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Mineralization of magnetic nano-tape in self-
organized nanospace composed of
nucleopeptides and peptides†

Kazuki Murai, *a Kaede Inagaki,b Chisato Hiraoka,b Sayaka Minoshima,b

Takatoshi Kinoshita,c Kenji Nagatab and Masahiro Higuchi*b

Self-organization based on specific interactions has been actively studied for the formation of highly or-

dered and hierarchical structures on the molecular scale. We designed and synthesized a nucleopeptide,

Ac-VEVSĲgĲGC)3)ĲVE)7-CONH2, having a nucleotide graft-chain in a peptide main-chain, and a spacer pep-

tide acting as a template for ferric oxide mineralization. The synthesized nucleopeptide and spacer peptide

mixture formed a self-organized assembly having a nanospace owing to the complementary base pairing

between the nucleotide graft-chains of the nucleopeptides and intermolecular hydrogen-bonding between

the peptide chains on the substrates. In this study, we report the selective mineralization of magnetite in

the nanospace which acted as a reaction field. Mineralized magnetite formed an oriented nano-tape,

whose morphology was similar to that of the template nanosheet. This implies that the nanospace in the

ordered nanosheet formed by self-organization processes of the nucleopeptide and spacer peptide is ex-

tremely useful as a reaction field for the mineralization of structure-controlled magnetite.

Introduction

In recent years, self-organization based on specific interac-
tions between building blocks (peptides and DNA molecules)
has been actively studied for the formation of highly ordered
and hierarchical structures at the molecular scale. DNA mole-
cules, having the property of rigorous molecular recognition,
take a double-helical conformation due to hydrogen bonding
between the complementary base pairs (A/T and G/C). DNA
nanotechnology has been reported as a strategy for the forma-
tion of nanostructures, such as DNA origami1,2 and DNA
tiles.3,4 On the other hand, peptides take several second-order
structures by tuning the primary structure, and the second-
order structure can be controlled by external environmental
changes. Hence, peptides form many types of assemblies (e.g.
rods,5 fibers,6–8 tapes,9,10 and micelles11,12) based on the

second-order structures by self-organization processes using
non-covalent interactions, such as hydrogen bonding, coordi-
nate binding, hydrophobic interactions, and electrostatic in-
teractions. Regular structure-formations by self-organization
are attracting attention for development of functional mate-
rials in the field of nanotechnology.

Living organisms have several biominerals (e.g., bones,
seashells, and magnetosomes) with hierarchically organized
structures at the nanoscale. Biominerals are observed in many
organisms, such as animals, plants, and bacteria.13–17 These
biominerals are formed under mild conditions at ordinary
temperatures and pressures by unique self-organization pro-
cesses of organic and inorganic matter, known as biominerali-
zation. Biominerals exhibit numerous functions owing to
their ordered and hierarchical structures. Therefore, the de-
velopment of functional organic–inorganic hybrid nano-
materials utilizing bioinspired fabrication processes has been
actively studied. In previous studies, peptides and proteins
have been used as organic templates for mineralization.18–21

In particular, we have focused on peptides as a powerful tool
to understand the mechanisms of biomineralization. Because
peptides form ordered assembly structures based on their
second-order structures, we can control the arrangement of
functional groups of amino-acid side-chains in the structure
from angstrom- to nano-scales. In fact, we have reported that
the morphology and crystal structure of mineralized inorganic
matter (e.g., silica, calcium carbonate, and calcium phos-
phate) were regulated by the special arrangements of the
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functional groups of amino-acid side-chains and morphol-
ogies of the designed peptide templates.8,19,20,22,23

Magnetite as a bio-inorganic matter is a functional mate-
rial having magnetic properties, and has been widely applied
to engineering and medical fields. Therefore, mineralization
of magnetite with controlled size, morphology, and crystal
structure has been investigated.24–27 In this study, we report
the selective mineralization of magnetic nano-tape in a nano-
space formed by self-organization of a nucleopeptide and
spacer peptide. We designed and synthesized a nucleopeptide
having a nucleotide graft-chain in a peptide main-chain and
a spacer peptide having an alternating amphiphilic amino-
acid sequence that acted as a template for ferric oxide miner-
alization. The nucleopeptides and spacer peptides formed
self-organized nanosheets owing to rigorous molecular recog-
nition based on the complementary base pairing between the
nucleotide graft-chains, and the intermolecular hydrogen-
bonding between the peptide chains took a β-sheet confor-
mation. The nanosheets composed of the nucleopeptides and
spacer peptides had ordered nanospaces in the interior. We
used the nanospace as a ferric oxide mineralization field to
fabricate magnetic nano-tape. The concept of the formation
of the nanospace and mineralization is shown in Scheme 1.

