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ABSTRACT
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self-assembled nanofiber metal nano’ﬁ'artlcle decorated
nanofiber
Ll

The surface of a nanofiber that is formed from a self-assembling pseudopeptide has been decorated by gold and silver nanoparticles that are
stabilized by a dipeptide. Transmission electron microscopic images make the decoration visible. In this paper, a new strategy of mineralizing
a pseudopeptide based nanofiber by gold and silver nanoparticles with use of a two-component nanografting method is described.

The shape and size of nanocrystals govern their catalytic,cal nanotube surfacésControlling diameter and packing
optical, and electronic propertiég.o apply nanocrystals as  densities of nanocrystals on the surfaces on which they are
building blocks for practical electronic, magnetic, and optical to be patterned is of utmost importance to produce nanode-
devices, the nanocrystals must be assembled in an orderedices with tunable electronic properties from a single type
pattern. There are some recent examples of patternedof nanocrystal. Biological systems control the mineralization
deposition of various nanocrystals on flat surfat&ecent and nanocrystal synthesis of various metals in exact shapes
studies include the patterning of the nanocrystals on cylindri- and sizes with high accuraéylThere are many examples of
using biological molecules as templates on which the
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monodisperse nanocrystals have been grown by biominer
alization® Oligomeric DNA, bacteriophages, and other
biomecular components have been used to prepare various Acetic anhydride, oA

. . OH Dry acetone 98% Formic acid, N
nanostructureDesign and construction of supramolecular reflux, 6 h )T\ Sodium formate
+ OjJ\/

architectures of nanoscopic dimensions give access to entities 0 SH >© e s
of increasing complexity with distinct structural and func- Nz HCt
tional properties. The use of intermolecular forces provides

Stirring, 6 h OH

a rational and efficient method to position molecular B‘rbegme“"ehy'es‘ef\&(mo“e 1NMethanoIi&Ha<_(COOMe
components precisely in a well-defined supramolecular |HoBtbce 48h25°c NH
architecture_. .Self—assembly relies on a sequence of spontanete  o- ¢ stirring ® O)\hs o)\(\SH
ous recognition, growth, and termination steps to form the 0\/“% n

final equilibrium supramolecular entity (or a collection of
such) through metal ion coordination, hydrogen bonds, or
hydrophobic or electrostatic interactions. There are a few Figure 1. Schematic representation of the synthesis of peptide
examples of mineralization on synthetic nanostructures by capping agent.

metal nanoperticles or nanocrystals, based on specific
supramolecular intercatiori$.Matsui et al. made a template
by immobilizing a histidine containing peptide on the surface nanoparticles. The capping agent is bidentate in nature with
of a nanotube that is made up of self-assemblingNbis{ a free amine £NH) and free sulfahydryl group{SH) at
amido-glycylglycine)-1,7-heptane dicarboxilic acid and vari- the same terminus of the molecule, and this has made it an
ous metal nanoparticles including gold, silver, and platinum efficient capping agent for metal nanoparticles. The peptide
were stabilized on that nanotubular surf&&eHere, we  1was separately stirred with the aqueous solution of HAUCI
report a new strategy of mineralizing pseudopeptide-basedand AGNQ and then it was reduced with aqueous NaBH
nanofiber by gold and silver nanoparticles using a two- Solution, which produced a purple and light gray solution
component nanografting method exploiting the rationale of Stabilized by the peptide capping agent. The plasmon band
basic noncovalent interactions between the side chains of2ppeared at 537 and 462 nm (broad) (Figure 2, parts ¢ and
self-assembled pseudopeptides and the peptide capped gold/

silver nanoparticles.

For obtaining an efficient capping agent for gold and silver
nanoparticles, a cysteine containing C-terminally protected|
dipeptide (peptidd) has been synthesized (Figure 1). This
peptide has been purified and characterized with conventiona
methods (Supporting Information). We have used methyl-
ester protection at the C-terminus to lower the propensity of
self-assembly of the dipeptide, so that it can be effectively
used as a capping agent for gold and silver nanoparticles
and to control the homogeniety in size of the metal

Peptide 1)

&
1

Absorbance

.

