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ABSTRACT: For the bridging adhesion of different classes of
materials in their intact functional states, the adhesion of
biomolecules onto inorganic surfaces is a necessity. A new
molecular design strategy for bridging adhesion was
demonstrated by the introduction of two independent
recognition groups on the periphery of spherical complexes
self-assembled from metal ions (M) and bidentate ligands (L).
These dual-functionalized M12L24 spheres were quantitatively
synthesized in one step from two ligands, bearing either a
biotin for streptavidin recognition or a titania-binding aptamer,
and Pd(II) ions. The selective recognition of titania surfaces was achieved by ligands with hexapeptide aptamers (Arg−Lys−
Leu−Pro−Asp−Ala: minTBP-1), whose fixation ability was enhanced by the accumulation effect on the surface of the M12L24
spheres. These well-defined spherical structures can be specifically tailored to promote interactions with both titania and
streptavidin simultaneously without detrimentally affecting either recognition motif. The irreversible immobilization of the
spheres onto titania was revealed quantitatively by quartz crystal microbalance measurements, and the adhesion of streptavidin to
the titania surface mediated by the biotin surrounding the spheres was visually demonstrated by lithographic patterning
experiments.

■ INTRODUCTION

Bridging adhesion of biomolecules onto inorganic surfaces
without preprocessing is an important fundamental technique
that has been developed for analytical methods in order to
reveal biological functions. Anchoring biomolecules onto a
sensor tip can convert the interaction with the corresponding
substrate into an electric signal or fluorescent output, which
allows for the interaction to be quantified. Some examples
include an antibody-immobilized chip that has been applied for
the diagnosis of diseases by the detection of an antigen-like
virus,1 DNA strands of different sequences that have been
displayed on a chip in order to detect the complementary
DNA,2 and proteins that have been arrayed on a chip to
identify the binding proteins or to construct continuous flow
reactor systems.3

Beyond analytical applications, these unique materials,
known as “biominerals” when produced in nature, that are
composed of inorganic materials and biomolecules have
attracted the attention of chemists4 due to their strong yet
light material properties, which many different creatures exploit
in order to construct their exoskeletal supports. These exquisite
mechanical properties are suitable for applications in
regenerative medicine, and many efforts have been made to
“glue” normally irreconcilable biomolecules with stable metals

through surface modification of that metal.5 Titanium is one of
the most promising materials because of its excellent
mechanical properties, including corrosion resistance, which
make it suitable as an implant material in the treatment of
certain oral conditions.6 To overcome the weak cell-binding
properties of titanium, protein modification on the surface of
titanium (i.e., titania) has been examined, and the key to glue
titanium to cells has been found to be a sequence-modified
protein bearing both titania-binding and cell-binding peptides.7

The peptide that recognizes inorganic surfaces is called a
material-binding peptide aptamer, which noncovalently binds
to a specific inorganic surface without premodification.8 The
peptide aptamer is easily synthesized and can be introduced
into proteins during artificial synthesis or genetic modification.
The binding affinity of each peptide aptamer is generally not
strong, but the accumulative effect has been demonstrated to be
enough in order to realize firm fixation.
We have developed the synthesis of designable spheres by

self-assembly based on coordination chemistry9 with compo-
nent ligands that can be decorated with a variety of functional
groups. When transition metal ions (M) and bidentate ligands
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(L) are mixed in solution, a family of MnL2n spheres is
efficiently synthesized.10 The outside and/or inside of the
sphere can be modified with functional groups that can be
introduced to the starting ligand before the self-assembly of the
sphere takes place. Once assembled, these functional groups
densely accumulate, yielding a characteristic localized environ-
ment on the surface and/or in the cavity of the spheres. These
localized environments can be exploited to selectively recognize
small organic molecules11 or large biomolecules12 and to
effectively work as templates for inorganic nanomaterial
syntheses.13 In spite of these cumulative examples, spheres
bearing different functional groups for the simultaneous
recognition of different targets have not been reported.
A titania-binding peptide aptamer, known as the minTBP-1

