casting, provide large patterning
areas with high resolution [28-33], but lack precise control over the
feature dimensions and orientation. Many of these methods also
offer limited ability to fabricate true 3D structures, which are
essential in mimicking the ECM. In contrast, nanoimprint lithog-
raphy affords high throughput, low cost, high resolution, large
patterning areas, and overall process flexibility. Recently, work by
Hu et al. [9] utilized a double imprint sequence to create 3D
structures consisting of nanostructures embedded within micron
lines, illustrating the ability of this technique to create 3D struc-
tures with nanoscale precision and resolution. NIL is readily
applicable, without polymer spincoating, to tissue culture poly-
styrene (TCPS), a low cost material that works well as a substrate for
many adherent cell types. Because of these advantages, we have
used NIL to create various micro- and nanoscale gratings for studies
of cell response to topography. Human dermal fibroblasts were
tested. Their alignment and elongation were quantified for varying
widths and depths and analyzed with respect to the grating aspect
ratio. Both cell alignment and elongation increase monotonically
with increasing aspect ratio of topography, indicating that the
aspect ratio is a useful parameter for characterizing cell response to

substrate topography without distinguishing the effects of width
and depth. We also observe that dermal fibroblasts are highly
sensitive to features of even a small aspect ratio. For instance, 80%
of cells aligned to the gratings of aspect ratio 0.05. To further vali-
date the relevance of aspect ratio, data for cell alignment and
elongation previously reported by several groups were re-plotted
with respect to the aspect ratio of their grating structures. All
results show a similar monotonic dependence, though the slope of
this dependence varies for different cell types. A simple model is
proposed to explain the relationship between aspect ratio and cell
behaviors, observed consistently despite use of different substrate
materials and cell types. In addition, 3D samples were fabricated
utilizing a novel double imprinting technique. Bulk TCPS samples
were imprinted twice using well-controlled imprinting conditions
to create 3D structures topographically mimicking the striated
profile of collagen fiber, incorporating both micron and nanometer-
scale structures. Cell alignment was little affected by the superpo-
sition of the nanometer-scale structure, likely due to the depth of
the embedded structures being below the threshold of cell sensi-
tivity in the context of the micron-scale structure.

2. Materials and methods
2.1. Scaffold material

From a materials’ perspective, the low optical contrast of cells requires a trans-
parent substrate for transmission microscopy. For this reason, previous studies have
utilized glass and fused silica, both requiring elaborate and expensive patterning
techniques, such as plasma etching and chemical processing [15]. Thin polymer films
are often utilized for their biocompatibility and biodegradability, but require
underlying substrates for support, limiting their application for tissue engineering
[9]. In this study, TCPS was directly imprinted using nanoimprint lithography to
create micro- and nanostructures. TCPS is a particularly good choice of material due
to its low cost, high availability, visual transparency, and support of cell viability.
Rigorous studies conducted with this material show the versatility and practicality
of TCPS [9,34]. Additionally, the use of a bulk polymer material is particularly
advantageous for roll-to-roll imprinting processes, since no polymer spincoating is
required [35,36].

2.2. Mold making

To fabricate the Si grating molds, 1.3 pm of S1813 was first spincoated onto a Si
substrate. UV contact photolithography was conducted on a Karl Suss MA6 contact
aligner to create lines of 2, 5, and 10 um widths. Etching was conducted on an
Oerlikon Versaline inductively coupled plasma (ICP) etching system. ICP etching
systems, characterized by low pressures and high ion densities, are capable of
producing highly directional, well-controlled nanoscale and deep Si etching. The
etching was conducted using Cl, plasma at 5 mTorr, an ICP RF power of 300 W, and
a bias RF power of 100 W. Various etching times were used to control the depth of
the mold from 100 nm to 1.2 um. An additional mold consisting of 100 nm wide lines
of 100 nm depth was purchased from Nanonex. All molds utilized in this study
contain equal line and trench spacing, meaning the pitch is twice the linewidth.

