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A simple protein-mediated approach for preparing freestanding (silica free) microscale titania
structures with morphologies inherited from complex-shaped, three-dimensional (3-D) biosilica
templates (diatom frustules) is demonstrated. The silica diatom frustules were exposed in a repetitive
alternating fashion to a silica-binding, titania-forming protein (protamine) and then to an aqueous
titania precursor to build up a conformal titania-bearing coating. After organic pyrolysis at 500 °C,
the conformal, continuous nature of the resulting crystalline anatase titania coating was confirmed
by (i) demonstrating that a titania-coated frustule acted as a sensitive electrochemical hydrogen
detector and (ii) selectively removing the silica templates to yield freestanding titania structures that

retained the 3-D diatom frustule shape.
Introduction

Titanium dioxide, TiO,, possesses attractive chemical,
electrochemical, biochemical, and optical properties that
have led to its widespread use in a variety of applications
(catalysts, gas sensors, medical implants, pigments, cos-
metics/sunscreens, interference coatings).' The scalable
syntheses of nanostructured titania microassemblies with
tailored morphologies is highly desired for a number of
existing and future applications.> As a result, several
synthetic approaches are being explored for the self-
assembly of nanostructured titania.” However, such syn-
thetic self-assembly approaches are generally not capable
of providing complex three-dimensional (3-D) structures
with a wide variety of selectable intricate morphologies.
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Biomineral-forming organisms have been found to
exhibit an impressive capability for the self-assembly of
inorganic structures with complex morphologies and
organized micro-to-nanoscale features.* For example,
the nanostructured silica cell walls (frustules) generated
by diatoms (microscopic unicellular algae) possess unique
3-D shapes and patterned nanoscale features (e.g., pores,
channels, protuberances) that are faithfully preserved
upon biological reproduction. Hence, sustained repro-
duction of a given diatom species can generate enormous
numbers of 3-D frustule replicas.” The species-specific
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(genetic) control over the biosilicification process also
results in a large variety of frustule morphologies among
the 10*—10° extant diatom species.’ Given such massively
parallel and genetically precise 3-D self-assembly, several
authors have explored the shape-preserving chemical
modification of diatom frustules.®” For example, the
microscopic SiO»-based structures (frustules) formed by
diatoms have been converted into MgO, Si, TiO,, and
ZrO, replicas via the use of gas/solid displacement reac-
tions.® However, such chemical conversion requires the
use of reactant species capable of undergoing thermo-
dynamically favored reactions with the relatively stable
oxide, silica. Diatom frustules may also be chemically
modified via application of functional inorganic coatings.
For example, thin coatings of Au, SnO,, and TiO, have
been applied to 3-D diatom frustule surfaces via use
of complementary oligonucleotide strands as binding
agents, surface sol—gel processing, and atomic layer
deposition, respectively.” However, these approaches
have involved the use of prolonged, multistep surface
functionalization protocols or specialized equipment.
An alternative approach (first discussed in a published
U.S. Patent application®) would be to utilize multifunc-
tional biomolecules to generate conformal coatings on
diatom silica frustules, by taking advantage of both silica-
binding and oxide-forming capabilities. Particular pep-
tides or proteins have been found to exhibit a high affinity
for silica.” For example, silaffins (diatom proteins) are
capable of inducing the formation of silica and becoming
intimately intermixed with such silica, under ambient
conditions.”®“ Recent work has also shown that a recom-
binant silaffin, rSilC (a 17.6 kDa lysine and arginine rich
(27%) protein), is capable of inducing the formation of
rutile titania upon exposure to the titania precursor,
TiBALDH (titanium(IV) bis(ammonium lactato)dihy-
droxide).”® Other lysine and arginine-bearing peptides
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or proteins have also been found to induce the formation
of amorphous silica and amorphous or partially nano-
crystalline (anatase) titania from aqueous precursor solu-
tions.”*!° Indeed, recent systematic work by Dickerson
et al.'® has revealed that the amount of titania precipi-
tated from a TiBALDH precursor solution by 12-mer
peptides was strongly dependent on the presence of a high
percentage of arginine and/or lysine residues. Hence,
arginine/lysine-rich peptides/proteins exhibit multifunc-
tional (silica binding, titania binding, titania forming)
characteristics that may be utilized for the sequential
deposition and buildup of a conformal and continuous
titania coating on biosilica templates.

