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Abstract

We herein present a novel platform of well-controlled ordered and disordered nanopatterns
positioned with a cyclic peptide of arginine-glycine-aspartic acid (RGD) on a bioinert poly(ethylene
glycol) background, to study whether the nanoscopic order of spatial patterning of the integrin-
specific ligands influences osteoblast adhesion. This is the first time that the nanoscale order of RGD
ligand patterns was varied quantitatively, and tested for its impact on the adhesion of tissue cells.
Our findings reveal that integrin clustering and such adhesion induced by RGD ligands is dependent
on the local order of ligand arrangement on a substrate when the global average ligand spacing is
larger than 70 nm; i.e., cell adhesion is “turned off” by RGD nanopattern order and “turned on” by
the RGD nanopattern disorder if operating at this range of inter-ligand spacing.

Integrin plays a central role in the formation of focal adhesions (FAs), which anchor cells to
the extracellular matrix (ECM) High-affinity binding of the integrin transmembrane proteins
to ECM ligands has been extensively exploited for tailoring artificial synthetic ECM systems.
2 Thus far, it has been reported that cell responses to the synthetic ECM depend to a large
extent on multiple substrate features, such as its chemical composition,”~° geometry and
topographical features,’ ligand 0rganization,8’9 and even substrate stiffness.10-11 Tn
particular, the spatial organization of the integrin-specific peptide sequence of arginine-
glycine-aspartic acid (RGD) on non-fouling substrates has attracted much attention. This
sequence, contained in many ECM proteins, can be recognized by all five aV integrins (aV/1,
aVp3, aVps, aVp6, aVp8), two f1 integrins (aSF1, a8f1) and allbf3. 12 Once ligated, the
integrin receptors link the ECM to the cytoskeleton and integrate intracellular and extracellular
events. Furthermore, it is known that cellular behaviors such as adhesion, migration,
proliferation and differentiation, are quite sensitive to the bioactivity, tether length,
interspacing and density of surface RGD ligands in artificial ECM materials. 13—

Recent developments in nanotechnology have given access to the nanoscale organization of
RGD ligands in both inorganic and polymeric substrates mimicking ECMs. Research
concerning randomly dispersed RGD ligands grafted onto polymeric materials suggested that
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cell adhesion and spreading can be dramatically reduced when the average ligand spacing was
beyond ~67 nm!3:16,18,19.22 Tpe precise determination of ligand spacing suffers, however,
from difficulties in estimating the surface density from a bulk concentration, and also from the
polydispersity of local ligand spacings which is the distance between two adjacent
biomolecules. On the other hand, ordered nanopatterning of ligands on non-fouling interfaces
by mearis?) of newly established micelle nanolithography techniques, has been applied in cell
studies.~~™

Nevertheless, there has been no report to date of studies comparing cellular responses to
nanostructured surfaces characterized by ordered or disordered organization of biomolecules
such as RGD ligands. Herein, we chose to examine this critical issue in cell-nanomaterial
interactions by exploring osteoblast adhesion regulated by the nanoscale organization of RGD
ligands in defined orders. In particular, we investigated how cellular behaviors are influenced
by the lateral positioning of single integrin receptors with a series of average interdistances
and varied polydispersity of interdistances under a defined particle density.

In this work, both ordered and disordered c(-RGDfK-)-thiol ligand nanopatterns on poly
(ethylene glycol) (PEG) interfaces were fabricated. The experimental procedures are
schematically depicted in Figure 1. First, ordered and disordered gold (Au) nanopatterns were
prepared on glass substrates via the previously reported micelle nanolithography technique,
usin% polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP) as the main template polymer.
28,291 particular, the present paper introduces a modified micellar modulation approach to
the fabrication of corresponding disordered Au nanopatterns, involving the addition of
homopolymer polystyrene (PS) as an ordering interference reagent. Au nanopatterns were
obtained by oxygen plasma treatment of a self-assembled monolayer of micelles loaded with
hydrogen tetrachloroaurate (HAuCl4).30 Subsequently, the area on the glass substrate not
covered by Au nanoparticles was covalently grafted with a monolayer of the linear PEG-silane
(2—[methoxy(polyethyleneoxy)pro;zngl]trimethoxysilane, namely M-PEG-Si(OMet)3), to
prevent nonspecific cell adhesion. »31 The adhesive dots for cells were then constructed by
coupling c(-RGDfK-)-thiol ligands to Au nanoparticles via the thiol group, so that each
nanoparticle could bind up to one integrin. Finally, MC3T3-E1 osteoblasts, known to express
several subtypes of integrins (e.g., aVf3 and aVf5), were utilized, to evaluate cell adhesion
on various nanopatterns of c(-RGDfK-)-thiol ligands. As a control, experiments involving cell
adhesion to RGE functionalized and non-functionalized Au nanoparticle patterns were
conducted. No significant cellular response to such patterns was seen, in agreement with
previous findings,23’24’26 indicating that adhesion is entirely due to the cell’s interaction with
c(-RGDfK-)-thiol ligand-modified Au nanoparticles.