hexapeptide aptamer (Arg−Lys−Leu−Pro−Asp−Ala), has
been developed by the phage display method,14 and reversible
binding on titania was observed when 20 of the peptide
aptamers were introduced at the periphery of ferritin, a protein
with a diameter of 12 nm (the surface density of the peptide
aptamer was 0.044 chain/nm2).15 The binding affinity of the
ferritin, which was decorated with the peptide aptamers on its
surface, was enhanced by 2 orders of magnitude compared to
that of a single peptide aptamer. In previous work, we showed
that an M12L24 sphere with a diameter of 3.5 nm decorated with
24 minTBP-1 peptide aptamers showed even stronger
irreversible binding on titania due to the increased surface
density of the peptide aptamer (0.62 chain/nm2).16 This
irreversible recognition was realized by the accumulation of
electrostatic interactions between the conformationally rigid
basic Arg and acidic Asp residues of the peptide aptamers and
titania.
Here, we focus on the dual functionalization at the periphery

of M12L24 spheres, which contain a mixture of two ligands that
are functionalized with either the peptide aptamer for titania
binding or a protein-binding site, which shows specific
recognition for both the inorganic surface and the target
protein. We envisioned that the surface density of peptide
aptamers on the M12L24 sphere would still be sufficiently high
to maintain the enhanced binding affinity on titania even when
several of the peptide aptamer appended ligands are replaced
with protein-binding residues. Biotin was selected as a model
protein recognition site due to the well-established biotin−
streptavidin motif.17 We also envisioned that the high stability18

of the self-assembled M12L24 spheres supported by 48
coordination bonds would be sufficient to maintain its structure
even after adhesion of the protein aptamer onto the titania
surface. We synthesized the dual-functionalized M12L24 spheres
by the self-assembly of Pd(II) ions with a bent ligand bearing
the minTBP-1 aptamer and another bent ligand bearing a
biotin. These spheres show irreversible fixation onto titania,
after which streptavidins could be selectively fixed onto the
titania via the “gluing” interaction of biotin on the periphery of
the spheres.

■ RESULTS AND DISCUSSION
We previously reported the synthesis of the M12L24 sphere 2a
from the ligand 1a, bearing the minTBP-1 peptide aptamer, and
palladium(II) ions and demonstrated that the sphere 2a
displaying 24 minTBP-1 peptide aptamers on its surface
realizes selective fixation of the spheres onto titania (Figure
1).16 The diameter of the M12L24 skeleton is 3.5 nm, and that of
the whole molecule is 8.8 nm. The irreversible immobilization
of the sphere on the titania surface was evidenced by atomic

force microscopy data and quartz crystal microbalance (QCM)
analysis.
Here, we have added protein recognition through the

replacement of several titania-binding peptide aptamers with
biotin in order to realize the effective fixation of streptavidin
onto the titania surface. We designed new ligands in which
biotin was attached to the convex edge of the ligand by means
of either a long peptide linker (1b) or a short linker (1c)
(Figure 2a). Ligand 1b was designed in such a way as to allow
the biotin to extend beyond the reach of the peptide aptamer
hexapeptide minTBP-1 once ligands 1a and 1b have been
mixed and complexed with Pd(II) ions, forming the sphere,
enabling exposure and therefore capture of at least one
streptavidin on the densely modified surface. The ligand 1c
was designed for a control experiment, constructing a sphere
using both ligands 1a and 1c in order to prove the exposure
effect, wherein the biotin moieties should be buried within the
minTBP-1 aptamers and sterically isolated from contact with
streptavidin. The ligand 1b was synthesized in 43% yield from
three steps starting with the H-Ala-2-Cl-trt resin, amino acids,
and biotin, eventually affording a protected peptide bearing a
biotin by Fmoc solid-phase peptide synthesis. A subsequent
tethering reaction to the ligand precursor 1e using a HBTU−
HOBt−DIPEA synthetic protocol followed by a cleavage
reaction of the peptide protecting groups with trifluoroacetic
acid (see Supporting Information) yielded the target ligand.
The ligand 1c was synthesized in 77% yield by the coupling of
biotin and the ligand precursors 1e using the HBTU−HOBt−
DIPEA protocol. The ligand 1d and the ligand precursor 1e
were synthesized using previously reported procedures.16