2.3. Nanoimprint lithography (NIL)

Nanoimprint lithography [37] is advantageous for this application due to its high
throughput, low cost, high resolution, large patterning areas, and overall process
flexibility. Resolution limits have been improving over the last decade, and have
recently reached linewidths as small as 5 nm [38]. Additionally, 3D structures have
been produced on both the micro- and nanoscale in a wide range of polymers and
other materials [9,39,40], demonstrating the material and structural flexibilities of
this technique.

The processes of single and double layer direct NIL into bulk polymer materials
were presented in our earlier work [9]. A similar process was used in this study, but
with optimized demolding temperature to achieve less pattern distortion due to
reduced thermal stress. The initial imprint sequence was characterized by heating
the material well above its glass transition temperature (T;). A uniform gas pressure
of 5 MPa was applied to force material flow into the hydrophobic mold cavities. The
shallowest 100 nm depth molds required less filling time (300 s), while the deepest
1 um molds required more time (720 s). Vertical demolding can be carried out once
the material has been cooled below its T,. Previous trials suggested that cooling the
material to room temperature prior to demolding results in global pattern defor-
mations, attributable to a lateral force on the imprinted gratings due to the thermal
expansion difference between the mold and material. To alleviate this problem,
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demolding was conducted at 70 °C to reduce the temperature difference between
the imprinting and mold release.

A second layer imprint was conducted at 5 MPa and 95 °C, around the Ty of TCPS.
A previous study by Buck et al. has revealed that the Ty of polystyrene actually
decreases by almost 30 °C near the polymer surface when compared to the bulk [41].
Second imprints were conducted to embed 100 nm wide lines into 5 m wide lines.
Fig.1 displays example SEM images of the imprinted structures of 100 nm width and
depth lines and also 100 nm wide and 50-60 nm deep nano-gratings embedded on
top of 2 um wide micro-gratings of 500 nm depth. The patterns are seen to be
transferred with good fidelity into the TCPS with nearly no edge deformation. The
bottom gratings are deformed minimally, displaying a decrease in height of
approximately 90 nm, or 18%. Table 1 lists all sample dimensions used in this study,
as examined by SEM and AFM.

2.4. Cell seeding

Human foreskin fibroblasts (HFF CRL 2522, ATCC) were maintained in Dulbec-
co’s modified Eagle Medium (DMEM; Gibco) with 10% heat-inactivated Fetal Bovine
Serum (FBS; Sigma). Prior to reaching confluence, the fibroblasts were harvested
from monolayer culture with 0.25% trypsin/EDTA (Sigma). Trypsin was neutralized
with 10% FBS in DMEM. Substrates were sterilized with 70% ethanol; replicate
substrates were placed into a single well of a six-well culture plate. Each well had
a surface area of 4.8 cm? and each substrate was approximately 1-1.5 cm?. Dermal
fibroblasts were seeded onto the substrates at a density of 6300 cells/cm? in DMEM
supplemented with 10% FBS. After 24 h, the cells were rinsed with phosphate-
buffered saline (PBS) then fixed using 4% paraformaldehyde. The cells were then
processed for immunofluorescent staining of actin filaments and nuclei with TRITC-
conjugated Phalloidin and DAPI using the actin cytoskeleton and focal adhesion
staining kit (part # FAK100, Chemicon International) according to the manufactur-
er’s protocol.
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Fig. 1. SEM of (a) 100 nm wide and deep lines of 1:1 line and space ratio in TCPS. The
imprint is completed with good fidelity over large areas. (b) 2 um lines embedded with
100 nm lines by double imprint at 95 °C and 50 bar.

Table 1
Topographical dimensions of the grating surfaces in TCPS plates, as determined by
SEM and AFM.

