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Enzymatic Synthesis and
Nanostructural Control of Gallium
Oxide at Low Temperature**

By David Kisailus, Joon Hwan Choi, James C. Weaver,
Wenjun Yang, and Daniel E. Morse*

The molecular mechanisms underlying the biological syn-
thesis of nanostructured mineral/organic composites have
long been recognized to offer exciting prospects for materials
science.'®! In addition to their benign conditions for synthesis
(including neutral pH, low temperature, low pressure, and the
absence of caustic chemicals), these mechanisms often reveal
a precision of nanostructural control not yet achievable in
anthropogenic syntheses. Investigations into such mechanisms
have shown that protein filaments occluded within the silica
skeletal elements of a marine sponge consist of structure-di-
recting enzymes capable of catalyzing, in vitro, the hydrolysis
and polycondensation of molecular precursors of silica, silses-
quioxanes,[s’g’n] and titania.l'"”! We show here that these pro-
tein filaments are not only capable of the hydrolysis and poly-
condensation of a gallium oxide molecular precursor to yield
(depending on the reaction conditions) either gallium oxo-hy-
droxide (GaOOH) or spinel gallium oxide (y-Ga,Os3, a gas-
sensing semiconductor) at room temperature, but also to di-
rect their resulting structures. This control is seen in the de-
fined orientation of nanocrystals with respect to the surface of
the protein, suggesting that structural determinants on the
surface of the protein catalyze the formation of the y-Ga,0O;
polymorph at low temperatures and may direct its crystallo-
graphic orientation. These results demonstrate the feasibility
of a low-temperature catalytic route to the synthesis and
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nanostructural control of metal oxide semiconductors in a
biologically inspired process formally analogous to current
metal-organic chemical vapor deposition (MOCVD) technol-
ogy.

Investigation of the mechanisms governing the biological
synthesis of silica structures in a marine sponge (7ethya auran-
tia) led to the surprising discovery that this synthesis is medi-
ated, in part, by a family of catalytically active, structure-di-
recting enzymes>? containing the catalytic triad (serine,
histidine, and asparagine residues) typical of a large family of
hydrolases."® Silica needle-like skeletal elements (spicules)
made by 7. aurantia each contain an axial protein filament,
comprised primarily of three highly similar subunits called si-
licateins, that spatially directs the deposition of silica along its
entire length. The intact protein filaments and their constitu-
ent monomers obtained from disaggregation of the filaments,
and those produced from recombinant DNA templates cloned
in bacteria, were shown in vitro to catalyze the hydrolysis and
structurally direct the polycondensation of silicon and organo-
silicon alkoxides to yield silica and polysilsesquioxanes (sili-
cones) at neutral pH.[*1014l

Genetic engineering verified the essential requirement for
the principal residues of the catalytic site of the silicateins,
supporting a mechanism of action closely related to that of
the well-known hydrolases.!'!! Predictive synthesis of biomi-
metic diblock copolypeptides based on this result yields cata-
lytically active molecules that exhibit both silica-polymerizing
and structure-directing capabilities.[lsl We recently found that
the silicatein filaments can be used to catalyze the synthesis of
titanium dioxide from a stable molecular precursor.’?! This
mechanism can be harnessed for nanostructural control of gal-
lium oxide, a semiconductor with optoelectronic and gas-sens-
ing applications.'!7]

To test the possibility that silicatein filaments can catalyze
the hydrolysis of a main-group metal complex (hydrated gal-
lium(1r) nitrate, GNO) with subsequent polycondensation to
yield product in quantity sufficient for characterization by
X-ray diffraction (XRD), we first examined the reaction of si-
licatein filaments with an aqueous solution of highly concen-
trated GNO at 16 °C (Fig. 1).

Under these conditions, silicatein filaments were observed
to promote the hydrolysis of the starting material and subse-
quent polycondensation to form GaOOH (Fig. 1a). This is the
first reported example of which we are aware in which this
material has been formed at low temperature, from a water-
soluble precursor, in the absence of added acid or alkali. Un-
der the same conditions, silicatein filaments that had first
been denatured at high temperature were inactive (Fig. 1b),
proving that the reaction observed was dependent upon the
integrity of the three-dimensional structure of the native pro-
tein. A similar requirement previously had been observed for
the low-temperature formation of silica and silsesquioxanes
from the corresponding silicon alkoxides by silicatein at neu-
tral pH.lI!") Proof that silicatein catalyzed the hydrolysis of
GNO was seen in the observed reduction in pH of the starting
solution in the presence of the native protein, and the absence
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Figure 1. a) GaOOH product (highlighted by asterisks) formed from
1.0 M gallium nitrate by catalysis and templating by native silicatein fila-
ments at 16 °C; b) absence of product with heat-denatured silicatein fila-
ments; and c) gallium nitrate (starting precursor). (Gray bars indicate Si
internal-standard peaks.)