The work presented here demonstrates a simple layer-
by-layer, protein-mediated approach for generating con-
formal and continuous titania coatings on, and then
freestanding titania replicas of, complex 3-D diatom silica
frustule templates. While prior authors have utilized
biomolecules and naturally occurring molecules to aid
in the deposition of inorganic materials onto diatom
frustules,”*!" this work provides the first demonstration
of freestanding (silica free) replicas of diatom frustules
generated via layer-by-layer deposition using multifunc-
tional proteins. The continuous and conformal nature of
titania coatings produced by this simple protein-based
layer-by-layer process has also enabled the conversion of
single diatom frustules into minimally invasive hydrogen
detectors.

Experimental Section

Aulacoseira diatom frustules (obtained as diatomaceous
earth) were subjected to a two-step cleaning process. The
frustules were first exposed to a solution of 50 vol% concen-
trated (12.1 N) HCl in methanol for 1 h. The frustules were then
exposed to a solution composed of DI water, concentrated
(30%) NH,4OH, and concentrated (30%) H,O; in a volume
ratio of 4.7:1:1 (RCA-1 cleaning procedure'?) for 1 h at 75 °C.
After rinsing with a 20 mM Tris—HCI (pH 7.5) buffer solution,
the diatom frustules were incubated with a solution of prota-
mine sulfate (10 mg/mL, Sigma Aldrich, Milwaukee, W1, Cat.
No. P4020) in the Tris—HCI buffer for 1 h at room temperature
(Step 1 in Scheme 1) to allow for protamine binding to the silica
surface. The protamine-treated diatom frustules were rinsed five
times with the Tris—HCI buffer and then exposed (Step 2) to a
solution of 50 mM TiBALDH in 20 mM Tris—HClI for 15 min at
room temperature to allow for protamine-induced titania for-
mation on the frustule surfaces. After washing five times with
the Tris—HCI buffer, the frustules were re-exposed (Step 3) to
the protamine sulfate solution to bind additional protamine to
the titania-bearing frustules surfaces. Such cyclic exposure to
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Scheme 1. Illustration of the Protein-Enabled Layer-by-Layer Deposition of a Conformal Titania Coating on a Silica-Based Template
(such as a diatom frustule)
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b) remove excess TiEALDH
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a) adsorb protein
b) remove unbound
protein by washing

S b
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protamine and then TiBALDH was repeated 11 times (for a
total of 12 cycles). Two control experiments were also conducted
to evaluate the influence of electrostatic interactions on prota-
mine binding to silica and titania surfaces. For the first control
experiment, the pH of the protamine solution in each deposition
cycle was lowered to 2.2 with the use of a 20 mM glycine—HCl
buffer. For the second control experiment, 1 M NaCl was added
to the protamine solution used in each deposition cycle, while
maintaining the solution pH at 7.5 (with a Tris—HCI buffer).
After the last cycle of the standard and control deposition
protocols, the diatom frustule specimens were washed five times
with DI water and twice with methanol before drying at room
temperature for 30 min in a vacuum centrifuge. The protamine/
TiBALDH-treated Aulacoseira frustules were heated to 500 °C
for 2 hinair to allow for organic pyrolysis and the formation of a
nanocrystalline titania coating. After firing, the underlying
silica frustule template was removed by selective dissolution in
a 5 M NaOH solution at 95 °C for 8 h to yield freestanding
titania structures.