Experimental
Materials

The synthesis strategy of the nucleopeptide, Ac-
VEVSĲgĲGC)3)ĲVE)7-CONH2, is shown in Fig. S1.† Firstly, the pep-
tide main-chain, Ac-VEVSĲVE)7-CONH2, of the nucleopeptide
was synthesized on CLEAR-amide resin (Peptide Inst. Inc.) by

9-fluorenylmethoxycarbonyl (Fmoc) chemistry. After the selec-
tive deprotection of the Nω-trityl group of Ser(Trt), the nucleo-
tide graft-chain, 3′-(GC)3-5′, was synthesized from the hydroxyl
group of the Ser side-chain on the resin by the phosphoramidite
method. Fmoc-amino acids, Fmoc-Val-OH and Fmoc-GluĲOBut)-
OH (OBut; tert-butyloxy) were purchased from Peptide Inst. Inc.
Fmoc-SerĲTrt)-OH (Trt, Nω-trityl) was purchased from Watanabe
Chem. Industries Ltd. Phosphoramidites, 3′-[(2-cyanoethyl)-N,N-
diisopropyl]-phosphoramidite (5′-(DMTr)-N-iBu-2′-dG) and 3′-
[(2-cyanoethyl)-(N,N-diisopropyl)]-phosphoramidite (5′-(DMTr)-
N-Bz-2′-dC), were purchased from LGC Biosearch Technologies.
These abbreviations, DMTr, iBu, Bz, dGe, and dC, mean 4,4′-
dimethoxytrityl, isobutyryl, benzoyl, deoxyguanosine, and
deoxycytidine, respectively. The detailed procedures are as
follows.

Synthesis of the peptide main-chain of the nucleopeptide
and spacer peptide

The peptide main-chain, Ac-VEVSĲVE)7-CONH2, of the
nucleopeptide and the spacer peptide, AC-(VE)9-CONH2, were
synthesized by solid-phase peptide synthesis using Fmoc
chemistry. The CLEAR-amide resin (500 mg, 0.38 meq g−1)
was swollen in 5 mL of dichloromethane (DCM) for 1 d, then
rinsed with 5 mL of N,N-dimethylformamide (DMF) five times.
The peptide chains were synthesized on the resin by using
Fmoc-amino acids (3 equiv.), 1-hydroxy-7-azabenzotriazole (3
equiv.), and 1,3-diisopropylcarbodiimide (3 equiv.) in DMF for
coupling, and 20 vol% piperidine/DMF solution for Fmoc-
group removal. To cap the N-terminal amino group of the syn-
thesized peptides on the resin with an acetyl group, the resin

Scheme 1 Schematic picture of formation of the 3D nanostructure composed of the nucleopeptide and spacer peptide by self-organization, and
ferric oxide mineralization in the nanospace of the 3D nanostructure.
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was stirred in a mixture of acetic anhydride and pyridine (v/v
1/2) for 4 h. The resin was rinsed with DCM to obtain Ac-
VEĲOBut)VSĲTrt)ĲVEĲOBut))7-CONH-resin and Ac-(VEĲOBut))9-
CONH-resin, respectively. To cleave Ac-(VE)9-CONH2 from the
resin and remove the side-chain protecting groups, the Ac-
(VEĲOBut))9-CONH-resin was treated with a 95 vol%
trifluoroacetic acid (TFA) aqueous solution. The obtained
peptide, Ac-(VE)9-CONH2, was identified using 1H nuclear
magnetic resonance (1HNMR, 400 MHz, Bruker AVANCE
500US; Fig. S2†) spectroscopy. The protecting group, Trt, of
the Ser residue in the obtained Ac-VEĲOBut)VSĲTrt)ĲVEĲOBut))7-
CONH-resin was selectively removed using a DCM solution
containing 1 vol% TFA and 5 vol% triisopropylsilane. After
the selective removal of the Trt group, a part of the Ac-
VEĲOBut)VSĲVEĲOBut))7-CONH-resin was treated with a 95
vol% TFA aqueous solution to obtain Ac-VEVSĲVE)7-CONH2.
The synthesis of the peptide main-chain, Ac-VEVSĲVE)7-
CONH2, was confirmed by 1HNMR spectroscopy (Fig. S3†).

Synthesis of the nucleotide graft-chain of the nucleopeptide

The nucleotide graft-chain, 3′-(GC)3-5′, was synthesized from
the hydroxyl group of the Ser side-chain on the Ac-
VEĲOBut)VSĲVEĲOBut))7-CONH-resin using phosphoramidite
chemistry. The nucleotide graft-chain was synthesized on the
Ac-VEĲOBut)VSĲVEĲOBut))7-CONH-resin by using
phosphoramidites (1.2 mmol) in 2.0 mL of dry acetonitrile
(ACN) and tetrazoyl (0.45 M) in 2.0 mL of dry ACN for cou-
pling, and 5 mL of oxidizing agent (0.1 M/I2, tetrahydrofuran :
pyridine :H2O (v : v : v = 70 : 20 : 2)) for oxidation of the
phosphodiester bond and a 3 vol% trichloroacetic acid (TCA)/
DCM solution for DMTr group removal. To remove OBut

groups of the Glu residues in the peptide main-chain and
cleave the nucleopeptide molecule from the resin, the Ac-
VEĲOBut)VSĲgĲG(iBu)C(Bz))3)ĲVEĲOBu

t))7-CONH-resin was
treated with a 95 vol% TFA aqueous solution. The obtained
Ac-VEVSĲgĲG(iBu)C(Bz))3)ĲVE)7-CONH2 was treated with a 50
vol% NH3/dioxane solution to remove the 2-cyanoethyl, iBu,
and Bz protecting groups of the nucleotide graft-chain. The
resulting nucleopeptide, Ac-VEVSĲgĲGC)3)ĲVE)7-CONH2 was
identified by 1HNMR spectroscopy (Fig. S4†).