As a result, the order of nanopatterns could be well-controlled by the addition of PS
homopolymer as an ordering interference reagent. The ratios of PS/PS-b-P2VP were altered
to adjust the spatial order, while avoiding either the aggregation or the distortion of micelles.
The interparticle distance or particle density of nanopatterns was modulated by varying the
preparation conditions, such as the molecular weight of PS-b-P2VP, the concentration of the
micelle solution, and the pulling speed of substrates during dip-coating.26’28’29 Moreover,
the diameter of the Au nanoparticles was adjusted by varying the loading amount of the metal
precursor HAuCly in the micelles. Au nanopatterns with defined orders and sizes were
produced by means of dip-coating and subsequent plasma etching. The samples were
characterized by atomic force microscopy (AFM). The image data were statistically processed
by a self-designed program to obtain values such as the order parameters as defined in the
Supporting Information. As shown in Table 1, the resulting nanopatterns, with and without
addition of the homopolymer, exhibited significantly different order parameters. Figure 2a—h
shows representative AFM images of ordered and disordered Au nanopatterns on glass
substrates, with average interparticle distances varying from 55 to 101 nm.
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A typical AFM image of a nanopattern after PEG- passivation and RGD-coupling is shown in
Figure 3a. This treatment also influenced the height of the Au nanoparticles and the global
wetting behavior of the surface, as shown in Figure 3b and c. After passivation, a smooth PEG
layer with a thickness of ~2.3 nm was formed on the glass surface. The contact angle of water
against differently prepared glass surfaces increased from 4.6 + 1.3° to 35.3 £ 0.8° and 35.2 +
0.6° (for nanopatterned and non-nanopatterned regions, respectively). The functionalization
of c(-RGDfK-)-thiol ligands to Au nanoparticles resulted in a ~2.1 nm increase in particle
height, and a slight drop of contact angle to 34.7 + 0.9°. Furthermore, the borderline (the so-
called “dipping line” formed during the dip-coating process) between the nanopatterned region
and the non-nanopatterned region was clearly delineated by cells adhering to the surface even
after 48 h in culture (Figure 3d), illustrating the success of PEG-passivation and subsequent
RGD-coupling.

In this work, the RGD-adhesive particles in the final ligand nanopatterns were slightly above
10 nm in height. Since the diameter of an integrin is approximately 8—12 nm,32 each RGD-
adhesive particle provides an individual anchoring site for a single integrin to bind. In principle,
one integrin binds specifically to only one c(-RGDfK-)-thiol ligand. Once occupied by an
integrin, the anchoring site will be inaccessible to neighboring integrins due to steric hindrance.
Furthermore, since the spacer between the c¢(-RGDfK-)-thiol and the Au nanoparticle is ~2 nm,
the diffusion amplitude of the immobilized c(-RGDfK-)-thiol ligand is estimated to be less
than 1 nm. Hence, the spatial arrangement of the original Au nanopatterns well reflects the ¢
(-RGDfK-)-thiol ligand lattice, and thus the final lateral positioning of integrins, which may
trigger focal adhesion formation.

In the next step, cell adhesion experiments were performed with MC3T3-E1 osteoblasts on
ordered and corresponding disordered c(-RGDfK-)-thiol ligand nanopatterns. Micrographs of
fluorescently labeled cells were taken after 24 h in culture, as shown in Figure 4a—h. The
number of adherent cells per unit area and the average projected area per cell were statistically
quantified to correlate with the ligand order as well as the inter-ligand distance (Figure 41, j).

