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Protein nanoarrays on a highly-oriented lamellar surfacew
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Well-aligned nanopatterns of various serum, antithrombogenic
and cell adhesive proteins, such as c-globulin, ﬁbrinogen,
thrombomodulin, ﬁbronectin and type I collagen, were
fabricated on a highly-oriented block copolymer lamellar
surface, and these bioactive protein nanoarrays will be useful
in biological research.
The nano- or micropatterning of proteins is of great interest
not only for fundamental biological research involving cell
biology,1a but also for applications in high-throughput
screening.1b In general, two types of approaches, the bottom-up
and top-down methods, have been used for the fabrication of
protein patterns. Bottom-up approaches, for example dip-pen
lithography,2a ink-jet printing2b and scanning probe
patterning,2c have been employed to pattern proteins onto
solid surfaces. Although these approaches can immobilize
proteins at the desired positions with high resolution (i.e., tens
of nanometres), control of experimental parameters such as
humidity, substrate roughness and ink viscosity is necessary.
Historically, top-down approaches have been developed using
various lithographic techniques, typically microcontact
printing,1a photolithography3a and nanoimprint lithography.3b
These lithographic techniques have advantages in terms of low
cost and time saving, however precise patterning at the nanometre scale is diﬃcult to achieve with these techniques.
Although, highly-aligned nanopatterned proteins have been
recently reported using focused ion beam lithography,4 expensive
instruments are required.
Recently, a bottom-up approach with a substrate possessing
spatially-deﬁned bioadhesive patterns on a background which
resists protein adsorption has attracted much attention in protein
patterning.5 In particular, a self-assembled regular lamellar
pattern of diblock copolymers is a valuable candidate to control
the spatial resolution of the adsorbed proteins on the nanometre
scale by site-selective adsorption.6 However, it is diﬃcult to
fabricate perfect periodic domain ordering over a large area
a
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(the micrometre-scale), and defects exist at the edges of the grain
boundaries.7 Furthermore, the precise control of the alignment
of the hydrophobic domains (protein adsorption domains) for a
lamellar morphology is necessary for use in a protein array.
We have recently reported the defect-free, well-aligned
nanopatterns of a block copolymer, poly(styrene-block-methyl
methacrylate) (PS-b-PMMA), at an ultra-large scale by
directed self-assembly8a–c and hierarchical self-assembly8d,e
methods. In particular, well-aligned lamellar morphologies
possessing a 48 nm periodicity (approximate 24 nm width of
alternating PS and PMMA domains) were successfully
fabricated over 0.4 mm  0.05 mm by the lithography-free,
hierarchical self-assembly method. In this communication, we
report for the ﬁrst time the precisely-controlled and aligned
nanopatterning of bioactive proteins at the tens of micrometres scale using our well-aligned lamellar surfaces.
The well-aligned lamellar ﬁlms of the PS-b-PMMA copolymer
were fabricated by hierarchical self-assembly based on the
previous report (see ESIw).8e Brieﬂy, a thickness-modulated
ﬁlm of the symmetric PS-b-PMMA (Mn: 1.04  105 g mol 1,
unit numbers of PS and PMMA blocks are 500 and 520,
respectively) was prepared on a neutrally modiﬁed substrate.
The thickness-modulated block copolymer ﬁlm was prepared
via various methods such as solution dropping, dewettinginduced micropatterning, and thermal imprinting. In this case,
we used a solution dropping method for the ﬁlm preparation.
The neutral substrate surface has the same interfacial tension
as the PS and PMMA components. Therefore, the thin ﬁlm
conﬁnement develops a surface perpendicular oriented
lamellar morphology in an equilibrium morphology.9 After
suﬃcient thermal annealing at high temperature, a lamellar
morphology highly-aligned along the thickness gradient was
observed in the thickness-modulated ﬁlms. The spontaneous
alignment of the lamellar domain is a unique feature
exclusively observed in the thickness-modulated part of the
ﬁlm. Fig. 1a shows atomic force microscope (AFM) images of
lamellar ﬁlms of 5 mm  5 mm area, and the height proﬁle of
the nanopatterned surface. The hydrophobic PS domains were
lower than the hydrophilic PMMA domains by 1.5 nm.6a
Nanoarrays of bioactive proteins, especially serum proteins
and cell adhesive proteins, were fabricated on the aligned
lamellar ﬁlms (see ESIw). Fig. 1b shows the nanopatterning of
g-globulin, one of the major serum proteins (Mw: 60–80 kDa),
on the aligned lamellar surface. The g-globulin molecules were
selectively adsorbed without any aggregation onto hydrophobic
PS domains, and the unidirectional orientation of g-globulin
nanoarray agreed well with the 48 nm periodic lamellar
spacing. The accumulation of g-globulin molecules in the PS
regions leads to an inversion of the AFM topographic
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Fig. 3 AFM images of adsorbed ﬁbronectin (FN) on: (a) PS-b-PMMA
aligned lamellar ﬁlms, and (b) a glass plate after the deposition of
0.4 mg ml 1 FN in PBS for 20 s at 25 1C. The inset images show the
magniﬁed morphologies of FN.
Fig. 1 (a) AFM image of a well-aligned PS-b-PMMA copolymer ﬁlm
of 5 mm  5 mm area. The inset shows a magniﬁed image. The height
proﬁle was taken along the red line indicated in the inset image.
(b) AFM image of the lamellar surface of 1 mm  1 mm after the
deposition of 4.0 mg ml 1 g-globulin in phosphate buﬀered saline
(PBS) for 10 min at 25 1C. The height proﬁle was taken along the red
line in the image. (c) Schematic cross-sectional image of the adsorbed
g-globulin on the PS domains.

