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Abstract: The control of cell gradients is critical for under-
standing many biological systems and realizing the unique
functionality of biomimetic implants. Herein, we report a nano-
topographic gradient strategy that can rapidly generate cell
gradients on a nanodendritic silica substrate without any
chemical modification. We can achieve controllable cell
gradients within only half an hour of cell incubation solely
induced by the topographic effect of the gradient nanoden-
drites. We also demonstrate that cell gradients can be modu-
lated by the combination of nanotopographic and chemical
gradients. The results reveal that the enhanced topographic
interactions between the nanodentritic structure and nano-
scaled filopodia of the cells mainly contribute to the generation
of cell gradients.

Cell gradients are one of the most typical features of
biological systems, and directly guide many biological pro-
cesses, such as embryonic development[1] and the interface
integration of tendon to bone.[2] Therefore, the ability to
generate controllable cell gradients is important for under-
standing biological systems.[3] More importantly, cell gradi-
ents guide the design of biomimetic gradient implants,[4] such
as dental gradient implants.[5] To date, several methodologies
based on the variation of surface properties, such as surface
chemistry,[6] stiffness of the substrate,[7] and surface electrical
cue,[8] have been employed to generate cell gradients.
Chemical gradient surfaces of adhesive molecules (e.g.,
fibronectin) are mostly used to establish local variations in
cell density.[6a] Cell gradients have also been generated by
directly guiding cell migration on stiffness gradient sub-

strates.[7] Alternatively, Xia et al. developed an intelligent
method to rapidly establish controllable cell gradients in only
two hours by tilting a glass substrate into a cell suspension.[9]

In general, in these approaches, surface modification with
adhesive molecules is required to improve cell attachment
and decrease the cell incubation time.

Glass-based biomaterials have long been recognized as
promising biocompatible materials in applications such as cell
culture plates[10] and implant materials.[11] However, the glass-
based materials tend to suffer from other drawbacks partic-
ularly low cell affinity.[12] To render the inert surfaces
bioactive, most existing technologies rely on chemical modi-
fication, such as collagen coating.[13] On the other hand,
engineering the surface nanotopography has been recently
proved as an effective strategy to modulate cell behavior,
including adhesion, proliferation, migration, and differentia-
tion.[14] For example, our group utilized nanostructured
substrates, such as silicon nanopillars,[15] poly(3,4-ethylene-
dioxy)thiophene-COOH nanodots,[16] fractal gold nanostruc-
tures,[17] and nanodendritic silica,[18] to efficiently capture
circulating tumor cells through enhanced topographic inter-
actions. These results encouraged us to attempt to address the
next challenge—the rapid generation of cell gradients by
utilizing topographic interactions.

Herein, we demonstrate that a nanotopographic gradient
strategy, solely by the introduction of gradient nanodendritic
silica onto bio-inert glass surface, can rapidly establish cell
gradients without any chemical modification (Figure 1a).
Owing to the enhanced topographic interactions between
gradient nanodendrites and nanoscaled filopodia on cell
surface, we can rapidly achieve controllable cell gradients
within only half an hour of cell incubation. In addition, we
investigated the co-modulation of nanotopographic and
chemical gradients on the cell gradient in such a short period.

In our experiment, we fabricated the nanodendritic
gradient silica by combining the oblique deposition and the
template coating methods[18,19] (Figure S1, and Section 2 in
the Supporting Information). Firstly, we deposited a layer of
carbon nanoparticles with a thickness gradient by placing the
glass substrate on a carbon source at an oblique angle, q

(Figure S1 a, Supporting Information). By simply changing
the oblique angle, we can obtain a series of carbon nano-
particle layers with different gradients. Then, we coated the
carbon nanoparticles with a silica shell by chemical vapor
deposition of silicon tetrachloride,[20] and finally removed the
template by calcination (Figure S1 b, Supporting Informa-
tion). This process yielded a series of nanodendritic silica
gradients (Figure S2, Supporting Information). A typical
nanotopographic gradient was characterized by scanning
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electron microscope (SEM) and atom force microscope
(AFM) images (Figure 1b). The surface roughness, coverage,
and thickness of the nanodendritic silica structure gradually
increase along the surface of the nanotopographic gradient.

