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Abstract: The room-temperature synthesis of ($-Ga,Os; nanocrystal was examined by coupling two
biomimetic crystallization techniques, enzymatic peptide nanoassembly templating and aggregation-driven
crystallization. The catalytic template of peptide assembly nucleated and mineralized primary 3-Ga,O3;
crystals and then fused them to grow single-crystalline and monodisperse nanoparticles in the cavity of
the peptide assembly at room temperature. In this work, the peptide assembly was exploited as a nanoreactor
with an enzymatic functionality catalyzing the hydrolysis of gallium precursors. In addition, the characteristic
ring structure of peptide assembly is expected to provide an efficient dehydration pathway and crystallization
control over the surface tension, which are advantageous for -Ga,Os crystal growth. This multifunctional
peptide assembly could be applied for syntheses of a variety of nanomaterials that are kinetically difficult
to grow at room temperature.

Recently, nanostructured semiconductor oxides have beencrystalline and monodisperse nanopatrticles in the cavity of the
attracting a great deal of attention for their potential uses in peptide assembly at room temperature.
optoelectronic and sensor applicatidn&.n particular, mono- Biological systems possess the function to synthesize exotic
clinic gallium oxide, 3-G&Os, has been studied extensively materials at room temperature via their enzymatic activities.
because of the wide band gap that provides light emission in aRecently various room-temperature material syntheses were
broad range. In general, oxide semiconductor materials areexamined by use of biomimicked systems engaging biominerali-
synthesized at high temperatdrelowever, if these syntheses zation® 4 Those biomolecular catalysts, dictated by the genetic
can be conducted in milder conditions such as room temperature,code and protein assembly, can facilitate mineralizations via
it reduces the production cost, the facility size (such as cooling specific interactions between chemical moieties in unique
systems), and the manpower, which will have a significant conformations and solutes. This specific interaction that stabi-
impact on manufacturing gallium-based nanodevices. Low- lizes and controls the kinetics of the intermediate phases during
temperature processing could also lead to reduced nanoparticldh€ synthesis leads to yield in unique crystal structéfes.

aggregations and defects induced from local thermal stresses”lthough enzymes in nature can mineralize metals and semi-

Here, the monodisperse gallium oxide semiconductor crystals,Conducmrsh whose growths are hardlyl a((;hlgveddat room t(;m-
which are known to be kinetically unfavored to grow in ambient perature, those enzymes are not exactly designed to grow them

conditions, were synthesized at room temperature by coupling n _umform size and shape. For exa_lmple, silicatein m0|et|e_s, the
L " . X ., “silica skeletal elements of a marine sponge, were applied to
two biomimetic crystallization techniques, enzymatic peptide . ; 15
. . . ..~ catalyze the hydrolysis and polycondensatiory5503.1° In
nanoassembly templating and aggregation-driven crystallization.
The term aggregation-driven crystallization is defined as a (6) Kisailus, D.: Truong, Q.: Amemiya, Y.: Weaver, J. C.: Morse, DPEoc.

process in which a single crystal is grown by aggregation in an Natl. Acad. Sci. U.S.A2006 103 5652-5657. _
aligned manner and the fusion of primary nanopartiel&se ™ Qégqu%?_’fz‘bgu"er’ D. A; Grazul, J. L; Hamann, D. $tience2003
peptide assembly used in this study captured the nucleated (8) Brott, L. L.; Naik, R. R.; Pikas, D. J.; Kirkpatrick, S. M.; Tomlin, D. W.;

R . . . . Whitlock, P. W.; Clarson, S. J.; Stone, M. Nature2001, 413 291—293.
primary particles, mineralized them bGa0;3 crystals by its (9) Ahmad, G.; Dickerson, M. B.; Church, B. C.; Cai, Y.; Jones, S. E.; Naik,
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Figure 1. lllustration of 5-GaOs growth mechanism in the peptide capping
assembly.

this biomimetic approach, the hydrolytic enzyme motif from
the silicateins, consisting of nucleophilic hydroxyl of serine and
amine of histidine, catalyzed the hydrolysis of the gallium
precursors and resulted in both GaOOH an@&0; nanoc-
rystal formation with a wide size ran§&lthough the synthesis

ammonia solutions (29.2% and 5.0 M, respectively) were obtained from
Sigma-Aldrich and used as received.