With the synthesized ligands in hand, we first examined the
formation of the dual-functionalized spherical complex 3a
composed of the bent ligand bearing the minTBP-1 aptamer
and the one bearing biotin in a 3:1 ratio. The quantitative
formation of the M12L24 spherical complex 3a, consisting of
ligands 1a and 1b in 3:1 molar ratio, was observed when ligands
1a (11.1 mg, 7.50 μmol) and 1b (4.35 mg, 2.50 μmol) were
treated with Pd(NO3)2 (1.61 mg, 7.00 μmol) in dimethylsulf-
oxide (DMSO, 1.0 mL) at 70 °C for 24 h. The single set of
proton resonances in the 1H NMR spectrum arising from the
pyridyl groups indicates that the two ligands are uniformly
distributed throughout the structure of the spherical complex
(Figure 2b). The observation of broadened signals is typically
exhibited by very large complexes that tumble slowly on the
NMR time scale. The size of the product was estimated by the

Figure 1. Self-assembly of sphere 2a decorated with 24 minTBP-1
peptide aptamers from 24 ligands of 1a bearing the peptide and 12
palladium(II) ions.
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diffusion coefficient determined by diffusion-ordered NMR
spectroscopy (DOSY). All the signals of the product sphere 3a
in DMSO showed the same diffusion coefficient, D = 2.2 ×

10−11 m2 s−1, appearing as a single band in the 2D spectrum, an
observation which further corroborates that the spheres are
constructed from uniformly mixed ligands (Figure 2c). The D
value is consistent with that of the sphere 2a self-assembled
from ligand 1a and Pd(II) ions using an identical protocol (D =
3.8 × 10−11 m2 s−1). In comparison, the D value of ligand 1a in
the same solvent is significantly larger because the molecular
size is much smaller (D = 1.0 × 10−10 m2 s−1). In the structure
of complex 3a with the composition of M12(1a)m(1b)24−m, the
average of m is 18 according to the used stoichiometry, and the
number of m should have a static distribution due to the
random mixing of the ligands with exactly the same shape.10i

Toward the detailed structural determination, we earnestly tried
to obtain mass spectra of the product, but the trials were
unsuccessful presumably due to the huge structures with high
molecular weights. Using a similar procedure, M12L24 spherical
complexes 3b and 3c composed of ligands 1a and 1c and 1a
and 1d, respectively, both in a 3:1 molar ratio were synthesized.
In order to demonstrate that the dual-functionalized spheres

maintain their previously observed irreversible titania-binding
ability even after 25% of the minTBP-1 peptide aptamers on its
surface have been replaced with biotin, QCM analyses19 using a
Ti-coated sensor were performed. When a diluted aqueous
solution of 3a (10 μM, H2O/DMSO = 95:5 (v/v)) buffered
with 9.5 mM HEPES (pH 7.5) was injected into the QCM cell,
the resonance frequency ( f) of the Ti-coated sensor
immediately decreased, an observation that indicates that 3a
has bound to the Ti surface (Figure 3, red line). The fact that

the spheres are strongly bound was confirmed by repeated
washings with a buffer solution, after which the f value
remained constant, proving the irreversible binding of 3a on
titania. Using Sauerbrey’s equation,19a the mass gain on the Ti
sensor was estimated to be 3.7 × 102 ng cm−2 from Δf (−70
Hz). This mass gain suggests that the sphere 3a is densely glued
on the Ti substrate in a monolayer fashion by virtue of the
peptide aptamers. These results demonstrate that the original
titania-binding ability of sphere 2a (Δf = −63 Hz) is
maintained. The spheres 3b and 3c also exhibit tight titania-
binding behavior with values of Δf = −67 and −62 Hz,
respectively (Figure 3, green and blue lines). Because the

Figure 2. (a) Structures of the biotin-functionalized ligands with a
long linker (1b), a short linker (1c), an unsubstituted ligand 1d, and a
ligand precursor 1e. (b) Synthesis and 1H DOSY NMR spectra of
sphere 3a (500 MHz, DMSO-d6, 27 °C). (c) Optimized molecular
structure of sphere 3a (blue, the framework of the M12L24 sphere;
yellow, Pd ions; mostly green chains, minTBP-1 peptide aptamers; and
mostly red chains, the side chains tethering biotins at their terminals).

