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ABSTRACT: Extracellular matrices (ECM) triggered cellular signaling
processes often begin with the clustering of the cellular receptors such as
integrin and FcεRI. The sizes of these initial protein complexes or clusters
are tens to 100 nm in dimension; therefore, engineered nanostructures
could provide effective mimics of ECM for investigation and control of the
initial and downstream specific signaling processes. This current topic
discusses recent advances in nanotechnology in the context of design and
production of matching chemical functionality and geometry for control of
specific cellular signaling processes. Two investigations are reported to
demonstrate this concept: (a) how the presentation of antigen at the
nanometer scale would influence the aggregation of FcεRI, which would
impact the formation of activation complexes, leading to the rearrangement of actin in cytoskeleton and degranulation or
activation of mast cells; (b) how the engineered nanostructure could guide the initial integrin clustering, which would impact the
formation of focal adhesion and downstream cell signaling cascades, leading to polarization, migration, and morphological
changes. Complementary to engineered ECMs using synthetic ligands or peptides, or topographic control at the micrometer
scale, nanostructures of designed geometry and chemical functionality provide new and effective biochemical cues for regulation
of cellular signaling processes and downstream behaviors.

Many cellular signaling processes begin with binding of
extracellular signaling molecules and receptors inlaid in the
cellular membrane, stimulating a series of events inside the cell,
that is, signal transduction processes.1−5 Well-known signal
transduction processes include extracellular matrix (ECM)
guided cellular adhesion and spreading,6−10 migration,11−13 and
proliferation.10,14,15 Most of these initial bindings are polyvalent
in nature, forming complex ligand−protein structures.16−18

Using an engineered method to mimic ECM materials has,
therefore, attracted much attention to regulation or control of
specific signaling processes.19−22 Much progress has been made
in the area of topography, typically micrometers in scale, guided
cellular behaviors and functions. This topic has been discussed
in several comprehensive reviews.23−26 Synthetic polyvalent
ligands represent another approach to mimicking signaling
molecules and are also discussed in depth in recent
reviews.16,27−29 Because of the small size, several to 100 nm,
of these initial signaling clusters, we and other researchers have
been investigating the enabling aspects of engineered
nanostructures to study, regulate, and even control the initial
and downstream cellular signaling processes.30−32 Engineered
ligand structures or assemblies with nanometer or molecular
precision could provide new insight into geometry dependence
of signaling pathways.30,33

The needs for nanotechnology are illustrated in Figure 1,
using two known cellular signaling processes: antigen-mediated
mast cell activation34−37 and integrin-mediated adhesion and
spreading of fibroblasts.13,38−40 In the case of hypersensitivity

reaction or mast cell activation, a naturally occurring activation
is typically initiated by cross-linking of the receptor-bound,
antigen-specific immunoglobulin E (IgE) through a multivalent
antigen.41−44 The cross-linking of FcεRI receptors triggers
phosphorylation of cytoplasmic immuno-receptor tyrosine-
based activation motif (ITAM) by Src family kinase, Lyn,
causing recruitment and activation of other kinases and
substrates.37,43,45 After a series of downstream signaling
cascades, this process eventually leads to histamine release
through degranulation, which is the well-known outcome of
mast cell activation.41−44 Using synthetic ligands, important
insights have been revealed regarding the structural require-
ments of initial dimers and clusters of IgE−FcεRI com-
plexes.42,44,46,47 The separation among the nearest neighbor
receptors in the activation dimers and clusters is 20 nm,
regardless of the history and approaches of cross-linking.
Therefore, engineered arrays of nanostructures of antigens on
surfaces should provide a new and effective alternative for the
polyvalent antigens to guide the cross-linking. Figure 1 shows
one example of optimal nanostructure design, that is, two-
dimensional (2D) arrays of dots, each containing one antigen.
The periodicity of the array is 20 nm to match the spatial
requirement of activation dimers. The arrangement of dot
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arrays follows the 2D closely packed structure, that is, six
nearest neighbors for each dot, to optimize the probability of
forming clusters from the prospective of geometry.
In the integrin mediated focal adhesion, the integrin at the

interface provides a structural link between the ECM outside
and the intracellular cytoskeleton, enabling communication
between cells and the microenvironment outside.13,38−40,48

Each integrin consists of two noncovalently bound trans-
membrane glycoprotein subunits: one α and one β. Each α/β
heterodimer has its own ligand-binding specificity and signaling
properties that are cell-type specific. The first step in integrin
signaling begins with clustering.48−51 The clustering of the
heterodimers is initiated by the binding of ligands, typified by
fibronectin which contains the RGD and synergy regions.52,53

Clustering induces the translocation of molecules including
signaling adapters (tensin, p130Cas, paxillin); structural
proteins (talin, vinculin); protein kinases (Fak, Src); and
actin filaments, while simultaneously enhancing tyrosine
phosphorylation at the sites, and finally assembling mature
focal adhesions. This initial binding with cytoskeletal and
signaling proteins promotes the assembly of actin filaments and
stabilizes clusters, which in turn recruits more integrins and
enhances ECM binding.49−51 As a result, the cytoskeletal
proteins assemble into focal adhesions, acting as scaffolds for
the recruitment of a variety of signaling proteins that control
actin remodeling, cell shape, polarity, and movement, and that
activate signaling pathways to control survival, proliferation,
and differentiation. Clustering represents an important and
initial step in integrin-ECM mediated cell signaling and
function. The sizes of these initial protein complexes or clusters
are tens to 100 nm in dimension. Following the analogous
rational of the previous design, arrays of dots or nanolines with
lateral dimensions of tens to 100 nm could provide effective
guidance for the alignment of focal adhesion complexes, as
shown in Figure 1.
Many other cellular signaling processes also begin by forming

clusters at the nanometer scale, such as immunological
synapses.54−58 The earliest step in synapse formation can be
directly correlated with topologically driven receptor segrega-
tion based on the size of the different receptor−ligand
pairs,59−61 leading to multiple complexes at the cellular contact
junction in a concentric circular arrangement, with diameters
ranging from tens to hundreds of nanometers.60,61 One could
deduce that a design of concentric circles with the
corresponding ligands implicated at the synapse function
would be an effective match in terms of geometry. Fully

understand that actual biological processes are much more
complex than simple geometrical considerations; modification
of the designs discussed is anticipated for specific signaling
processes. This article explores how effective engineered
nanostructures could be in guiding cellular signaling processes,
by considering both biochemical functionality and geometrical
matching.

Advances in Lithography and Imaging Technologies
Enable Construction of Nanostructures with Designed
Geometry and Functionality. To produce the nanostruc-
tures for guiding specific cellular signaling processes, such as
designs shown in Figure 1 and in the discussions in the
previous section, two technological challenges must be
overcome: (a) nanometer and molecular spatial precision; (b)
designated biofunctionalities and activity retainment. Among
many approaches tested, soft lithography such as microcontact
printing,62−66 particle lithography,67−71 and scanning probe
based lithography72−77 could, in principle, meet the technical
specifications. Lithographic approaches using atomic force
microscopy (AFM) such as nanoshaving,78−81 nanograft-
ing,82−90 Dip-Pen nanolithography,91−94 bias-induced lithog-
raphy,95,96 and constructive nanolithography97−100 enable
complex geometry production with nanometer precision.
Using AFM-based nanolithography in conjunction with micro-
fabrication, complex architectures at multidimensions, from
nanometers to hundreds of micrometers may be produced,
which match the size of cells and intracellular structures. Figure
2A illustrates the concept of nanografting, that is, combining
AFM lithography with the surface chemistry of alkanethiol
adsorption on gold surfaces.72,90 Nanografting is accomplished
by force-induced displacement of molecules of self-assembled
monolayers (SAMs) matrices, followed immediately by the self-
assembly of alkanethiol molecules from solution. The feedback
loop used to control the tip position and displacement enables
exquisite control of forces applied to the surface, ranging from
pN to μN. The procedure of nanografting is relatively simple,
starting from imaging (under a small force) alkanethiol SAMs
in a liquid medium containing a different kind of thiol, such as
dinitrophenyl (DNP) terminated-thiol. As a higher force is
applied during the scanning, the matrix thiol molecules are
removed by the tip and transported into the solvent. DNP-thiol
molecules contained in the solution immediately adsorb onto
the freshly exposed gold area following the scanning track of
the AFM tip to form designed nanostructures. After completion
of designed nanostructures, the products can then be
characterized in situ by the same probe at a reduced force.

