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anostructured titanium dioxide

(TiO,) semiconductor materials

have unique optoelectronic prop-
erties that enable a variety of applications,
particularly for photocatalysts and solar
cells." Control of the spatial organization of
nanoscale TiO, within a periodic structure
offers additional enhancements for light
trapping in these applications.” There is
enormous interest in bioinspired ap-
proaches for synthesis of semiconductor
and metal oxide nanomaterials, as they of-
fer the opportunity for self-assembly into hi-
erarchical structures.® In particular, cell cul-
ture systems have been identified as a
platform for the biosynthesis of photonic
nanostructures.* Although biomineraliza-
tion of TiO, is rare in Nature,” biosilica
(amorphous SiO,) is synthesized from
soluble silicon into complex structures by a
variety of aquatic organisms, as exemplified
by the diatoms.® Diatoms are single-celled
algae which make silica shells called frus-
tules that are intricately patterned at both
the nano- and microscale. The periodic pore
structures of diatoms possess photonic
crystal properties.”

Traditionally, the bioinspired synthesis
of titanate materials has focused on the
biomolecule-mediated precipitation of
soluble titanium precursors using peptide
sequences derived from the silaffin class of
diatom proteins,®~'° phage-displayed pep-
tides,"" recombinant silicatein proteins de-
rived from sponge spicules,' ' naturally
occurring polyamines,’® lysozymes,'® or
proteins secreted from bacterial or fungal
cell surfaces.'”'® Alternatively, diatom frus-
tules have served as a template for synthe-
sis of nano/microstructured titanate materi-
als using a variety of chemical processes,
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ABSTRACT Diatoms are single-celled algae that make silica shells or frustules with intricate nanoscale features
imbedded within periodic two-dimensional pore arrays. A two-stage photobioreactor cultivation process was
used to metabolically insert titanium into the patterned biosilica of the diatom Pinnularia sp. In Stage |, diatom
cells were grown up on dissolved silicon until silicon starvation was achieved. In Stage I, soluble titanium and
silicon were continuously fed to the silicon-starved cell suspension (~4 X 10° cells/mL) for 10 h. The feeding rate
of titanium (0.85—7.3 umol Ti L~ " h™") was designed to circumvent the precipitation of titanate in the liquid
medium, and feeding rate of silicon (48 pmol Si L~" h™") was designed to sustain one cell division. The addition
of titanium to the culture had no detrimental effects on cell growth and preserved the frustule morphology.
Cofeeding of Ti and Si was required for complete intracellular uptake of Ti. The maximum bulk composition of
titanium in the frustule biosilica was 2.3 g of Ti/100 g of Si0,. Intact biosilica frustules were isolated by treatment
of diatom cells with SDS/EDTA and then analyzed by TEM and STEM-EDS. Titanium was preferentially deposited
as a nanophase lining the base of each frustule pore, with estimated local Ti0, content of nearly 80 wt %. Thermal
annealing in air at 720 °C converted the biogenic titanate to anatase Ti0, with an average crystal size of 32 nm.
This is the first reported study of using a living organism to controllably fabricate semiconductor Ti0,
nanostructures by a bottom-up self-assembly process.
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including gas—solid reaction of biosilica
with TiF, vapor,'®?° atomic layer deposi-
tion of TiCl,/H,0 vapor,?' or solution phase
coating of TiO, nanoparticles.* To date,
biomolecule-mediated precipitation pro-
cesses have not yet organized TiO, into hi-
erarchical structures, and diatom-based
templating methods have not been de-
signed to be readily scalable.

In this study, we use the living diatom it-
self to metabolically insert nanostructured
TiO, into the periodic structure of its frus-
tule biosilica. The intracellular biofabrication
process is guided by a two-stage photo-
bioreactor cultivation process that controls
the delivery of titanium and silicon to the
diatom cells. This bioprocess engineering
approach is scalable, replicates identical
nanostructures on a massively parallel scale,
occurs at ambient temperature and neutral
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Figure 1. Photobioreactor for cultivation of the diatom Pin-
nularia sp. under controlled delivery of soluble silicon and
titanium.

pH, and does not require harsh chemicals or sophisti-
cated equipment. Pinnularia sp. was chosen as the
model diatom because its frustule possesses periodic
order at two scales: a rectangular lattice of 200 nm
pores at the submicron scale, and a concentric array of
fine features lining the base of each pore at the
nanoscale.

Diatoms are known to bioaccumulate trace levels
of titanium,?® where organisms collected from the ma-
rine environment can contain 0.01 to 0.13 wt % Ti in
silica.* However, the controlled cultivation of diatom
cells on soluble titanium has not been previously re-
ported. One challenge is the low solubility of Ti(OH),
in aqueous solution at the cultivation pH. Below, we
show how controlled feeding of soluble silicon and tita-
nium to the cells during the bioreactor cultivation pro-
cess circumvents this solubility limitation and targets
the deposition of a TiO,-rich nanophase into the peri-
odic fine features associated with the pores of the dia-
tom frustule. We also show that thermal annealing con-
verts the biogenic titanate to anatase TiO, nanocrystals.

