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Abstract

Pb-binding TAR-1 peptides (Ile-Ser-Leu-Leu-His-Ser-Thr) were covalently conjugated on a
bolaamphiphile peptide nanotube substrate and the precursors of PbSe were incubated at room
temperature. This resulted in the growth of highly crystalline PbSe nanocubes on this biomimetic
cylindrical substrate. The growth mechanism to generate nanocubes occurs via the directed self-
assembly of nanoparticles and then nanoparticle fusion. The peptide conformation and the
cylindrical peptide nanotube substrate play important roles in the mesoscopic crystallization of
PbSe nanocubes. Changing the buffer for the peptide immobilization process from 2-(A-
morpholino)ethanesulfonic acid to phosphate induces a transformation in the nanocrystal shape
from nanocube to nano-rods. The conformational change of the TAR-1 peptide on the nanotubes
due to the change in the buffer seems to be responsible for aggregating intermediate nanoparticles
in different directions for the directed fusion and mesoscopic crystallization of PbSe into the
different shapes.

As an important semiconductor with a narrow bandgap (0.27 eV at 300 K), nanosized lead
selenide (PbSe) is of scientific interest due to its great potential in the applications of optics,
1-3 the IR spectra regime, thermoelectric devices, biological labels and solar cells.*-6
Currently the synthesis of morphology-controlled or shape-controlled PbSe nanocrystals
requires heating of the reaction mixture to a high temperature. While Pb ions and Se ions
have no problem reacting at any temperature, the low solubility of PbSe, Kgp = 1.0 x 10-37,
makes the synthesis difficult at room temperature and under an ambient conditions the
reaction tends to form shapeless particles. Meanwhile in nature, biomineralization enables
manipulation and crystallization of crystals into complex shapes in vitro viathe transport of
intermediates, controlled by the topology and the chemical functionality of biological
substrates.”~11 Biomineralizing organisms such as starfish and marine sponges have evolved
the capability of synthesizing inorganic structures in mild conditions with an outstanding
degree of complexity on a nano- and microscale.1213 By mimicking natural systems, target
crystals can be mineralized on functional flat substrates where peptides, which have a high
affinity to specific precursor ions and catalyze the reaction, are patterned.1 This approach
enables the growth of targeted inorganic crystals, however the resulting morphology is
difficult to control on these 2D surfaces. The shape of the substrate plays a significant role in
controlling the size and the shape of nanocrystals, as observed in nature. For example, when
the mineralizing peptides for Au were immobilized on a cylindrical peptide nanotube surface
and Au was mineralized onto this surface, the resulting size of the nanocrystals was very
sensitive to the pH of the growth solution1® while the same degree of control was not
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achieved by the same peptide monolayer on flat Au substrates.1* This comparison indicates
that non-flat substrates have certain advantages in the morphology control of mineralization.
This is not surprising since the natural mineralization template is rarely flat. This flexibility
of morphology in peptide-assisted mineralization could be due to the ease of the
conformational change of peptides on cylindrical surfaces.18

Here we report the growth of PbSe with Pb-binding peptides patterned on cylindrical peptide
nanotube surfaces (Fig. 1). Since the peptide that can bind Pb ions with a high affinity can
overcome the low solubility problem by concentrating ions on the peptide surface, this
system is expected to grow PbSe at room temperature.

The template nanotubes used for the PbSe mineralization were self-assembled from bis(/A-
a-amido-glycylglycine)-1,7-heptane dicarboxylate monomers. Details of the monomer
synthesis and the method for the cylindrical self-assembly are described elsewhere.17:18 The
peptide TAR-1, whose sequence is lle-Ser-Leu-Leu-His-Ser-Thr, was found to have a high
affinity and specificity towards coordination of Pb ions v7a charge interaction.1920 After
amine groups of the TAR-1 peptide were covalently bound to the carbonyl groups of the
nanotubes viathe NHS/EDAC reaction in a 2-(A-morpholino)ethanesulfonic acid (MES)
buffer (0.1 M, pH5.6), Pb ions were incubated with the TAR-1 peptide-conjugated nanotube
and subsequently Se ions were reacted with these Pb ions. This final step of Se incubation
was carried out in deionized water in order to reduce the production of Pb(OH), which
competes with PbSe generation. During 1 h of incubation, the majority of the coating
consisted of small spherical nanoparticles with an average diameter of 8 nm (Fig. 2a). Also
observed after this short incubation time were some cubic nanocrystals of larger sizes.

