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ABSTRACT: The generation of cell gradients is critical for
understanding many biological systems and realizing the
unique functionality of many implanted biomaterials. How-
ever, most previous work can only control the gradient of cell
density and this has no effect on the gradient of cell
orientation, which has an important role in regulating the
functions of many connecting tissues. Here, we report on a
simple stretched inverse opal substrate for establishing desired
cell orientation gradients. It was demonstrated that tendon
fibroblasts on the stretched inverse opal gradient showed a
corresponding alignment along with the elongation gradient of
the substrate. This “random-to-aligned” cell gradient repro-
duces the insertion part of many connecting tissues, and thus, will have important applications in tissue engineering.
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The phenomenon of cell gradients exists widely in
biological systems, and plays an important role in guiding

many biological processes, such as embryonic development and
the interface integration of tissues.1,2 Moreover, cell gradients
are also important characteristics or requirements of some
advanced biomaterials.3−8 Therefore, the capability to generate
biomimetic cell gradients is important for biological
research.9−12 To achieve this, several strategies have been
employed to generate cell gradients through contact guidance
by varying surface substrate properties, such as the density of
polymer brushes, surface topography, surface wettability,
stiffness of the substrate, and surface electrical cue.13−16

However, most of these surfaces can only control the gradient
of the cell density and have no effect on the gradient of the cell
orientation, which also has an important role in regulating the
functions of many connecting tissues, such as tendon-to-bone
insertion sites and myotendinous junctions.17,18 Thus, a novel
method for the generation of cell orientation gradients is still
anticipated for mimicking biological features.
Here, we propose a simple stretched inverse opal substrate

for establishing the desired cell orientation gradients. It has
been demonstrated previously that cells can grow in a certain
orientation on substrates patterned with aligned fibrous,
grooves, ridges or stretched inverse opals.19−25 However,
these substrates usually have a uniform surface morphology
for uniformly inducing the cell orientation, and they cannot
induce a change in gradient for cell morphology or cell
orientation. Here, we propose a gradient stretching method to
fabricate inverse opal substrates with elongation gradients on
nanoscale-patterned structures traversing from one side of the
substrate surface to the other. Cells cultured on these surfaces

showed a controllable alignment along the direction of the
elongation gradient of the substrate. In substrates with a lower
degree of stretching, the cells assumed a random orientation.
The degree of alignment increased with the increasing
stretching ratio of the substrate. This random-to-aligned cell
gradient reproduced the insertion part of many connecting
tissues, and thus, will have important applications in tissue
engineering.
In a typical experiment, the inverse opal substrates were

fabricated using the vertical deposition method.26−29 In this
process, glass slides were first dipped vertically into an ethanol
solution containing monodispersed SiO2 nanoparticles. Colloi-
dal crystal arrays of self-assembled SiO2 nanoparticles were
obtained after evaporation of the solution. To enhance the
junction structures of the SiO2 nanoparticles, we sintered the
glass slides and the fabricated colloidal crystal arrays at 400 °C
before the next fabrication step. The inverse opal structures
were formed by filling the voids of the colloidal nanoparticle
array templates with a polystyrene (PS)/toluene solution and
evaporating the solvent to solidify the PS. To obtain a gradient
stretching ratio within an inverse opal substrate, half of the film
was heated to 80 °C in a water bath and stretched a given
number of times its original length using a Vernier caliper. The
junction structures were solidified by immersing the entire
inverse opal substrate into cold water. Then, part of the
stretched substrate was restretched again at 80 °C in a water
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bath and then cooled in cold water. The same procedure was
carried out to obtain a substrate that was stretched many times
its original length (Figure 1). Thus, a gradual increase in the

stretching ratio of the substrate could be achieved using this
convenient approach, and an elongation of the gradient could
be formed from one side of the substrate to the other within a
single inverse opal substrate. From this method, different
combinations of the stretching ratio could be obtained.
The microstructures of the gradient stretched inverse opal

substrates were characterized using a scanning electron

microscope (SEM). Different areas of the substrate were
observed to investigate the change in gradient on the nanoscale
(Figure 2a). The results are shown in Figures 2b−e. It was
found that the continuous nanostructure of the inverse opal
films was not damaged by the strain. However, over stretching
would destroy the ordered structure of the elliptical pores on
the substrates. (Figure S1 in the Supporting Information). The
unstretched part of the inverse opal substrates maintained their
three-dimensional ordered pore structure (Figure 2b). The
ordered nanoporous structure changed from a round shape to
an ellipse when viewed traversing from the unstretched side to
the stretched side, which elongated from the round shape to
approximately three times (Figure 2c), six times (Figure 2d),
and 12 times their original length (Figure 2e). Thus, the
gradient stretched inverse opal substrates displayed a gradual
increase in the degree of porous orientation on their surfaces
along the direction of stretching. As far as we are aware, this is
the first report on the microstructure of this type of gradient
surface. It was worth mentioning that although the surface
inverse opal section was only about 2 μm thickness (Figure S2
in the Supporting Information), the whole substrate was more
than 200 μm thickness before stretching and 50 μm thickness
after stretching. With the stretching, the inverse opal scaffold
became thin and thus its mechanics reduced. However, this
surface was still rigid enough during the cell research.
To examine the effect of the gradient stretched inverse opal