300 400 500 600 700
Wave length (nm)

(4) (a) Baeuerlein, E. IBiomineralization Wiley: New York, 2000.
(b) Niemeyer, C. M I 2001, 40, 4128-4158. (c)
Dujardin, E.; Mann, Sagushdaias 2002 14, 775-788. (d) Gazit, EEEBS.
J. 2007, 274 317-322. (e) Carny, O.; Shalev, D. E.; Gazit, W
2006 6, 1594-1597. (f) He, J,; Kunltake T, Watanabe
2005 795-796. (g) Patolsky, F.: Welzmann Y.; Lioubashevski, O.; Wlllner
. 2002 41, 2323-2327. (h) Sauza, G. R.;
Christianson, D. R.; Staquicini, F. D.; Ozawa, M. G.: Snyder, E. Y. Sldman
R. L.; Miller, J. H.; Arap, W.; Pasqualini, F*.A
200& 103 1215-1220.

(5) Sdlner, C.; Burghammer, M.; Nentwich, E. B.; Berger, J.; Schwarz,
H.; Riekel, C.; Nicolson, Tggienge?003 302, 282—286.

(6) (a) Braun, E.; Eichen, Y.; Sivan, U.; Ben-Yoseph, N&ailre 1998
391, 775-778. (b) Niemeyer, C. Vil I 2000 4, 609
618. (c) Whaley, S. R.; English, D. S.; Hu, E. L.; Barbara, P. F.; Belcher,
A. M. Naiure200Q 405 665-668. (d) Lee, S. W.; Mao, C.; Flynn, C. E.;
Belcher, A. M.3glence?002 296, 892-895. (e) Rudolph, A. S.; Calvert,
J. M.; Schoen, P. E.; Schnur, J. AR ' 1938 238 305- L\
320. (f) Jiang, K.; Eitan, A.; Schadler, L. S.; Ajayan, P. M.; Siegel, R. W.; a 09
Grobert, N.; Mayne, M.; Reyes-Reyes, M.; Terrones, H.; Terronefldio J_] l 1 * |
Lett. 2003 3, 275-277. (g) Banerjee, S.; Wong, S. Salgaait2002 2, 4000 3000 2000 1000 300 350 400 450 500 550 600
195-200. Wave length (d:) Wave length (nm)

(7) Ray, S.; Das, A. K.; Banerjee, /sisnmianesen°006 2816
2818. Figure 2. (a) Infrared spectra of (i) peptid (ii) peptidel capped

8) (a) Lingtao, Y.; Banerjee, |. A.; Matsui, Hidateuiiagm 00 } . .
14’(7)3(9_)7439@) Djalal, R_;J Chen, Y.-f.. Matsui, il i4 c gold nanoparticle, and_ (iii) peptidk capped Ag n_anopartlc_le. (b)
2002, 124, 13660-13661. (c) Rabatic, B. M.; Claussen, R. C.; Stupp, S. I. Plasmon band of peptidecapped gold nanoparticle solution and

r2005 17, 5877-5879. (d) Sone, E. D.; Stupp. S.LAD. (c) plasmon band of peptide capped silver nanoparticle.
ERamae0c2004 126 12756-12757.

2490 Org. Lett, Vol. 9, No. 13, 2007

201

151

E

101 |

Absorbance



http://pubs.acs.org/action/showImage?doi=10.1021/ol0708471&iName=master.img-001.png&w=231&h=121
http://pubs.acs.org/action/showImage?doi=10.1021/ol0708471&iName=master.img-002.jpg&w=238&h=293

d, respectively) and transmission electronic microscopic

crystal of pseudopeptidé was obtained from solution of

images (Figure 3a,b) showed the presence of gold/ silverMeOH—H,0O (2:1) by slow evaporation and single-crystal

Mo.of Particle
ha, of particles

Diameter {nm}

10 3% 4
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Figure 3. Transmission electron microscopic (TEM) images of
peptidel capped (a) gold nanoparticles and (b) silver nanoparticles.
Size distribution of peptidé stabilized (c) gold nanoparticles and
(d) silver nanopatrticles.

nanoparticles and their size distributions (Figure 3c,d) which
were stabilized by the peptidecapping agent. FT-IR studies
clearly indicate the participation of the side chain thiol group
(—SH) and the terminal amino group-NH,) of the peptide

1 for capping the gold and silver nanoparticles (Figure 2).
Bonding of both amine and sulfydryl groups with gold/silver

nanoparticles was evident from the FT-IR spectra (Figure| =

2a). In the solid state (KBr), the FT-IR spectrum of peptide
lindicates a broad band centered at 3330.4'ahnie to the
N—H streching vibrations of the terminal amino group.
However, the N-H streching frequency of peptidecapped
gold and silver nanoparticles appeared at 3368.5 and 3354.
cm1, respectively.