RESULTS AND DISCUSSION

Bioreactor Cultivation for Metabolic Insertion of Titanium into
Frustule Biosilica. A two-stage photobioreactor cultiva-
tion process was used to grow up Pinnularia diatom
cells to a desired cell density and then metabolically in-
sert titanium into the frustule biosilica. The photobiore-
actor presented in Figure 1 consisted of a bubble col-
umn bioreactor vessel to mix and aerate the cell
suspension, an external light stage, and a syringe pump
for controlled delivery of soluble silicon and titanium.
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TABLE 1. Cultivation Parameters for Two-Stage Bioreactor
Cultivation of Pinnularia sp. Cells

process parameter Stage | Stage Il
initial Si concentration (mM) 0.50 ~0
initial Ti concentration (mM) 0.00 0
initial cell number density (10° cells mL ") 0.50 a
total culture volume (L) 42 3.1
Si and Ti delivery rate
volumetric flowrate (mL feed L~ "culture h—")? — 33
feed solution Ti concentration (mM) — 0.5—45
feed solution Si concentration (mM) - 30
Ti delivery rate (umol Ti L~ culture h ™) — 0.85—7.3
Si delivery rate (mol Si L~ culture h ") — 48
time of addition (h) — 10
total Si added (p.mol Si/L culture) - 480
total Ti added (pumol Ti/L culture) — 8.5-73
input mol Si/mol Ti - 6.5—56
cultivation pH 8.4 8.6
temperature (°C) 22 22
incident light intensity (WEm~%s™") 149 149
photoperiod (h light:h dark in 24 h) 14:10 14:10
aeration rate (L air L™ culture min™") 0.61 0.82
(0, partial pressure (ppm) ~350 ~350
cultivation time (h) 120 72

5.0 mLh ™" for each feed solution.

In Stage | of the cultivation process, the cell suspen-
sion was grown up on a given initial concentration of
dissolved silicon (0.50 mM) until all the silicon was con-
sumed and the final cell density was achieved. In Stage
Il of cultivation, concentrated feed solutions of 30 mM
sodium metasilicate and soluble titanate (0.5—4.5 mM)
were co-delivered to the culture suspension by a sy-
ringe pump over a period of 10 h during the light phase
of the first photoperiod, as detailed in Table 1.

Cell number density and dissolved silicon concentra-
tion versus time for Stages | and Il of a representative
bioreactor cultivation experiment are presented in Fig-
ure 2a. Images of living cells and frustule biosilica at the
end of Stage |, just before addition of titanium to the
cultivation medium, are presented in Figure 2b,c. Sili-
con was a required substrate for diatom cell division. At
the end of Stage | cultivation, the diatom cells were in
the silicon-starved state, as evidenced by complete con-
sumption of dissolved silicon from the medium and
constant cell number density for at least one 24 h pho-
toperiod. The cumulative amount of Si delivery was de-
signed to support one cell division within the first pho-
toperiod of Stage Il. The Si delivery rate was fixed,
whereas the Ti delivery rate was varied by changing
the Ti concentration in the feed solution. However,
within a given cultivation experiment, the ratio of Ti/Si
delivered to the cell suspension was constant. When the
soluble silicon feed solution was added to the culture
medium, it speciated to Si(OH), at the cultivation pH of
8.5, which is the form of Si required for transport into
the diatom cell.?®

Representative Si and Ti concentration profiles in
the bioreactor cultivation medium during the first 48 h
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TABLE 2. Growth Parameters from the Two-Stage Bioreactor Cultivation of Pinnularia sp. Cells

Ti addition (pumol/L) Stage specific growth rate . (h™7)

(control) | 0.032 =+ 0.003
0.0 Il 0.039 = 0.008
| 0.031 = 0.003

85 Il 0.024 = 0.005
| 0.035 = 0.001

14 Il 0.043 = 0.008
| 0.043 = 0.004

22 Il 0.032 = 0.006
| 0.018 = 0.003

49 Il 0.029 = 0.006
| 0.021 = 0.002

73 Il 0.032 = 0.003

108 =11
120 £1.2
8919
1B5*17
95+122
123 £14
8217
N3*13
7416
122 £0.7
94+ 16
129 £28

“The Stage Il average cell number to dry cell mass ratio is 3.05 X 10° = 4.14 X 10° cells/g DW.

of Stage Il cultivation are presented in Figure 3. In Fig-
ure 3a, if no cells were present, then Si and Ti were not
consumed, and the measured Si and Ti concentration