Figure 3. Changes in resonance frequency ( f) as a function of time in
QCM measurements. Binding and dissociation profiles for sphere 3a
(red line), 3b (green), and 3c (blue line) (10 μM of sphere, H2O/
DMSO = 95:5 (v/v), 9.5 mM HEPES, pH = 7.5, room temperature).
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spheres 3a−c still showed irreversible fixation on titania despite
the decreased surface density of the minTBP-1 aptamers by
25%, we next set out to show the fixation of streptavidin on
titania via bridging adhesion made possible by these dual-
functionalized spheres.
The adhesion of streptavidin on a titania surface mediated by

the dual-functionalized sphere was examined by QCM analysis.
The sensor chip fixing the sphere 3a was pretreated with a
solution of 50 μg/mL bovine serum albumin (BSA), a standard
blocking agent to avoid nonspecific adsorption,20 followed by
the injection of an aqueous solution of streptavidin (10 μg/mL,
H2O/DMSO = 95:5 (v/v)) buffered with 9.5 mM HEPES (pH
7.5). The resonance frequency ( f) of the sensor incrementally
decreased as the number of repeated injections increased, an
observation that indicates streptavidin was bound to the titania
surface via the interaction with the biotin of sphere 3a (Figure
4, red line). The proteins were strongly bound, as even after

repeated washings with a buffer solution the f value remained
constant. When sphere 3b composed of biotinylated ligands
tethered by the shorter linker was employed, streptavidin was
not observed to be fixed by the biotin−streptavidin interaction
(Figure 4, green line). Because the lengths of the chains of
ligands 1a, 1b, and 1c are around 2.6, 4.6, and 1.6 nm,
respectively, the biotins on sphere 3b are not accessible by
streptavidin, presumably due to the steric repulsion maintained
by the minTBP-1 peptide chains, whereas the biotins on sphere
3a are well exposed and accessible. As a control experiment,
when sphere 3c without biotin was employed, the fixation of
streptavidin was also not observed (Figure 4, blue line).
To visualize the substrate-specific fixation of streptavidin, we

used a Ti/Au micropatterned surface.21 The patterning
experiments were performed on a plate of Au with dimensions
of 4 × 4 mm2 covered with Ti using lithographic techniques
(Figure 5a). The plate was dipped into the solution of 3a (10
μM, H2O/DMSO = 95:5 (v/v)) buffered with 10 mM HEPES
(pH 7.5), 50 mM NaNO3, and 0.05% Tween 20 as a blocking
agent to avoid nonspecific adsorption. After the plate was

washed with an aqueous buffer, it was dipped into the solution
of fluorochrome-labeled streptavidin (10 μg/mL in H2O)
buffered with 10 mM HEPES (pH 7.5), 50 mM NaNO3, and
0.05% Tween 20.20a,b The green fluorescence image was
observed for the Ti-patterned area, showing the selective
fixation of the protein on the titania surface by bridging
adhesion of sphere 3a (Figure 5b). As a control experiment,
when the plate was treated with the fluorochrome-labeled
streptavidin without sphere 3a, we did not observe any contrast
in the fluorescence of the microscopic images (Figure 5c).
In conclusion, we have synthesized a dual-functionalized

M12L24 sphere bearing both titania-specific peptide aptamers
and protein recognition sites and confirmed that the sphere
demonstrates bridging adhesion that brings together protein
with titania surfaces in an irreversible fashion. Three-fourths of
the functional groups on the periphery of the spheres were
dedicated to the titania-binding peptide aptamers, and the
remaining one-quarter were designated for biotin, enabling
streptavidin recognition. The accumulated peptide aptamers
work in a cooperative fashion to irreversibly fix the spheres on
titania, while the rationally designed linker was made long
enough to promote the exposure of biotin and was shown to be
essential for capturing streptavidin efficiently. This present
method that combines two independent modes of recognition
derived from two different functional groups is a flexible and
easily modifiable design strategy that enables the interdiscipli-
nary combination of molecular biology with inorganic surface
chemistry.