Immobilization of self-organized nucleotide/spacer peptide
assemblies on substrates

The nucleopeptides and spacer peptides were added to H2O,
and the pH of each suspension was adjusted to be above pH
10.0 using a 0.1 M NaOH aqueous solution to completely dis-
solve the nucleopeptides and spacer peptides. We mixed the
solutions at 1 : 5 or 1 : 6 molar ratios of the nucleopeptide :
spacer peptide. The pH of the mixed solution was readjusted
to each pH condition (6.5, 7.0, and 7.5), and the final total
concentration of the nucleopeptides and spacer peptides was
fixed at 0.1 mM. The mixed solutions were incubated for vari-
ous periods at room temperature to examine the conforma-
tional changes of the peptides and nucleopeptides in the
solution.

Immobilizations of the self-organized nucleotide/spacer
peptide assemblies on substrates were carried out as follows. A
freshly cleaved mica and elastic carbon-coated scanning trans-
mission electron microscope (STEM) grid were immersed into
the above prepared mixed solutions at each pH condition for
10 d at 15 °C. After the incubation, the substrates were rinsed
with H2O and stored in a desiccator until use.

Ferric oxide mineralization

Ferric oxide mineralization was carried out by immersing the
nucleopeptide/spacer peptide nanosheets on the substrates
prepared above into an aqueous solution containing 0.05
mM FeCl2 and 0.025 mM FeCl3 for 7 d at 15 °C. We used this
molar ratio because magnetite is a compound with a 1 : 2 mo-
lar ratio of FeĲII)/FeĲIII). After the incubation, the substrates
were rinsed with H2O and stored in a desiccator until use.

Microscopic measurements

We observed the morphologies of the nucleopeptide/spacer
peptide assemblies before and after mineralization using a
STEM (JEM-z2500, JEOL. Ltd.) equipped with an Ultra Scan
CCD camera (Orius Camera, Gatan Inc.) in TEM mode. Ele-
mental analysis and mapping of the hybrid nanosheets were
performed in an STEM equipped with an energy dispersive
X-ray (EDX) spectrometer. The crystal phase of the mineral-
ized ferric oxide in the hybrid nanosheets was examined by
selected area electron diffraction (SAED). TEM and STEM ob-
servations were performed using unstained samples, at an ac-
celerating voltage of 200 kV.

The magnetic and mechanical properties of the hybrid
nanosheet surfaces before and after ferric oxide mineraliza-
tion were estimated from peak-force tapping quantitative
nanomechanical mapping mode (PF-QNM) atomic force
microscopy (AFM) observations. The images were collected
on a Nanoscope Multimode 8 (Bruker). We used a silicon
cantilever whose tip and back sides were coated with Co/Cr
(225 μm in length, 20 nm tip radius, and 2.8 N m−1 spring
constant). A south pole was induced on the tip surface by a
magnetizer. We simultaneously acquired a magnetic force
mapping that was obtained from adhesion, with modulus
and height images. Only the height images were flattened
and no further image processing for other images was
performed.

Spectroscopic measurements

The second-order structures of the peptide chains in the
nucleopeptide and spacer peptide mixed aqueous systems
under various conditions were determined by circular dichro-
ism (CD) measurements. CD spectra were recorded on a
spectropolarimeter (J-820, JASCO Co., Ltd.) at room tempera-
ture under a nitrogen atmosphere. The experiments were
performed in a quartz cell with a 1 mm path length over the
range of 190–260 nm. Molar ellipticities, [θ]λ, were calculated
using the concentration of amino acid residues in the
solution.
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To investigate the formation of complementary hydrogen
bonding between the nucleotide graft-chains, we performed
UV-vis measurements of the nucleopeptide and spacer pep-
tide mixed aqueous systems. UV-vis spectra were recorded on
a UV-3600 (Shimadzu Co., Ltd) system, in a quartz cell with a
5 mm path length over the range 200–350 nm. The obtained
UV-vis spectra were analyzed as the sum of the spectra of the
absorption and scattering components. The sum of the calcu-
lated components was best fit to the experimental spectra.20

The obtained absorption spectra showed the molar absorp-
tion coefficient, εbase, calculated using the concentration of
base residues in the solutions. On the other hand, the scat-
tering components showed the molar absorption coefficient,
εscat, calculated using the total concentration of the
nucleopeptides and spacer peptides in the solutions.