versus time profile matched the predicted profile deliv-
ered by the syringe pump. The titanium concentration
represented both the soluble and insoluble titanium in
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Figure 2. Bioreactor cultivation of Pinnularia sp. cells. (a)
Cell number density and dissolved silicon concentration ver-
sus time for Stages | and Il of bioreactor cultivation, with
Stage Il cumulative Ti and Si addition of 73 and 480 pmol/L,
respectively; (b) light micrograph of living diatom cells at
the end of Stage |, just before addition of titanium to the cul-
tivation medium; (c) SEM of frustule biosilica isolated by
SDS/EDTA treatment of diatom cells at the end of Stage |,
just before addition of titanium to the cultivation medium.
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the liquid medium. Figure 3b shows that the diatom
cells consumed most of the Si fed to the culture over
the 10 h delivery period, providing enough silicon for
one cell doubling (Figure 2a). The dissolved silicon con-
centration in the medium was near zero at all times,
which indicated that the cells were maintained in the
silicon-starved state during Stage Il. Likewise, Figure 3c
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Figure 3. Concentration profiles for Si and Ti in liquid me-
dium during Stage Il of cultivation. (a) No-cell control experi-
ment, cumulative addition of 0.37 mM Si and 29 pM Ti; (b)
Si concentration in culture versus cumulative Ti addition; (c)
Ti concentration in culture versus cumulative Ti addition.
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Figure 4. Stage Il of control experiment where Ti but no Si
was added. Cumulative Ti addition was 46 pM.

shows that the diatom cells also consumed all of the Ti
added to the culture suspension at all three cumulative
amounts of Ti delivery. At the onset of Stage II, the
rate of Ti(OH), addition at the highest Ti loading (73
pmol/L) outpaced the rate of intracellular Ti uptake,
where the soluble titanium concentration in the liquid
phase of the cell culture medium increased to 13 uM
before returning to zero.

The Ti concentration in the culture medium gener-
ally stayed below the Ti(OH), solubility limit. When the
soluble titanium feed solution was added to the liquid
culture medium, the titanium diluted out and hydro-
lyzed to Ti(OH), at the nominal bioreactor cultivation
pH of 8.5. The solubility limit of Ti(OH), in 100 mM NaCl
at 22 °Cis between 3 and 8 wM, and Ti(OH), is the domi-
nant soluble species at pH >6.2%2” Consequently, if ti-
tanium was added to the culture suspension all at once,
then the concentration of titanium in the liquid me-
dium would have exceeded the reported solubility of
Ti(OH), by an order of magnitude. Therefore, titanium
was delivered at a rate that prevented its potential for
precipitation in the culture suspension, as the balance
between titanium delivery and uptake by the diatom
cells kept the titanium concentration in the culture lig-
uid below its solubility limit. If titanium but no silicon
was fed to the diatom cell suspension in Stage Il of cul-
tivation, the uptake of titanium was not complete, as
shown in Figure 4. The diatom cells did not divide, and
the Ti concentration in the liquid medium stayed well
above the solubility limit.

The culture growth parameters obtained from the
two-stage bioreactor cultivation experiments, includ-
ing specific growth rate (p), final cell density (X ), and
cell number yield coefficient based on silicon consump-
tion (Yyn,si), are summarized in Table 2. The cumula-
tive amount of titanium delivery had no statistically sig-
nificant effect on either the specific growth rate (p =
0.60 > o = 0.05) or the cell number yield coefficient (p
= 0.75 > a = 0.05). There was no change in specific
growth rate between Stages land Il (p = 0.51 > a =
0.05). The increase in cell number yield coefficient was
statistically significant between Stages | and Il (p =
0.0017 < a = 0.05), which indicated that the Si con-
tent per cell decreased.
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Figure 5. Uptake of titanium by the Pinnularia sp. cell sus-
pension as function of Ti addition rate to Stage Il of cultiva-
tion. (a) Intracellular Ti; (b) Ti retained within frustule biosil-
ica at cultivation times of 12, 24, and 74 h. The total time of
Ti and Si addition was 10 h. The cumulative Si addition
amount averaged 480 M over all experiments.

The incorporation of titanium into the diatom cells
as a function of the Stage Il titanium delivery rate is pre-
sented in Figure 5. After 24 h, the intracellular titanium
concentration was complete. Figure 5a shows the mea-
sured intracellular uptake of titanium into the cell mass,
averaged from 24 to 72 h, was linearly proportional to
titanium delivery rate. The diatom cells were treated
with sodium dodecyl sulfate (SDS) in EDTA to remove
organic materials and isolate the intact frustule biosil-
ica. The parent valve and the new daughter valve
formed after cell division often remained attached to
one another (Figure 2c). The average solids recovery af-
ter SDS/EDTA treatment and drying at 80 °C was 0.32
*+ 0.07 g solid/g dry biomass weight (DW). Figure 5b
shows that the amount of Ti incorporated into the frus-
tule biosilica reached a saturation value, nominally at
2.0 g of Ti/100 g of SiO,. Furthermore, the final titanium
incorporation into the biosilica was not achieved until
after 24 h in Stage I, indicating that an intracellular pool
of titanium was still being incorporated into the dia-
tom biosilica after titanium delivery to the culture sus-
pension was complete. For the control cultivation ex-
periment where titanium but no silicon was added to
Stage Il of the cultivation, the intracellular Ti content af-
ter 48 h was 95 = 6 pmol T/g DW.