of any change in pH when the denatured protein was used
(data not shown). The behavior of the GNO precursor in
aqueous media is quantitatively explained by the Partial-
Charge Model (PCM)!"¥! that considers the partial charges on
the metal cation and its ligands at electronic equilibrium.
PCM calculations for the GNO-H,O system predict that hy-
dration is thermodynamically favored over spontaneous hy-
drolysis under the acidic conditions of our experiments, thus
explaining the stability of the complex and the requirement
for catalysis of the hydrolysis that we observe.

To examine the possible relationship between the surface of
the silicatein filament and the reaction product formed from
GNO under kinetically constrained conditions, lower precur-
sor and silicatein concentrations were used while maintaining
the original precursor/silicatein molar ratio. Under these con-
ditions, a reaction product was formed as a dispersed coating
of nanocrystallites (75-200 nm diameter) adhering to the sur-
faces of the silicatein filaments (Fig. 2a).

When heat-denatured filaments were used, no reaction
product was observed (Fig. 2b). Energy dispersive spectrosco-
py (EDS) measurements of the oxide-coated filament indi-
cated the presence of both gallium and oxygen (data not
shown). EDS confirmed the absence of gallium from the heat-
denatured protein surface after the 24 h reaction time. Silk
fibers incubated with the GNO solution under identical condi-
tions also exhibited no coating on their surfaces after 24 h
(Fig. 2c). Although at low GNO concentration sufficient
product for analysis by XRD was not obtained, analysis by
high-resolution transmission electron microscopy and selected
area diffraction (Fig. 3) revealed that the nanocrystallites had
d-spacings (£0.02 A) of 2.91 A, 248 A, 2.08 A, 1.44 A, and
1.20 A corresponding to the (220), (311), (440), (400), and
(533) planes, respectively, of cubic y-Ga,Os, a spinel poly-
morph typically formed at high temperatures (> 400 °C).

Diffraction revealed that these nanocrystallites exhibited a
preferred orientation relative to the principal fiber axis of the
macroscopic silicatein filaments. Independent analyses of nine
crystals on different filaments gave the same results. The
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Figure 3. Lattice fringes of the oxygen-rich (311) planes of oriented
Ga,0; formed from gallium nitrate by catalysis and templating with sili-
catein. Insert, upper left: Selected area electron diffraction pattern show-
ing that y-Ga,Oj3 particles formed by silicatein catalysis are single crys-
tals with (311) planes preferentially oriented relative to the surface of
silicatein filaments. Insert, upper right: Expanded view of lattice fringes.

(311) planes of the oxide nanocrystals were oriented nearly
perpendicular to (86.44°+2.84°) the surface of the filament.
The d-spacing of the lattice fringes seen in Figure 3 was mea-
sured at 2.47+0.02 A, consistent with the diffraction data and
corresponding to (311) y-Ga,Os;. These results suggest that
the silicatein surface may have directed the growth of the con-
densation product in a pseudo-epitaxial manner, favoring the
orientation of specific gallium oxide planes with respect to the

- protein surface. In contrast, our attempts to synthesize
Figure 2. a) Ga,05 product formed from 0.1 M gallium nitrate by cataly- v-Ga;0; from GNO solutions at low temperature by addition
sis and templating by native silicatein filaments at 25°C; absence of ~ Of alkali in the absence of a templating surface were unsuc-
product with b) denatured silicatein filaments and c) silk fibers. cessful, yielding only gallium oxo-hydroxide (Fig. 4c). Heating

b c
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Figure 4. Temperature dependent phase transformations yielding Ga,O3; powders from dehydration and pyrolysis of: a) gallium nitrate; b) hydrated
gallium nitrate; and ¢) GaOOH obtained from (a) by alkali hydrolysis. (Gray columns indicate peaks of the internal Si standard.)
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above ca. 250 °C under dynamic vacuum was required to de-
hydrate the oxo-hydroxide.

Investigation of the thermal dehydration and decomposi-
tion of various gallium nitrate-based precursors of crystalline
gallium oxide products has helped explain the chemical and
structural transformations of the GNO complex in the pres-
ence of silicatein (Fig. 4).