Hydrolysis of Gallium Precursors in Peptide AssembliesWhen
1 mL of bolaamphiphile peptide monomer solution (4.2 mg/mL) was
mixed with 100uL of GaCk solution (10 mM) under nitrogen and
then a volume of 20@L of NH4OH solution (15 M) was added to the
above mixture to adjust its pH to 10.0, the gallium precursors were
hydrolyzed to GaOOH capped with the peptide assemblies after 1 week.
After 2 weeks of hydrolysis in the dark at room temperature, both
GaOOH andf3-Ga0s; nanoparticles associated with the peptide
assemblies were observed. After 3 weeks, all GaOOH nanoparticles
were converted t@-Ga0z; nanopatrticles in the peptide assemblies in
various particle sizes. After 4 weeks, all particles in the peptide
assemblies were grown fhGa0O3; nanoparticles with diameter 50 nm.

As a control experiment, the same hydrolysis of gallium precursor was
examined at pH 7 by balancing acidity with 5@0 of citric acid (0.5

M), and only GaOOH nanocrystals were formed in this condition.
Another control experiment was examined under the same experimental
conditions without the peptide, and this condition also yielded only
GaOOH particles.

Characterization. The shape and crystalline structures of synthesized
nanocrystals were studied by transmission electron microscopy (TEM,
JEOL model 1200EX, 100 ekV) and accompanying selected area
electron diffraction (SAED). The SAED patterns were obtained at a

of y-G&0Oj3 at room temperature was notable, the size and shapecamera distance of 12 or 60 cm. In the preparation of TEM specimens,

controls were hardly achieved, which could limit its industrial
applications. Therefore, it is desirable to develop improved
biomimetic templating systems with catalytic activities that can

a volume of uL of the nanocrystal suspension was dropped on the
formvar/carbon-coated copper grid and dried in air. No staining solution
was applied to prevent artifacts.

control the shape and the structure of semiconductor nanoparResyits and Discussion

ticles simultaneously.

Previously, we have discovered that the peptide assemblies

templated and grew metal nanoparticles insfd®ecently,
peptide assemblies also hydrolyzed BaTiQQ;H;5)[OCH-
(CHg)2]s and produced ferroelectric tetragonal BaJi@ano-
particles at room temperatutéHere, we report that the peptide
assemblies from bolaamphiphile peptide monomersNbis(
amidoglycylglycine)-1,7-heptanedicarboxylate, have chemical
moieties catalyzing kinetically unfavored crystal growth of
monodisperse3-Ga0; nanoparticles via aggregation-driven
crystallization process (Figure 1). While the gallium precursors
were hydrolyzed to GaOOH with base catalysts at room

temperature, the gallium precursors were further hydrolyzed to

After the bolaamphiphile peptide monomers were associated
with the gallium precursors for 1 month at pH 18,G&03
nanoparticles were synthesized and the TEM image is given in
Figure 2a. This TEM image shows that those nanoparticles were
grown to an average diameter of 50 nm with a narrow size
distribution (Supporting Information), and their selected area
electron diffraction (SAED) pattern (inset of Figure 2a) shows
the single crystalline structure of monoclinic form®Ga0s.

This nanoparticle had an emission at 389 nm, consistent with
photoluminescence (PL) ¢-G&0; nanoparticles (Supporting
Information)# Magnified TEM images in Figure 2b show layers
of peptides around the core particles. When the gallium

f-Ga0s only when the peptide assemblies capped those precursor was hydrolyzed at the same experimental condition

particles. Unlike other growth methods, crystallization with the

peptide assemblies could grow single-crystalline and monodis-

persel-Ga03 nanoparticles selectively from gallium precursors
in high yield. This unique feature of the uniform and selective
crystal growth would be regulated by catalytic templating, fusion

of nucleated particles, and nanoscale growth confinement in the

peptide assemblies.