Sample# 1 2 3 4 5 6 7 8 9 10 11
Aspectratio 0 001 002 005 01 016 02 025 04 05 1

Width (um) 0 10 5 2 5 5 5 2 2 2 o1
Depth(um) O 01 01 01 05 08 1 05 08 1 01

2.5. Cell imaging and morphology assessment

Digital microphotographs of fluorescently stained cellular actin, and nuclei were
obtained using an Olympus BX51 fluorescent microscope. Digital microphotographs
of the cells were also obtained using a light microscope with phase contrast. The
light microscope images were used to manually measure the cell alignment of the
fibroblasts with respect to the imprinted pattern. The angles between the grating
and cell long axis were measured for 20 randomly chosen cells in the patterned area
and 20 randomly chosen cells in the non-patterned area of each substrate. Three to
five substrates for each imprint pattern were studied. For the cells on gratings,
Gaussian distributions centered to the grating direction of the number of cells over
the measured angle were observed, indicating good data assessment. To calculate
the percentage of cells aligned with the grating, a conventional standard of cell
alignment was used, defined as alignment of the cell’s long axis within 15° of the
grating direction [5,9,13]. SEM was also used in judging alignment on the nanoscale
patterns. The elongation factor (long axis/short axis - 1) [6] of the cells was also
measured manually on images from the light microscope, similarly measuring 20
randomly chosen cells in the patterned area and 20 randomly chosen cells in the
non-patterned area of each substrate for three to five substrates of each pattern.

3. Results
3.1. Alignment on grating structures

The fluorescent images of Fig. 2 display the cells fixed on
a variety of substrates. Fig. 2a shows cells on patterned grating and
non-patterned polystyrene areas, indicating a significant difference
in cell alignment and morphology. Increased alignment was
generally observed as the linewidth decreased and the line depth
increased. These trends are illustrated in Fig. 2b and Fig. 3a and b,
displaying the alignment as a function of linewidth and depth for
a variety of samples. A maximum alignment of 97.3% was found to
occur for 5pum lines with a depth of 800 nm, while a minimum
alignment of 60% occurred for 10 um lines only 100 nm in depth.
Fig. 3c displays the measured alignments as a function of aspect
ratio of the grating, which is defined as grating depth over width. As
the aspect ratio increases across a variety of grating dimensions, the
alignment increases, defining a clear relationship between the cell
alignment and aspect ratio. A grating of very small aspect ratio
(~0.05) can already significantly affect cell alignment ( ~85%). An
aspect ratio of only 0.16 yields a cell alignment of 97%. Cell align-
ment appears to saturate at this aspect ratio, remaining fairly
consistent around 95% alignment for further increasing aspect
ratios. In Table 1, the aspect ratios in Fig. 3 are tabulated with the
corresponding widths and depths used in the experiment.

3.2. Cell elongation

The elongation factor (long axis/short axis — 1) was measured
for each sample and is shown in Fig. 4a. For increasing aspect ratios,
the elongation of the cells generally increased, though the aspect
ratios of 0.2 and 0.25 appear to deviate somewhat from this trend.
The most dramatic elongation changes occur for aspect ratios from
0.01 to 0.1. The linewidth and depth both have a significant effect on
elongation, as illustrated in Fig. 4b and c.

3.3. Alignment on collagen-like 3D structures

Similar alignment trends were also observed for 3D striated
structures designed to mimic collagen fibers. A fluorescent image
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of HFF fixed on the 100 nm cross-striated samples is seen in Fig. 5.
Cellular alignment was within experimental error in the presence
of 100 nm cross-striations (93.4%) and in the absence of cross-
striations (91.7%). Thus, no effect on cell elongation or alignment
can be conclusively discerned.