Figure 1. Schematic diagram illustrates the initiation of two cellular signaling processes: integrin clustering and formation of focal adhesion, and
FcεRI receptor aggregation and degranulation. On the basis of the knowledge and dimension of these initial clusters, matching designs of
nanostructures are shown on the right, as candidates to regulate the clustering and signaling pathways.
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Nanografting represents the highest precision approach
among AFM-based lithography. Figure 3A shows an example
in which a 33 × 33 array of biotin-terminated thiols was
produced on gold. Each element has a size of 5.2 × 5.2 nm2

with great uniformity. The smallest nanostructure produced
using nanografting is 2 nm × 4 nm, containing only 32 thiol
molecules.90 The capability and practical throughput of
nanografting is demonstrated Figure 3B, where the University
of California at Davis’ seal, 8 × 8 μm2 in overall size, has been
reproduced, using an aldehyde-terminated thiol inlaid in
decanethiol SAMs. The entire process only took 10 min to
complete with the finest width of 10 nm.90 For interactions
with cells, protein molecules are often used to interact with
receptors inlaid in membrane.1,4 Figure 3C shows an example
in which nanostructures containing lysozyme (LYZ) molecules
were produced using electrostatic interaction.90,101 The high
selectivity observed at pH 7 results mostly from electrostatic
interactions between the LYZ molecules and the carboxylate-
terminated nanopatterns produced via nanografting. Three LYZ
molecules are positioned along the 10 × 150 nm2 nanoline,
whereas eight protein particles are confined within the 100 ×
150 nm2 nanorectangle. The corresponding combined cursor
profiles in Figure 3D reveal that the immobilized protein
molecules exhibit two different heights: 4.1 and 3.0 nm. The
physical interactions are not specific; therefore, various
orientations with respect to the surface are observed for the
adsorbed proteins. Because LYZ molecules are ellipsoidal with

the approximate dimensions 4.5 × 3.0 × 3.0 nm3 from X-ray
crystallographic studies, the observed heights of 4.1 and 3.0 nm
correspond to the side-on and end-on orientations of LYZ,
respectively.90,101

Soft lithography, such as microcontact printing (μCP), has
been widely applied as a promising micropatterning technique
due to its simplicity and practical throughput.62−66 It is widely
used in fabricating microstructures, because of its flexibility and
its production of designed chemical and topographical
features.102−107 In particular, microcontact printing in con-
junction with self-assembly chemistry offers a simple means to
introduce designed termini at a designated microgeometry for
further electronics, sensor, biochemistry and cellular biology
applications. In this study, microcontact printing is used to
produce nanolines, utilizing known alkanethiol or organosilane
chemistry in conjunction with protein immobilization. A
master, typically prepared by conventional photolithography,
is used to create a poly(dimethylsiloxane) (PDMS) stamp with
micrograting (Figure 2B). The PDMS stamps are easy to use
and inexpensive to produce with commercially available
templates, thus eliminating the requirement for clean room
facilities and expertise. In the printing process, the stamp is
coated with the desired ink, such as octadecyltrichlorosilane
(OTS), and then pressed against a Si wafer or glass coverslip
surface to transfer the ink material. The stamp is lifted off, and
the entire surface is exposed to an inert component, such as 2-
[methoxy-(polyethyleneoxy)propyl]trichlorosilane (CH3O-
(C2H4O)6−9C3H6SiCl3, PEG-silane), which would fill the void
area left by the stamp ink. To produce nanogratings as required
in Figure 1, the micropatterned SAMs are immersed in

Figure 2. Two methods for production of nanostructures: Litho-
graphic approaches used to fabricate nano- and sub-micrometer
structures for regulation of signaling processes. (A) Nanogrids and
other nanostructures of antigen could be fabricated using AFM-based
nanografting and the surface chemistry of self-assembly: for example,
DNP-thiol inlaid in octadecanethiol SAMs; (B) nanolines of Fn may
be produced using microcontact printing, and preferential immobiliza-
tion of Fn on edges of lines.

Figure 3. Nanografting enables high-throughput fabrication of
complex nanostructures and molecule-resolved imaging to reveal the
molecular arrangements on surfaces. (A) An example of a 33 × 33
array of biotin-terminated thiols with a size of 5.2 × 5.2 nm2 produced
by nanografting. (B) The AFM image of the University of California at
Davis’ seal fabricated by nanografting an aldehyde-terminated thiol
into decanethiol SAMs. (C) Lysozyme molecules immobilized onto a
nanografted pattern of carboxylate-terminated SAMs. (D) The
immobilized lysozyme molecules exhibit different heights and various
orientations. Reprinted from ref 90 with permission. Copyright 2008
Annual Reviews.
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fibronectin (Fn) solutions. Polyethylene glycol (PEG) is known
to resist protein adsorption and cell adhesion.108−110 Thus Fn
molecules selectively attach to the methyl terminated micro-
lines, as illustrated in Figure 2B. As demonstrated later, the Fn
molecules exhibit more favored adsorption at the edges of
gratings than the bulk, and thus F-rich nanoline (typically with
one Fn molecular width) can be produced. The apparent height
of Fn domains is designed to be higher than the surrounding
areas, providing a sterically favored environment for effective
integrin clustering upon binding, which activates focal adhesion
and downstream cascades.

■ ENGINEERED ANTIGEN NANOSTRUCTURES OFFER
A UNIQUE MEANS FOR REGULATING
ANTIBODY-MEDIATED CELLULAR SIGNALING
PROCESSES

Nanostructures of Antigen in Comparison with
Previously Reported Presentations. We have produced
and characterized the nanostructures of 2,4-dinitrophenylated
alkanethiol ([DNPNH(CH2)5COO(C2H4O)4CO(CH2)15S]2,
DNP-thiol) in comparison with previously used presentations
of antigen, as illustrated in Figure 4 (top row). The DNP-thiol
with oligo-ethylene oxide linkers has been used for preparing
SAMs used in antigen-based biosensors111 and in investigations
of IgE-FcεRI mediated signaling processes.32,112 A series of
DNP-containing SAMs were characterized at nanometer
resolution, including mixed DNP-thiol/C18 = 1:2 SAMs,
pure DNP-thiol SAMs, and DNP nanogrids produced using
nanografting. These SAM systems will also be compared with
2,4-dinitrophenylated bovine serum albumin (DNP-BSA)
layers, in terms of local structure of antigen groups, and
activation efficiency. Taking advantage of high AFM resolution,

the DNP domain size, separation, and apparent height with
respect to surrounding area can be measured in correlation to
the activation efficiency.
The C18 SAM serves as a control because of its well-known

structure, and no activation of rat basophilic leukemia (RBL)
mast cells is expected due to lack of antigen and adhesive
forces. Figure 4A reveals a typical 1 × 1 μm2 AFM image of
C18 SAMs on the Au(111) surface, the contrast of which
reflects the gold structures underneath such as flat terraces
separated by single atomic steps. The lateral dimension of
Au(111) terrace ranges from tens to hundreds of nanometers,
under thermal evaporation in a vacuum. The zoom-in image
inserted in Figure 4A reveals the morphology of this SAM:
closely packed C18 domains of several nanometers in lateral
dimension, separated by domain boundaries. The apparent
height of the C18 domain is 0.15 ± 0.03 nm, that is, a very flat
homogeneous surface at the nanometer scale, consistent with
previously reported heights.72,76,77,85,87,90 The C18 SAMs are
among the highest coverage and crystallinity among SAMs.
DNP-BSA layers have been widely used as surface bound

antigens for investigation of mast cell activation.113−115 Figure
4C displays the morphology of DNP-BSA films on the silicon
surface. The DNP-BSA films were prepared by soaking a silicon
substrate in phosphate buffered saline (PBS) buffer containing
20 μg/mL DNP-BSA for 1 h, following previously reported
protocols.116 The immobilization is of physical adsorption in
nature, as previously reported.117−119 The physical interactions
are not specific; therefore, various orientations with respect to
the surface are observed for the adsorbed proteins. Figure 4C
exhibits a typical AFM image (1 × 1 μm2) of DNP-BSA on
Si(111) surface. The image was acquired in a PBS buffer.
Protruding domains with bright contrast are evident through-