■ MATERIALS AND METHODS
General Procedure. NMR spectra were recorded on a Bruker

DRX-500 equipped with 5 mm BBO probe with a z-field gradient coil
or on a Bruker AV-500 equipped with a TCI CryoProbe with a z-field
gradient coil. For 1H and 13C NMR spectra of the ligands, the D2O
solution of the ligand was placed in the sample tube together with a
coaxial thin tube filled with tetramethylsilane (TMS) in CDCl3
solution, and the spectra were referenced internally to TMS as a
standard. For the spheres, 1H NMR spectra were referenced internally
to a solvent resonance as a standard. Methyl, methylene, and methyne
signals of 13C NMR were assigned by DEPT experiments. IR
measurements were carried out as KBr pellets using a DIGILAB FTS-
7000 instrument. MALDI TOF MS (matrix-assisted laser desorption
ionization time-of-flight mass spectrometry) was performed on an
Applied Biosystems BioSpectrometry Workstation model Voyager-DE
STR spectrometer. Elemental analyses for carbon, hydrogen, and
nitrogen were performed on a Yanaco MT-6. Melting points were
determined on a Yanaco MP-500 V melting-point apparatus. QCM
measurements were performed on a Q-Sense AB QCM-D300
instrument using a Ti sputter-coated QCM sensor. UV/ozone surface
treatment for the QCM sensor was performed on a BioForceNano-
sciences Inc. ProCleaner. Optical and fluorescence microscopic images

Figure 4. Changes in resonance frequency ( f) as a function of time in
QCM measurements. Binding and dissociation profiles for streptavidin
fixed on sphere 3a (red line), 3b (green), and 3c (blue line) (10 μg of
streptavidin, H2O/DMSO = 95:5 (v/v), 9.5 mM HEPES, pH = 7.5,
room temperature).

Figure 5. (a) Optical microscopic image of Ti/Au-patterned surface.
(b,c) Fluorescence microscopic images of a Ti/Au-patterned surface
after the addition of streptavidin on the surface (b) with sphere 3a and
(c) without sphere 3a.
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were taken with Leica DMLP equipped with a mercury lamp and a
480/527 filter set (L5, Leica).
Solvents and reagents were purchased from TCI Co., Ltd., and

WAKO Pure Chemical Industries Ltd. Fmoc amino acids and some
reagents for the peptide synthesis were purchased from Watanabe
Chemical Industries Ltd. Streptavidin, fluorochrome-labeled streptavi-
din (Alexa Fluor 488 streptavidin conjugate), and BSA were purchased
from Sigma-Aldrich Japan Co. LLC, Invitrogen Co. Ltd., and Iwai
Chemicals Co., Ltd., respectively. All chemicals were used without any
further purification. Automated peptide synthesis was performed on an
Applied Biosystems ABI 433A. Peptides were purified on a reversed-
phase HPLC (high-performance liquid chromatography) system
equipped with a Develosil ODS preparative column (ODS-15/30
(50 × 500 mm), Nomura Chemical). Ligands 1a,d,e were synthesized
according to the reported procedures.10a,16