In the case of ordered c(-RGDfK-)-thiol ligand nanopatterns, when the average inter-ligand
spacing increased from 55 to 100 nm, and the ligand density decreased from 413 +6to 118 +
9 um2, a remarkable change in MC3T3-E1 osteoblast morphology was observed, from well-
spread to a spike-like shape, and eventually to a highly elongated shape (Figure 4a—d).
Especially on ordered 94 nm- and 100 nm-spaced nanopatterns, only a small fraction of
attached cells could be seen. In contrast, only slight variations in cell morphology and density
could be found on disordered nanopatterns (Figure 4e—h). Even if the average inter-ligand
spacing increased beyond 92 nm, a number of well-spread cells could still be observed.

A significant change in the number of adherent cells was also revealed by statistical analysis.
On the ordered ligand nanopatterns, as inter-ligand spacing increased, both the number of
adherent cells and the projected cell area dropped sharply, from ~192 to ~56 mm 2 and from
~2840 to ~1760 pm?/cell, respectively. On the corresponding disordered ligand nanopatterns,
relatively weak changes were observed, from ~199 to ~97 mm ™2 and from ~2930 to ~2570
um?/cell, respectively. Hence, the disordered nanopatterns provide a much greater variety of
ligand densities for positive cell adhesion.

To further demonstrate the different types of osteoblast adhesion on ordered and disordered
RGD nanopatterns, fluorescent immunostaining experiments were performed. The
intracellular proteins actin and vinculin, generally involved in FA formation, were
fluorescently labeled and monitored by high magnification microscopy, as shown in Figure 5.
In agreement with Figure 4, despite the morphological changes in cells due to variations in the
global average inter-ligand spacing, cells plated on disordered ligand nanopatterns spread
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significantly more effectively than those on the ordered ligand nanopatterns if the average
ligand spacing in the former or the latter instance was larger than 70 nm. Thicker filamentous
actin bundles were observed in cells growing on disordered ligand nanopatterns, compared to
the corresponding ordered ones (Figure SA). Vinculin denotes the locations of FA, to a certain
extent. As shown in Figure 5B, throughout the varied range of global average inter-ligand
spacing, considerably stronger expression and defined clustering of vinculin in cells plated on
disordered samples were seen, while those on ordered samples were relatively weak except for
the 55 nm-spaced nanopattern.