When the precursor incubation was extended to 12 h, the number of PbSe nanocubes, with
an average size of 55 nm, increased while the small spherical hanoparticles were observed at
a smaller population (Fig. 2b). After 20 h of the reaction, the spherical nanoparticles were
completely transformed into cubic nanocrystals on the nanotube surface (Fig. 2c, left). These
results for different incubation times reveal the growth steps of PbSe nanocubes; that the
spherical nano-particles are grown first, and then these nanoparticles fuse into larger cubic
nanocrystals. The electron diffraction pattern of the PbSe nanocube on the nanotube in Fig.
2d shows the (200), (220), (222), (400), (420), and (422) planes of a face-centered-cubic
crystal of PbSe. A high-resolution TEM image of the resulting nanocube (Fig. 2¢) resolves
the lattice fringes of (200) and (220) faces and it shows a single crystalline nature. We
hypothesize that the subsequent crystallographic fusion of the high-energy crystal faces
induces crystallization of the self-assembled nanoparticles. This hypothesis for the
nonclassical crystallization process is supported by magnified TEM images of some of the
PbSe nanocubes that do not complete the mesoscopic fusion process in Fig. 2c (right). These
images show the particle domains in the cubic structure. This type of mesoscopic
transformation has been reported for the growth of various inorganic systems.1! In the case
of the orientated attachment of PbSe nano-particles, the formation of 1D PbSe nanowires has
been reported with high-temperature synthesis in organic solvents,2! however previously 2D
PbSe mesoscopic crystallization has not been achieved at room temperature in aqueous
solution. It should be noted that in the crystallization there is another possible growth
mechanism in which spherical and cubic nanoparticles co-develop with different kinetics
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without the fusion of small particle domains. However, all of our observations point the
other way. For example, the number of spherical nanoparticles decreases as the number of
nanocubes increases (Fig. 2a and b), and the resulting nanocubes consist of a spherical
particle domain as a resulting of fusing (Fig. 2c). If both shapes of nanoparticles grow at
different rates, the number of spherical nanoparticles should not diminish as the reaction
proceeds. Therefore, it is more likely that the mesoscopic transformation takes place in the
crystallization of PbSe nanocubes.

In order to confirm the role of the TAR-1 peptide on the nanotube for the growth of PbSe
nanocubes, two control experiments were performed. When the neat nanotubes without the
TAR-1 peptides were incubated with Pb(NO), and then with Na,SeSO3 solution, no coating
was observed around the nanotube (Fig. 3a). In another control experiment, when the TAR-1
peptides and the precursors were incubated without the nanotubes, random aggregations of
nanoparticles were seen in the TEM image (Fig. 3b). It should be noted that the aggregate in
Fig. 3b does not have a defined electron diffraction pattern and therefore it is amorphous.
This observation indicates that the TAR-1 peptides immobilized on the nanotube surface
concentrate precursors more effectively for nucleation, and the peptide-functionalized
nanotubes play a crucial role in the crystallization of PbSe nanocubes. While the TAR-1
peptides concentrate Pb ions on the nanotube surface for mineralization, the nanotubes
provide adequate platforms for the directed self-assembly of nano-particles and their fusion
into PbSe nanocube crystals rather than random particle aggregates.

The conformation of the mineralizing peptides on the nanotube substrate plays an important
role in determining the shape and the size of nanocrystals.1® Buffers are known to influence
the conformation and aggregation states of peptides and proteins,22 and we examined this
buffer effect by changing to a phosphate buffer with the same concentration and pH as with
the previous MES buffer. Since water is the best solvent to grow PbSe nanocrystals, we only
changed the buffer at the first step of the peptide incubation. When the immaobilization step
of TAR-1 peptide on the nanotubes was carried out in phosphate buffer (0.1 M, pH 5.6) and
the resulting peptide nanotubes were incubated with the PbSe precursors, PbSe nanorods
were grown on the peptide nanotube surfaces (Fig. 4a). The electron diffraction pattern of
the PbSe nanorods on the nanotubes in Fig. 4b shows (111), (200), (220), (222), (400),
(420), and (422) planes for a face-centered-cubic crystal of PbSe. This shape transformation
from nanocube to nanorods indicates that the peptide conformation is indeed important in
determining the crystal shape of PbSe. At the early stage of PbSe growth in this condition,
cubic nanoparticles were seen to undergo directed-assembly in one-dimension to grow
nanorods (Fig. 4c). Phosphate buffer has been shown to induce aggregation of proteins,22
and the conformation of TAR-1 peptide in phosphate buffer is expected to be significantly
different compared to different buffers under strong peptide—peptide interactions. It is
possible that the directed-fusion of nanoparticles for mesoscopic crystallization is influenced
by the conformation of TAR-1 peptides in the phosphate buffer. Previously the adsorption/
desorption properties of small molecules on TiO, surfaces were seen to become more
sensitive to the crystalline structure in phosphate rather than MES buffers.23 In this case the
assembly of PbSe nanoparticles could be more directional along the crystalline faces to form
nanorods on the peptide nanotube. It should be emphasized that the buffer effect was only
examined in the peptide incubation step to understand the influence of the peptide
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conformation on the crystal shapes; buffers were only added in the peptide immobilization
step and then rinsed out with deionized water before the precursors were added. Therefore,
the possibility of the direct influence of buffers on the crystal growth is eliminated.