Scanning electron microscopy was conducted with a field
emission scanning electron microscope (Leo 1530 FEG SEM,
Carl Zeiss SMT Ltd., Cambridge, UK) equipped with an energy
dispersive X-ray spectrometer (INCA EDS, Oxford Instru-
ments, Bucks, UK). X-ray diffraction (XRD) analyses were
conducted with Cu Ka radiation using an X-Pert Pro Alpha 1
diffractometer equipped with an incident beam Johannsen
monochromator and an X’Celerator linear detector (PANaly-
tical, Almelo, The Netherlands). X-ray photoelectron spectro-
scopy (XPS) was performed on a Surface Instruments (SSI)
M-probe instrument operated at a base pressure of 3 x 107’ Pa
using an Al K-a source (1486.6 ¢V) and step sizes of 0.01 eV (for
high-resolution XPS analysis) and 1 eV (for a general XPS
survey). A focused ion beam (FIB) instrument (Model Nova
Nanolab 200, FEI, Oregon, USA) was used to generate cross
sections of freestanding frustule-shaped titania structures. lon
milled thin foil cross sections of the titania structures were
characterized with a transmission electron microscope (Model
JEM 4000EX, JEOL, Tokyo, Japan) operated at 400 kV.

For hydrogen gas sensing measurements, a single Aulaco-
seira-shaped, titania-bearing frustule structure was placed on a
silicon nitride substrate and platinum electrodes were applied to
each end of the cylinder-shaped structure with the aid of a FIB
instrument. The electroded frustule-shaped structure was placed
within a controlled atmosphere horizontal tube furnace and
positioned 2 mm below a nozzle through which a H,-bearing gas

STEP 3:
a) adsorb protein
b) remove unbound

repeat protein by washing
n times

stream was passed at a constant flow rate (100 sccm). Controlled
H, concentrations were generated by mixing two streams of
gases using mass flow controllers (Model FMA-2617A, Omega,
Stamford, CT, USA). One gas stream was composed of a
certified premixed 1% H,/99% Ar composition (Air Gas,
Atlanta, GA, USA) and the other gas stream consisted of high
purity Ar (Air Gas). A constant bias voltage (600 mV) was
applied to the sensor, and the current passing through the sensor
during exposure to a given hydrogen gas concentration at 350 °C
was monitored with a potentiostat (Reference 600, Gamry
Instrument, Warminster, PA, USA). The sensing performance
of five such single, titania-bearing frustule structures was
evaluated.

Results and Discussion

An underlying hypothesis of the present paper is that
the silica binding and titania forming characteristics of
arginine/lysine-rich biomolecules can both be utilized to
induce the layer-by-layer formation of conformal and
continuous titania coatings on complex-shaped 3-D silica
templates, so that removal of the underlying silica would
yield freestanding titania structures that retain the origi-
nal 3-D template morphology. Preliminary experiments
revealed that freestanding hollow titania spheres could be
generated by repeated alternating exposure of Stober
silica spheres to an arginine-rich protein (protamine) or
an arginine/lysine-rich protein (rSilC) and TiBALDH
(see Scheme 1), firing (for organic pyrolysis and titania
crystallization), and then selective silica dissolution. Such
a protein-enabled layer-by-layer deposition process was
then applied to more complex, 3-D silica-based diatom
frustules. Secondary electron images of a complete and
partial silica frustule from the diatom Aulacoseira are
shown in Figure 1A,B, respectively. The Aulacoseira
frustule possesses a hollow cylindrical shape, with fine
pores (several hundred nm in diameter) aligned in rows
running along the length of the cylinder and with narrow
channels separating finger-like extensions (the finger-like
extensions can be seen more clearly in the partial frustule
shown in Figure 1B). After 12 cycles of alternating
exposure to the protamine and TiBALDH solutions,
the frustules retained the same overall morphology as
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Figure 1. Protein-enabled titania coating of Aulacoseira diatom frustules. Secondary electron images of (A) and (B) a complete and a partial Aulacoseira
frustule, respectively, and (C) and (D) a complete and a partial titania-coated Aulacoseira frustule, respectively, after 12 cycles of protamine/TiBALDH
exposure. Scale bars: 2 um. (E) EDX analysis of the specimen in (C). (F) XPS analysis revealing the presence of Ti, O, C, and N, and the absence of Si, on the
surfaces of the coated frustules. (G) Higher resolution XPS spectrum from (F) revealing the Ti2p peaks.