The concentration of titanium in dried diatom cells,
cells treated with SDS/EDTA, and cells treated with
aqueous (30 wt %) hydrogen peroxide (H,0,) is com-
pared in Table 3. The presence of titanium in the frus-
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tule biosilica after treatment of the
diatom cells by either SDS/EDTA or
H,0, treatment verified that the tita-
nium was imbedded within the frus-
tule silica and not adsorbed onto the
frustule surface. The Ti concentration
in the H,0,-treated frustule biosilica
was lower than that in the SDS/EDTA-
treated diatom biosilica because titan-
ate imbedded in biosilica close to the
frustule surface may have been etched
out by aqueous H,0,. Consequently,
the SDS/EDTA treatment method was
used to isolate frustules for the elec-
tron microscopy. A material balance
on the washings from both treatment
methods verified that only about
40—50% of the titanium taken up by
the living cells was ultimately incorpo-
rated into the frustule biosilica. Con-
trol experiments further verified that
titanium released by either treatment
method did not re-adsorb onto the
frustule biosilica. Therefore, the tita-
nium recovered from cell washing and
SDS/EDTA treatments was assumed
to be weakly bound intracellular
titanium.

Titanium-Rich Nanophase within Diatom
Biosilica. The nanoscale titanium distri-
bution in the diatom biosilica was
characterized by electron microscopy.
The diatom cells selected for nanoim-
aging and analysis were obtained
from the bioreactor cultivation experi-
ment conducted at 73 pmol/L cumu-
lative Ti addition to Stage Il. Cells har-

vested after 72 h into Stage Il were treated with SDS/
EDTA to remove organic materials and isolate the intact
frustule biosilica. The bulk titanium concentration in
the biosilica was 2.3 = 0.1 g of Ti/100 g of SiO,. Ten ran-
domly selected frustules were analyzed by transmis-
sion electron microscopy (TEM) and scanning transmis-
sion electron microscopy/X-ray dispersive analysis
(STEM-EDS). Representative analyses were reported.

STEM-EDS analyses of a representative Pinnularia sp.
frustule containing titanium are presented in Figure 6.
The spot scan in Figure 6b shows that Si, Ti, and O

TABLE 3. Comparison of Ti Recovery after SDS/EDTA and
H,0, Treatment of Diatom Cells Containing Metabolically

Inserted Titanium

bulk Ti concentration

sample (g of Ti/100 g of Si0,)
dry cell biomass 38+0.8
SDS/EDTA-treated cells 2301
H,0,-treated cells 1.9+0.1
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Figure 6. STEM-EDS analysis of frustule biosilica containing metabolically inserted tita-
nium. (a) STEM image with two line scan traces; (b) representative spot scan; (c) TiO, pro-
file along width of frustule, spanning valve and girdle band (line scan 1); (d) TiO, profile
down length of frustule valve (line scan 2); (e,f) STEM image with line scan across the trans-
verse axis of two adjoined frustules, starting from the daughter valve and then crossing
over to the parent valve (line scan 3).

were the only elements present, as Cu was from the
copper TEM grid. The representative line scans shown
Figure 6¢,d spanned the whole width (line scan 1) and
length (line scan 2) of the frustule. The line scans in-
cluded both solid regions and pore regions. The peaks
of titanium concentration always coincided with the
base of the 200 nm frustule pores. Ti was found every-
where in the frustule biosilica, including the valve (top
face) and girdle band (side wall) regions, but it was not
uniformly distributed. In particular, line scan 1 showed
that high concentration pockets of titanium were asso-
ciated with both the valve (top face) and girdle band
(side wall) of the frustule. Line scan 2 also showed peri-
odic regions of high titanium concentration. The line
scan presented in Figure 6e,f was aligned between two
valve halves that were still partially adjoined after SDS
treatment. Here, it is shown that the titanium was pref-
erentially deposited into the new daughter valve of
“1=xs8 frustule. All of the line scans shown in Figure 6 were ob-
tained at a scanning interval ranging from 178 to 246
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nm, which was not precise enough to

- 3000 guarantee that the beam always hit the
£ @ base of the 200 nm pore.
§ 2000 § STEM-EDS line scans for titanium and
T—; £ silicon across three representative pore
% — % structures are presented in Figure 7. The
= @ scanning interval was set to 7—12 nm so
@ that the nanoscale features could be more
0 readily profiled. In the diatom Pinnularia
0 100 200 300 400 sp., the base of each 200 nm frustule pore
Position (nm) is lined with a thin layer of biosilica which
100 3000 contains 4—6 pores nominally 50 nm in
2 1 -  diameter. In STEM mode, these fine fea-
g 4 2000 § tures were difficult to see. However, the el-
= 8 emental line scans clearly showed that
g 1 '®  the base of the frustule pore was highly
: 1 1000 2 enriched in titanium. In Figure 7a, a com-
3;-' . »  parison of the Ti and Si line scan data re-
0 vealed that the highest Ti signal counts

were concentrated near the frustule pore
wall. However, the Si signal count was also
100 1500 high in this region, so the Ti concentra-
tion in the biosilica was still relatively low.
In contrast, for the metal oxide materials
lining the base of the frustule pore, the Ti
signal count was high, but the Si signal
count was low, and so the Ti concentra-
tion was high. The nanoscale thickness of
the frustule was not measured due to its
complicated topology. However, the com-
bined Si and Ti signal count was roughly
indicative of the relative thickness of the
frustule.

