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A class of wide-gap HVI semiconductor nanomaterials has with pH to obtain monodisperse and crystalline wurtzite ZnS
shown interesting optical, electrical, and optoelectric properties via nanocrystals on the template nanotubes at room temperature (Figure
quantum confinement? ZnS nanocrystals have attracted consider- 1).
able attention due to its applications in flat-panel displays, elec-  Previously, the template nanotubes, self-assembled from peptide
troluminescent devices, infrared windows, sensors, and |agens.  bolaamphiphile monomers via three-dimensional hydrogen bonds
those applications, phase controls of ZnS nanocrystals were criticalPetween amide and carboxylic acid groups, were coated by various
to tune their physical properties to the appropriate ones. From the Synthetic peptides on the nanotube surfaces to grow metal nano-
industrial point of view, the wurtzite ZnS nanocrystal fabrication ~Particles on the templatéShese peptides were bound to free amide
at room temperature is extremely practical; however, the most stabled™0UPS of the nanotubes via hydrogen bonding with a simple
ZnS structure in nanoscale is the zinc blende (cubic) struéture, Mcubation process. To immobilize the M1 peptides on the template
and scientists have just begun exploring the room-temperaturenanowbes’ ofll of the M1 peptide in a pH 7 buffer was incubated

synthesis of the wurtzite structure of ZnS nanocrystals. One with 100 4L of the nanotube solution (10 mM) for 24 h. For the

promising approach for the room-temperature nanocrystal synthesisz.nS nanocrystal growth on the M1 peplide nanotubes,2@f

is t biological t lates b biomi lization i t zinc 2,9,16,23-tetrakis(phenylthio)-B®B1H-phtanlocyanine solu-
1S 10 u”s_e 10logica empafes ecau§¢T lomineraiization in na ul;e tion (50 uM in 70% THF) was added to the peptide nanotube
crystallizes many types of nanoparticles at room temperature by i to pind Zn(Il) ions to the linker regions of the M1 peptides

ysing proteins and pep_tidéEor_ example, peptide sequencgs WEr€  that contain the Zn finger-like Cyis, motifs (Figure 1b). After
identified by phage display libraries to grow the wurtzite ZnS 55 of the growth solutions were adjusted between 5.0 and 10.0,
nanocrystals and the zinc blende ZnS nanocrystals, respectively. 0.1 mL of 0.5 M NaS solution was added at C and sat for 24
Histidine, which binds Zn ions in Zn finger peptides, was also used j, ynder N to grow ZnS nanocrystals on the nanotubes (Figure
to grow wurtzite ZnS nanocrystals at room temperatuvéhile 1c). The detailed experimental procedure is in Supporting Informa-
those approaches could mimic biological systems to grow the tion. Figure 2a shows a transmission electron micrograph (TEM)
targeted nanocrystal structure at room temperature, how peptidesof ZnS nanocrystals grown on the nanotubes at pH 5.5. Those
control nucleations and crystalline phases is not clear enough tonanocrystals were monodisperse with an average diameter of 4 nm
apply them to synthesize specific nanocrystal structures in general.when they were grown in pH 5:57.4. When the same coating
Recently, in the high-temperature synthesis of ZnS nanobelts, procedure was applied to the template nanotubes without the M1
sizes of seed crystals could control their final crystalline structures. peptide, the coverage of ZnS nanocrystals on the nanotube was
For example, Au catalyst particles smaller than 50 nm nucleated Significantly diminished, and the polydisperse nanocrystals were
the zinc blende structure, while particles larger than 100 nm aggregated on the nanotube surfaces, as shown in Figure 2b. This
nucleated the wurtzite structure via vapor deposition technique. In comparison indicates that the M1 peptide plays a significant role
this communication, we combined the peptide template approachin regulating the size and the surface coverage of ZnS nanocrystals.
and the nucleation-site controlling approach to control the phase WWhen the ZnS nanocrystals were grown on the M1 peptide
of ZnS nanocrystals to the wurtzite structure at room temperature, 12notubes in pH 5.5, the electron diffraction pattern of resulting
Peptide nanotubes, consisting of the M1 peptide (VAL-CYS-ALA- ZnS nanocrystals shows (002), (110), and (112) phases of the