Syntheses of Ligands. Ligand 1b. Protected peptide, biotin-
(Ala)5-Lys(Boc)-Leu-Pro-Asp(Ot-Bu)-Ala-OH, synthesized from H-
Ala-2-Cl-Trt-resin (0.25 mmol), HBTU (114 mg, 0.300 mmol), HOBt
(41 mg, 0.30 mmol), and DIPEA (174 mL, 1.00 mmol) were dissolved
in 10 mL of DMF under an argon atmosphere, and 2-(3,5-di(pyridin-
4-yl)phenoxy)ethylamine (87 mg, 0.30 mmol) was added to the
solution. The reaction mixture was stirred overnight at room
temperature. The solvent was removed in vacuo, and the deprotection
reaction for the crude mixture was performed by adding water (0.5
mL) and trifluoroacetic acid (9.5 mL) followed by stirring of the
solution for 2 h at room temperature. Volatile chemicals were removed
in vacuo, and a crude mixture was obtained by adding an excess
amount of ether. Ligand 1b was obtained as a white powder after
HPLC purification in 42% yield (185 mg, 0.106 mmol) from the
starting resin: mp 171−174 °C; IR (KBr, cm−1) 3422, 3069, 2938,
1670, 1534, 1522, 1454, 1201, 1134, 1048, 829, 722; MALDI TOF MS
m/z calcd for [M + H]+ 1397.7, found 1397.7; 1H NMR (500 MHz,
300 K, D2O) δ 8.83 (d, J = 5.9 Hz, 4H), 8.32 (d, J = 5.9 Hz, 4H), 7.94
(s, 1H), 7.66 (s, 2H), 4.63−4.55 (m, 2H), 4.46 (t, J = 6.7 Hz, 1H),
4.42 (t, J = 5.8 Hz, 1H), 4.36−4.22 (m, 10H), 3.84−3.54 (m, 4H),
3.36−3.29 (m, 1H), 3.03−2.96 (m, 3H), 2.77 (d, J = 13 Hz, 1H),
2.70−2.53 (m, 2H), 2.31 (t, J = 7.0 Hz, 2H), 2.27−2.16 (m, 1H),
2.03−1.93 (m, 2H), 1.88−1.78 (m, 2H), 1.78−1.50 (m, 7H), 1.39 (t, J
= 7.9 Hz, 24H), 0.91 (d, J = 6.5 Hz, 3H), 0.88 (d, J = 6.3 Hz, 3H); 13C
NMR (125 MHz, 300 K, D2O) δ 177.08 (C), 176.20 (C), 175.60 (C),
175.22 (C), 175.12 (C), 175.04 (C), 174.86 (C), 174.83 (C), 174.07
(C), 173.59 (C), 172.82 (C), 172.26 (C), 165.44 (C), 159.60 (C),
155.89 (C), 142.40 (CH), 137.86 (C), 124.71 (CH), 120.36 (CH),
117.08 (CH), 67.14 (CH2), 62.13 (CH), 60.65 (CH), 60.33 (CH),
55.44 (CH), 53.15 (CH), 51.24 (CH), 50.43 (CH), 50.22 (CH),
50.00 (CH), 49.86 (2CH), 49.75 (CH), 49.69 (CH), 47.85 (CH2),
39.78 (CH2), 39.26 (CH2), 38.90 (CH2), 37.32 (CH2), 34.93 (CH2),
30.36 (CH2), 29.29 (CH2), 27.97 (CH2), 27.78 (CH2), 26.26 (CH2),
25.01 (CH2), 24.73 (CH2), 24.43 (CH), 22.48 (CH3), 22.04 (CH2),
20.51 (CH3), 16.60 (CH3), 16.51 (CH3), 16.42 (CH3), 16.40 (2CH3),
16.30 (CH3). Anal. Calcd for C67H96N16O15S·3TFA·5.5H2O: C, 47.68;
H, 6.03; N, 12.19. Found: C, 48.08; H, 6.10; N, 11.81.
Ligand 1c. Biotin (24.1 mg, 0.986 mmol), HBTU (45.0 mg, 0.646

mmol), HOBt (21.0 mg, 0.155 mmol), and DIPEA (50.0 mL, 0.287
mmol) were dissolved in 10 mL of DMF under an argon atmosphere,
and 2-(3,5-di(pyridin-4-yl)phenoxy)ethylamine (87 mg, 0.30 mmol)
was added to the solution. The reaction mixture was stirred overnight
at room temperature. The solvent was removed in vacuo. Ligand 1c
was obtained as a white powder after HPLC purification in 77% yield
(57.0 mg, 0.765 mmol): mp >160 °C (decomposed); IR (KBr, cm−1)
3427, 3084, 2937, 1686, 1636, 1596, 1512, 1430, 1348, 1202, 1133,
821, 722; MALDI TOF MS m/z calcd for [M + H]+ 518.1, found
518.2; 1H NMR (500 MHz, 300 K, D2O) δ 8.81 (d, J = 6.6 Hz, 4H),
8.28 (d, J = 6.6 Hz, 4H), 7.93 (s, 1H), 7.65 (s, 2H), 4.35−4.35 (m,
3H), 4.06−4.02 (m, 1H), 3.73−3.63 (m, 2H), 2.64 (d, J = 4.8 Hz,
1H), 2.62 (d, J = 4.8 Hz, 1H), 2.42 (d, J = 13.2 Hz, 1H), 2.32−2.20
(m, 2H), 1.67−1.45 (m, 3H), 1.24−1.15 (m, 3H); 13C NMR (125
MHz, 300 K, D2O) δ 177.17 (C), 164.96 (C), 155.36 (C), 142.73
(CH), 137.92 (C), 124.49 (CH), 120.15 (CH), 116.84 (CH), 67.69