Results and discussion
Molecular design of the building blocks to form self-
organized nanosheets having a nanospace in the interior

We synthesized the nucleopeptide, Ac-VEVSĲgĲGC)3)ĲVE)7-
CONH2, composed of the peptide main-chain having an Ac-
VEVSĲVE)7-CONH2 sequence and the nucleotide graft-chain
consisting of a 3′-(GC)3-5′ base sequence, which were
designed for the addition of different functions. The peptide
main-chain of the nucleopeptide could act as a template for
mineralization based on the formation of ordered nanostruc-
tures induced by molecular programming. The primary struc-
ture of the peptide chain was designed by alternating the am-
phiphilic sequence containing hydrophilic (Glu) and
hydrophobic (Val) amino acids to form a β-sheet conforma-
tion. In addition, Glu, having an acidic functional group,
would act as the origin of nucleation for the formation of fer-
ric oxide on the template. The nucleotide graft-chain was in-
troduced at the 4th residue Ser side-chain from the
N-terminus of the peptide main-chain. The nucleotide graft-
chain is exposed on the hydrophilic surface of the nanosheet
when the peptide chains take a β-sheet conformation. The
nucleotide graft-chain acts as a bridging site between the
peptide sheets composed of β-sheet peptides. The repeating
(G–C) base sequence easily forms a Z-type double helical
structure, whose diameter (1.8 nm) is smaller than the B-type
double helical structure.28 When the peptide main-chains
take a β-sheet conformation by intermolecular hydrogen
bonding, the distance between β-strands is 0.465 nm.29 The
diameter of the Z-type double helical structure is larger than
the distances between β-strands in the β-sheet. Hence, simul-
taneous formations of a double helical structure and β-sheet
conformation would be inhibited in an assembly composed
of only nucleopeptides due to steric hindrance. To solve this
problem, we mixed the spacer peptide, Ac-(VE)9-CONH2, hav-
ing basically the same sequence as the main-chain of the
nucleopeptide to form the nanosheet. As a result, the
nucleopeptides and spacer peptides could form a self-
organized nanosheet having a nanospace in the interior. We
attempted to use the nanospace as a reaction field for ferric

oxide mineralization (Scheme 1). We selected two types of
molar ratios of the nucleopeptide and spacer peptide, 1 : 5
and 1 : 6 (Fig. S5a†).

Structural changes of the nucleopeptide and spacer peptide
in aqueous solution

Firstly, we investigated the time-dependent conformational
changes of the peptide chains in the mixed aqueous system
containing the nucleopeptide and spacer peptide using circu-
lar dichroism (CD) spectroscopy. The molar ratio of the
nucleopeptide and spacer peptide was fixed at 1 : 5. Fig. 1
shows CD spectral changes at each pH condition (pH 6.5;
Fig. 1(a), pH 7.0; Fig. 1(b), and pH 7.5; Fig. 1(c)). The CD
spectra of the initial states at all the pH conditions show typi-
cal random coil patterns having a negative maximum at 198
nm. However, only at the pH 6.5 condition did the spectra
change from random coil to β-sheet patterns having a nega-
tive maximum at 218 nm after the incubation time. To inves-
tigate the dynamics of the conformational changes, the time-
dependent changes of molar ellipticity at 218 nm, [θ]218, at-
tributed to the β-sheet conformation, are shown in the bot-
tom row of Fig. 1. At pH 7.0 (Fig. 1(e)) and 7.5 (Fig. 1(f)) con-
ditions, the [θ]218 did not change during the incubation time.
On the other hand, at pH 6.5, the negative value of [θ]218 was
increased after 5 d of incubation. This implies that the con-
formational transition of the peptide chains in the mixed sys-
tem at the pH 6.5 condition had an induction period of 5 d.
The peptide chains at pH 6.5 showed a conformational tran-
sition from a random coil to a β-sheet within the induction
period.

Next, we investigated the conformational changes of the
nucleotide graft-chain in the mixed aqueous system using
UV-vis spectroscopy. The top row of Fig. S6† shows the UV-vis
spectral changes at each pH condition after the incubation
period. The spectra were separated into absorption (Fig. S6†
middle row) and scattering (Fig. S6† bottom row) compo-
nents by deconvolution. It is well-known that the base pairing
in the nucleotide chains induces a decrease in absorbance
around 260 nm. We investigated the molar absorption coeffi-
cient, εbase max, changes around 260 nm based on the hypo-
chromic effect induced by the formation of the base pair.
The top row of Fig. 2 shows the time-dependent changes of
the εbase max at the various pH conditions (6.5, 7.0 and 7.5).
The εbase max showed the hypochromic effect due to the for-
mation of the base pair between the nucleotides under all pH
conditions. Interestingly, these hypochromic effects appeared
conspicuously for the early stage of 5 d. Furthermore, we
evaluated the turbidity changes of the mixed aqueous system
containing the nucleopeptide and spacer peptide with incu-
bation from the molar absorption coefficient, εscat 300, of the
scattering components (Fig. 2 bottom row). At pH 7.5, the
εscat 300 of the solution did not change (Fig. 2(f)), and the
value at pH 7.0 (Fig. 2(e)) slightly increased after the incuba-
tion time. On the other hand, at pH 6.5 (Fig. 2(d)) the εscat 300
drastically increased after the incubation period of 5 d like
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the conformational transition of the peptide chains
(Fig. 1(d)). Only at pH 6.5 were ellipsoid-like assemblies of
the sheet structures observed in the aqueous solution after

the induction period (Fig. S7†). From these results, the mech-
anism of the structural changes of the assemblies composed
of the nucleopeptide and spacer peptide in the aqueous