THR-CYS-GLU-GLN-ILE-ALA-ASP-SER-GLN-HIS-ARG-SER-  Wurtzite structure, as shown in Figure 2c. In the higher pH
HIS-ARG-GLN-MET-VAL) that is synthesized based on the conditions (pH> 8), the crystalline ZnS could not be obtained on

peptide motif of the Influenza Virus Matrix Protein M1, could grow the nanotubes. When ZnS nanoparticles were grown with the M1

. . . i ith h I in the pH .
the wurtzite ZnS nanocrystals on the nanotube templates in solutlon.peF)tldes without the template nan_otubes in the p range of 5.5
. . . . 7.4, large aggregates of ZnS particles and the M1 peptides were
The M1 protein controls ribonucleoprotein (RNP) coatings on the

. . . . . . observed.
VII’U'S as_ a function of pH, ‘,thh plays "_i crucial role in the v!rus The UV/vis spectrum and the fluorescence spectrum (excited at
replication? In the M1 protein, the unfolding process of the helical

X T ) “' 288 nm) of ZnS nanocrystals on the M1 peptide nanotubes (pH
M1 peptide backbone motif via pH change creates a linker region 5.5) show absorptioAmsy at 280 nm (blue line in Figure 3a) and
between N- and C-terminated helical domains that contains a Zn 4 fjyorescence peak at 439 nm (Figure 3b), respectively. Since no
finger-like CysHis, motif.? Because the higher pH increases the apsorption from the M1 peptide nanotubes around 280 nm was
uptake of Zn ions in the Cyblis, motif of the M1 peptide by  observed (red line in Figure 3a), the 280 nm absorption of the blue
unfolding more helical domains, the pH change can essentially |ine in Figure 3a is attributed to ZnS nanocrystals. A small shoulder
control the size and the number of the nucleation sites in the M1 at 470 nm in Figure 3b corresponds to the defect-related emission
peptides to grow ZnS nanocrystals with desired phases. Here weof ZnS nanocrystal¥) These absorption and fluorescence peaks
optimized the nucleation sites in the M1 peptides by unfolding them indicate that the band gap of these ZnS nanocrystals in the diameter
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the imidazole peak of the neat histidine via pH increase shows that
more Zn ions were taken up by histidines of the M1 peptide at
higher pHs, which is consistent with previous observatidie
crystallinity difference of ZnS nanocrystals between acidic and basic
conditions may be explained by two chelation structures between
Zn ions and histidines. When sulfide ions substitute nitrogens of
the Zn(11)-N(His) bonds to grow ZnS in the nucleation stage, the
exchange kinetics and the directionality of resulting-Zhbonds
should differ between these two chelating structures. This difference
in the nucleation process can influence the crystallinity and the
final crystalline structure of nanocrystals. In the case of the M1
peptide nanotube, the Zn(H)CysHis, motif was the right nucle-
ation structure to grow the wurtzite ZnS nanocrystals at room
temperature.

In conclusion, monodisperse ZnS nanocrystals were grown on
the M1 peptide-coated nanotubes at room temperature. When pH
of the growth solution was adjusted to 5.5, ZnS nanocrystal was
grown as the highly crystalline wurtzite, and the structure became
more amorphous as pH was raised to 10.0, controlled by the

) . ) unfolding conformation of the M1 peptides. This concept should
Figure 2. (a) TEM image of ZnS nanocrystals on the M1 peptide nanotubes b idel licable to oth tal wihs t trol thei
grown at pH 5.5. Inset: In the high magnification; scale ar0 nm. (b) € widely app 'C_a .e. 00 Qr crystal growths to contro ) er
TEM image of ZnS nanocrystals on the neat template nanotubes with no Structures by optimizing peptide sequences and conformations.

M1 peptides grown at pH 5.5; scale karl00 nm. (c) Electron diffraction )
of the ZnS nanocrystals on the M1 peptide nanotubes grown at pH 5.5. Acknowledgment. This work was supported by the U.S.

Department of Energy (DE-FG-02-01ER45935). |.B. thanks Dr. A.
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Figure 1. lllustration of the ZnS nanocrystal growth on the unfolding M1
peptides on the template nanotubes as a function of pH.
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o Supporting Information Available: Experimental procedures for
R — 0 the M1 peptide coating on template nanotube and the wurtzite ZnS
=8 ’“w"fzwa‘fm 4 o 'fm":?,;(:m,m nanocrystal growth, instrumentations, CD spectra of the M1 peptides,
300 and additional TEM images of ZnS-coated nanotubes. This material is
(c) = jrzatih phe available free of charge via the Internet at http://pubs.acs.org.
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