Experimental Section

Materials. The peptide assemblies were prepared by self-assembly

of the bolaamphiphile peptide monomers, Ris(-amidoglycylglycine)-
1,7-heptanedicarboxylate. Detailed protocol for the preparation of
bolaamphiphile peptide monomer is described in previous refuls.
The gallium precursor, gallium(lll) chloride (anhydrous, 99.99%), and

(16) Djalali, R.; Samson, J.; Matsui, H. Am. Chem. SoQ004 126, 7935~
7939

(17) Nuraje, N.; Su, K.; Haboosheh, A.; Samson, J.; Manning, E. P.; Yang,
N.-L.; Matsui, H.Adv. Mater. 2006 18, 807-811.

(18) Kogiso, M.; Ohnishi, S.; Yase, K.; Masuda, M.; Shimizu, CRngmuir
1998 14, 4978-4986.

(19) Matsui, H.; Gologan, BJ. Phys. Chem. B2000 104, 3383-3386.

without the peptide, polydisperse particles in the diameters of
15-150 nm were observed as shown in Figure 2c, and their
SAED shows that these particles were GaOOH (inset of Figure
2c). The base solution hydrolyzes gallium precursors to form
GaOOH; however, it is not strong enough to drive the hydrolysis
further to formp-Ga0s through condensatidhT herefore, these
outcomes indicate that the peptides have the catalytic function
to grow 8-Ga0Os; nanoparticles at room temperature.

To understand the growth mechanism, the nanoparticle growth
was monitored with TEM and SAED at different growth stages.
After 1-week hydrolysis of gallium precursor with the peptide,
small nanopatrticles with diameterlO0 nm were observed with
the capping peptide assemblies (Figure 2d). However, those
particles were shown to be GaOOH from their SAED pattern.
After 2 weeks of hydrolysis, both aggregated larger nanoparticles
and smaller nanoparticles were observed in the peptide as-
semblies (Figure 2e). Some of the gallium nanoparticles fused
with each other to form larger particles, indicated by arrows.
Smaller particles were also incorporated in the aggregated
peptide assemblies shown in the inset of Figure 2e. This fusion
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Figure 2. TEM image off3-Ga0O3 nanoparticles after 4 weeks of hydrolysis with the peptide: (a) low magnification, SAED pattern,sScald @@mm;

(b) medium magnification (inset: high magnification), scale #a60 nm. (c) TEM image of GaOOH particles grown without the peptide and the SAED
pattern. Scale bar 80 nm. (d) TEM image of GaOOH nanopatrticles grown after 1 week of hydrolysis with peptides. Scate2baim. (e) TEM image

of nanoparticles grown with the peptide after 2 weeks (inset: high magnification). Scate 6&rnm. (f) TEM image and SAED pattern gfGa0Os
nanoparticles after 3 weeks of hydrolysis with peptides. Scale=h&0 nm. (g) HRTEM of fusing3-GaOs; nanoparticles. (200) lattice faces for both
particles 1 and 2, shown by arrows, are aligned parallel to the particle-merging interface.

of particles inside the peptide assemblies proceeded further afteiinterface also supports this growth mechanism. As shown in
3 weeks, as shown in Figure 2f. Since those small particles andFigure 2g, the (200) lattice fringe of the particle 1 was parallel
the fusing nanoparticles were not observed in the 4-week-old to the (200) lattice fringe of the particle 2 around the merging
sample in Figure 2a and the size ofGananoparticles in the  area. This HRTEM image indicates thGa,03; nanoparticles
4-week-old sample was larger than those in the 2-week-old are fused to the preferential orientation of their [010] crystal
sample, these results suggest that the small particles in Figuredirection, consistent with the SAED results.