Quantitative line scans for TiO, along
two other representative pore structures are presented
in Figure 7b,c. The TiO, was enriched from 40 to 80% at
the base of the pore. However, it must be stressed that
the quantification was only approximate since EDS
measurement is dependent upon X-ray beam penetra-
tion and scattering into the sample?® as well as the sur-
face roughness.?® The bulk TiO, concentration in the
frustule (3.7 wt % TiO, based on 2.3 g of Ti/100 g of
SiO,) was still much lower than the local TiO, concen-
tration because the volume of solid associated with
these fine features was small relative to the overall vol-
ume of the frustule solid. Furthermore, the bulk TiO,
content was diluted from the biosilica carried over from
Stage | of the cultivation.

Figure 8 compares TEM images of fine structure for
the Pinnularia frustule with and without titanium meta-
bolically inserted into the biosilica. Figure 8a,b shows
frustules from the control cultivation experiment with
no added titanium, whereas Figure 8c,d shows frustules
from the cultivation experiment where the cumulative
addition of titanium to Stage Il was 73 pmol/L (2.3 g of
Ti/100 g of SiO,). The same frustule shown in Figure 8d

0 100 200 300 400 500

1000

500

Si signal (counts)

Wt% TiOz in frustule

0
0 100 200 300 400 500 600
Position (nm)

Figure 7. STEM-EDS elemental line scan of Ti and Si across frustule pores, revealing Ti-rich
nanophase lining base of pore. (a) Single pore; (b) two fused pores; (c) three pores.

Figure 8. TEM images of frustule biosilica. (a,b) Frustule from control
cultivation experiment; (c,d) frustule containing titanium analyzed by
STEM-EDS in Figure 7. was analyzed earlier by STEM-EDS (Figure 7). In TEM
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that the peptide- or protein-mediated precipi-
800 [ tation of soluble titanium precursors to TiO,
or TiP,0, was also amorphous at room tem-
600 | perature but could be crystallized by thermal
@ W g00°c  annealing.®'*'? In a few studies, biomimetic
c .
§ 400 oy | 11 || rutile approaches have produced crystalline forms
| | | of TiO, without thermal annealing. Kréger et
Lo l L - anat al® observed that TIBALDH precipitation by
200 LW NI ANV oA A bW’ 55 o¢ the recombinant silaffin protein rSilC pro-
MWWWWWWWWM control  duced rutile TiO,, whereas Dickerson et al.’’
0 bmmmsbsmmsinssss s nnnss s 24 observed that 12-mer phase display peptides
20 30 40 50 60 70 80

Figure 9. Powder X-ray diffraction spectra of frustule biosilica con-
taining 2.3 g of Ti/100 g of SiO, in the as-deposited state (22 °C) and af-
ter thermal annealing in air (800 °C). For comparison, XRD spectra of
the following are also provided: diatom biosilica thermally annealed at
800 °C containing no titanium (control), an anatase TiO, standard

(JCPDS 86-1156), and a rutile TiO, standard (JCPDS 86-0148).

mode, the fine features at the base of the frustule pores
were clearly visible. The incorporation of titanium into
the frustule biosilica did not alter the overall pore struc-
ture of the frustules or its fine features imbedded at
the base of each pore.

In summary, the metabolic insertion of TiO, into
the diatom biosilica targeted the fine nanostructure lin-
ing the base of each frustule pore and did not alter
the overall microstructure of the diatom. In contrast,
our earlier studies®® 32 showed that metabolic inser-
tion of germanium into diatom biosilica altered the frus-
tule pore structure by reducing the pore diameter, re-
moving the fine features, and fusing the pore arrays
into nanoslit arrays. Therefore, there were marked dif-
ferences in the mechanisms of GeO, versus TiO, incor-
poration into the diatom biosilica. However, it was be-
yond the scope of this work to characterize the
molecular processes underlying these differences.

Annealing of Ti-Rich Nanophases in Frustule Biosilica to
Nanocrystalline Ti0,. Thermal annealing of diatom biosil-
ica containing titanium converted the biogenic titan-
ates to crystalline TiO,. The sample profiled in Figures
6—8 was annealed at 720, 800, and 950 °C. The powder
X-ray diffraction (XRD) spectra presented in Figure 9
show that the as-deposited diatom biosilica containing
2.3 *£ 0.1 g of Ti/100 g of SiO, was amorphous. How-
ever, at an annealing temperature of 800 °C, a mixture
of anatase and rutile phases of crystalline TiO, were
formed. Thermal annealing of the no-titanium diatom
biosilica control sample at 800 °C verified that the dia-
tom biosilica itself remained amorphous. Increasing the
annealing temperature 720 to 950 °C changed TiO,
from the anatase from to the rutile form (Figure 10).
The average nanocrystal size estimated by the Scherer
equation for both the anatase and rutile forms of TiO,
was about 32 nm. The possibility Ti—O—Si bond forma-
tion was not considered by this study.