4. Discussion

Contact guidance has long been recognized as a driving force
behind topography-directed alignment of cells [15,18,19,42]. This
theory relates cell alignment to the probability that a cell will make
a successful protrusion in a given direction, based on the features it
encounters. For instance, Clark and co-workers [43] characterized
the behavior of BHK cells at single step interfaces. They concluded
that, due to limited flexibility of the cytoskeleton, cells are unable to
frequently traverse significant steps. This limitation was especially
prevalent in cells approaching from the lower surface. As a result,
polarization and alignment are more likely to occur in the direction

—
Grating

Non-patterned

10 um wide,; 100 nm depth

60%

2 pm wide, 100 nm depth

85%

without obstacle, as opposed to the direction of a significant step.
Thus, taller steps and decreased pitches (or linewidths) create
geometrical barriers with sharp turns and angles that tax the
flexibility of the cytoskeleton. These ideas are illustrated in Fig. 4b
and c, displaying the average cell widths as a function of linewidth
and depth. For a fixed linewidth of 5 pm, the cell width shrinks for
increasing depths. Likewise, for a fixed line depth of 100 nm, the
cell width decreases for decreasing linewidth. As a result, align-
ment increases as the cell spreading occurs only in the direction of
the lines, both in the trenches and on the ridges. As the line pitch is
further reduced to the submicron range, direct bridging over the
trenches might account for increased lateral spreading and
a decrease in cell alignment, as found for the 100 nm wide lines.
Past studies that measured cell alignment relative to varying
linewidths or depths have indeed developed valid relationships
between substrate topography and cell morphology; however, the
conclusions of different studies in which width and depth are
controlled separately rather than one dimension controlled with

100 nm wide, 100 nm depth

66%

5 ym wide, 800 nm-depth

F

95%

Fig. 2. Fluorescence microscopy images of fibroblasts on various substrates. (a) Cells on patterned grating (2 pum wide, 800 nm deep) and non-patterned areas on the same substrate
show very different morphology; (b) cells on lines of 10 um wide, 100 nm depth; 100 nm wide, 100 nm depth; 2 pm wide, 100 nm depth; and 5 um wide, 800 nm depth. Arrows
indicate the grating direction. Cell alignment percentages are shown beside the images. The scale bar is 30 um.
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Fig. 3. Cell alignment for various grating dimensions. (a) Alignment vs. depth for 2 and 5 um wide lines, (b) Alignment vs. linewidth for 100 nm, 500 nm, and 1 pm deep lines, and
(c) Alignment vs. aspect ratio for various grating dimensions. Error bars indicate the standard deviation in the mean of the percent alignment on three to five replicate samples of
each imprint pattern. Cell alignment results from some previous works are recalculated and then plotted with grating aspect ratio for comparison.

respect to the other are not mutually consistent. For example, the
previous study of Hu et al. [9] observed that cell alignment and
elongation dramatically increase with decreasing grating pitch
from microscale to nanoscale as the depth was kept constant,
leading to the conclusion that nanostructures are more effective in
guiding cells, while others observed the opposite or different
effects of similar topography on cell morphology [3,20], including
this study where microstructures are more effective than nano-
structures. Such contradictions illustrate the challenge of predict-
ing cell behaviors in response to topographical changes in a single
substrate dimension, even when keeping the other dimensions
constant. On the other hand, if the cell behaviors are studied as
a function of the ratio of the groove depth to width, effects of both
dimensions are considered in tandem. As shown in Fig. 3c, for
samples varying both the linewidth and depth, we found that
across all dimensions within the 1-10 um range, the aspect ratio
described the observed alignment trends. When the aspect ratio is
higher than a critical value (only ~0.05 in this study), high cell
alignment (>80%) can be obtained for a wide range of topographic
dimensions, and the effect of the grating depth or width alone on
the cell alignment is diminished.