Figure 4. Presentation of antigen in a SAM platform significantly impacts the subsequent behavior of RBL cells. Top row displays a 1 × 1 μm2 AFM
topograph of (A) C18 SAMs prepared by immersing a gold substrate into a solution containing 0.02 mM C18 SAMs in secondary butanol for 24 h,
(B) mixed C18 and DNP SAMs prepared by immersing a gold substrate into 0.02 mM mixed C18 and DNP solution with a ratio of 2:1 in a mixture
of 5% DMF and second butanol (1:19) for 24 h, (C) DNP-BSA films prepared by soaking a silicon substrate in PBS buffer containing 20 μg/mL
DNP-BSA for 1 h, (D) pure DNP SAMs prepared by immersing a gold substrate into 0.02 mM DNP solution in a mixture of N,N-
dimethylformamide and second butanol (1:19) for 24 h, and (E) DNP nanogrids fabricated using nanografting. Each inset is a higher-resolution view
of the same surface to reveal active antigen domains at the nanoscale. All images were acquired using contact-mode imaging in defined liquid media.
Silicon nitride cantilever with a spring constant 0.1 N/m was used. The imaging force was controlled to be less than 1 nN. The scale bar for each
inset image is 20 nm. Bottom row shows the surface of the top row after exposure to anti-DNP IgE-sensitized RBL cells in culture media after 1 h
incubation. Images in (F), (G), (I), and (J) were 80 × 80 μm2 scans, acquired using AFM in PBS buffer. Si cantilever with a spring constant 0.05 N/
m was used, and the imaging force was controlled to be less than 1 nN. Mast cells on DNP-BSA films (H) were characterized by SEM. The
morphology of activated RBL cells was observed with a Hitachi S-800T FE-SEM with the routine accelerating voltage of 2.5 kV.
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out areas of the surface, indicating that a large amount of DNP-
BSA molecules has been adsorbed onto the surface. High-
resolution AFM image inserted in Figure 4C reveals that the
diameter of DNP-BSA features measures 5.9 ± 3.3 nm. The
DNP-BSA were immobilized almost randomly on the silicon
surface, with the center-to-center separation from 5.6 to 18.9
nm, the edge-to-edge separation from 3.2 to 11.7 nm, and an
apparent height of 0.4 ± 0.3 nm.
DNP SAMs offer a simpler and more stable alternative than

DNP- BSA and thus have been used as surface-bound antigens
in investigations of degranulation.112 Figure 4D reveals high
coverage DNP SAMs prepared in a mixed solvent of 5% N,N-
dimethylformamide (DMF) in 2-butanol. The Au(111) film
topograph underneath is not as clearly resolved as those of the
C18 SAM, indicating a heterogeneous layer on surfaces whose
roughness is comparable to gold single atomic steps. Zooming-
in view shown in the inset reveals that DNP SAMs exhibit
lateral heterogeneity: bright features (DNP domains) of near
circular shape with a diameter of 6.7 ± 2.9 nm, surrounded by
dark regions. The center-to-center separation of nearest
neighbor DNP domains ranges from 7.3 to 24.2 nm. The
edge-to-edge separation of DNP domains is from 3.9 to 15.8
nm. The bright domain measures 0.5 ± 0.2 nm taller than the
surrounding areas, consistent with a structure of more densely
packed DNP domains surrounded by lower density/coverage of
DNP regions. The more closely packed domains deform less
under the AFM load, which manifests into bright contrast in
the topographic images.
Mixed SAMs formed by natural growth enable a certain

degree of control in local heterogeneity and were used
previously as surface bound hepten in the activation of RBL
cells.32,112 Figure 4B exhibits a typical 1 × 1 μm2 AFM image of
mixed C18/DNP SAMs on Au(111) surface. The characteristic
structures of gold substrate are not as clearly visible as in C18
SAMs, an indication of heterogeneity at the nanometer scale
that is comparable to Au(111) steps. The high-resolution AFM
image in Figure 4B inset reveals the segregated DNP domains
inlaid in C18 regions, appearing as bright and dark contrast,
respectively. This phase segregation behavior is characteristic
for binary SAMs.120,121 The DNP domain size is 9.6 ± 5.8 nm,
with the center-to-center separation ranging from 10.7 to 32.5
nm and the edge-to-edge separation from 5.6 to 23.6 nm. The
DNP domains are 0.3 ± 0.1 nm taller than the surrounding
C18 matrix.
In contrast to previously discussed presentations of surface

bound heptens, nanostructures of DNP are produced at a
designed geometry, location, and local environment, using
nanografting. The AFM image in Figure 4E shows an example
of these engineered structures: DNP nanogrids inlaid in C18
SAM.32 The backbone of the DNP-thiol is longer than that of
C18, and thus the DNP nanostructures appear 1.4 ± 0.3 nm
taller than the surrounding C18 matrix SAMs. The high-
resolution AFM image shown in the inset in Figure 4E indicates
that these DNP nanogrids have relatively sharp edges. The lines
are 17.1 ± 1.7 nm wide as measured by the full width at half-
maximum (fwhm), with the edge-to-edge separation from 22.1
± 2.3 among the nearest neighbor lines. The periodicity of
DNP nanogrids measures 40.4 ± 2.6 nm.32 Compared to
naturally grown SAMs containing DNPs, the engineered
nanostructures consist of DNP domains with designed geometry
(grids), size, and local environment (1.4 nm taller than
hydrophobic regions). Molecules at the bulk of these domains
are more closely packed than naturally grown ones due to the

spatial confined self-assembly during nanografting.82,83,85 The
enabling aspects of tuning local structure should be of great
importance in guiding subsequent biochemical reactions, such
as antibody recognition and cellular behavior.

Cellular Morphology and Behavior Depend Sensi-
tively on the Presentation of Ligands at Nanoscale.
Cellular responses to the presentation of DNP functionality
upon exposure of the aforementioned surfaces to RBL cells,
soaking in 0.5 μg/mL anti-DNP IgE overnight for sensitization
in the incubation environment, are shown in Figure 4, bottom
row. The selection of 1 h incubation time is to ensure the
capture of dramatic morphological changes at the membranes,
before the granule regeneration process which could take up to
a couple of days.41−44 The presence of DNP domains greatly
enhances the adhesion of RBL; for example, the number of cells
on C18 SAM is significantly fewer than the rest. In addition, the
spreading and morphology differ: with nanogrids exhibiting the
highest level of spreading, followed by pure DNP SAMs, mixed
DNP/C18 SAMs and DNP-BSA layers. Mast cells do not seem
to spread on C18 SAMs due to the low biocompatibility and
lack of antigen on this surface (Figure 4F). On mixed DNP/
C18 SAMs (middle left region in Figure 4G), RBLs spread on
the surface (interfacial area of 627 μm2). This level of spreading
is similar to that on DNP-BSA films (591 μm2), and on pure
DNP SAMs (758 μm2), as shown in Figure 4, panels H and I,
respectively. Highest level of spreading is found on DNP
nanogrids, which measures 1297 μm2 as shown in Figure 7J.
Even though the surface coverage of DNP of nanogrid surface
is identical to that of mixed DNP/C18 SAMs, cells exhibit a
higher degree of spreading on nanogrids. This observation
clearly indicates that the binding between DNP and IgE (at the
membrane of RBLs) plays a key role in subsequent cellular
motion and signaling. Thus the local structure of DNP
domains, not the absolute coverage, impacts the arrangement
of IgE binding, cytoskeletal components, leading to variations
of locomotion and spreading.
In addition to adhesion and spreading, and more importantly