The TiO,-rich nanophases that were imbedded
within the frustule biosilica after metabolic insertion of
titanium were amorphous. Previous investigators found
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produced a mixture of amorphous, anatase,
and monoclinic (B) forms of TiO,. Bansal et
al.'” precipitated K,TiF with proteins secreted
from the fungus Fusarium oxysporum to the
brookite form of TiO, at ambient temperature.
No biomimetic studies to date have fabri-
cated nanoscale TiO, into hierarchical structures as
demonstrated by this study.

Processes Underlying Ti0, Nanophase Formation within
Frustule Biosilica. The distribution of TiO, within the peri-
odic structure of the Pinnularia sp. frustule is schemati-
cally envisioned in Figure 11. We speculate that rate
processes of SiO, and TiO, formation within the silica
deposition vesicle of the dividing diatom cell may have
led to the preferential deposition of TiO, at the thin
layer of biosilica lining the base of the frustule pore, as
proposed below.

The biofabrication of the biosilica frustule within
the silica deposition vesicle (SDV) has been described
for pennate diatoms in general®*3* and Pinnularia spe-
cies in particular.®> Within this framework, a phase sepa-
ration model for biosilicification within the SDV has
been proposed®®3” where formation in the pore spaces
(areolae) occurs after silicification of the rib structures
(costae). Hildebrand et al.*® has verified these steps of
frustule formation in the centric diatom Thalassiosira by
SEM, TEM, and atomic force microscopy (AFM)
measurements.

30000 [
25000 [
950 °C
20000 F rutile
2
=
g 15000 [ 800 °C
o
10000 |
‘ 720 °C
5000 anatase
—e . 22°C
——e———~—~—~~—~— control
0 26
23 24 25 26 27 28

Figure 10. Effect of thermal annealing temperature on the
XRD spectra of frustule biosilica containing 2.3 g of Ti/100

g of SiO,. Biogenic TiO, was converted from amorphous to
anatase TiO, and to rutile TiO,. The “control” refers to frus-
tule biosilica containing no titanium that was annealed in air
at 800 °C for 1.0 h.

\NIC
VOL.2 = NO.10 = 2103-2112 = 2008 ”@@%{¥)



2110

TiO,-enriched A
frustule biosilica /

« 200 nm o

Si0,

50 nm'«

TiO, -rich
nanophase

ZJL .

pore array (side view)

Figure 11. Conceptual illustration of TiO,-rich nanophase in
frustule biosilica (not to scale).

For the pennate diatom Pinnularia, we envision
that following Si uptake into the diatom cell, the intra-
cellular Si is deposited as patterned silica within the SDV
of the developing valve portion of the frustule in three
stages. First, parallel rib structures spanning the trans-
apical axis of the frustule valve are symmetrically
formed normal to the both sides of the center raphe.
Second, silica fills in between the ribs to form the frus-
tule pores. Finally, the thin layer of the biosilica lining
the base of the 200 nm frustule pore and its associated
50 nm pores are formed.

In Stage Il of cultivation, soluble Si and Ti were con-
tinuously fed to the diatom cells, but Si was always the
dominant component, and the feeding rate was turned
off about halfway (10 h) into the 22—25 h cell division
cycle. Since the highest concentrations of titanate were
observed in the fine structure associated with the final
stages of silica deposition, Si pool exhaustion near the
completion of frustule pore formation combined with a
slower rate of soluble Ti condensation to titanate within
the SDV may have been responsible for this deposition
pattern.

In our previous studies with metabolic incorpora-
tion of Ge into diatom biosilica,>° 32 the high aqueous

MATERIALS AND METHODS

Diatom Cell Culture. The photosynthetic, pennate marine dia-
tom Pinnularia sp. was obtained from the UTEX Culture Collec-
tion of Algae (UTEX# B679). Maintenance culture of this organ-
ism was previously described.>® In this study, Pinnularia sp. was
grown on Harrison’s artificial seawater medium supplemented
with f/2 nutrients®® as modified below. The artificial seawater
base medium contained 347 mM NaCl, 23.8 mM Na,SO,, 7.68
mM KCl, 1.97 mM NaHCO;, 690 M KBr, 354 uM H;BO;, 63.3 uM
NaF, 45.1 mM MgCl, - 6H,0, 8.74 mM CaCl, - 2H,0, and 78.0 .M
SrCl, - 6H,0. The f/2 enrichment medium components consisted
of 35.9 nM Na,MoO, - 2H,0, 0.954 nM Na,Se0;, 6.0 nM
NiCl, - 6H,0, 165 nM ZnSO,, - 7H,0, 45.3 nM CuSO,, - 5H,0, 24.7
nM CoSO, - 7H,0, 2.31 uM MnSO, - 4H,0, 19.7 uM FeCl; - 6H,0,
and 21.9 pM ethylenedinitrol tetraacetic acid disodium salt
(C,oH140gN,Na, - 2H,0). The macronutrient medium consisted
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solubility of Ge(OH), allowed all of the Ge to be added
to the diatom cell suspension at the beginning of Stage
Il of cultivation. By this process, the germanium was uni-
formly dispersed into the diatom biosilica. However,
due to the low aqueous solubility of Ti(OH),, simply ex-
tending this feeding approach to titanium would not
work. Instead, in this study, a novel continuous feed-
ing strategy was developed to deliver the titanium to
the diatom cell. The distributed feeding of Ti(OH), may
have also contributed to the stratification of TiO, within
the diatom biosilica.