substrate on cells, rat tendon fibroblasts were cultured on the
substrates to mimic the gradient structural organization of a
tendon-to-bone insertion. Before culturing, the substrates were
treated with O2 plasma to increase their hydrophilic properties,
and thus, encourage cell adhesion. After cell culture, a double
staining using Calcein AM and Hoechst was carried out to
visualize the actin cytoskeleton and nuclei of the tendon
fibroblasts. Fluorescent images of the rat tendon fibroblasts
cultured on the gradient stretched inverse opal substrates are
shown in Figure 3. It can be seen that tendon fibroblasts on the
unstretched part showed disordered microfilaments (Figure
3a). However, the cells exhibited a narrow angular distribution
(Figure 3b) on the nearby surface having a moderate stretching
ratio (about three times), and they exhibited a more uniform
distribution (Figure 3c) on the part of the substrate with a
stretching ratio of approximately six times. In particular, the
cells cultured on the part with the highest stretching ratio (12
times) were spread widely along the longitudinal direction of
the stretching, indicating an aligned orientation along the

Figure 1. (a) Schematic diagram of the preparation of the stretched
inverse opals with gradually increased stretching ratio, it did not
correspond to b−e. (b−e) Images of inverse opal substrates with
different stretching: (b) unstretched; (c) the combination of
unstretched and 3 times stretched substrate; (d) the combination of
unstretched, 3 times, and 6 times stretched substrate; (e) the
combination of unstretched, 3 times, 6 times, and 12 times stretched
substrate.

Figure 2. (a) Optical image of a gradient stretched inverse opal substrate, and (b−e) SEM images of the inverse opal substrate at different portions:
(b) at unstretched portion; (c) at 3 times stretching portion; (d) at 6 times stretching portion; and (e) at 12 times stretching portion. Scale bars are
2 μm.
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stretching direction (Figure 3d). The cell microfilaments were
also elongated to the highest level and tight cell−cell
connections were formed. Thus, tendon fibroblasts cultured
on such surfaces exhibited an adjustable orientation on either
the unstretched or stretched parts. It is worth noting that many
different types of cells, such as HepG2 cells and NIH-3T3 cells,
have also exhibited the adjustable orientation on the proposed
substrate (Figure S3 in the Supporting Information). These
cells remained their orientation until entering into cell
apoptosis program.
The details of the tendon fibroblasts in different parts of the

inverse opal scaffold were also investigated using SEM (Figure
4). The microstructure of the substrate was deformed because
of the immersion in the culture media and the drying process

used before capturing the SEM images. It can be seen that the
fibroblasts cultured on the unstretched part of the inverse opal
substrates exhibited disordered microfilaments (Figure 4a, e),
and no specific orientation was observed. When the nanoscale
structure changed from a round shape to 3 times stretched
ellipse, a degree of uniform alignment was exhibited along the
stretching direction (Figures 4b, f), and the tendon fibroblasts
exhibited a higher degree of orientation compared with cells
located on the unstretched part. Furthermore, cells showed a
higher degree of orientation on 6 times stretched portion
(Figure 4c, g). In particular, a significant degree of cell
orientation was detected when the SEM probe focused on the
area of the substrate that was stretched 12 times (Figure 4d, h).
The fibroblasts showed a distinct alignment along the
stretching direction compared with both the part with a
lower stretching ratio and the unstretched part. This
observation is consistent with the fluorescence results. Taken
together, these results indicate that the nanoscale topography of
the inverse opal substrates can affect the behavior of tendon
cells, and the microfilaments of the tendon fibroblasts are able
to sense the change in gradient of the inverse opal substrates.
Thus, different orientations of tendon fibroblasts could be
obtained on a single substrate, leading to the generation of
random-to-aligned-oriented morphologies of the cells.
To qualify the orientation of the tendon fibroblasts in

response to the gradient elongation of the inverse opal
substrates, we analyzed the angle between the growth direction
of the tendon fibroblasts and the stretching direction of the
substrates (Figure 5a). The ImageJ software package was used
to quantify the cell location relative to the stretching direction
of the inverse opal scaffolds. In general, the orientation angle
values were in the range 0−90°. An orientation angle of 0°
represents parallel substrate stretching and cell orientation
directions, which denote the long axis of the tendon fibroblasts.
In contrast, an orientation angle of 90° represents an
orientation perpendicular to the stretching direction. The cell
numbers were counted for incremental orientation angle
intervals of 30°. As shown in Figure 5b, the cell count in the
orientation angle interval of 0−30° showed the highest
alignment orientation number (92%) of the tendon fibroblasts
on a surface with a stretching ratio of 12 times. Meanwhile, cells
on the part of the substrate with a surface stretching ratio of six
times showed a noticeably high alignment of 72%. A lower
number of aligned cell orientations (37%) was found on the
part of the substrate with a surface stretching ratio of three

Figure 3. Schematic diagram and fluorescence microscopy images of
tendon fibroblast cells cultured on a gradient stretched inverse opal
substrate after 48 h: (a) on unstretched portion; (b) on 3 times
stretched portion; (c) on 6 times stretched portion; and (d) on 12
times stretched portion. Green and blue fluorescence images are the
cell cytoskeleton and nucleus, respectively. The double-sided arrows
indicate the direction of stretching. Scale bar are 200 μm.