To test the generality of this aspect ratio dependence, cell
alignment and elongation measurements from our previous study
[9] and also from other groups [44,45] are re-plotted against

structural aspect ratio in Fig. 3¢ (alignment) and Fig. 4a (elonga-
tion). Despite large differences in cell types, culture conditions,
structural dimensions, and materials used in these studies, a similar
monotonic dependence of cell alignment and elongation on aspect
ratio is observed in each case. Notably, there are significant differ-
ences in the extent of alignment at similar aspect ratios among
these studies. These differences may be due to the use of different
cell types, with potentially different sensitivities to similar surfaces,
and also to different definitions of alignment. For example, this
study (using HFF cells) and previous work (using smooth muscle
cells) [9] counted cells as aligned if the angle of their long axis with
respect to the grating direction is +15°; while Uttayarat et al. [45]
and Fraser et al. [44] used endothelial cells with alignment angle of
+20°, and HCEC cells with alignment angle of +10°. Several other
studies were also re-plotted, yielding a similar trend and slope in
each case (data not shown) [14,19,24,46,47].

These consistent observations suggest that the aspect ratio of
topographic features provides a more comprehensive character-
ization of their effects on cell morphology and alignment than the
parameter of a single dimension. Considered another way, an
observed cell morphology, such as elongation, plotted vs. param-
eters of grating width and depth, defines a three-dimensional
surface. Variation of a single topographical dimension while
holding the other constant, the conventional approach to exploring
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Fig. 5. Fluorescence microscopy image of fibroblasts on double-imprinted structure
consisting of 100 nm wide, 60 nm deep lines embedded within 5 um wide, 500 nm
deep lines. Lines in the top left corner indicate the direction of gratings. Scale bar is
30 pm.

effects of gratings, provides only a cross-section of this surface and
does not allow prediction of other points on the surface with
similar cell behavior. In contrast, feature aspect ratio provides
a general relationship that can be applied predicatively to a large
variety of width and depth combinations. Because the aspect ratio
dependence is a general relationship, a desired cell alignment or
elongation can be achieved simply by maintaining an appropriate
aspect ratio range, and there are an array of possible combinations
of grating width and depth capable of achieving the same results.
The simplicity and design flexibility offered by aspect ratio can be
useful in the design of tissue scaffolds, medical implants, or even
prostheses, where surface preparations are key factors in control-
ling cell adhesion and morphology.

The theory of cell contact guidance provides a rationale for the
observed dependence of anisotropic cell behaviors (alignment and
elongation) on topographic aspect ratio. As cells spread on
a surface, they extend filopodia to explore their surroundings,
forming local adhesions where space and cell adhesion factors are
encountered. According to the theory of contact guidance [15,19],
cell alignment and elongation are related to the probability that
a cell will make a successful protrusion in a given direction. Due to
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limited flexibility of the cytoskeleton, steps on the surface present
an impediment to spreading [14,43]. On the flat surfaces of ridges
(or on the flat surfaces at the bottom of the grooves), the probability
for a cell to make a successful protrusion in the direction of the
ridge is essentially independent of the grating topography, because
it encounters no obstacles when spreading in that direction. Thus,
the elongation of the cell along the ridges and the probability of cell
alignment with the ridges are inversely related to the probability
that it will successfully form a protrusion in the direction perpen-
dicular to the grating.

Wider ridges (and correspondingly wider grooves) allow cells to
spread further without encountering a step and also allow the cells
to conform to the surface across steps with less severe cytoskeletal
bending, both effects increasing the probability of lateral spreading.
Deepening the grating without widening the ridges increases the
extent of cytoskeletal bending required for a cell to conform to the
surface and imposes a stronger impediment on lateral spreading.
On the other hand, a corresponding increase in the grating width in
conjunction with increased depth relaxes the requirement for
cytoskeletal bending and thus diminishes the impediment to
lateral spreading. Described another way, for grating dimensions
smaller than the cell width, the impediment to lateral spreading is
related to the slope of the bend the cell must make to conform to
the surface, which is equal to the aspect ratio of the grating. Thus,
though the grating dimensions of width and depth can be varied
independently, they do not affect the cell spreading and alignment
independently but as their ratio.