Fig. 1 CD spectra (a–c) and time-dependent changes in molar ellipticity at 218 nm (d–f) for the self-assembly composed of the nucleopeptide and
spacer peptide under the various pH conditions, (a and d) pH 6.5, (b and e) pH 7.0, and (c and f) pH 7.5, respectively. The molar ratio of the
nucleopeptide and spacer-peptide was fixed at 1 : 5.

Fig. 2 Time-dependent changes in molar extinction coefficient maxima based on the base pairing around 260 nm (a–c) and the changes in the
molar extinction coefficient based on scattering at 300 nm (d–f) for the nucleopeptide/spacer peptide self-assembly under the various pH condi-
tions, (a and d) pH 6.5, (b and e) pH 7.0, and (c and f) pH 7.5, respectively. The molar ratio of the nucleopeptide and spacer-peptide was fixed at 1 : 5.
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solution is explained as follows. The assemblies observed at
pH 6.5 were formed with a process of two types of self-organi-
zation: base pairing between the nucleotide graft-chains for
the early stage of the induction period and β-sheet formation
by intermolecular hydrogen bonding between the peptide
chains after the induction period. Formation of the base pair
would be induced by an increase of the local concentration
of the nucleopeptide. An increase of the local concentration
is accelerated during β-sheet formation by intermolecular hy-
drogen bonding between the nucleopeptides and/or spacer
peptides. Therefore, it is thought that the induction period
for the base pairing was necessary for the conformational
transition from a random coil to a β-sheet of the peptide
chain. Note that the formation of a β-sheet structure occurred
only at pH 6.5, where the degree of protonation of carboxyl
groups of Glu side-chains was relatively low. Under relatively
low electrostatic repulsion conditions, the nucleopeptides
and spacer peptides formed an assembly. The assemblies
formed by concerted interactions increased the turbidity of
the solution after the induction period. On the other hand,
formations of a β-sheet structure were inhibited under pH
7.0 and 7.5 conditions, where the degrees of protonation of
carboxyl groups of Glu side-chains were relatively high. Under
these pH conditions, the nucleopeptides will be dissolved as
dimers that formed only base pairing between the nucleotide
graft-chains, and the spacer peptides that existed as mono-
mers took random coil conformations owing to the relatively
high electrostatic repulsions.

Fabrication of the self-organized assembly having a nano-
space in the interior on the substrates

Kinoshita et al. have reported the fabrication of highly
aligned two-dimensional (2D) nanosheets consisting of am-
phiphilic β-sheet peptides on the substrates using the adsorp-
tion method.30 The ordered nanosheets could be obtained by
immersing the substrates into a random coil peptide solu-
tion. We attempted the formation of a self-organized assem-
bly composed of the nucleopeptides and spacer peptides on
the substrates using the adsorption method. Fig. 3 shows the
TEM images of the assemblies formed on elastic carbon-
coated STEM grids. The assemblies were formed on the
STEM grids by immersing the grids into an aqueous solution
containing the nucleopeptide and spacer peptide at all the
various pH conditions for 10 d at 15 °C. The molar ratio of
the nucleopeptide and spacer peptide was fixed at 1 : 5. At pH
6.5, we observed many ellipsoid-like bodies (Fig. 3(a)) that
had similar morphologies to those observed in the aqueous
system (Fig. S7†), with stacked sheet assemblies (Fig. 3(b)).
The observed ellipsoid-like bodies on the substrate were the
assemblies that formed in bulk solution. We believe that the
ellipsoid-like assemblies were formed by the random inter-
molecular hydrogen bonding between the β-sheet peptide
chains in the bulk. On the other hand, at pH 7.0 (Fig. 3(c))
and 7.5 (Fig. 3(d)), the formation of the ellipsoid-like assem-

blies was inhibited, and we observed stacked sheets, which
were larger than those obtained at pH 6.5.