The increase in wavenumber can be justified by the
interaction of lone pair of electrons of the free amine group
(—NH,) with the suitable vacant orbital of Au and Ag in
their neutral state¥. Peaks that appeared due to carbonyl
stretching of amide and ester functionalities do not show
significant shifts as they do not involve capping of the metal
nanoparticles. Another broad band centered at 2504 cm
was also observed in case of peptifieand this peak
disappeared in the spectrum of gold and silver tagge
nanoconjugates. This vividly demonstrates the role of the
—SH group in stabilizing the gold and silver nanoparticfes.
Pseudopeptidé was prepared by a conventional solution-
phase DCC-HOBLt coupling methd8lA good quality single

X-ray diffraction study of this pseudopeptidevas doné?

The self-assembling nature of the pseudopeptidén
methanot-water can be assessed from its crystal structure
in the same solvent system. The crystal structure of the
pseudopeptidel reveals that the molecule has crystal-
lographic 3-fold symmetry within a hexagonal unit cell, space
group P6; (Supporting Information, Figure S10). This
facilitates the formation of supramolecular columnar packing
along the axis parallel to unique crystallograplai@xis.
These supramolecular columns are regularly aligned via non-
hydrogen bonding, noncovalent interactions to form hierar-
chical supramolecular arrays along the equivalent crystallo-
graphica andb axes (Supporting Information, Figure S11)
to produce a straight nanofiber, which was observed in the
TEM image (Figure 4c) of pseudopeptiti@anofiber. Figure

(b)

fFigure 4. Transmission electron microscopic images of (a)
nanofiber of pseudopeptidedecorated with peptidé stabilized
gold nanoparticles, (b) nanofiber of pseudopeplidiecorated with
peptide 1 stabilized silver nanoparticles, and (c) nanofiber of
pseudopeptide.

5 shows the mechanism of formation of nanofiber in light
of crystallography and self-assembly.

Transmission electronic microscopic (TEM) studies were

g carried out with the methanelwater (2:1) solution of

pseudopeptidd to obtain the information about the nan-
odimensional insight of the pseudopeptida solution. From

the TEM images (Figure 4c), it was evident that pseudopep-
tide 1 molecules form nanofibers with a width ranging from
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s porting Information, Figure S11). Peptide capped metal (gold/

silver) nanoparticles come in contact with the pseudopeptide
1 based nanofibers involving the non-hydrogen bonding
noncovalent interactions among the anchoring groups present
in both interacting surfaces (one suface from the peptide
metal nanoconjugate and the other from the nanofiber) to
form the gold/silver nanoparticle decorated pseudopeptide
based nanofiber (Figure 5). In this method peptide stabilized

Unit molecule Secondary Manofiber " ) : -
snuchure gold or silver nanoparticles are immobilized on the surface

of the pseudopeptide based nanofiber by suitable non-
hydrogen bonding noncovalent interactions between the
interacting groups of the pseudopeptide nanofiber and the

capped metal nanoparticles on the self-assembling pseudopeptidd€tal ngnoparticbpeptidel nanqconjugate. We have u;ed
1 based nanofibers. the peptidel molecule as a capping agent and the peptide