(CH2), 61.76 (CH), 60.08 (CH), 55.19 (CH), 39.65 (CH2), 38.92
(CH2), 35.65 (CH2), 27.69 (CH2), 27.50 (CH2), 25.22 (CH2).

Syntheses of Spheres. Sphere 3a. Ligand 1a (11.1 mg, 7.50
μmol), ligand 1b (4.35 mg, 2.50 μmol), and Pd(NO3)2 (1.61 mg, 7.00
μmol) were dissolved in 1.00 mL of DMSO. The reaction mixture was
stirred for 24 h at 70 °C, affording sphere 3a as a brown solution: mp
>240 °C (decomposed); IR (KBr, cm−1) 3410, 3075, 2955, 1659,
1643, 1530, 1410, 1383, 1349, 1200, 1136, 954, 834; 1H NMR (500
MHz, 300 K, DMSO-d6) δ 9.50 (br, 96H), 8.40 (br, 96H), 8.17 (br,
NH), 8.08 (br, 24H + NH), 7.94 (br, NH), 7.74 (br, NH), 7.68 (br,
NH), 7.58 (br, 48H), 4.48 (br, 36H), 4.22 (br, 144H), 3.62 (br, 24H),
3.49 (br, 60H), 3.08 (br, 36H), 2.74 (br, 48H), 2.18 (br, 6H), 2.12 (br,
12H), 2.03 (br, 24H), 1.91 (br, 24H), 1.85 (s, 54H), 1.80 (br, 48H),
1.63 (br, 72H), 1.48 (br, 180H), 1.28 (br, 72H), 1.19 (br, 162H), 0.85
(br, 144H). Anal. Calcd for C1302H1854N354O342S6Pd12·42TFA·
120H2O: C, 45.79; H, 5.92; N, 13.64. Found: C, 45.89; H, 5.99; N,
13.83.

Sphere 3b. Ligand 1a (3.30 mg, 2.25 μmol), ligand 1c (0.56 mg,
0.75 μmol), and Pd(NO3)2 (0.48 mg, 2.1 μmol) were dissolved in 0.60
mL of DMSO. The reaction mixture was stirred for 24 h at 70 °C,
affording sphere 3a as a brown solution: 1H NMR (500 MHz, 300 K,
DMSO-d6) δ 9.52 (br, 96H), 8.40 (br, 96H), 8.12 (br, NH), 8.07 (br,
24H), 7.95 (br, NH), 7.72 (br, NH), 7.66 (br, NH), 7.58 (br, 48H),
4.49 (br, 18H), 4.24 (br, 36H), 3.63 (br, 36H), 3.50 (br, 36H), 3.08
(br, 36H), 2.75 (br, 72H), 2.02 (br, 18H), 1.85 (s, 54H), 1.90 (br,
18H), 1.81 (br, 36H), 1.64 (br, 54H), 1.48 (br, 144H), 1.35−1.10 (br,
90H), 0.86 (br, 108H).