the starting frustules (Figure 1C,D) although energy
dispersive X-ray (EDX) analysis (Figure 1E) revealed
the presence of titanium on these treated frustules. XPS
analyses (Figures 1F,G) revealed the presence of Ti, O, N,
and C on the protamine/TiBALDH treated frustule
surfaces, with the nitrogen and carbon presumably asso-
ciated with entrapped protamine within the Ti—O-bear-
ing coating. However, the Si 2s peak (at 154 ¢V) and the Si
2p peak (at 103 eV) were not detected in the XPS pattern
of Figure 1F, which indicated that the titanium-bearing
coating had completely covered the silica frustule sur-
faces. The Ti2p3/2 and Ti2p1/2 peaks shown in Figure 1G
at binding energies of 458.6 and 464.7 eV, respectively,
were consistent with the presence of tetravalent titanium
(TiO,) within the coating on the frustules.'?

The protamine/TiBALDH-treated Aulacoseira frus-
tules were heated to 500 °C in air, to allow for organic
pyrolysis, and the silica frustule template was then selec-
tively dissolved by exposure to a NaOH solution.
Secondary electron images (Figure 2A,C) and EDX

(13) (a) Gonbeau, D.; Guimon, C.; Pfister-Guillouzo, G.; Levasseur,
A.; Meunier, G.; Dormoy, R. Surf. Sci. 1991, 254, 81-89. (b) Levin,
M. E.; Salmeron, M.; Bell, A. T.; Somorjai, G. A. Surf. Sci. 1988, 195,
429-442. (c) Ocal, C.; Ferrer, S. Surf. Sci. 1987, 191, 147-156.

analysis (Figure 2B) indicated that the resulting structures
were composed of titanium and oxygen, that the silica
had been selectively removed, and that such freestanding
titania structures retained the 3-D morphology of the
starting frustules. (Note: the carbon peak in Figure 2B
was associated with the carbon tape on which the sample
was placed.) Focused ion beam milling was used to
generate cross sections through the frustule-shaped struc-
tures by removing some of the titania from one end. A
secondary electron image after such partial ion milling
(Figure 2D) revealed that the titania structure
consisted of continuous external and internal titania
layers with a hollow space in between, which resulted
from the removal of the silica template. The external and
internal titania layers were connected by titania struts
formed upon coating of the walls of the pores running
through the silica frustule. The images in Figure 2C,D
also confirmed the 3-D conformal nature of the coating
process; that is, exposed internal and external surfaces of
the frustules were covered with a continuous titania
coating.

The phase content of the coated frustules was evaluated
with X-ray diffraction (XRD), selected area electron
diffraction (SAED), and high resolution transmission
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Figure 2. Freestanding frustule-shaped titania structures. Secondary electron images of (A) a complete and (C) a partial frustule-derived titania structure,
respectively, after 12 cycles of protamine/ TIBALDH exposure, 500 °C/2 h treatment, and selective silica dissolution. (B) EDX analysis of the specimen in

(A). (D) The specimen in (C) after partial ion milling. Scale bars: 2 ym.
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Figure 3. Phase content of Aulacoseira diatom frustules and their deri-
vatives. XRD analyses of (A) starting silica-based Aulacoseira dia-
tom frustules, (B) as-coated diatom frustules (after 12 protamine/Ti-
BALDH cycles), (C) titania-coated diatom frustules after coating and
firing at 500 °C for 2 h, and (D) titania-coated diatom frustules after
coating, 500 °C/2 h firing, and selective silica dissolution in a NaOH
solution.