Figure 4. SEM images of tendon fibroblasts cultured on different portion of one substrate: (a) on unstretched portion; (b) on 3 times stretched
portion; (c) on 6 times stretched portion and 12 times stretched portion; and (d) on 12 times stretched portion. (e−h) magnification images of a−d.
Black arrows indicate cell orientation. White arrows indicate the direction of stretching. Scale bars are 200 μm in a−d and 20 μm in e−h.
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times. In contrast, no significant distribution in cell orientation
was observed on the unstretched part of the substrate,
corresponding with the fluorescent and SEM image data.
Combining these observations, we believe that gradient
stretching inverse opal substrates can induce different degrees
of cell orientation.
In summary, we have demonstrated a simple approach to

create random-to-aligned-oriented morphologies of cells that
exist in many insertion tissues. Nanoscale inverse opal
substrates with elongated gradients could be fabricated by
simply introducing gradient stretching ratios in different parts
of the substrates. Owing to an increasing aligned topography,
random-to-aligned cell orientation gradients were easily formed
on nanotopographical substrates without any chemical
modification. These elongated gradient inverse opal substrates
can also serve as useful platforms for generating different types
of biomimetic cell gradients. Thus, it can be envisioned that
these substrates will find important applications in tissue
engineering and biological research.

■ EXPERIMENTAL SECTION
Materials. Monodisperse silicon dioxide spheres with diameters of

500 nm were laboratory homemade. PS, toluene solution, HF and
glutaraldehyde were purchased from Aladdin, Shanghai, P. R. China.
FBS without Mycoplasma, penicillin-streptomycin double antibiotics,
DMEM medium and 0.25% Typin-EDTA was purchased from Gibco,
USA. Dimethyl sulfoxide (DMSO) and Hoechst33342 were obtained
from Sigma, USA. Calcein AM was purchased from molecular prober,
USA. NIH-3T3 and HepG2 cells were purchased from Chinese
Academy of Sciences.
Preparation of Inverse Opal Substrates. Opal film composed of

monodisperse silica spheres was deposited on a glass by using vertical
deposition method. After that, 20% PS/toluene solution was then
infiltrated the opal template. The silica spheres were then etched with
4% HF after solidification of the solution hydrofluoric acid. Finally, the
film was uniaxially stretched by Vernier caliper (Masterproof,
Germany) to get different degrees elongation in an 80 °C water bath.
Rat Tendon Fibroblasts Extraction and Culturing. The tendon

cells were harvested from rat supraspinatus and infraspinatus tendon
samples. The tendon samples were first cut into small pieces and
trypsinized for 5 min. To neutralize the trypsin activity, DMEM with
10% fetal bovine serum (FBS) were then added. After that, the tissue
samples were placed in the incubator (HERA cell 150, Thermo, USA)
at 37 °C and 5% CO2 until fibroblasts migrated out and formed a
confluent monolayer. The fibroblasts monolayer was then trypsinized
and collected by centrifuging at 1000 rpm for 5 min. DMEM with 10%
FBS were used to suspend the harvest tendon fibroblasts and cells

were placed in the incubator for subculture. When grow to 80%
confluence, cells with concentration of 2 × 103 cells/ml were then
transferred to the wells (Thermo, USA) containing the inverse opal
films. Medium was changed every day.

Characterization of Cells. For fluorescence images, double
staining of Calcein AM and Hoechst were used to make the actin
cytoskeleton and nuclear of tendon fibroblasts visualized. During the
culture, the cells were stained by 10 μM Calcein AM and
Hoechst33342 at 37 °C for about 15 min. Cells were then washed
twice with PBS and observed by inverted fluorescence microscope
(OLYMPUS IX71, Olympus, Japan). For SEM images, cell-loaded
samples were washed with PBS before treat with 2.5% glutaraldehyde
solution for 6 h at 4 °C. After treating, samples were dehydrated
through alcohol of gradient concentrations. The concentration
gradient of ethanol is 20, 40, 60, 80, to 100%, and each for 20 min.
After that, the samples were imaged by SEM (S-3000N, Hitachi,
Japan) after gold sputter coating.
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Figure 5. (a) Schematic of measuring the orientation angle; (b) Orientation angle frequency distribution of cells cultured on different portion of the
stretched inverse opal substrate after 48 h. 500 cells in total were measured on each portion.
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