To demonstrate the capability of the nanotopographic
gradient to induce cell gradients, we performed cell adhesion
experiments on a representative nanodendritic gradient
substrate. We first explored the influence of the incubation
time between 5 and 90 min, on cell adhesion for the relatively
uniform nanodendritic silica substrate and the flat glass
substrate (Figures S3 and S4, Supporting Information). The
greatest difference in cell numbers on the two substrates was

observed at 30 min. Therefore, we immersed the nanoden-
dritic gradient substrates in a suspension of NIH/3T3 cells (at
a concentration of 2 � 105 cellsmL�1) and incubated for
30 min. Then, we rinsed the substrates and imaged the
adhered cells. The number of adhered cells increased
gradually along the surface with nanodendritic gradient,
representing the rapid establishment of a gradient in cell
density (Figure 1b). Furthermore, we examined the influence
of nanotopographic gradients on generating cell gradients. We
prepared three groups of nanotopographic gradients, that is,
large gradient (Grad. 1, q = 08), intermediate gradient
(Grad. 2, q = 158), and small gradient (Grad. 3, q = 308)
(Figure 1c, and Figure S2 in the Supporting Information).
With the decrease in the nanotopographic gradients from
Grad. 1 to Grad. 2 to Grad. 3, the cell gradients decreased
accordingly (Figure 1 d). In particular, for Grad. 3, the
generated cell density was hardly evident. These results
demonstrate that controllable cell gradients can be rapidly
generated on a nanodendritic silica gradient without any
chemical modification.

To investigate the influence of chemical gradients on
nanotopographic gradients in generating cell gradients, we
performed cell adhesion experiments in parallel on a nano-
dendritic gradient substrate, on a flat glass surface with
a chemical gradient of n-octadecyltrichlorosilane/poly(ethy-
lene glycol)silane (OTS/PEG), on substrates with overlapping
nanotopographical and chemical gradients in both parallel
and antiparallel directions, and on a nanodendritic gradient
substrate with OTS (or PEG) modification (Figure 2, and
Figure S6, Sections 2–5 and 9 in the Supporting Information).
We selected OTS and PEG to construct the chemical gradient
by varying surface densities, because they represent the
typical chemical cues for promoting and resisting protein
absorption, and will promote and repel cellular adhesion,
respectively.[6c,21] After incubation for 30 min, a cell gradient
was generated on the nanotopographic gradient substrate
(Figure 2a,g). In comparison, only a few cells adhered on the
glass surface with a chemical gradient of OTS/PEG (Fig-
ure 2b,h), suggesting that the chemical gradient cannot
induce a cell gradient within such a short period. When the
chemical gradient overlapped with the nanotopographic
gradient in the parallel direction, a cell gradient was rapidly
generated (Figure 2c,i). By contrast, on the substrate with
overlapping gradients in the antiparallel direction, there were
only a few adhered cells (Figure 2d,j), implying that the
chemical gradient offsets the cell gradient induced by the
nanotopography, despite its incapability for rapidly generat-
ing cell gradients. Moreover, only a few cells unexpectedly
adhered on the nanotopographic gradient with OTS modifi-
cation, probably because the trapped air on the nanodendritic
surface hinders the contact of cells with the surface (Fig-
ure 2e,k, see details in Figure S6 and Section 9 in the
Supporting Information).[22] On the nanotopographic silica
gradient with PEG modification, only a few cells were
adhered (Figure 2 f,l).[21a] These results indicate that a chem-
ical gradient can affect the generation of cell gradients
induced by a nanotopographic gradient.