electron microscope (TEM) analyses. The starting frus-
tules (obtained as flame-polished diatomaceous earth)
exhibited XRD peaks for cristobalite and tridymite
SiO, (Figure 3A). A similar XRD pattern was obtained
after the protamine/TIBALDH treatment (Figure 3B),
which indicated that the titanium-bearing coating was
largely amorphous after deposition. After the thermal
treatment (500 °C, 2 h, air), however, the presence of

anatase titania was detected by XRD analysis
(Figure 3C). After the subsequent NaOH treatment,
diffraction peaks for anatase TiO, were clearly detected
in the freestanding structures, whereas the silica diffrac-
tion peaks were absent (Figure 3D). Scherrer analysis of
the most intense anatase TiO, diffraction peak in
Figure 3D (near 20 = 25.3°) yielded an average anatase
crystal size of 6.5 + 0.3 nm. A TEM image of an ion-milled
cross-section revealing the pyrolyzed coating on the silica
frustule is shown in Figure 4A. SAED analyses of this
coating (Figure 4B) was consistent with anatase TiO,. High
resolution TEM analyses (Figure 4C) also revealed nano-
crystals (<10 nm) with lattice fringes spaced 0.35 or
0.24 nm apart, which were consistent with the (101) and
(004) plane spacings, respectively, of anatase TiO,."*

We presumed that the binding of protamine to the silica
frustule template, and to titania coatings, was strongly
influenced by electrostatic interactions. When immersed
in aqueous solutions at pH 7.5, the surfaces of silica and
titania should be negatively charged,'® so that the poly-
cationic protamine molecules in such solutions may
become electrostatically bound to such surfaces. To
investigate whether electrostatic interactions were crucial
for protamine binding, two control experiments were
conducted in which (i) the pH of the protamine solution

(14) Powder Diffraction File, Cards No. 021-1272 for anatase TiO,,
No. 039-1425 for cristobalite SiO2, No. 042-1401 for tridymite
SiO,, Newtown Square (PA): International Center for Diffraction
Data.
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Figure 4. Transmission electron microscope analyses of anatase TiO,-coated diatom frustules. (A) Transmission electron microscope image of an
ion milled cross-section of a titania-coated Aulacoseira frustule after 12 protamine/TiBALDH cycles and firing at 500 °C for 2 h. (B) Selected area
electron diffraction pattern obtained from the titania coating shown in (A). (C) High resolution transmission electron microscope image of the titania

coating.
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Figure 5. Hydrogen gas detection with single titania-coated diatom frustules. (A) Secondary electron image of a titania-coated Aulacoseira
frustule with Pt connections. (B) Temporal current response upon exposure to gas mixtures with different H, concentrations. (C) Sensitivity of
TiO,-coated frustules to different H, concentrations. Each data point corresponds to the average of separate measurements obtained from five
single, titania-coated frustules. The error range shown for each data point corresponds to &1 standard deviation about the average value. Scale bar

in A: 2 ym.

in each deposition cycle was lowered from 7.5 to 2.2 or (ii)
1 M NaCl was added to the protamine solution in each
deposition cycle, while maintaining the solution pH at
7.5. By lowering the pH of the protamine-bearing solu-
tion to 2.2, the concentration of negative charges on the
silica and titania surfaces were drastically reduced, which
should have substantially decreased the extent of electro-
static binding of protamine to such surfaces. In the
presence of a high concentration of NaCl at pH 7.5, the
negative charges on the silica and titania surfaces become
screened by the Na™ ions, which should reduce the extent
of protamine binding to such surfaces. Indeed, energy-
dispersive X-ray (EDX) analyses and X-ray diffraction

(XRD) analyses of representative Aulacoseira diatom
frustules that had been exposed to 12 pH-modified or
12 NaCl-modified protamine/TIBALDH deposition cy-
cles and then firing at 500 °C for 2 h revealed a drastic
decrease in the titania content relative to frustules coated
by the standard process (compare Figures S2A, S2B, S3A,
and S3B in Supporting Information with Figures 1E and
3C). These control experiments confirmed the impor-
tance of electrostatic interactions between the protamine
and the silica and titania surfaces on the layer-by-layer
deposition process.