and pertaining to this work, nanoscopic features of cellular
membranes also depend on antigen presentation. The
membrane morphology and structure are known to reflect
the activation status of mast cells.113−116,122 Previous studies
have established that appearance of membrane ridges are one
signature of IgE-FcεRI-mediated activation, in contrast to a
high density of microvilli, which indicates resting status of RBL
cells.113−116,122−124 Taking advantage of the high-resolution
and versatility of imaging under near physiological conditions,
the membrane structure is visible and quantifiable in 3D using
AFM. The RBL mast cells on C18 SAMs only exhibited
microvilli (Figure 4F), consistent with a lack of activation. On
mixed DNP/C18 SAMs, both microvilli and membrane ridges
were evident (Figure 4G). Three cells exhibit membrane ridges,
which is characteristic of IgE−FcεRI-mediated activation. Six
other cells are resting, whose membranes exhibit a high density
of microvilli. Upon attachment on DNP-BSA surfaces,
membrane ridges appeared, as shown in Figure 4H. The bright
contrast in the SEM image represents the characteristic
membrane ridges that have been reported previously.113−115

Four cells were activated, while the remaining four are resting.
In Figure 4I, RBLs are adherent on the pure DNP SAM with 5
out of 11 cells revealing the characteristic membrane ridges or
antibody mediated activation. Membrane ridges are present on
most cells on nanogrids of DNP, based on the AFM
characterization shown in Figure 4J: 6 out of 9 show very
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evident ridges. Taking advantage of the high spatial resolution
and accuracy in height measurement, AFM enables imaging of
the lateral and vertical dimensions of membrane ridges. The
number and the height of ridges were found to represent the
degree of activation, from our previous AFM investigation
validated by confocal imaging.116 A fully activated RBL cell
seemed to exhibit ridges longer than 3 μm, and ridge height >
0.5 μm taller than the surrounding membrane.116 RBL cells on
nanogrids exhibit the highest degree of activation. Taking the
cell located in the upper middle region, 19 ridges are visible on
the cortical membrane with the length from 3.3 to 9.7 μm, and
the height measures 0.5−0.7 μm. After AFM imaging on
hydrated cells, the activation status of RBL was also confirmed
using laser scanning confocal microscopy with the cytoskeletal
actins labeled by phalloidin assay following previous proto-
cols.116 In Figure 5, the characteristic membrane ridges in RBL
mast cells correspond well with the heterogeneous F-actin
network in their cytoskeleton underneath. Upon antibody

mediated degranulation or activation, F-actin rearranges from a
relatively homogeneous distribution to a heterogeneous
network.116 The combined study not only provides validation
that AFM can identify activated cells without using tags or
labels, but also provides new insight, for example, into the
structural origin of the observed membrane ridges being the
result of bilayer membrane decorated over the actin network in
the cytoskeleton.116

Since AFM images provide a definitive means to count cells
and identify activated population, the efficacy of activation can
be quantified and compared among the five presentations
discussed previously. Taking DNP nanogrids as an example,
there are a total of nine cells in Figure 5A (also in 4J). Among
them, six cells exhibit membrane ridges based on the AFM
topograph shown in Figure 5A. Subsequent confocal
microscopy imagery in Figure 5B confirms the presence and
correspondence of the heterogeneous network of F-actin.
Therefore, the activation efficiency is quantified as 66.7% (= 6/
9). The activation is highly dependent on the presentations of
antigen, as shown in Figure 5C, from 18% (C18 SAMs), 21%
(mixed DNP/C18 SAMs), 36% (DNP-BSA), 45% (pure DNP
SAMs) to 69% (DNP nanostructures). Even though the DNP
coverage in nanogrids is only equal to the mixed SAMs, and is
much lower than DNP-BSA and pure DNP SAMs, it exhibits
higher activation potency than all other presentations of surface
bound antigens. This evidence further demonstrates the
importance of local structure of DNP domains over other
factors such as antigen concentration.

Proposed Mechanism for the Superior Activation
Potency by Nanostructures of DNP. To understand the
high activation potency of DNP nanostructures, molecular level
packing of DNP has been studied using AFM. As shown in
Figure 6A, mixed C18/DNP SAMs exhibit phase segregation at
the nanometer level, DNP domains appear as bright features,
while C18 regions appear darker in AFM topographic images.
The cursor profile under image 6A indicates the typical domain
size of DNP in this mix is 7.4 nm, with 0.3 nm above the
surrounding C18 matrix. The interdomain separation (normally
referred to as center-to-center) is 18.7 nm. Pure DNP SAMs
also exhibit phase segregation and lateral heterogeneity, as
shown in Figure 6B. Typical domains have a lateral dimension
of 5.6 ± 1.8 nm, with apparent height of 0.5 nm, as measured
by the cursor profile under image 6B. The structural
characterization indicates that DNP domains exhibit taller
apparent height in the pure DNP SAM than in the mixed C18/
DNP SAMs, an observation that is consistent with the
molecular packing and deformation under AFM load. The
domains are located closer to each other than as with mixed
SAMs, as separation measures 10.2 nm. The AFM image in
Figure 6C shows that DNP nanogrids consist of arrays of
nanosquares with single-line borders. Each line in the nanogrids
represents the DNP domains. Unlike SAMs which exhibit
variation in DNP domain size, all lines are 17.1 ± 1.7 nm wide
and 1.4 nm taller than the surrounding C18 SAMs, as shown in
the cursor profile in Figure 6C. The edge-to-edge separation
among nearest neighbor lines is 22.1 ± 2.3 nm in both
directions. Among the three antigen candidates, the apparent
domain height increases from 0.3 nm (mixed DNP/C18
SAMs), to 0.5 nm (pure DNP SAMs) to 1.4 nm (DNP
nanogrids). Mixed C18/DNP SAMs and pure DNP SAMs
exhibit randomly distributed DNP domains with sizes ranging
from 5.6 to 24.2 nm. In contrast, engineered nanogrids contain

Figure 5. AFM image (A) and corresponding confocal image (B) of
RBL mast cells on DNP nanostructures (of Figure 4E). Scale bars: 20
μm. Si cantilever with a spring constant 0.05 N/m was used for AFM
characterization, and the imaging force was controlled to be less than 1
nN. Upon completion of AFM imaging, the sample was stained using
phalloidin assay, and then imaged under a FV1000 confocal
microscope (Olympus America), using excitation of 543 nm and
emission between 555 and 630 nm. The confocal image was acquired
using a Plan Apo N (60×, N.A. = 1.42) oil immersion bright-field
objective with a working distance of 0.15 mm. The 2D project confocal
image in B was displayed using Z-projection to present the 3D spatial
distribution of characteristic membrane ridges. (C) Activation efficacy,
extracted by counting the activated RBL cells, as a function of the
surface presentation of DNP antigens.
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arrays of DNP squares with a uniform line width of 17.1 ± 1.7
nm.
The local structure of DNP impacts the subsequent

recognition by IgE, assuming IgE molecules are individual
antibodies in solution phase above the SAMs. The concept that
ligand presentation at the molecular or nanometer level
significantly impacts the subsequent biochemical reaction has
been realized by researchers during the past two deca-
des.125−129 It is known that protein binding to ligands at
surfaces can be more efficient via long, flexible polymer tethers
than via very short ones.130−132 Such tethers may serve to
orient the ligands, which could aid in the efficacy of antibody
binding depending on the relative hydrophobicity of the linker.
Long, flexible, hydrophilic ethylene oxide linkers have been
demonstrated to improve hapten presentation at bilayer
interfaces.133,134 In fact, DNP haptens with sufficiently short
or long hydrophobic spacers are known to be less effective for
antibody binding than those with intermediate chain
lengths.135,136 As illustrated in Figure 6F (on the left), the
molecular level packing in mixed DNP/C18 or pure DNP
SAMs resulted in small apparent height, or less exposure of
DNP termini. It is thus difficult for DNP termini to probe into
the Fab domains and bind to the IgE molecules. For specific
and stable antibody−antigen recognition, divalent bindings
between the two Fab domains and two matching DNP antigens
underneath are preferred, as illustrated in Figure 6F (right).