We investigated the nanostructure in the nanosheets
obtained at pH 7.0 and 7.5 conditions by the adsorption
method. Under these conditions, the peptide chains took a
random coil conformation in the adsorption solutions. Nano-
lines with 6.0 nm widths were clearly observed in the sheets
obtained at pH 7.0 (Fig. 4(a)) and pH 7.5 (Fig. 4(b)). The
width of the nanoline, 6.0 nm, corresponded to the molecular
length, 5.8 nm, of the peptide main-chain of the
nucleopeptide and spacer peptide, which took a β-sheet con-
formation. The SAED patterns of the nanosheets showed dif-
ferent oriented high order diffraction spots, which
corresponded to the distance between the β-strands, 0.47 nm
(Fig. 4 insets). Furthermore, we analyzed domains in the pep-
tide sheet by dark field TEM observation based on each SAED
spot (Fig. S8†). From the analytical results, we show that each
SAED spot is attributed to different domains in the peptide
sheet. These results indicate that the nucleopeptide and
spacer peptide formed ordered self-organized nanosheets
with a conformational transition (from a random coil to
β-sheet conformation) on the substrates. That is to say, the
adsorbed peptide and nucleopeptide took a β-sheet confor-
mation on the substrate, acting as the nucleus for the growth
of the ordered nanosheet by intermolecular hydrogen bond-
ing. The nanostructural analysis by TEM observation
suggested that highly aligned β-sheets having different
growth directions were stacked to form nucleopeptide/spacer
peptide nanosheets. Moreover, we measured the layer thick-
ness of the nucleopeptide/spacer peptide nanosheet by AFM
observation (Fig. S9†). From the section analysis profile

Fig. 3 TEM images of the nucleopeptide/spacer peptide assemblies
formed on STEM grids under the various pH conditions, (a and b) pH
6.5, (c) pH 7.0, and (d) pH 7.5 after 10 days of incubation at 15 °C,
respectively. The molar ratio of the nucleopeptide and spacer peptide
was fixed at 1 : 5.
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based on AFM observation, the layer thickness was approxi-
mately 3.0 nm. This value is the sum of thicknesses of the
nanospace and the outer layers composed of two β-sheets.
The thickness of two outer β-sheets corresponds to the inter-
sheet spacing of the cross-β structure, which has been
reported to be 1.06 nm.29 From these, we calculated the
thickness of the nanospace to be approximately 1.9 nm. This
layer thickness of the nanosheet agreed well with that of the
molecular length of the Z-type double helix composed of 3′-
(GC)-5s, 2.2 nm.

To optimize the formation of the nanosheet, we studied
the relationship between the molar ratio of the nucleopeptide
to spacer peptide and the morphology of the nanosheet. We
employed another molar ratio of the nucleopeptide to spacer
peptide, which was 1 : 6, as a condition for the self-
organizational process for nanosheet formation. Fig. 5 shows
a TEM image of the nucleopeptide/spacer peptide nanosheet
formed on the STEM grid at the molar ratio of 1 : 6. We fixed
the other conditions. The STEM grid was immersed into the
nucleopeptide/spacer peptide aqueous solution at pH 7.5 for
10 d at 15 °C. A stacked sheet assembly composed of bridged
highly arranged β-sheets was observed. The nanostructure of
the nanosheet was similar to that of the nanosheet formed at
the molar ratio of 1 : 5. Nanolines, whose width was 6.0 nm,
were observed in the nanosheet, and the SAED pattern shows
different oriented high order diffraction spots (Fig. 5 inset).

However, the size of the nanosheet was larger than that of
the nanosheet formed at the molar ratio of 1 : 5. We evaluated
the influence of the molar ratio of the nucleopeptide and
spacer peptide on the formation of the nanosheet from the
areas of the obtained nanosheets, calculated using TEM im-
ages. Fig. 6 shows the area distributions of the nanosheets
composed of the nucleopeptide and spacer peptide whose
molar ratios were 1 : 5 (Fig. 6(a)) and 1 : 6 (Fig. 6(b)). The
mean areas of the nucleopeptide/spacer peptide nanosheets
formed at molar ratios of 1 : 5 and 1 : 6 were 1.37 μm2 (coeffi-
cient of variation, CV; 1.11) and 13.3 μm2 (CV; 1.00), respec-
tively. Although the distribution was very wide, the nanosheet
formed at the molar ratio of 1 : 6 was 10 times larger than
that formed at the molar ratio of 1 : 5. The increase in the
area of the nanosheet composed of the nucleopeptide and
spacer peptide whose molar ratio was 1.6 is considered as fol-
lows. The nucleotide graft-chains of the nucleopeptides are
arranged on only one side of the nanoline formed by antipar-
allel β-sheet peptides at the molar ratio of 1 : 5, when we as-
sume that there is an ideal mixture of the nucleopeptide and

Fig. 4 TEM images and SAED patterns (insets) of the ordered
nucleopeptide/spacer peptide nanosheets formed on STEM grids after
10 days of incubation at 15 °C under (a) pH 7.0 and (b) pH 7.5,
respectively. The molar ratio of the nucleopeptide and spacer peptide
was fixed at 1 : 5.

Fig. 5 TEM image and SAED pattern (inset) of the nucleopeptide/
spacer peptide nanosheet formed on the STEM grid after 10 days of
incubation under pH 7.5. The molar ratio of the nucleopeptide and
spacer peptide was fixed at 1 : 6.