The Ga,0O; products derived from pyrolysis of GNO and
hydrated GNO exhibited an amorphous Ga,0O5 phase at low
and intermediate temperatures (7'< 700 °C), requiring signifi-
cant thermal energy for subsequent rearrangement to yield
crystalline Ga,O3 (Figs. 4a,b). In contrast, the product of
base-catalyzed GNO hydrolysis at room temperature was
crystalline GaOOH (Fig. 4c). This result demonstrates that
the strongly nucleophilic hydroxide ion is capable of readily
deprotonating the hydrated precursor more rapidly than
occurs under acidic conditions!"! to yield an incompletely
condensed crystalline product. Subsequent heat-treatment to
400°C was sufficient to completely dehydrate GaOOH to
yield crystals of corundum, a-Ga,0s3, as evidenced by as ther-
mal gravimetric analysis/differential thermal analysis data
(not shown). The corresponding transformations previously
had been seen with powders precipitated from GNO solutions
under basic conditions in the presence of urea® and in alumi-
num oxide systems.*"

The formation of the GaOOH or Ga,Oj; (spinel) condensa-
tion products on silicatein, and the lack of product on non-cat-
alytically active silk and denatured silicatein fibers, implicate
enzymatic catalysis, although the pathways of formation differ
as a function of reaction conditions. Roy et al.’?! synthesized
both a- and y-phases of Ga,O3 at 400 °C from amorphous gal-
lium hydroxide gels. The specific phase that formed was de-
pendent on the rate of thermal treatment, indicating the direct
relationship between the metastable phase that is formed and
its rate of formation. We observe that the morphology of the
Ga,0; formed on the silicatein surface at a low precursor con-
centration (Figs. 2a,3) closely resembles that of the GaOOH
formed on the silicatein surface at a high precursor concentra-
tion, suggesting that the Ga,O3; may have been formed by to-
potactic dehydration and condensation of an oxo-hydroxide
intermediate. Alternatively, it is possible that dissolution and
reprecipitation on the protein surface yield the final oxide
product. These observations are related to our finding that
two different products, GaOOH and Ga,0Os, are formed un-
der similar thermodynamic but different kinetic conditions.

Whereas the literature on gallium oxide phase stability is
relatively sparse, there are a number of examples of the spinel
phase forming at room temperature in kinetically controlled
reactions with the analogous iron oxide and aluminum oxide
systems. Meldrum et al.®! synthesized magnetite and maghe-
mite in reactions within the controlled environment of ferritin
shells. Yaacob et al.?’l mimicked the bacterial synthesis of
magnetite in zwitterionic vesicles. It also is known that
v-AlLO; (spinel) forms as the dehydration product of
v-AIOOH (boehmite), whereas a-AlIOOH (diaspore) con-
denses to form a-Al,O3 (corundum).! Apparently reflecting
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a lower crystal interfacial-energy barrier afforded during
homogeneous nucleation, y-Al,O; (spinel) was found to form
both by dehydration of y-AIOOH (boehmite) and via dissolu-
tion and reprecipitation of amorphous AlLO; to yield
a-A1203.[26’27] These transformations from diaspore to corun-
dum and boehmite to spinel were shown to be topotactic, tak-
ing place without changing the packing order of oxygen
atoms.

Silicatein is a member of the enzyme superfamily of catalyt-
ic triad hydrolases.!"®! Site-directed mutagenesis and biomi-
metic synthesis studies support the hypothesis that interaction
between the essential serine and histidine side chains at the
catalytic active site increase the nucleophilicity of the serine
oxygen, facilitating its attack and subsequent hydrolysis of sili-
con alkoxide precursors.[()'“] We suggest that this enhanced
nucleophilicity of the enzyme’s active-site oxygen similarly
facilitates hydrolysis of a hydrated gallium nitrate (the precur-
sor predicted by the PCM to exist under the conditions we
employed), with subsequent condensation to form an oxo-hy-
droxide intermediate at high precursor concentrations. The
unique array of additional hydroxyls on the silicatein surface,
previously implicated in the templating of silica during bio-
synthesis,[g] may direct the orientation of an initially formed
nanocrystalline gallium oxo-hydroxide via hydrogen-bonding
interactions. Such interactions with the silicatein surface may
help explain both the preferred orientation of the nanocrystal-
line product that we observe and the low-temperature forma-
tion of the spinel polymorph that otherwise would require
T>400°C. Kinetic control of inorganic crystallization prod-
ucts by organic surfaces has been observed in numerous stud-
ies inspired by biomineralization, as reviewed recently by Col-
fen and Mann.”®! As these authors suggest, the interactions
between solute, embryonic clusters, and surfaces can influence
not only the particle size and habit of the nucleating crystals,
but also the stability of intermediate phases through the low-
ering of activation energies required for the formation of spe-
cific polymorphs and crystal faces by interfacial recognition.
Such interfacial control is commonly seen in the kinetically
controlled growth of metastable phases of oriented oxides and
nitrides that can be stabilized through proper selection of sub-
strates with lattices and interfacial energies matched to those
of the overgrowing epitaxial layer.”’!