Titania-based sensors have been used to detect a
number of gases, including hydrogen, oxygen, carbon
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monoxide, and nitrogen dioxide.'®!” The hydrogen
detection capability of single (minimally invasive) titania-
coated frustules was examined in this work. After apply-
ing platinum electrodes to both ends of a given titania-
coated frustule (Figure 5A), the change in current was
evaluated upon exposure to varied concentrations of
hydrogen gas at a constant bias voltage of 600 mV at
350 °C. The sensing performance of five such single,
titania-bearing frustule structures was evaluated. The
current carried by each of the single titania-coated frus-
tule sensors exhibited a reversible increase and decrease
upon exposure to, and removal of, hydrogen, respectively
(Figure 5B). The average response time (i.e., the time
required for the measured current to increase to 90% of
the peak value) and the average recovery time (i.e., the
time required for the measured current to decay to 90% of
the peak value) for hydrogen detection at the 200—10 000
ppm concentrations were 62 and 153 s, respectively. The
hydrogen sensitivity of the single titania-coated frustule
was evaluated upon exposure to H,/Ar gas mixtures
containing 200—10 000 ppm H,. The sensitivity, S, was
defined by the equation:

§ =(G—Go)/Go

where G is the electrical current flowing through the
sensor before exposure to a hydrogen-bearing gas mixture
(i.e., in pure flowing argon) and G is the maximum current
detected after exposure to the hydrogen-bearing gas
mixture. As shown in Figure 5C, the average sensitivity
increased monotonically with increasing hydrogen con-
centration from a value of 113 £ 37 at 200 ppm H, to a
value of 806 £ 172 at 10000 ppm H,. The response time,
recovery time, and sensitivity of the single (minimally
invasive) TiO»-coated frustules to hydrogen were com-
parable to, or better than, those reported for other
nanocrystalline or nanostructured TiO,-based hydrogen
sensors.'®
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Conclusions

The present work demonstrates for the first time
that repetitive exposure to a commercially available,
multifunctional protein (protamine, which exhibits
silica-binding, titania-forming, and titania-precipitating
activity) and an aqueous precursor (TiBALDH) can be
used to generate a conformal and continuous oxide
(titania) coating on a complex, 3-D biosilica template
so that, upon organic pyrolysis and selective removal of
the template, a freestanding oxide structure is produced
that retains the 3-D template morphology. Unlike other
wet chemical methods, this simple multifunctional pro-
tein-based approach does not require prolonged and/or
multistep silica surface functionalization protocols and
the coating process can be conducted entirely in water-
based solutions at near neutral pH. This process has
been used to convert single diatom frustules into mini-
mally invasive and sensitive titania-based hydrogen
detectors. With proper selection of the template and
template-binding/mineral-forming proteins, this facile
conformal coating method may be extended to the
fabrication of microscale structures and devices com-
posed of a variety of functional inorganic materials and
3-D morphologies.

Acknowledgment. This research was supported by the
Office of Naval Research (Dr. Mark Spector, program
manager), the Air Force Research Laboratory (Dr. Wallace
Patterson, program manager), and the Air Force Office of
Scientific Research (Dr. Charles Lee, Dr. Hugh DeLong,
program managers). Dr. Joseph M. Slocik (Air Force
Research Laboratory, RXBN) is acknowledged for his
assistance with XPS analyses. We also wish to thank Emily
Malcolm for help with protein isolation.

Supporting Information Available: (i) A secondary electron
image, EDX analysis, and transmission electron images of
Stober silica spheres containing a conformal and continuous
titania coating generated via repeated, alternating expo-
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