\/mE Peptide-capped Au/ Ag nanoparticles

Figure 5. Schematic representation of immobilization of dipeptide

is a bidentate ligand in which-SH and—NH, groups are

. in appropriate juxtraposition to stabilize the nascent Au/Ag
108 to 140 nm. To assess the efficiency of the method of \anoparticles to prevent further aggregation of these nano-
grafting of peptide stabilized gold and silver nanoparticles paicles and thus the size of GNPs and SNPs is somewhat
on the pseudopeptide nanofiber, transmission electron Mi-cqnirojled. Our method differs from the previously reported
croscopy was carried gut. The solution of the pseudopeptide ethod of mineralization on synthetic nanostructure by metal
1in methanot-water (2:1) was then mixed with the solution  \anoparticles, as in our method freshly prepared nanoparticles
of peptldg capped gold/silver nanoparticles and the mlxture are first capped by a bidentate ligand (peptideand then

was then incubated at 3C for 2 h. After that TEM studies  {he nanoconjugate comes in contact with the interacting
were carried out with these two solutions separately on a gr6yps situated on the surface of the pseudopeptide nanofiber.
carbon-coated copper grid (300 mesh) by slow eva_po_rauon This is different from Matsui’s method, in which the metal
and vacuum drying at 3€C for 2 days. The transmission ions are first stabilized on the surface of the nanotubes and

eIectronf Tlcroscoplcd|m§t?]etshshdo.wedt.;[jhat gold an(.jf S|Iv|er subsequent reduction of the metal ions by suitable reducing
nanopaticies (capped wi 1€ dipepti €) were uniformly agent produces the mineralization of metal nanoparticles on
deposited on the pseudopeptide nanofiber to form gold andnanostructures

silver nanoparticle decorated nanofibers (Figure 4a,b). Our result describes a new method of fabricating a metal

From the above result, it is clear that the metal nanoparticle anoparticle coated nanofiber based on the rationale of
coated nanofiber can be made by using this technique, based2oP . . . .
upramolecular chemistry, involving the noncovalent interac-

on the noncovalent interactions between the peptide capped. : ; : :
Au/Ag nanoparticles an_d the interacting groups anchort_ad onfﬁggzg?ﬁe;nn dt_hg g‘g&fﬂ?gﬁ?@;ﬁiﬁfiﬁﬁg{‘ ;:3 lg)aer;)(ziféjt; ers
the surface of the nanofiber. From crystallography and hlgherCa ed nanoparticles. This method can be utilized for makin

order packing it is evident that the hydrophobic isopropyl PP P ' 9

side chain and hydrophilic methyl carboxylatesJOOMe) new hybrid nanomaterial _from _sy_nthetic nanomaterigls
of the valine residues (attached to each of the centrally obtained from self-assembling building blocks and peptide

positioned aromatic rings) are present at the periphery of stabilized metal_ nanoparticles. The fu_nctional nature of the
the supramolecular assemblage (Supporting Information,metal nanoparticle grafted nanofiber is yet to be explored.
Figure S9).

Because of this unique positioning of the hydrophilic and
hydrophobic groups along the surface, the pseudopeptide :
based nanofiber adopts a very high recognizing behavior atSys_tems. _P'P' _Bose a_\cknowledges the C.5.1.R, New Del_h"
the supramolecular level. Here, we used a cysteine-containingIndla for financial assstan_ce. Thanks are due 1o th? Pa!”'a'
dipeptide (peptidd) as a stabilizer for Au/Ag nanoparticles. support from the Nanost_:lence and T_echnology Initiative,
This capping agent contained a hydrophobic part consisting DST, Government of India, New Delhi.
of the side chain of the amino acid leucine and a hydrophilic
group (—COOMe) too. The terminally located free amine
group NH) and the sulfahydryl group—{SH) were
involved in capping the metal nanoparticles. The dipeptide
molecule (peptidel) capped with the metal (gold/silver)
nanoparticle forms a nanoconjugate in such a way that the
hydrophobic (isopropyl) and hydrophilie-COOMe) groups
were positioned on the surface of the nanoconjugate (Sup-0OL0708471

Acknowledgment. We thank EPSRC and the University
of Reading, U.K. for funds for Marresearc Image Plate

Supporting Information Available: Experimental de-
tails, synthesidH NMR and HRMS of all compounds, TEM
studies, EDX profiles of gold/silver nanoparticles, and
packing pictures from crystal data of all compounds. This
material is available free of charge via the Internet at
http://pubs.acs.org.

2492 Org. Lett, Vol. 9, No. 13, 2007


http://pubs.acs.org/action/showImage?doi=10.1021/ol0708471&iName=master.img-005.jpg&w=239&h=101