To further understand the mechanism of the nanotopo-
graphic gradient for generating a cell gradient, we charac-

Figure 1. a) Schematic of the rapid generation of a cell gradient
induced solely by a nanotopographic gradient within only half an hour
after the substrate had been immersed into the cell suspension. b) On
a typical nanotopographic gradient substrate (e.g. Grad. 2) a cell
gradient was observed clearly. The nanotopographic gradient was
characterized by top-view and side-view scanning electron microscope
(SEM) and atom force microscope (AFM) images. The cells were
prestained with Calcium AM (green) for visualization in fluorescence
images. Magnifications are the same across individual rows. c, d) For
the substrates with nanotopographic gradients, the thickness of the
nanodendritic silica structure (c) and the cell density (d) were plotted
against substrate position. With increasing values of q in the deposi-
tion of the carbon nanoparticles from 08 to 158 to 308, the nanotopo-
graphic gradient decreased, finally resulting in the minimal gradient in
cell density. Error bars represent the standard error of mean from
three measurements.
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terized the morphologies, actin cytoskeleton, and focal
adhesion of NIH/3T3 cells on the nanodendritic silica
substrate and the flat glass surface (Figure 3, and Figure S3
in the Supporting Information). Extensive filopodia with
lengths of about 1.8 to 4.7 mm protruded from cells on the
nanodendritic silica substrate, while only a few filopodia were
observed for cells on the flat glass surface, indicating
enhanced topographic interactions between the nanoden-
dritic structures and nanoscaled filopodia on the cell sur-
face.[15–18] Moreover, the actin cytoskeleton (red) and focal
adhesion (green) of NIH/3T3 cells were visualized. Cells on

the nanodendritic silica substrate displayed extended actin
skeletons and large areas of focal adhesion, while cells on the
flat glass surface exhibited nearly spherical actin skeletons
and small areas of focal adhesion. This difference further
verified the enhanced topographic interactions between the
nanodendritic structures and nanoscaled filopodia of the
cells[23] and indicated that they contribute to the improved cell
adhesion, leading to the rapid generation of cell gradients.

In summary, we have demonstrated a unique approach to
rapidly generate cell gradients on bio-inert glass surfaces, by
solely introducing a nanodendritic gradient without any

Figure 2. The influence of chemical gradients on cell gradients induced by a nanotopographic gradient. On the nanodendritic gradient substrate
(e.g. Grad. 2), a cell gradient was observed (a, g). In comparison, only a few scattered cells and no apparent cell gradient was observed on the
glass surface with chemical gradient of OTS/PEG (b, h); see text for details. A cell gradient was generated when the nanotopographic and
chemical gradients overlapped in a parallel direction (c, i). By contrast, when they overlapped in an antiparallel direction, only a few cells adhered
on the substrate (d, j). Moreover, only a few cells were unexpectedly adhered on the nanotopographic gradient substrate with the OTS
modification (e, k); see text for details.[22] On the nanodendritic gradient substrate with modification of PEG, there were only a few cells (f, l).
Magnifications are the same for all the fluorescence images. Error bars represent the standard error of mean from three measurements.

Angewandte
Chemie

2917Angew. Chem. Int. Ed. 2014, 53, 2915 –2918 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


chemical modification. This approach is unique in two
aspects: 1) It can induce the rapid generation of controllable
cell gradients within only half an hour of cell incubation;
2) the substrate does not require any chemical modification to
improve cell adhesion for generating cell gradients. More-
over, this approach is not cell-specific, but can be applied to
other cell types, such as MG63 osteoblasts and HeLa cell lines
(Figure S7, Supporting Information). The nanodendritic silica
gradient can also be easily introduced onto other surfaces,
such as titania and alumina substrates, leading to the
establishment of cell gradients on such surfaces (Figure S8,
Supporting Information). Therefore, we envision that this
strategy should find promising applications in the design of
functional nano/bio interfaces with controllable cell gradients,
such as gradient implants.[5]
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Figure 3. SEM images and immunofluorescence images of NIH/3T3
cells on the bare flat glass surface (top panel) and the bare nano-
dendritic silica substrate (bottom panel). Immunofluorescent images
including actin (red, for actin skeleton), vinculin (green, for focal
adhesion), and nuclei (blue). Cells adhered on the nanodendritic silica
substrate exhibit more filopodia, more extended actin skeletons, and
a larger area of focal adhesion than those on the flat glass substrate.
This difference suggests enhanced topographic interactions between
the nanodendritic structure and the nanoscaled filopodia of the cells.
ESEM images were obtained with a tilt angle of 608. Magnifications
are the same as those in the immunofluorescent images. ESEM
images were obtained with a tilt angle of 608. The scale bars in ESEM
images are 5 mm. The immunofluorescent images have the same
magnification. Scale bars are 10 mm.
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