2e,f fused with each other to grow larger £8a nanoparticles Becausg-GaO; nanoparticles were observed in the presence
in the peptide assemblies. This type of nanoparticle fusion in f peptide after 2 weeks of hydrolysis and only GaOOH particles
capping agents to grow mesoscale crystals, aggregation-drivenyere obtained in the same experimental conditions without the
crystalllzatlpn, was observed in various b|om|nergllgatlon peptide, the peptide assemblies must have a catalytic activity
processes in nature, and recently this process was mimicked tqp, the hydrolysis reaction of gallium precursors. On the basis
grow mesocrystals in organic media by fusing primary nano- of the study on proteins of glassy skeletal spicules in marine
particle-building blocks in aggregated micelles and capping gponge, silicateins, it has been shown that chemical moieties
polymersz®~22 In the same fashion, it s plausible that the highly ¢ cleophilic hydroxyl groups of serine catalyzed hydrolysis
crystalline}-GaOs particles of diameter 50 nm were formed  e4ctions when they were hydrogen-bonded with amine groups
by the fusion of small particles in the capping peptide as- qf the neighboring histidiné Similarly, the carboxyl group in
semblles. To obtain a better understanding of the partlclg-fusmnthe peptide assemblies could also catalyze the hydrolysis as they
mechanism, the SAED patterns of nanoparticles at different ;. hydrogen-bonded with the neighboring amine. Although the

growth stages were compared. The SAED of fusing nanopar- .o paxyl moiety is a weaker hydrolysis agent compared to
ticles in the 3-week-old sample (Figure 2f) shows the faint and hydroxyl?4 hydrogen bonding with the amine could amplify

fusgd (100) and ((,)01) SPOtS- This paj[tern indicates that th(,)Senucleophilicity of the carboxyl group to strengthen the catalytic
particles preferentially oriented to their [010] crystallographic - ivity of the hydrolysis, as observed in the silicatein. To probe
direction and their [100] and [001] directions were not aligned the complexation among the carboxyl, the amine, and gallium

23 i i - -
well.** SAED of the fused nanoparticles in the 4-week-old ions, Fourier transform infrared (FT-IR) spectroscopy was

sample (Figure 2a) shows th?‘ strong inte_nsities of the (100) applied. The FT-IR spectrum of the galliurpeptide complexes
and the (001) spots with the single crystalline structure. These (black line in Figure 3) shows characteristic symmetric COO

SAED patterns indicate that the ngnoparticles in Figure 2f were asymmetric COO, and NH* bands of the bridged metal
aggregated along the [010] direction to grow single-crystalline complex, COO—Ga-NH," at 1423, 1563, and 1620 cth
f-Ga0s part'des shown in Flgur_e Zé.ngh-resoIgtlon (HR_) respectively, in addition to peaks originated from the peptide
TEM of fusing f-Ga0s nanoparticles at the particle-merging  ,qsempjieds2 This observation supports our hypothesis that

(20) Colfen, H.; Mann, SAngew. Chem., Int. EQR003 42, 2350-2365.

(21) Li, M.; Mann, S.Langmuir200Q 16, 7088-7094. (24) Nudelman, F.; Gotliv, B. A.; Addadi, L.; Weiner, 3. Struct. Biol.2006
(22) Wohlrab, S.; Pinna, N.; Antonietti, M.; Colfen, Bhem. Eur. J2005 11, 153 176-187.
2903-2913. (25) Dutta, P. K.; Gallagher, P. K.; Twu,Ghem. Mater1993 5, 1739-1743.
(23) zZhang, Z.; Sun, H.; Shao, X.; Li, D.; Yu, H.; Han, Mdv. Mater. 2005 (26) Onoa, B.; Moreno, VTransition Met. Chem. (Dordrecht, Netl199§ 23,
17, 42—47. 485-490.
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Figure 3. FTIR spectra of neat peptides (red) and peptides complexed with
the gallium ions (black). Arrows show peaks corresponding to vibrations
of COOH and NH complexing with gallium ions.

the gallium hydrolysis took place at the juxtaposition of the
carboxyl and amine moieties in the peptide assembly.

To confirm our hypothesis that the hydrolysis is catalyzed
by hydrogen-bonded carboxyl groups of the peptide, we ) o ) )
examined a control experiment to weaken the strength of Figure 4. TEM images and electron diffractions: (a) GaOOH particles