Fig. 6 Histograms for the area of the nanosheets composed of the
nucleopeptide and spacer peptide formed on STEM grids after 10 days
of incubation under pH 7.5. The molar ratio of the nucleopeptide and
spacer peptide was fixed at (a) 1 : 5 and (b) 1 : 6, respectively.
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spacer peptide (Fig. S5(a) left†). In this case, the stacking of
nanolines induced by the base pairing between the nucleo-
tide graft-chains can form parallel and/or shifted assemblies
(Fig. S5(b)†). The specific interactions do not lead to the
growth of the nanosheet induced by the side-by-side assem-
bly of these stacked nanolines. On the other hand, the nucle-
otide graft-chains are arranged alternately on both sides of
the nanoline formed at the molar ratio of 1 : 6 (Fig. S5(a)
right†). The shifted nanoline nanosheet formed by base
pairing has free nucleotide graft-chains. Base pairing of the
free nucleotide graft-chains induces the formation of a side-
by-side nanosheet of the stacked nanolines. This side-by-side
nanosheet of the shifted nanolines formed at the molar ratio
of 1 : 6 seems to grow into larger and hierarchical structures
(Fig. S5(c)†).

Fabrication of magnetic nano-tape in the nanospace by ferric
oxide mineralization

We formed an ordered stacked sheet assembly having a
nanospace in the interior via a self-organizational process by
controlling the pH and molar ratio of the nucleopeptide and
spacer peptide. The nanospace faces the carboxylic acids of
Glu side-chains at the β-sheet peptides. The carboxylic acids
on the template can act as nucleation sites for ferric oxide.
We investigated the ferric oxide mineralized in the internal
nanospace of the nanosheet. We used the nanospace of the
formed nucleopeptide/spacer peptide nanosheet whose molar
ratio was 1 : 6 at pH 7.5 as a mineralization template, because
a larger and hierarchical nanosheet was obtained at this
condition.

Mineralization of ferric oxide was carried out by immers-
ing the substrates immobilizing the nanosheet into an aque-
ous solution containing a 1 : 2 molar ratio of FeĲII) : FeĲIII) at
15 °C for 7 d. EDX elemental mapping (Fig. S10†) showed the
formation of the ferric oxide–nucleopeptide/spacer peptide hy-
brid nanosheet by mineralization from the presence of Fe ele-
ment based on ferric oxide with N and P elements of the tem-
plate. From TEM observations (Fig. 7(a)), the morphology of
the obtained ferric oxide–nucleopeptide/spacer peptide hybrid
maintained the stacked sheet structure from before the min-
eralization. In the high resolution TEM (HR-TEM) image
(Fig. 7(b)), lattice fringes whose distance was 0.3 nm were
clearly observed. We determined the crystal phase of the min-
eralized ferric oxide by SAED pattern analysis (Fig. 7(b) inset).
The SAED pattern of the mineralized ferric oxide shows dif-
fraction spots that corresponded to magnetite spacing d400 =
2.10 Å and d440 = 1.48 Å.31 In addition, the lattice fringes of
0.3 nm in the HR-TEM image are attributed to the Fe–Fe dis-
tance (2.97 Å) in the magnetite d100. The distance between
the α-carbons of Glu at the β-sheet peptide was 6.4 Å. This
distance was slightly longer than Fe–Fe–Fe distances, 5.94 Å.
However, assuming that there was free rotation of the
α-carbon–β-carbon bond of Glu, carboxylic acids of the Glu
side-chains (movable range; 2.9 Å) at the β-sheet peptides
could be in contact with every other Fe atom on the magne-

tite (1,0,0). Moreover, we calculated the thickness of magnetic
nano-tape formable at the nanospace (Scheme 1). We showed
that the thickness of the nanospace was 1.9 nm from the
AFM result (Fig. S9†). The mineralized magnetite nano-tape
in the nanospace would have a thickness of less than two
crystal lattices because the length of the c-axis of the single
crystal lattice of magnetite is 0.84 nm. In fact, we observed
many Fe atoms by HR-TEM. This result supports that the
mineralized magnetite has a very small thickness. These re-
sults indicate that the nanospace sandwiched between
β-sheets having Glu side-chains acted as an effective template
for magnetite.

We observed the morphologies of the nanosheet and hy-
brid nanosheet before/after magnetite mineralization by
TEM. As a result, the hierarchical structure of the nanosheets
was maintained. For further property analysis, we carried out
AFM observation to show not only adhesion contrast but also
modulus contrast at parts of the uniform nanosheet surface
of the obtained magnetite–nucleopeptide/spacer peptide hy-
brid nanosheet. The magnetic properties of the hybrid nano-
sheet were evaluated from the adhesion between the hybrid
nanosheets and the magnetized AFM probe by PF-QNM ob-
servation. We simultaneously acquired the modulus and
height images. Fig. 8 shows the height, modulus, and adhe-
sion images of the nucleopeptide/spacer peptide nanosheet