In conclusion, PbSe nanocubes were successfully grown on the peptide nanotubes at room
temperature, which were conjugated with Pb-binding TAR-1 peptides. The growth
mechanism follows the directed self-assembly of nanoparticles and the nanoparticle fusion
to generate nanocubes. The peptide conformation and the cylindrical peptide nanotube
substrate play important roles in the mesoscopic crystallization of PbSe nanocubes.
Changing the buffer for the peptide immobilization process from MES to phosphate induces
a nanocrystal shape transformation from nanocube to nanorods, and a conformation change
of TAR-1 peptide on the nanotube via the buffer change seems to be responsible for
aggregating intermediate nanoparticles in different directions for the directed fusion and
mesoscopic crystallization of PbSe in different shapes.

Experimental section

Bis(A-a-amido-glycylglycine)-1,7-heptane dicarboxylate monomers were synthesized and
assembled into peptide nanotubes as reported previously.17:18 After these peptide nanotubes
were centrifuged and rinsed with deionized water, they were used as substrates for the
immobilization of Pb mineralizing TAR-1 peptides and for the subsequent PbSe nanocrystal
growth. For the covalent immobilization of TAR-1 peptide, the rinsed nanotubes were
incubated in the A-hydroxysuccinamide and 1-ethly-3-(3-dimethlyaminopropyl)
carbodiimide (NHS/EDAC) solution (NHS (100 mM) and EDAC (100 mM) in MES buffer
(0.1 M, pH 5.6)) for 2 days, and then the nanotubes were mixed with TAR-1 peptides (4
mM) for 2 days. After removing the unreacted TAR-1 peptides by centrifuging and rinsing
with deionized water, (PbNO3), (0.5 mM) was injected and incubated for 4 days and then
the excess lead ions were removed by centrifuging and rinsing. Then, Na,;SeSOs3 (2 mM)
was mixed with the resulting nanotube solution to complete the PbSe nanocrystal growth.
The incubation time of Nay,SeSOj3 varied from 1 h to 20 h to monitor the growth mechanism.
Finally, the PbSe nanocrystal-coated nanotubes were centrifuged and rinsed with deionized
water before microscopic characterization.
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B PbSe nanocube

Fig. 1.
Schematic diagram of PbSe nanoparticle growth on the peptide nanotubes. The TAR-1

peptide (ISLLHST), immobilized on the template nanotubes, coordinates Pb ions and forms
PbSe nanocrystals after they react with Se ions on the cylindrical nanotube substrate.
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Fig. 2.

TlgM images of (a) the TAR-1 peptide-conjugated nanotube after incubating with PbSe
precursors for 1 h, scale bar = 50 nm, (b) 12 h, scale bar = 40 nm and (c) 20 h, scale bar =
210 nm right: a magnified TEM image, scale bar = 30 nm. (d) Electron diffraction pattern of
the TAR-1 peptide-conjugated nanotube after incubating with PbSe precursors for 20 h. (e)
HR-TEM image of a PbSe nanocube in (c).
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(a) N B

Fig. 3.
TEM images of (a) a neat nanotube template without TAR-1 peptides after incubating with

PbSe precursors for 20 h, scale bar = 200 nm. (b) Only TAR-1 peptides without the nanotube
substrate after incubating with PbSe precursors for 20 h, scale bar = 100 nm.
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Fig. 4.
TEM images of (a) the TAR-1 peptide-conjugated nanotube after incubating with PbSe

precursors for 20 h when the TAR-1 peptide immobilization on the nanotubes took place in
phosphate buffer instead of MES buffer, scale bar = 100 nm. (b) An electron diffraction
pattern of (a). (¢) The TAR-1 peptide-conjugated nanotube after incubating with PbSe
precursors for 1 h when the TAR-1 peptide was immobilized in phosphate buffer, scale bar =
30 nm.
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