SUMMARY

A two-stage bioreactor cultivation process was used
to metabolically insert titanium into the patterned bio-
silica frustule of the diatom Pinnularia sp. by controlled
feeding of soluble titanium and silicon to the silicon-
starved cell culture suspension. The addition of titanium
to the diatom cells had no detrimental effects on the
growth of the organism and preserved the nano- and
microstructure of the frustule biosilica. Co-uptake of Ti
and Si was required for maximum incorporation of tita-
nium into the frustule biosilica. Titanium was preferen-
tially deposited as a nanophase lining the base of each
frustule pore. Thermal annealing converted the bio-
genic titanate to nanocrystalline anatase TiO,.

This is the first reported study of using a living or-
ganism to controllably fabricate semiconductor TiO,
nanostructures by a bottom-up self-assembly process
on a massively parallel scale. Furthermore, the cell as-
sembles the TiO,-rich nanostructures into clustered ar-
rays imbedded within a photonic crystal-like structure
that is characteristic of the diatom frustule. Possible de-
vice applications of these semiconductor materials
could include dye-sensitized solar cells for enhanced
light trapping efficiency®® and structured photocata-
lysts for enhanced breakdown of toxic chemicals.*® This
study illustrates how diatom cell culture systems can
be externally directed in bioprocess engineering sys-
tems to fabricate unique nano- and microstructured
semiconductor materials.

of 4.81 mM NaNOj;, 242 uM NaH,PO, - H,0, and 1.00 mM
Na,SiO; - 9H,0.

Photobiobioreactor Cultivation. The bubble column photobiore-
actor for cultivation of Pinnularia sp. cells in liquid suspension
was previously described.*® The photobioreactor was modified
to accommodate two-channel syringe pump (World Precision In-
struments, Aladdin 8000) to separately deliver dissolved silicon
and titanium to the cell suspension, as shown in Figure 1. Nutri-
ent medium for cultivation of Pinnularia sp. in the photobioreac-
tor was identical to the cell culture maintenance medium de-
scribed above except for the dissolved silicon concentration. The
CO, in the aeration gas served as the carbon source for pho-
totrophic cell growth. Flask cultured diatom cells harvested 7
days after subculture were used for bioreactor inoculation.

The process conditions used in this study are summarized in
Table 1. The two-stage bioreactor cultivation process described
previously*° was modified for continuous delivery of dissolved
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silicon and titanium in Stage Il. To prepare the Si feed solution,
solid SiO, and NaOH were dissolved in distilled/deionized water
to make 30 mM Na,SiO; (sodium metasilicate) and 500 mM
NaOH (pH >12). The high pH kept the silicon dissolved in the
feed solution. To prepare the Ti feed solution, solid titanium hy-
droxide (Ti(OH),) was first made by dropwise addition of 4.0 M
NaOH to aqueous titanium oxysulfate (TiOSO,, 15 wt % solution,
Sigma-Aldrich 495379) to pH 12, followed by precipitation at 0
°C and washing of the precipitate in deionized/distilled water.
Solid Ti(OH), and concentrated HCl were then dissolved in HPLC-
grade water to final concentrations of 5.0 mM Ti and 500 mM
HCl (pH <1). The low pH kept the titanium soluble in aqueous so-
lution. To prepare a Ti feed solution of a desired concentration,
the 5.0 mM Ti stock solution was diluted in distilled/deionized
water, and then concentrated HCl was added to bring the HCI
concentration back up to 500 mM. The volumetric flow rate of
the Si and Ti feed solutions to the photobioreactor culture sus-
pension was each fixed at 5.0 mL h™' for a total of 10 h, begin-
ning 2 h into the photoperiod. When the Si and Ti feed solutions
were added to the culture suspension at the same volumetric
flow rate, the NaOH in the Si feed solution and HCl in the Ti feed
solution were neutralized, resulting in no pH change to the cul-
ture medium.

Cell number density and dry cell weight (DW) measure-
ments of the diatom cell suspension were previously de-
scribed.° In Stage | of cultivation, the cell suspension was
sampled every 12 h until 120 h, whereas in Stage II, the cell sus-
pension was sampled every 3 h during the initial 12 h, and then
every 12 h until 72 h. A cell culture volume of 540 mL was re-
moved at 0, 12, 24, 48, and 72 h of Stage Il to determine the sili-
con and titanium content in the dry cell biomass and frustule bi-
osilica. The liquid medium was separated from the diatom cells
by centrifugation at 2500g for 20 min. The concentrations of sili-
con and titanium in the liquid medium were determined by in-
ductively coupled plasma emission spectroscopy (ICP-ES) analy-
sis on a Varian Liberty 150 ICP emission spectrometer. Analysis
wavelengths were 251.611 (Si) and 334.941 nm (Ti). Limits of de-
tection were 0.07 and 0.004 mg/L for Si and Ti, respectively. The
silicon and titanium content in the dry cell mass was also deter-
mined by ICP-ES following NaOH fusion of the solid as previously
described.?° Statistical estimation of specific growth rate (.,
h~") and cell number yield coefficient (Yy,, s, cells/mmol Si con-
sumed) were previously described.*°