Fig. 7 (a) TEM and (b) HR-TEM images of the nucleopeptide/spacer
peptide hybrid nanosheet after mineralization in the nanosheet. The
nanosheet formed on the STEM grid after 10 days of incubation under
pH 7.5. The molar ratio of the nucleopeptide and spacer peptide was
fixed at 1 : 6. Mineralization was carried out for 7 days at 15 °C.
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and the magnetite–nucleopeptide/spacer peptide hybrid nano-
sheet. The section analysis profiles in the white lines of the
images are shown in this figure. We used the mica as a sub-
strate for the immobilization of the nucleopeptide/spacer
peptide nanosheet. Before mineralization, the height, modu-
lus, and adhesion images of the nucleopeptide/spacer pep-
tide nanosheet were uniform. The mica surface has a slightly
negative charge in comparison with the carbon coated STEM
grid surface. We could not find clear differences in the mor-
phology of the nanosheets formed on the substrates (STEM
grid; Fig. 5, and mica; S9† and 8(a)). This result indicates that

the driving force of the immobilization of the nucleopeptide/
spacer peptide nanosheet on the substrate is the hydrophobic
interaction between the Val side chains of the β-sheet peptide
and the substrate. After mineralization, in the height image
(Fig. 8(g)), many short fillers were observed. However, in the
modulus (Fig. 8(h)) and adhesion (Fig. 8(i)) images of the
magnetite–nucleopeptide/spacer peptide hybrid nanosheet, we
did not observe short fillers. The fillers were observed in the
TEM image (Fig. 7(a)). We believe that the fillers were the
adsorbed salts. Furthermore, the modulus and adhesion im-
ages after mineralization show clearly different images

Fig. 8 PF-QNM AFM images of the nucleopeptide/spacer peptide nanosheets (or hybrid nanosheets) before and after mineralization: (a and g)
height, (b and h) modulus, and (c and i) adhesion images, respectively. Section analysis profile in white lines in each image shows: (d and j) height,
(e and k) modulus, and (f and l) adhesion images, respectively. The molar ratio of the nucleopeptide and spacer peptide was fixed at 1 : 6. The
nanosheets formed on the mica after 10 days of incubation under pH 7.5 at 15 °C. Mineralization was carried out for 7 days at 15 °C. Scale bars in
the images are 200 nm.
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compared to those of the nanosheet before mineralization.
The modulus and adhesion images of the magnetite–
nucleopeptide/spacer peptide hybrid nanosheet show a nano-
tape pattern. This result indicates that the mineralized mag-
netite formed a high modulus region as a nano-tape pattern
in the internal nanospace of the nucleopeptide/spacer pep-
tide nanosheet. This hypothesis is also supported by results
of the adhesion image. From the adhesion image of the
magnetite–nucleopeptide/spacer peptide hybrid nanosheet, a
lower adhesion region appeared in the higher modulus re-
gion (Fig. 8(i) and (h), and S11†). We used a south pole in-
duced cantilever on the tip surface. This implies that the
magnetite nano-tape pattern in the hybrid nanosheet had a
magnetic repulsive force. We found an interesting phenome-
non in the adhesion image of the magnetite–nucleopeptide/
spacer peptide hybrid nanosheet. The mineralized magnetite
in the hybrid nanosheet formed an oriented magnetic nano-
tape. In other words, a crystal of the mineralized magnetite
was oriented by specific mineralization in the internal nano-
space of the nucleopeptide/spacer peptide nanosheet. This
crystal orientation induced the arrangement of the magne-
tism in the nanospace.

Conclusions

We investigated the formation mechanisms of the ordered hi-
erarchical nucleopeptide/spacer peptide nanosheet having a
nanospace in the interior by a self-organization process. We
attempted to fabricate a magnetic nano-tape in the nano-
space of the self-organized nanosheet utilizing mineraliza-
tion. The nucleopeptide/spacer peptide nanosheet was
achieved by two types of self-organizational process: (1) for-
mation of a double-helical structure by complementary base
paring of the nucleotide graft-chains of the nucleotides in the
initial state and (2) formation of highly aligned 2D-
nanosheets by adsorption of the peptide chains on substrates
with a conformational transition from a random coil to
β-sheet structure. The pH condition affected the protonation
or deprotonation of the carboxyl group of the Glu side-chain
in the nucleopeptide and spacer peptide in the solution. Par-
tial protonation of the carboxyl group at low pH induced the
formation of the β-sheet of the peptide chain and aggregate
in the solution. As a result, these inhibited the formation of
the ordered hierarchical assembly by the self-organization
process between the nucleopeptide and spacer peptide on the
substrate. The double-helices were formed by the nucleotide
graft-chains acting as bridges between the highly aligned 2D
nanosheets. The nucleopeptide/spacer peptide nanosheet
forms an ordered hierarchical structure with a nanospace in
the interior sandwiched by two sheets bridged by nucleotide
graft-chains. The structure of the self-organized nanosheets
can be controlled by pH and the molar ratio of the
nucleopeptide and spacer peptide. Through mineralization in
the internal nanospace of the self-organized nanosheet, a
magnetic nano-tape was obtained whose crystal orientation
and magnetism were controlled. Based on the results of this

study, we clarified that the internal nanospace of the self-
organized nanosheet as a reaction field is useful for control-
ling the morphology and crystal structure of the mineralized
magnetite. This knowledge of the 3D control of the crystal
structure of magnetite is expected to trigger innovations in
the field of nanotechnology, including the development of
functional nanodevices and self-organizational nanomaterials
by bioinspired processes.
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