Additionally, the rigidity of the DNP termini should be
sufficient to keep them taller than its surrounding, and flexible
enough to enter the Fab pocket.136 DNP domains in the mixed
SAMs have sufficient size and flexibility, but the apparent height
of 0.3 nm makes it sterically hindered for effective binding with
a Fab pocket. Pure DNP SAMs have higher antigen
concentration than mixed layers, but the relatively low apparent
height of DNP domains 0.5 nm also makes IgE recognition less
favorable. In contrast, nanografted DNP SAMs form more
ordered and close-packed structures of nanoline due to the
effect of spatial confinement.82,83,85 The lines are 1.4 nm taller
than C18 SAMs, providing a sterically favored environment for
the DNP termini at the edges to be recognized by the antibodies.
Since nearest neighbor DNP termini are readily available along
the line, bivalent recognition (that is, finding two DNP with 20
nm separation) along the nanoline is highly favored. The
antibody binding strongly depends on antigen presentation,
such as size, flexibility, rigidity, and domain separation of the
DNP surfaces. In comparison among the three top candidates,
the DNP nanogrids provide the following intrinsic advantages:
(a) flexibility and rigidity of DNP domains at the edges; (b) less
steric hindrance of taller DNP domains for antibody−antigen
recognition; (c) well-defined edge-to-edge separation to match
the spatial requirements for the IgE−FcεRI dimer and cluster
formation.

Figure 6. Proposed rationalization for the superior efficacy of DNP nanostructures in activating RBL cells. The high-resolution AFM images reveal
the surface morphologies of (A) mixed C18/DNP SAMs, (B) pure DNP SAMs, and (C) DNP nanostructures. The cursor profile under each
imaging reveals the local environment of the typical DNP nanodomains, the domain size, and their apparent height above the surrounding. The
center of each pink circle is a representative DNP domain, and the radius of the circles is 20 nm, that is, the separation of two adjacent IgE−FcεRI
molecules known as an activation dimer shown in (E). Therefore, the blue cross presents the DNP domains which could serve as the binding sites
for one IgE−FcεRI complex, in order to form dimers with the central complex. (F) A schematic diagram illustrates the favored binding with IgE by
nanogrids of DNP, due to adequate apparent height and sufficient local concentration. (G) A simple model to illustrate the concept that the design
in (D) and nanogrids in (C) provide the best match for the formation IgE−FcεRI activation clusters.
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In the case of our investigations shown in Figures 4 and 5,
IgE molecules are exposed at the membrane of RBLs after
sensitization protocols.32,116,123 Since the presentation of DNP
impacts the binding with IgE as discussed above, these
recognition events lead to variation in activation, as each IgE
is linked via binding with a FcεRI receptor at the cellular
membrane. As described in the previous section, forming basic
activation dimers and clusters fulfills the critical spatial
requirement for subsequent protein binding, such as Lyn and
Syk, and downstream activation.42,44,46 The separation between
adjacent IgE−FcεRI complexes is suggested to be 20 nm in the
dimers and clusters, as illustrated in Figure 6E. Using simple
statistical analysis,32 we can compare the probability to form
dimers and clusters by selecting a typical DNP domain first and
then draw a circle of 20 nm radius around this typical binding
site. If the circle hits another DNP domain, as in the case of the
two SAMs, there is likely an adjacent IgE−FcεRI complex,
assuming high affinity of IgE and DNP. Among the two SAMs
shown in Figure 6A,B, the circles hit two and three DNP sites,
respectively, which provide a probability of finding an adjacent
complex and of forming activation dimers. In the case of DNP
nanogrids in Figure 6C, the two representative binding sites
were selected from the middle of the line or at the cross-
section, respectively. Following previous exercises among
SAMs, the two circles hit four and eight sites, respectively. If
one edge is occupied, spatial hindrance (17 nm is less than 20
nm) may hinder the other edge from attracting another IgE−
FcεRI complex; thus among eight potential IgE−FcεRI
receptor binding sites, we only counted four as viable, as
shown in Figure 6C. Even only counting the minimum number,
DNP nanostructures still exhibit the statistical advantage in
forming activation dimers and clusters over the other
presentations. In addition, the DNP sites in nanogrids also
exhibit a higher probability of binding IgE due to the higher
apparent height. The combined advantages lead to the superior
activation efficiency by nanogrids. If this rationale remains valid,
we project that the optimal design should be the presentation
shown in Figure 6G, where DNP nanodots are arranged in
hexagonal arrays with 20 nm periodicity, although we fully
recognize that the actual situation could be more complex than
offered by simple statistical analysis.

Given the length scale at which signaling clusters are in the
range of nanometers, nanofabrication techniques provide an
advantage of positioning membrane receptor-binding ligands
with nanometer precision for regulation of specific signaling
pathways. In the case of DNP nanogrids, the ligand
distribution, geometry, and local environment are designed to
optimize antibody binding and cluster formation.32 This finding
could be extrapolated into generic practice that nanoengineered
structure with well-defined geometry and functionality can
serve as a platform to regulate cellular responses to stimuli, and
receptor-mediated cell signaling pathways, and downstream
cellular behaviors.

■ NANOSTRUCTURES OF FIBRONECTIN PROVIDE
EFFECTIVE BIOCHEMICAL CUES FOR REGULATION
OF THE FOCAL ADHESION AND SUBSEQUENT
BEHAVIORS OF FIBROBLAST CELLS

Nanodot Arrays of RGD for Initiating Integrin
Clustering and Focal Adhesion. As also discussed in earlier
sections, integrin clustering along the cell membrane is an
important step in integrin-ECM mediated focal adhesion, cell
signaling, and function.53,137−139 In order to achieve the
nanoscale positioning of ECM ligand molecules and investigate
function behind the molecular arrangement of single integrins
in cell adhesion, Spatz and co-workers developed a hexagonally
close-packed rigid template of cell-adhesive gold nanodots
using block copolymer micelle nanolithography.30 The
diameter of integrin in the cell membrane is between 8 and
12 nm.140 Therefore, the designed diameter of Au nanodots is 8
nm on a PEG passivated background, in order to provide a
single anchor point for only one integrin. Arrays of nanodots
containing RGD ligands provide initial binding sites for integrin
inlaid in cellular membrane.30 Since integrin clustering is
required for formation of mature focal adhesion, the focal
adhesion may be turned “on” or “off” by altering the separation
of RGD dots. In fact, the cultured MC3T3-osteoblasts showed
remarkable sensitivity to the separation of these RGD dots,30,33

as shown in Figure 7. As the separation among these gold
nanoparticles was increased from 28 to 85 nm, focal adhesion
was altered.30 For example, on a nanopatterned surface with
separation of 58 nm (Figure 7A), vinculin clusters (green) and
actin stress fibers (red) were observed in confocal images