Isolation and Bulk Metal Analysis of Frustule Biosilica. Intact biosilica
frustules of Pinnularia sp. cells were isolated by treatment with
sodium dodecyl sulfate (SDS, JT Baker L050-07) and ethylene di-
amine tetraacetic acid (EDTA), as originally described by Schmid
and Schulz,*® with modifications detailed below. Treatment of
diatom cells with the detergent SDS separated organic cell mat-
ter from the frustule biosilica but did not remove the girdle band
proteins, and so the upper and lower theca of the frustule re-
mained attached. The EDTA removed calcium and other diva-
lent salts from the seawater medium that adsorbed onto the
frustule surface. Duplicate 250 mL aliquots of culture suspen-
sion were centrifuged at 2500g for 20 min. The pellet was resus-
pended in 40 mL of distilled/deionized water, centrifuged, and
washed again two more times. The washed diatom cell pellet
was resuspended in 40 mL of 50 g/L SDS in 100 mM EDTA, vor-
texed for 1 min, and then allowed to react for 20 min at room
temperature without mixing. The liquid in the suspension turned
green. The SDS/EDTA treatment was repeated two more times.
The treated cell mass was washed three times in distilled/deion-
ized water to remove the SDS/EDTA and residual intracellular
metal oxides, and then three times in methanol to dissolve the
residual organic matter (40 mL, 2500g for 20 min). The final iso-
lated frustules were resuspended in 5 mL of MeOH and stored at
—20 °C. The silicon and titanium content in the isolated frustule
solid was determined by ICP-ES as described above. The titanium
content was expressed as g of Ti/100 g of SiO,, assuming that
the Si in the frustule was in the form of SiO,. Isolation of diatom
biosilica by aqueous hydrogen peroxide treatment of diatom
cells was previously described.*®

Thermal Annealing and X-ray Diffraction Analysis. A 10 mg aliquot
of frustule biosilica isolated by SDS/EDTA treatment was ther-
mally annealed in air for 1.0 h within a preheated furnace at tem-
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peratures of 720, 800, and 950 °C. Powder X-ray diffraction (XRD)
measurements on the as-deposited and thermally annealed frus-
tule biosilica were performed on a Bruker Instruments D8 Dis-
cover diffractometer using a Cu Ka radiation source. Full scans
(26 20—80°) were performed at step size of 0.05° and scan rate
of 5.0 26/min, whereas limited scans near the highest TiO, peaks
of interest (26 23—28°) were performed at a scan rate of 0.5 26/
min. Peaks were compared to standards for anatase TiO, (JCPDS
database #86-1156) and rutile TiO, (JCPDS database #86-0148).
The size of each TiO, nanocrystal type was estimated from the
angle and half-width of its strongest peak using the well-known
Scherrer equation.'

Electron Microscopy. Electron microscopy analyses on Pinnu-
laria sp. frustules isolated by SDS/EDTA treatment were per-
formed on a FEI Tecnai F20 high resolution (200 keV) transmis-
sion electron microscope (TEM) equipped with an embedded
scanning transmission electron microscope (STEM) and an X-ray
energy dispersive analysis (EDS) probe, as previously de-
scribed.>® SEM images were obtained on an FEl Sirion field emis-
sion SEM at an accelerating voltage of 5 keV. All STEM-EDS data
were collected at an accelerating voltage of 200 keV. The K, en-
ergy peaks of interest were 0.52 (0), 1.74 (Si), and 4.51 keV (Ti).
The beam resolution was 0.24 nm for spot analysis and 0.18 nm
for line analysis. The local TiO, content in frustule biosilica along
the STEM-EDS elemental line scan was estimated by

v - I kMo, / My
702 I ckriMrio, / My + IsiksMsio, / Ms;

m

and

b=l = (mye I+ I o) @
where Iy;  is the Ti detector count corrected for Ti background
signal in silica, Ig; is the Si detector count, k; is the calibration k
factor for Ti (1.299 mass counts/detector counts), kg; is the
calibration k factor for Si (1.000 mass counts/detector counts), Mg;
and Mg;o, are the molecular weights of Si and SiO,, and My, and
Mo, are the molecular weights of Ti and TiO,. The corrected Ti
detector count was estimated by eq 2, where Iy is the gross Ti
count, my; is the ratio of Ti background counts to Si counts, and
Ii,» is the Ti background count in the absence of Si. Values for m;
(4.0 Ti counts/1000 Si counts) and /Iy , (3 counts) were
determined by linear regression of Si and Ti counts pooled from
EDS line scans over frustules obtained by the control cultivation
experiment where no Ti was added to the diatom cell
suspension. Energy peaks associated with the holey carbon
copper (Cu) TEM grid also appeared in the EDS spot scan spectra
(L3 at 0.93 keV, K, at 8.05 keV, KB at 8.90 keV).
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