It is important to point out that this model is valid only for
a specific range of dimensions relative to the cell size. When the
grating surface is wider than or close to the un-bounded cell width,
cell spreading can proceed in the lateral direction largely unim-
peded, and the depth of the grooves will have little effect on the
cells. Therefore the upper bound of gratings for guided cell align-
ment is the size of the cell itself. Notably, most studies have used
sub-cellular dimensions for their topographic design. At the other
extreme, when the grooves are extremely narrow, the cells can
easily bridge the gap to neighboring ridges [15]. In this case, even
a high aspect ratio (groove is deep relative to width) has a small
effect on alignment. For example, sample #11 in Table 1 (100 nm
line of 100 nm depth) has the highest aspect ratio tested in this
study (equal to 1) but shows only 66% alignment, much lower than
smaller aspect ratios on micro-gratings. The lack of an effect for
superimposing a nanometer-scale pattern on the micron-scale
grating in the double-imprinted samples is also consistent with this
limitation. The alignment and elongation measurements yielded
results similar to the same micro-gratings without the nano-
striation.

Despite these limitations on the relevant scale of topographic
features, HFF are sensitive to even the shallowest (100 nm deep)
lines tested, confirming the sensitivity of human cells to features
well beneath 1 pm. Although alignment appears to be relatively
poor on the 100 nm wide, 100 nm deep lines, increased alignment
was observed on this surface relative to cells seeded on flat control
surfaces. Previous studies of cell behavior in response to nano-
topography have yielded similar results. In trying to determine the
lower dimensional limit for cell sensitivity, rat dermal fibroblasts
were seeded on various nanogrooves. It was concluded that for
groove depths as shallow as 35 nm and ridges less than 100 nm in
width, the fibroblasts did not show noticeable alignment [10].
Additional studies with corneal epithelial cells have shown only
35% alignment on lines of 70 nm width and 400 nm pitch [34].
While the HFF aligned on the 100 nm lines at a much lower rate
than on the micron grooves, 66% alignment is significant relative
to other nanoscale studies. While it is difficult to extend the
analysis of one study to another of a different cell type, these

results do suggest that HFF might be more sensitive to nano-
structures than at least some other mammalian cell types. Other
groups have also reported various cell responses and behaviors in
the presence of nanostructures, including increased cell prolifer-
ation, improved cytoskeletal organization, and overall increased
cellular functionalization [17]. These findings confirm the impor-
tance of incorporating and utilizing nanostructures in scaffolds
and devices to be used in intimate contact with fibroblasts.

5. Conclusion

The flexibility of nanoimprint lithography has enabled us to
produce a wide variety of patterns over large areas in TCPS. Gratings
of various pitches and depths were utilized to study the effects of
the aspect ratio on cell alignment and elongation. Double
imprinting was also utilized to create 3D collagen-like structures
combining micron and nanostructures. Human dermal fibroblasts
were found to increase their alignment and elongation with
increasing aspect ratios. While aspect ratios as small as 0.01
induced significant alignment (60%), the maximum aspect ratio
required for 95% alignment was 0.16. This study indicates that,
within an appropriate range of sizes, the aspect ratio of the
topography characterizes the combined effects of pattern width
and depth on cell behaviors. Recently published results by other
groups were re-plotted with respect to aspect ratio, and the results
show a dependence similar to that found in our studies, despite
differences in cell types, culture conditions, and structure variation.
This correlation indicates that aspect ratio is a generally useful
factor to describe cell behaviors, leading to consistent conclusions
for various studies and an approach for predicting results for novel
combinations of width and depth. A model based on the theory of
contact guidance is proposed to explain the dependence of aniso-
tropic cell behaviors on the aspect ratio of surface topography. This
model, in conjunction with our data, suggests the range of
dimensions for which the relationship between cell aspect ratio
and alignment or elongation is valid. These findings provide
simplicity and flexibility of topography design for future biomedical
applications.
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Appendix

Figures with essential colour discrimination. Certain figures in
this article, in particular Figures 2 and 5 are difficult to interpret in
black and white. The full colour images can be found in the on-line
version, at doi:10.1016/j.biomaterials.2008.11.041.
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