Figure 7. Nanodot arrays of RGD for switching initial integrin clustering. (A) and (C) are schematic diagrams of the designs with the separation of
58 and 73 nm, respectively. (B) and (D) are confocal micrographs of MC3T3-osteoblasts stained for vinculin (green) and actin (red) after 24 h
incubation in the nanodot arrays. Zoom-in images are shown as insets. (E) A separation of 58 nm could activate focal adhesion, leading to actin stress
fibers and cellular spreading. (F) A separation of 73 nm could not initiate integrin clustering, thus limited the downstream cascades, due to lack of
fiber bundles. Reprinted from ref 30 with permission. Copyright 2004 Wiley-VCH.
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(Figure 7B), indicating mature focal adhesion. However, a
separation of 73 nm is found to be less effective in formation of
integrin clusters, in which little vinculin clusters and actin fibers
were visible (Figure 7C,D). The rationalization is shown in
Figure 7E: a separation of RGD dots by 58 nm or smaller could
lead to effective integrin clustering upon binding, which
activates focal adhesion and downstream cascades, leading to
formation of actin stress fibers. In contrast, the separation of 73
nm could not form integrin clustering upon binding integrins,
which hinders the formation and alignment of focal adhesion
sites, and thus could not lead to formation of actin stress fibers
downstream (Figure 7F). A universal separation threshold of
58−73 nm is proposed for integrin clustering,33 which is
essential for the effective formation of mature focal adhesion
and the propagation of integrin mediated signaling pro-
cesses.30,33

■ NANOGRATINGS OF FIBRONECTIN FOR GUIDING
FOCAL ADHESION ALIGNMENT AND CELLULAR
MORPHOLOGY

Fabrication and Characterization of Fn Gratings. To
guide focal adhesion and the downstream effect of cell
morphology, Fn gratings were fabricated via microcontact
printing followed by protein immobilization, as illustrated in
Figure 2. Solution deposition was applied to generate
organosilane gratings for subsequent Fn immobilization via
hydrophobic interaction.141−144 Spatial selectivity is achieved by
using hydrophobic lines for protein attachment, surrounded by
PEG to resist protein adsorption.141−145 The surface bound Fn
molecules, following this immobilization protocol, should
remain bioactive and viable as demonstrated by previous
studies.143,144,146,147

Fn gratings are shown in Figure 8. The pattern covers the
entire 1 × 1 cm2 surface area, which is sufficient for in vitro
investigations.148 The length of each Fn line is sufficiently
continuous across the surface. The printing time used to
transfer OTS is less than 1 min. The remaining regions are
blocked with a protein resistant 2-[methoxy-(polyethyleneoxy)-
propyl]trichlorosilane (CH3O(C2H4O)6−9C3H6SiCl3, PEG-si-
lane). Fn lines measured taller than the surrounding PEG
regions by 3.2 ± 0.5 nm. The width of Fn lines is 0.89 ± 0.08
μm, with an edge-to-edge separation of 0.65 ± 0.03 μm among
nearest neighbor lines. The periodicity of Fn grating is 1.55 ±
0.10 μm (Figure 8C,D). To compare the Fn nanogratings with
controls, Fn covered surfaces were prepared via a commonly
adopted method, for example, by immersion of a glass coverslip
or a silicon wafer in a 10 μg/mL Fn solution in 1× phosphate
buffered saline (PBS) for 1 h. The structure at the nanometer
scale has been characterized using AFM, and the images are
shown in Figure 8A,B. Fn layers in grating regions appear
nonhomogenous with more Fn molecules at the edges of the
bands. The preferential binding of Fn to edges of hydrophobic
domains has been reported previously and was attributed to less
steric hindrance.149 As a result of nonhomogeneous immobi-
lization of Fn, our microcontact printing protocols produced
nanolines of Fn, with a separation of 0.89 ± 0.08 μm (width of
grating).148 Therefore, we refer to the line arrays as nano-
gratings of Fn in this case. The separation between neighboring
Fn is comparable to the protein size, less than 20 nm, and each
line is continuous beyond cellular dimensions, which is
sufficient to guide linear clustering of integrin along the line.
The width of the grating is 0.89 ± 0.08 μm, much larger than

the tip of filopodia,150 and sufficient to accommodate initial
attachment.
In contrast to Fn grating, an almost full layer of Fn formed

when soaking OTS SAMs in 10 μg/mL Fn solution for 1 h. We
have systematically compared this Fn immobilization method
to commonly used protocols, such as soaking a clean glass in 10
μg/mL Fn solution for 1 h.151,152 The impact to NIH-3T3 cells,
in terms of focal adhesion formation and cellular morphology,
appeared very similar.143,153 Therefore, Fn layers formed via
adsorbed onto OTS surfaces serve as the control in this
investigation. The Fn appears as protrusions (bright contrast)
in a AFM topograph as shown in Figure 8A. As illustrated in
the cursor profile in Figure 8B, these Fn protrusions measure
11.6 ± 3.4 nm laterally, with an apparent height of 1.8 ± 0.5
nm. The lower apparent height than the Fn size from the
crystal structure143,154,155 is likely due to the fact the AFM
probes may not be able to reach the SAM surface due to the
close proximity among neighbor Fn molecules.

Fn Nanogratings Exhibit Strong Guidance to the
Orientation and Polarity of NIH 3T3 Cells. The responses
of NIH 3T3 cells to the nanograting and control surfaces were
investigated by incubating the two supports with cells for 24 h
in a Dulbecco’s modified Eagle’s supplemented with 10% heat-
inactivated fetal bovine serum, penicillin (100 U/mL), and
streptomycin (100 μg/mL) at 37 °C and 5% CO2 in a
humidified incubator, which is the established condition for
forming mature focal adhesion.156 The cells attached to the two
surfaces exhibit significantly different behaviors. First, the
orientation of NIH 3T3 cells on Fn nanogratings are parallel to
each other, as shown in optical images in Figure 9B. The zoom-
in view by AFM (central image in Figure 9B) more clearly
reveals the overall topography and orientation. The AFM image
in the inset of Figure 9B reveals the direction of Fn
nanogratings, which is the same as the cellular orientation. In

Figure 8. AFM topographic images of (A) control surface prepared by
immersion OTS coated silicon wafer in 10 μg/mL Fn solution in PBS,
and (C) Fn gratings produced via a method shown in Figure 2B. (B)
and (D) are the cursors profiles as indicated in (A) and (C),
respectively. Zero height is (D) is referred as the surface of silicon
water. AFM images are acquired under tapping mode in PBS solution
using MSNL cantilever with a spring constant of 0.1 N/m.
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contrast, cells on the control surface have various orientations,
as shown in the optical image in Figure 9A. The comparison
demonstrates the strong guidance of Fn nanogratings on the
cellular orientation.148 Among the three sets of experiments and
55 cells imaged, 75% of them were completely parallel to the
direction of Fn gratings.
Second, Fn nanogratings lead to strong polarization in

cellular morphology. The optical image shown in Figure 9A
reveals that the NIH 3T3 cells spread on the control surface,
displaying various shapes: from triangular, polygon, to star-like
geometries, which is consistent with previous observations.157

AFM images of individual cells (as shown in the central image
in Figure 9A) allow accurate measurement of the polarization
ratio. The cell in Figure 9A has a long and a short
(perpendicular to long and across the nuclear) axis of 90.3
and 23.5 μm, respectively, a polarization ratio of 3.8 (long/
short). Among 61 cells imaged from all control surfaces, the
polarization ratio ranges from 2.3 to 5.2. When cultured on Fn
gratings, the cells are much more elongated than the control. As
shown in Figure 9B, the NIH3T3 measures 330.6 μm long and
9.1 μm wide, a polarization ratio of 36.3. Among nine NIH 3T3
cells imaged with AFM, the polarization ratio ranged from 8.0
to 36.3, which is significantly larger than that of the control.148