. . _obtained after 4 weeks of hydrolysis with the peptide at neutral pH, scale
hydrogen bonds between the carboxyl and amine groups duringpar = 100 nm; (b) GaN particles obtained after the sintering oj@a
the growth process. When the gallium precursor was hydrolyzed nanoparticles under Ni-at 900°C, scale bar= 200 nm.
at pH 7, the protonated carboxyl group bound the amine group
more weakly, and the weaker nucleophilicity of the carboxyl ] ]
reduced the degree of gallium hydrolysis. Under this condition,  When these nanoparticles were sintered at'¥hander NH,
after the hydrolysis of the gallium precursor with the peptide the peptide assemblies were removed and the oxide .part!cles
for 4 weeks, only GaOOH crystals were observed in the peptide Were transformed to GaN (Figure 4b). Through the sintering
assemblies due to the lack of strong hydrolysis activity (Figure Process, the peptide assemblies were removed. The baked GaN
4a). This result is consistent with our hypothesis that the Nanoparticles were aggregated, and this aggregation is probably
chemical moieties of hydrogen-bonded carboxyl and amine due to the hlgh. surface energy of uncapped nanoparticles and
catalyze the hydrolysis of gallium precursors to fQ8aGa,03 the sample drying effect.

crystals. _ . o ~ Conclusions
In addition to the influence of chemical moieties of peptide

for the catalytic activity, the shape and dimension of capping Peptide assemblies were applied as cgtalytic nanoreactors to
peptide assembly could also promote gallium hydrolysis. 9roW -G&0s at room temperature. This peptide assembly
Previously, the dehydration of calcium carbonate was acceler-€mplate accompanied with the enzymatic functionality cata-
ated in porous templates because those pores functioned a¥/Z€d the hydrolysis of gallium precursors. While the conven-
pathways for water exclusion and dehydratiofihe pores of tional base cataly;t hydrolyzed the gallium precursors to
the peptide assemblies capping nanoparticles could also providé>2OOH, the pep'Flde assembly could further. promote the
a dehydration pathway promoting-GaOs; growth in the reaptlpn to crystalllze?-GaQOa Dge tp the catalytic chemical
cavities. Another potential factor to contribute thGa0; ~ Moieties of the peptide, the kinetically unfavorgeGaO;
crystallization in the peptide assembly is the high surface tension¢Tystal growth was achieved in ambient conditions when the
built in the nanoscale peptide cavities. Previously, when nucleated particles were capped by the peptide assemblies. In
mineralization of calcite occurred in micrometer-scale pores of addition to the enzymatic chemical moieties of the peptide
membranes, the resulting crystals in the pores were observedSSembly, the nanoscale cavity created by capping particles
to have unusual crystalline structures due to high surface could provide both the efficient dehydration pathway and the
tensions in such small confinements that altered the reactionOPtimal surface tension control, which are advantageous for
kinetics of crystal growtR” We believe that the peptide /£-G&Os crystal growth. This multifunctional peptide assembly
templates could also exploit this strategy of the confinement- IS expected to be applied for the syntheses of a variety of
controlled mineralization one step further to nanoscale, and the"@nomaterials that are kinetically difficult to grow at room
confinement effect of the peptide assemblies could assist thet@mperature.

unusualf-Ga0s crystallization at room temperature. Acknowledgment. This work was supported by the U.S.
(27) Loste, E.; Park, R. J.; Warren, J.; Meldrum, FAGw. Funct. Mater 2004 Department of Energy (DE-FG-02-01ER45935) and partially
14, 1211-1220. supported by the National Institute of Health (2S-06-GM60654-

J. AM. CHEM. SOC. = VOL. 129, NO. 10, 2007 2957



ARTICLES Lee et al.

06). Hunter College infrastructure is supported by the National City University of New York, for use of the transmission
Institutes of Health, the RCMI program (G12-RR-03037). S.- €lectron microscope.

Y.L. thanks Professor C. Rojo and Dr. J. Carvajal for use of  Supporting Information Available: Size distribution of
the electrical furnace in the Department of Materials Science S-Ga&Os nanoparticles, AFM image ¢f-Ga0Os nanoparticles,
at State University of New York, Stony Brook. We also thank @nd PL spectrum gf-Gg0s. This material is available free of
Professor K. Fath and Dr. A. Tsiola at Core Facilities for charge via the Internet at http://pubs.acs.org.

Imaging, Cellular and Molecular Biology at Queens College, JA0677057

2958 J. AM. CHEM. SOC. = VOL. 129, NO. 10, 2007