These results, in concert with our recent observation that
silicatein filaments catalyze the synthesis of the anatase phase
of TiO, from an organic molecular precursor,[m establish the
feasibility of a catalytic route to nanostructurally directed
metal oxide semiconductor synthesis at low temperature.

Experimental

Synthesis: Silicatein filaments were purified with minor modifica-
tions of the method previously described [12]. Thermal denaturation
was accomplished by heating silicatein filaments in a water bath
(95°C) for 1 h. For reactions at high concentration, native and dena-
tured filaments at 2.0 mgmL™ were incubated in 1.6 mL polyethylene
centrifuge tubes with 1 mL of a 1.0 M aqueous solution of gallium ni-
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trate (GNO, Alfa Aesar, Ward Hill, MA) for 6 h at 16 °C. The prod-
ucts were collected and washed by centrifugation before analysis. For
reactions at low concentration, native and denatured filaments at
0.2 mgmL™ were incubated in 1.6 mL polyethylene centrifuge tubes
with 1 mL of a 0.1 M aqueous solution of gallium nitrate for 24 h at
25 °C. The products were collected and washed by centrifugation be-
fore analysis. Base-catalyzed synthesis of Ga,O5; was accomplished by
dissolving 1.82 g (0.005 mol) of GNO in 30 g of water contained in a
glass vessel, followed by the addition of 7.24 g (0.06 mol) of concen-
trated (~29 wt.-%) ammonium hydroxide (NH4OH). Precipitated
product was collected and washed by centrifugation before heat treat-
ment. Hydrated GNO was prepared by dissolving 1.82 g (0.005 mol)
of GNO in 50 g of water contained in a glass vessel. The solution was
mixed for 1 h, followed by room-temperature vacuum evaporation of
the water. The dried powder product was used for further heat treat-
ments. As-received GNO powder was used directly from the contain-
er for pyrolysis experiments. Thermal treatments of base-hydrolyzed,
hydrated, and as-received GNO powders were conducted by heating
50 mg of starting material in alumina crucibles placed in quartz
Schlenk tubes. Heat treatments (10°Cmin™') were carried out in air
to temperatures between 200-1000 °C for 1 h.

X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM),
and Transmission Electron Microscopy (TEM): Approximately 25 mg
of each heat-treated sample was ground (with a silicon-powder inter-
nal standard) to a fine powder, placed on a glass microscope slide or a
single-crystal (100) silicon wafer, and characterized by X-ray diffrac-
tion (Phillips X’Pert; Amsterdam, The Netherlands) using a gonio
scan (20°-60°, 0.02° step'l, 5s step‘l; source slit sizes of 1/4° and 1/2°,
and detector slit sizes of 1/4° and 0.2 mm). Surface features of Ga,O;
powders and Ga,Oj3-coated silicatein filaments were imaged by a cold
cathode field-emission scanning electron microscope (SEM; JEOL
JSM 6300F, Peabody, MA) equipped with an energy dispersive spec-
trometer. Specimens were mounted on conductive carbon adhesive
tabs (Ted Pella, Inc., Redding, CA) and imaged (at 5 kV or 10 kV)
either uncoated (for energy dispersive spectroscopy analysis) or after
gold/palladium sputter coating. Energy dispersive spectroscopy (EDS,
Oxford Instruments, Palo Alto, CA) was performed in conjunction
with SEM to qualitatively determine chemical composition of speci-
mens. Ga,O3-coated filaments were imaged with a transmission elec-
tron microscope (TEM, JEOL 2000FX) to observe the coating
morphologies and obtain structural information via electron diffrac-
tion patterns. Lattice fringes were imaged with a high-resolution TEM
(HRTEM, JEOL 2010). Both TEMs were operated at 200 kV. TEM
specimens were prepared by pipetting a small amount (~20 uL) of fil-
ament suspension (in water) onto holey-carbon copper grids (Ted Pel-
la, Inc., Redding, CA). The grids were then dried at 40 °C for 5 min.
Samples were imaged at magnifications from 20000 x to 200000 x in
the conventional TEM, and from 500000x to 800000x in the
HRTEM. Selected area electron diffraction (SAED) patterns were
obtained at camera distances of 55 cm, 83 cm, and 100 cm. A stan-
dard evaporated-aluminum film (lattice constant=0.4041 nm) was
used as a standard to determine the exact camera constants.
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Polymeric core—shell nanoparticles have emerged recently
as promising colloidal carriers for targeting poorly water-solu-
ble and amphiphilic drugs, as well as genes, to tumor tis-
sues.' Using these nanoparticles, drug targeting can be
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