contrast: the bright, and therefore higher, areas in Fig. 1b
correspond to g-globulin molecules assembled on PS domains,
which were initially 1.5 nm lower in height than the neighboring
PMMA domains. g-Globulin molecules on the PS domains
exhibited an average height of 1.8 nm greater than the
neighboring PMMA domain regions. Fig. 2 shows the nanopatterning of: (a) human thrombomodulin (hTM) and
(b) ﬁbrinogen on the aligned lamellar surfaces. hTM
(Mw: 72 kDa) is an endothelial cell-associated protein with
potent natural anticoagulant activity by converting thrombin
from a procoagulant protease to an anticoagulant.10a,b
Fibrinogen is well-known as a hydrophobic serum glycoprotein
(Mw: 340 kDa) possessing procoagulant activity. Both
proteins revealed strong orientation on the surface, similar
to g-globulin, but some ﬁbrinogen molecules crossed over the
neighboring PMMA domain (Fig. 2b), possibly due to the
ﬁbrous morphology of the ﬁbrinogen. However, most ﬁbrinogen
molecules extended individually in unidirectional PS nanocrevasses. The amount of protein adsorbed on the PS domains
increased with increasing concentration and deposition time of
the protein solutions, and the adsorbed proteins were stable
even after 24 h of incubation in PBS (data not shown).

Fig. 2 AFM images of aligned PS-b-PMMA copolymer ﬁlms of
1 mm  1 mm area after the deposition of (a) 10 mg ml 1 hTM and
(b) 1.0 mg ml 1 ﬁbrinogen in PBS for 10 min at 25 1C.

1912 | Chem. Commun., 2010, 46, 1911–1913

Since the site-selective adsorption and adsorbed morphology
seemed to be strongly inﬂuenced by the ﬂexibility and rigidity of
the proteins, ﬁbronectin and type I collagen were selected as
examples of ﬂexible or rigid proteins, respectively. Fibronectin
(FN) is known to be a multifunctional extracellular matrix
(ECM) glycoprotein that plays an important role in cell adhesion,
and FN is a ﬂexible dimer (Mw: 500 kDa).10c Type I collagen
(Col I) is also an important ECM protein for cell adhesion, and
Col I is known to have a rigid rod-like triple-helical structure
(length: 300 nm, Mw: 300 kDa).10d Fig. 3 shows the morphologies
of FN adsorbed onto the aligned lamellar ﬁlm and a glass plate.
FN was also selectively adsorbed onto PS domains similar to
the other proteins, and a completely extended conformation
was clearly observed (Fig. 3a). On the other hand, a globular
but not compact (aggregate) morphology of FN was observed
on the glass plate (Fig. 3b). The average apparent length of the
FN on the lamellae was 148.4  18.2 nm, about four-times
longer than on the glass surface (38.5  6.5 nm) (n = 5).
Bergkvist and co-workers reported the eﬀect of the surface
physical properties on the adsorbed FN morphology, and the
globular conformation was predominant on hydrophilic
surfaces such as silica, although a compact morphology was
preferred on a hydrophobic surface.10e However, to the best of
our knowledge, this is the ﬁrst report of completely extended
and aligned FN nanopatterning. Since it is known that
functional domains of FN are normally hidden in the interior
by steric hindrance, such an extended FN nanoarray may be a
powerful tool for biological assays of cellular function.
Finally, we performed Col I adsorption on these wellaligned lamellar ﬁlms at diﬀerent incubation times (Fig. 4).
The Col I molecules did not show any orientation, possibly
due to the rigid triple-helical conformation and thicker
diameter than the PS domain. Interestingly, almost all of the
adsorbed parts of Col I seemed to interact with hydrophobic
PS domains (Fig. 4a). Furthermore, a regular meshwork
morphology similar to an iron grille was clearly observed in
relation to the incubation time, although this regular meshwork was not observed on the PS-b-PMMA random lamellar
surface (Fig. 4b–d). We hypothesized that the iron grille
meshwork was due to the unidirectional alignment of the PS
domains, because the mesh size was about 50 nm, similar to
the 48 nm periodic lamellar spacing. This unique meshwork
structure of type I collagen will be useful as a cell adhesive
nano-network.
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Fig. 4 AFM images of adsorbed type I atelocollagen (Col I) on
PS-b-PMMA aligned lamellar ﬁlms after the deposition of 4.0 mg ml 1
FN in PBS for: (a) 20 s, (b) 10 min and (c) 1 h at 25 1C. Insets show the
magniﬁed Col I, and the arrows in (a) indicate the selective adsorption
of Col I molecules onto the PS domains. (d) Col I adsorbed on
PS-b-PMMA random lamellae for 1 h at 25 1C.

In conclusion, novel protein nanoarrays were successfully
fabricated at the tens of micrometres-scale using well-aligned
lamellar ﬁlms of PS-b-PMMA copolymer. We found that the
selective adsorption and morphology of proteins were
inﬂuenced by the physicochemical properties of the proteins, such
as ﬂexibility, rigidity, size and length. The well-oriented nanopatterning of various serum proteins such as g-globulin, ﬁbrinogen
and TM was obtained, and the cell adhesive protein FN gave an
extended nanoarray on the aligned lamellar surface. Furthermore,
type I collagen showed a unique meshwork conformation like an
iron grille on the aligned block copolymer surface. These protein
nanopatterns might be valuable for biological assays.
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