In the case of quasi-hexagonal ordered ligand nanopatterns, cell adhesion revealed a strong
dependence on the average inter-ligand spacing (Figures 4 and 5). A critical ligand spacing of
~70 nm (a global ligand density of ~231 um~2) was revealed, above which cell attachment and
spreading were highly restricted. This value is quite consistent with previous findings, and is
typical for many cell types.23 24,26 Notably, the average global inter-ligand spacing well
represents the actual local ligand spacings in ordered nanopatterns, due to their relative
monodispersity. The negative cellular response to ligand spacings beyond ~70 nm is ascribed
to a lack of effective integrin clustering, inhibiting the formation of stable FAs and actin fiber
networks, as schematically presented in Figure 6. In principle, integrins in the cell membrane
could still be activated by c(-RGDfK-)-thiol ligands with > ~70 nm spacings, via the specific
anchoring junction. In the case of overly large interdistances, however, subsequent integrin
interaction is restricted. By observing cell behavior on an ordered nanopattern, Cavalcanti-
Adam et al. found that overlarge inter-ligand spacing significantly delayed cell spreading and
protrusion-retraction Cycles.2 Recently, it was also hypothesized that the cellular adhesion
apparatus has its own internal periodicity of 67 nm.22 The dimension fits well with the
molecular sizes of a-actinin or talin which fall within ca. 60 nm.33 To some extent, cells may
adjust this periodicity to fit the extracellular binding sites.20 As schematically shown in Figure
6, we propose that a critical lateral distance appears, due to the requirement of lateral
crosslinking of intergins by proteins such as a-actinin or talin. In either case, effective integrin
clustering is required, following activation of the integrin via RGD binding. Hence, a critical
interdistance of RGD functionalized Au nanoparticles becomes key to an effective outside-in
transduction signal. The fabrication of ordered and disordered nanopatterns, suggested for the
first time in the present study, provides an excellent tool to study this view, as nanopatterns
that are merely ordered with a series of interdistances, cannot decouple global RGD density
and local intermolecular spacing.23’27 Results from random coating or grafting of ligands are
less deterministic and may not help in answering the role of inter-biomolecule separation on
cell adhesion. Our results indicate that the effect of order degree is not significant if the
interdistance of RGD ligands is less than 70 nm. However, Figure 4 and 5 reveal much
difference between cell adhesion on ordered and disordered nanopatterned surfaces, when the
average inter-ligand spacing exceeds 70 nm. Given that an FA can only be formed when the
local spacings of underlying integrins are below 70 nm, we presume that the integrins could
be divided into two classes, clustering and non-clustering (Figure 6¢,d; denoted by black disks
and white disks, respectively). Here, an integrin is defined to be in a “cluster” if the distance
between this integrin and its nearest neighboring integrin is less than the critical ligand spacing;
i.e., 70 nm. Lately, the critical number of activated intergins with a lateral spacing of less than
70 nm, which enables FA formation, was determined to be six per adhesion site which supports
the point of view that local clustering of integrins is mandatory for stable adhesion formation.
27 The average inter-ligand spacing is directly equivalent to local inter-ligand spacing, only
in ordered nanopatterns. Due to polydispersity, a disordered nanopattern clearly leads to more
integrin clustering (Figure 6¢) than a corresponding ordered one, when the global average
interdistance is above the critical ligand spacing..

In conclusion, both ordered and disordered c(-RGDfK-)-thiol ligand nanopatterns on PEG-
passivated supports were successfully fabricated for the lateral positioning of integrins as single
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adhesion receptors in defined orders and spacings in cell adhesion processes. The osteoblast
adhesion quality on these substrates were examined in a comparative manner and proved that
order in adhesive nanopattern matters if local ligand-ligand spacing is > 70 nm. By decoupling
RGD density and molecularly defined interdistance of biomolecules, we first confirmed the
existence of a critical local inter-ligand spacing of ~70 nm, above which cell adhesion was
strongly reduced. Second, compared to the ordered ligand nanopattern, the disordered partner
provided a much wider range of variation in local inter-ligand spacing for positive cell
adhesion, which is due to the polydispersity of local inter-ligand spacings. Therefore, stable
adhesion of osteoblasts on disordered nanopattern surfaces is activated at less global adhesion
ligand density than it is possible on ordered once.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic presentation of surface-nanopattern preparation for cell adhesion studies. (a)
Micelle nanolithography technique for making ordered (1) and disordered (2) Au nanopatterns
on glass surfaces. Here, PS homopolymers were used as an ordering-interference reagent. (b)
Fabrication of ligand nanopatterns on PEG-passivated glass. The glass surface was grafted
with M-PEG-Si(OMet)s as a self-assembled monolayer to prevent cell adhesion. Then the
protruding Au nanoparticles were biofunctionalized with ¢(-RGDfK-)-thiol ligands.
Subsequently, cell adhesion behaviors on the resulting RGD-nanopatterned surfaces were
examined.
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(h) D101

Figure 2.