Sphere 3c. Ligand 1a (14.8 mg, 10.0 μmol), ligand 1d (0.77 mg, 3.3
μmol), and Pd(NO3)2 (2.15 mg, 9.33 μmol) were dissolved in 1.33
mL of DMSO. The reaction mixture was stirred for 24 h at 70 °C,
affording sphere 3a as a brown solution: mp >230 °C (decomposed);
IR (KBr, cm−1) 3352, 3080, 2956, 1654, 1617, 1541, 1383, 1201, 1136,
1024, 954, 829; 1H NMR (500 MHz, 300 K, DMSO-d6) δ 9.51 (br,
96H), 8.39 (br, 96H), 8.21 (br, NH), 8.17 (br, NH), 8.07 (br, 24H +
NH), 7.95 (br, NH), 7.73 (br, NH), 7.68 (br, NH), 7.56 (br, 48H),
4.70−4.50 (br, 144H), 3.62 (br, 36H), 3.50 (br, 36H), 3.08 (br, 36H),
2.75 (br, 72H), 2.02 (br, 18H), 1.90 (br, 18H), 1.85 (s, 54H), 1.82 (br,
36H), 1.63 (br, 54H), 1.48 (br, 144H), 1.28 (br, 36H), 1.23−1.14 (br,
54H), 0.86 (br, 108H). Anal. Calcd for C996H1350N270O252Pd12·36TFA·
144H2O: C, 44.06; H, 5.80; N, 12.99. Found: C, 44.23; H, 6.08; N,
13.28.

QCM Analyses. Prior to measurements, the sensor was cleaned for
10 min using a UV/ozone surface treatment system. The measure-
ments were carried out at 25 °C, and the analytical data were collected
at 14.8 MHz. The sensor was first equilibrated with 100 mM HEPES
(pH 7.5) buffer and an aqueous solution (H2O/DMSO = 95:5 (v/v))
buffered with 9.5 mM HEPES (pH 7.5), successively, followed by the
injection of a 10 μM aqueous solution of sphere 3 (H2O/DMSO =
95:5 (v/v)) buffered with 9.5 mM HEPES (pH 7.5). The sensor
surface was washed with an aqueous solution (H2O/DMSO = 95:5 (v/
v)) buffered with 9.5 mM HEPES (pH 7.5) and 10 mM HEPES (pH
7.5) buffer, successively, and treated with 50 μg/mL BSA buffered with
10 mM HEPES (pH 7.5), followed by washing with 10 mM HEPES
(pH 7.5) buffer. Then, an aqueous solution of 10 μg/mL streptavidin
buffered with 10 mM HEPES (pH 7.5) was injected, followed by
washing with 10 mM HEPES (pH 7.5) buffer.

Patterning Experiments. Prior to measurements, the plate with
the lithographic pattern was cleaned for 10 min using a UV/ozone
surface treatment system. The plate was first equilibrated with 100
mM HEPES (pH 7.5) buffer (200 μL) for 1 h and an aqueous solution
(200 μL, H2O/DMSO = 95:5 (v/v)) buffered with 9.5 mM HEPES
(pH 7.5), 50 mM NaNO3, and 0.05% Tween 20 for 1.5 h, successively,
followed by the treatment with an aqueous 10 μM solution of sphere 3
(200 μL, H2O/DMSO = 95:5 (v/v)) buffered with 9.5 mM HEPES
(pH 7.5), 50 mM NaNO3, and 0.05% Tween 20 for 1 min. The plate
was washed three times with an aqueous solution (200 μL, H2O/
DMSO = 95:5 (v/v)) buffered with 9.5 mM HEPES (pH 7.5), 50 mM
NaNO3, and 0.05% Tween 20 for 10 min and three times with 10 mM
HEPES (pH 7.5), 50 mM NaNO3, and 0.05% Tween 20 buffer (200
μL) for 10 min. Then, the sensor was treated with an aqueous solution
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of 10 μg/mL fluorochrome-labeled streptavidin buffered with 10 mM
HEPES (pH 7.5), 50 mM NaNO3, and 0.05% Tween 20 buffer (200
μL), followed by washing three times with 10 mM HEPES (pH 7.5),
50 mM NaNO3, and 0.05% Tween 20 buffer (200 μL) for 10 min and
three times with 10 mM HEPES (pH 7.5) buffer (200 μL) for 10 min.
The microscopic images of the resultant plate were performed with a
cover glass on the plate at room temperature.
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