Note that it typically took several frames to capture a complete
cell due to this elongation, as shown in Figure 9. A similar effect
was also reported using nanogrooves with a depth of 100 nm

and the pitch of 500 nm fabricated via laser interference
lithography, that is, by spin coating a positive photoresist,
S1805, on glass slides and then exposing it to laser.158 In this
case, the rat dermal fibroblasts were elongated with the
polarization ratio up to 13.158 It was concluded that the contact
guidance does not exist below the threshold depth of 35 nm
because the depth of groove provided a physical constraint to
bias the cellular alignment and elongation along the lines.159 By
comparison, our Fn grating was only 3.2 ± 0.5 nm above
surrounding. Such a small topographic difference, without using
Fn, would not be sufficient to provide physical constraint and
guide cellular orientation and morphology.159 However, with
the presence of Fn, the nanolines appear most effective in
polarizing cellular morphology, leading to the highest polar-
ization ratio (36.3), and longest filopodium (156 μm) among
fibroblasts. Therefore, the guidance is mainly attributed to the
Fn functionality and nanolines, in conjunction with the Fn−
integrin interactions, not the physical or topographic
constraints.
We emphasize that the local structure of Fn is also an

important factor in cellular regulation. Polarization of human
dermal fibroblasts (HDF) cultured on Fn microline arrays was
also reported, by immobilizing Fn on the hexadecanethiol SAM
micropattern on gold-coated wafer produced by microcontact
printing. The rest of the surface was passivated by 1-
mercaptoundec-11-yl hexa(ethylene glycol) SAM. Fn strips
are taller than the surrounding PEG regions by 1.8 nm. The
cells alignment and elongation were observed when the
interline spacing was greater than 17 μm, where the cell only
covered one line and became a needlelike shape with a
polarization ratio of 10−25.144 In contrast, there was no
preferred polarization if interline spacing was below 10 μm.144

This result, at first glance, seems to contradict our observations,
where interline separation is 0.65 μm. The key is the apparent
height of Fn, where in the previous case, the height measured
1.8 nm above surrounding region, in contrast to our value of 3.2
± 0.5 nm. The Fn in this “short” grating is not as sufficient as
the Fn presented in our grating. In other words, the comparison
is analogous to strong binding nanolines versus weak binding
microlines. The significance of this comparison is the
conclusion that functional nanostructures, such as potent Fn
nanolines, provide an effective and alternative means to regulate
the cellular adhesion, local motion, and morphology,
complementary to the methods of topographic controls such
as microgratings,144 deep microgroves,158−160 gradients sub-
stratum with micrometer sized ridges, and trenches.161

Fn Gratings Exhibit Preferential Sensing by Filopodia.
Filopodia are important in influencing cellular topography and
local motion. Filopodia are fingerlike in shape, appearing as
actin-rich plasma-membrane protrusions that cells use to
explore the environment.10,162 Using a pre-engineered local
environment, that is, nanogratings, we tested to find if the
inhomogeneous distribution of Fn as defined by the gratings
manifests into a difference in filopodia behavior.148 One
example is shown in Figure 10A, where AFM images could
clearly reveal the topography of filopodia and the surface
underneath. Where filopodia can be found at the periphery of
the cells, larger populations are found at the two ends of the
cell, which indicates that the local movement of the cell
concentrates at the two ends, thus the elongation. By
systematically zooming into the filopodia region at the side of
the cell (defined in the frame of Figure 10A), AFM topography
reveals the location of tips of these filopodia with respect to the

Figure 9. Fn nanogratings guide the orientation and polarization of
NIH 3T3 cells. AFM deflection images (80 × 80 μm2 scan) of a typical
NIH 3T3 cell cultured on (A) control and (B) Fn gratings for 24 h.
The insets on the right show optical view of NIH 3T3 cells adhered to
the indicated surface. The cells selected for AFM imaging were
indicated by white rectangle. Inset on the left of (B) is the AFM
topograph of the nanograting under the cells. All cells are fixed,
dehydrated, and dried before AFM images. AFM images are acquired
under contact mode using CSC 38 cantilever with a spring constant of
0.03 N/m.

Biochemistry Current Topic

dx.doi.org/10.1021/bi200880p | Biochemistry 2012, 51, 5876−58935885



grating underneath. All tips landed in the Fn regions of the
grating, as shown in Figure 10B,C. Among three cells studied
on Fn gratings, this observation remains valid. Although the
height difference between Fn grating and surrounding PEG
regions is only 3.2 nm, the chemical difference, Fn versus PEG,
is sufficient to guide the filopodia movement. Our results are
consistent with the knowledge that integrins are found in the
tips of filopodia,163 which explains the preferred binding onto
Fn regions. The favored binding to Fn lines over other regions
leads to guided local motion in favor of Fn-rich areas, causing
cellular extension and migration along the grating directions.
This guiding effect is significant in cellular behavior because a
key role of filopodia is to promote cell migration and spreading,
ultimately leading to morphology evolution.162 Since the nature
of the adhesion is integrin-Fn binding instead of topographic
guidance, the binding site could initiate focal adhesion and
result in formation of actin stress fibers.164 Our results provide
further evidence that living cells are highly sensitive to local
environment at the nanoscale. By using nanotechnology,
fabrication of ligands or even biocompatible scaffolds becomes
feasible as a new and effective means to direct cell behaviors
and functions.
Fn Gratings Guide the Alignment and Spatial

Arrangement of Cytoskeleton Actin Stress Fibers. Taking
advantage of the high resolution AFM and confocal imaging
offer, we have investigated the distribution and alignment of
intracellular actin stress fibers, at the central as well periphery
regions, in relation to the engineered Fn pattern underneath.148

As shown in Figure 11A, the control Fn surface, there are six
cells within the 210 × 210 μm2 imaging frame. These cells
exhibit different geometries and random orientations, as
highlighted by confocal imaging upon fixation and phalloidin
stain.156 Zooming into the selected cells, the confocal image
shown in Figure 11B clearly reveals the location, number, and

Figure 10. Filopodia exhibit preferred contact with the Fn region over
surrounding PEG regions. (A) AFM deflection image of a very narrow
NIH 3T3 cell on the Fn nanografting as prepared in Figure 9B. The
AFM image is attained by combining three frames in order to cover
the entire cell. (B) and (C) are the successive zoom-in views of the
filopodia, whose tip always lands onto the Fn regions. AFM images are
acquired under contact mode using CSC 38 cantilevers with a spring
constant of 0.03 N/m.

Figure 11. Fn gratings guide the orientation and spatial arrangement
of intracellular actin stress fiber. (A−G) NIH 3T3 cells on control
surfaces for 24 h. (A) Confocal images of F-actin localization in fixed
NIH 3T3 cells on control. The cells were fixed and stained with Alexa
fluor 488 labeled phalloidin, and then imaged under a FluoView 1000
system (Olympus America). All confocal images were acquired using a
Plan Apo N (60×, N.A. = 1.42) oil immersion bright-field objective.
The confocal images were with emission between 500 and 600 nm
under an excitation of 488 nm. (B, C) are zoom-in confocal images of
actin stress fiber to demonstrate the orientation of actin stress fiber
follow the long axis of cell but vary from cell to cell. (D) A 40 × 80
μm2 AFM deflection of NIH 3T3 cells on control surfaces. (E) Zoom-
in AFM topography image of actin stress fiber in a 5 × 5 μm2 area. (F)
is the cursor profile as indicated in E. (G) Overlay of AFM topography
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arrangement of actin stress fibers. In this case, actin stress fibers
are present as bundles in various locations of cells. The central
bundles are aligned ±5° along the cellular orientation. There is
a higher population of actin stress fibers at the periphery of the
cells, whose long axes may differ from the overall cellular
orientation, but follow the direction of local motion. Zooming
in to different cells such as in Figure 11C, shorter actin stress
fibers than those in Figure 11B are visible, and they are aligned
with the orientation of the cell within ±10°. Since many cells
do not have a predominant polarization, several bundles of
actin fibers could follow the local orientation within the cells
(see the triangular cell in the middle right of Figure 11A). In
addition, cells do not share a common orientation on the
control surface, and actin stress fibers follow the cellular
direction and thus vary from cell to cell (note Figure 11B’s

fibers differ from those in 11C). These observations are
consistent with previous reports and were attributed to the
results of downstream focal adhesion signaling pro-
cesses.156,157,165