AFM images of corresponding ordered (a,b,c,d) and disordered (e,f,g,h) gold nanopatterns on
glass substrates. Samples are labeled at the top left of each image with the numbers representing
the average interparticle distances summarized in Table 1. Scale bars: 400 nm.
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pattern after a given treatment
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(a) An AFM image of an Au nanopattern (ordered 112 nm-spaced) with Au nanoparticles
coupled with c(-RGDfK-)-thiol ligands. (b) Particle height of nanopatterns, tracing the
preparation process: the original Au nanopattern (ordered 112 nm-spaced), a PEG-passivated
nanopattern and a PEG-passivated plus RGD-functionalized nanopattern. (c¢) Surface contact
angles yielded by the different surface preparation process. (d) A fluorescent micrograph of
MC3T3-El osteoblasts stained for actin (red) and nuclei (blue) after 48 h in culture, on an
ordered 42 nm-spaced ligand nanopattern. The borderline between the RGD region (left) and
the non-nanopatterned region (right) was clearly marked by adhering cells.
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(a—h) Fluorescent micrographs of MC3T3-E1 osteoblasts labeled for actin (red) and nuclei
(blue) after 24 h in culture on ordered (a—d) and disordered (e-h) ligand nanopatterns. All the
supports for Au nanopatterns used here were PEG-passivated and the Au particles coupled
with c(-RGDfK-)-thiol ligands. Specific nanopatterns are labeled at the top left of each image,
with the numbers representing the average inter-ligand distances. (i) Number of cells attached
per unit area and (j) projected cell area. An unpaired Student’s t-test was carried out to compare
these results (N = 12), with p < 0.05 as the criterion of significant difference. Asterisks denote
statistical significance from ordered and disordered nanopatterns with similar interparticle
distances. Significant differences were also found between any two of the ordered patterns
except for 94 and 100, and between any two of the disordered patterns in (i). Significant
differences were found between any two of the ordered patterns, and between D73 and either

D92 or D101, for the disordered patterns in (j).
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Figure 5.

High-magnification fluorescent micrographs indicating the distributions of actin (A, red),
vinculin (B, green) and nuclei (blue) in typical cells. The inset at the top right of each image
shows the magnified portion of the cellular structures. Here, MC3T3-E1 osteoblasts were
cultured for 24 h on ordered and disordered RGD-adhesive nanopatterns, in parallel with the
work presented in Figure 4. Specific nanopatterns are labeled at the top left of each image, with
the numbers representing the average inter-ligand distances.
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Figure 6.

Sketch of integrin clustering and subsequent focal adhesion formation regulated by different
c¢(-RGDfK-)-thiol ligand nanopatterns. The spatial arrangement of the original Au nanopatterns
well reflects the c(-RGDfK-)-thiol ligand lattice and thus, the final lateral positioning of single
integrins during cell adhesion. (a) A spacing of < 70 nm between two neighboring ¢(-RGDfK-)-
thiol ligands results in effective integrin clustering and focal adhesion complex formation,
followed by the formation of the F-actin cytoskeletal network (only some of the intracellular
molecules were depicted here). (b) In contrast, a spacing of > 70 nm, as such, results in neither
integrin clustering nor FA complex formation. (c, d) It was presumed that all integrins that
potentially bind c(-RGDfK-)-thiol ligands over each nanopattern could be classified as
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clustering integrins (black disks); non-clustering integrins (white disks) resulted from
interdistances above a critical value. Even at a global average inter-ligand spacing of >70 nm,
a disordered nanopattern still displayed some clustering integrins, which was not the case for
ordered patterns with inter-ligand spacings of >70 nm.
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Table 1
Basic characteristics of ordered/disordered surface nanopatterns

Au nanopatterns Interparticle distance (nm)(c) Order parameter(d) Particle density (particles/pmz) Particle diameter (nm)
55(@) 549+84© 0.3950.168(®) 413260 1052210
70 703 £11.1 0.510 £ 0.066 2315 8.7+13
94 93.6+14.2 0.446 +0.153 135+6 15014
100 99.8 £13.7 0.529 £0.122 118+9 150+1.4
Dsg® 583 +13.2 0.125 £ 0.043 362 +45 104+ 1.6
D73 73.1+14.6 0.155 +0.055 232+9 10.0+1.6
D92 91.9+£20.8 0.121 £ 0.046 145+ 11 104 £1.7
D101 101.4 £25.7 0.120 £ 0.044 117 £21 13.5+£2.7
42 41.6+94 0.384 +0.179 685+ 16 89+0.5
112 1122 +£16.6 0.358 £0.171 92+18 146 +£3.2
@

Abbreviation of ordered Au nanopatterns with an average interparticle distance of 55 nm.

(b)

Abbreviation of disordered Au nanopatterns with an average interparticle distance of 58 nm.

(©
(d)

Degree of order calibrated via a sixfold bond-orientational order parameter.

Global average center-to-center distance of nearest neighboring Au nanoparticles.

©

Mean standard deviation.
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