On Fn gratings, cells are polarized along the grating, as
discussed previously. Figure 11H displays the AFM deflection
image of overall cellular morphology of an individual NIH 3T3
cell on an Fn grating, from which the cellular orientation and
boundaries are clearly seen. Upon successive zooming into
various regions of the cell, AFM topography images Figure 11I,J
reveal that all actin stress fibers are parallel to the long axis of
the cell and follow the direction of the Fn grating. This
observation suggests that the cytoskeleton reorganization, due
to mature focal adhesion, can be guided by the Fn nanolines
underneath. Similar alignment was reported using topographic
cues,144,158,166 in comparison to our biochemical nanostruc-
tures.
More importantly, high-resolution of AFM topography also

allows a 3D view of these parallel actin stress fibers (Figure
11J). For example, height, width, and separation can be
extracted from the cursor profiles shown in Figure 11K. Figure
11L displays the overlay of the AFM topography images of
actin stress fibers with underlying Fn gratings (acquired before
cellular adhesion). The actin stress f ibers at the peripheral
regions are almost superimposed with the Fn nanolines
underneath. Such a strong guiding effect has not been reported
previously, to the best of our knowledge. As a comparison, we
displayed the fibroblast on control surfaces in Figure 11G,
which reveals no correlation between actin stress fibers and
surface structures.
The significance of our work is that Fn gratings, with the

height of 3.2 ± 0.5 nm, not only orient actin stress fibers along
the grating direction, but also determine the spatial arrange-
ment of actin stress fibers to MATCH the edges or nanolines of

Figure 11. continued

images of actin stress fiber with the underneath surface (H−L)
NIH 3T3 cells on Fn gratings. (H) The representative AFM
deflection image of a NIH 3T3 cell on Fn gratings. The AFM
image is attained by combining three frames in order to cover
the entire cell. The insets on the right show an optical view of
NIH 3T3 cells adhered to Fn gratings. (I) Zoom-in AFM
topography image shown actin stress fibers follow cell
orientation and parallel to Fn gratings, and the inset is the
underlying nanoline arrays of Fn. (J) Higher magnification of
AFM topography images of actin stress fibers in a 5 × 5 μm2

area. (K) is the cursor profile as indicated in J. (L) the overlay
of AFM topography images of actin stress fiber with underneath
Fn gratings, which indicated that the Fn on the edge of the
gratings guidance the spatial arrangement of actin stress fibers.
AFM images are acquired under contact mode in air using CSC
38 cantilever with a spring constant of 0.03 N/m.

Figure 12. The mechanism of Fn nanograting guided cellular morphology and cytoskeleton rearrangement. (A) Fn nanolines guide the initial
integrin clustering and result in the focal adhesion alignment. (B) The initial alignment propagates to the recruitment of integrin-mediated activation
of Rho family GTPases (Rho, Rac, and Cdc 42) and leading to actin organization into filopodia and stress fibers. Cdc 42 and Rac dependent
activation of PAK kinase blocks MLC kinase and contribute to the filopodia formation, while Rho mediated contractility through ROCK assembles
stress fibers. The alignment of focal adhesion leads to actin stress fiber alignment and filopodia parallel to Fn line, which leads to the polarization of
cell body, alignment, and elongation.
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Fn gratings. The strong guidance here is not topographic in
nature, as the mere 3.2 nm corrugation of Fn lines is not
sufficient to bias the cellular behavior. The key is the potent Fn
nanostructure which can bias the Fn-integrin binding, and then
the alignment of the integrin clusters.148 From previous
investigations, it is accepted that at the molecular level, integrin
mediated focal adhesions are large, dynamic protein complexes
that serve as a link between cytoskeleton of a cell and the
ECM.163,164,167−169 Our observation that nanolines could guide
intracellular actin stress fibers direction and orientation of cells,
as well as bias filopodia sensing, is consistent with the concept
that substrate biochemistry can regulate focal adhesion and
hence cytoskeleton orientation, and cellular topography and
behavior. This approach complements and enhances previously
reported guidance using topographic cues.160,170,171

Rationalizing the Observed Guidance by Nanostruc-
tures. Combining our observations with the knowledge of the
integrin mediated cellular signaling mechanism, we attempt to
rationalize the observed guiding effect of Fn nanogratings, as
shown in Figure 12. Upon contact with the Fn lines, the
integrin receptors located within the membrane of NIH 3T3
cells can migrate and bind with Fn underneath. The high local
concentration of Fn along the grating lines does bias the
integrin binding, guiding the initial integrin clustering and
resulting in the focal adhesion alignment, as illustrated in Figure
12A. This initial event could manifest into downstream
processes, such as in Figure 12B. Clustering of integrin
initiated by ligand binding results in recruitment of focal
adhesion proteins such as tensin and tyrosine kinases to the
integrin clusters, and then mediates further downstream cell
signaling leading to cell adhesion, migration, and gene
expression.10,167,168 For example, the integrin-Fn clustering
along the grating initiates the biased focal adhesion assembly
and activation of Rho family GTPases such as Rho, Rac, and
Cdc42.172 These three molecules are very important for the
adhesion dependent actin polymerization. Rho mediated
contractility though ROCK leads to formation of actin stress
fibers.167,172−174 Rac and Cdc42, though regulation of actin
dynamics, contribute to formation of the forward protrusion,
such as filopodia,172,174 whose evolution during cellular
spreading is critical in regulating morphology, that is, the
alignment and elongation of the cells on gratings.
Comparison of the guiding effect of our Fn nanogratings to

previously reported microstructure indicates that engineered
nanostructure of Fn provides an alternative and more potent
guidance for fibroblast than previous means via physical
constraints such as microgrooves. The key is to ensure the
presentation of Fn could preserve the potency of the protein. In
our nanolines with a height of 3.2 ± 0.5 nm, the Fn gratings
exhibit the strongest effects of cellular polarization, biased
filopodia sensing, and alignment of intracellular actin stress
fibers. More importantly, the actin stress fibers at the peripheral
of cells are superpositioned with the Fn nanolines underneath.
The strong guidance is also an indication that the integrin
mediated process is the most important and relatively fast event
in the cellular adhesion, local motion, and morphology, among
fibroblasts. We infer that similar guiding effects may prove
potent and effective for other cell types, such as endothelial
cells102,141,142,175,176 and human mesenchymal stem
cells,139,177,178 where ECM-integrin mediated processes dom-
inate. Therefore, we encourage researchers to consider applying
the nanoengineered structure of ECM protein to regulate

cellular function via biochemical cues instead of topography
and physical cues.

■ CONCLUDING REMARKS AND FUTURE
PROSPECTIVES

The ability to investigate and control cellular signaling
processes is of great importance in science and technology.
Molecular level investigation of cellular signaling cascades
provides fundamental information about cellular behavior at the
single cell level, and as such facilitates our understanding of
their collective behavior at high levels, including disease
formation and functions of tissues and organs. This current
topic introduces a new alternative: engineered nanostructures
with designed geometry and chemical functionality. The
designs are based on the requirements of specific cellular
signaling processes, such as antibody-mediated mast cell
activation, or focal adhesion among fibroblasts. The key is to
match both the geometry and biochemical reactions dictated by
the ligand-membrane receptor interactions. For the two
processes discussed, nanogrids of DNP with 20 nm separation
and nanolines of Fn were designed and produced, respectively.
The regulation efficacy appears to be very high, prominent in
comparison to previously used cues. We envision that this
report would trigger further effort for regulation of other cell
types and corresponding signaling processes and cellular
functions. The outcomes from use of nanobiotechnology
push the boundaries of technological capabilities and provide
substantial new insights into regulation of cellular signaling
processes and further cell behaviors. Nanoengineered surfaces
also can be used for scaffold design, offering the potential to
induce desired phenotype and genotype for tissue-engineering
applications.
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