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ABSTRACT Diatoms are single-celled algae that make microscale silica shells or “frustules” with intricate

nanoscale features such as two-dimensional pore arrays. In this study, the metabolic insertion of low levels of

germanium into the frustule biosilica of the pennate diatom Nitzschia frustulum by a two-stage cultivation process

induced the formation of frustules which strongly resembled double-sided nanocomb structures. The final product

from the two-stage cultivation process contained 0.41 wt % Ge in biosilica and consisted of an equal mixture of

parent frustule valves possessing a normal two-dimensional array of 200 nm pores and daughter valves possessing

the nanocomb structure. The nanocomb structures had overall length of 8 pum, rib width of 200 nm, rib length

of 500 nm, and slit width of 100 nm. Each slit of the nanocomb was most likely formed by a directed morphology

change of a row of 200 nm pores to a single open slit following Ge incorporation into the developing frustule during

the final cell division. The frustules possessed blue photoluminescence at peak wavelengths between 450 and

480 nm, which was attributed to contributions from nanostructured biosilica in both the parent valves and in the

nanocomb daughter valves. This is the first reported study of using a cell culture system to biologically fabricate a

photoluminescent nanocomb structure.

KEYWORDS: cell culture - diatoms - germanium - nanocomb - photoluminescence -

silica

*Address correspondence to
rorrergl@engr.orst.edu.

Received for review February 26, 2008
and accepted May 22, 2008.

Published online June 14, 2008.
10.1021/nn800114q CCC: $40.75

© 2008 American Chemical Society

1296

urrently, there is enormous interest

in bioinspired processes for the fab-

rication and self-assembly of semi-
conductor nanostructures that possess
unique optical and electronic properties.'”
Although biomimetic approaches typically
focus on biomolecule-mediated processes,
living cells also have the potential to direct
the fabrication of nanostructured materials,
particularly for photonic device applica-
tions.® In this regard, diatoms, a prolific class
of single-celled algae that make microscale
biosilica shells or “frustules” with intricate
submicron features dominated by two-
dimensional pore arrays, have been touted
as a paradigm for the controlled production
of nanostructured silica with interesting
properties.”

5
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The diatom Nitzschia frustulum pos-
sesses a frustule of ellipsoidal shape with bi-
lateral symmetry, where linear arrays of
~200 nm pores span the top face of the
frustule. Recently, we discovered that silica
from bioreactor-cultured N. frustulum cells
possessed blue photoluminescence, where
the luminescence intensity and wavelength
were dependent on the change in frustule
nanostructure as the cell culture moved
from the exponential to the stationary
phase of growth.® Furthermore, we demon-
strated that soluble germanium can be
metabolically inserted into the biosilica of
the pennate diatom Pinnularia sp. by a two-
stage bioreactor cultivation process, where
the incorporation of Ge into the frustule
biosilica reduced the frustule pore diam-
eter but otherwise did not affect the frus-
tule morphology.®

In this paper, we report that the meta-
bolic insertion of germanium into the frus-
tule biosilica during cultivation of the dia-
tom Nitzschia frustulum induced the
fabrication of double-sided “nanocomb”
frustule structures that possess blue photo-
luminescence. A nanocomb structure con-
sists of nanoscale “teeth” or ribs joined to-
gether by a common backbone. To date,
nanocomb structures have only been made
of wurtzite semiconductor materials, princi-
pally ZnO, by thermal evaporation
techniques.’®'* ZnO nanocomb structures
possess optoelectronic and piezoelectric
properties which enable a variety of device
applications.’ "8 ZnO structures can be
replicated into silicon carbide,'® but the fab-
rication of SiO, nanocombs has not been
previously reported. Furthermore, there are

www.acsnano.org



= _(a) Stage | ;Stage Il ] s
T 154 P 0.8 z
2 i c
8 12} H 062
Iﬂo E
= 1 ]
> 8¢} —A—cells | 0.4 e
[ -3~ Si 3
o
Q
T 4t {025
© L
© =5 @
-3 0.0
0 50 100 150 200 250 300 350
25 1.0
—El (b) Stage |.Stage Il ]
= 20 | : 2408 =
L} B . s £
§ ; . ) c
o L T K . L
P 15 X 0.6 E
g e 4 —A—cells ] £
g0 ¢ B -=-si 1043
: e :
s 02 .2
2 [}
o
0.0
0 50 100 150 200 250 300 350
T 16 _(c) StageIEStage [} {os _
E A s
° 0 £
= =
o 12 4106 c
T |7 2
< g
> 8 F ——cells | 04 &
£ 8
e c
(3 o
2 02 ©
S 7]
0.0

0 50 100 150 200 250 300 350
Stage | & Il cultivation time (h)

Figure 1. Two-stage diatom cell culture process for meta-
bolic insertion of germanium into frustule biosilica of N. frus-
tulum, detailing medium Si concentration and cell number
density versus time: (a) 0.0 wM Ge initial Ge concentration in
Stage Il (control); (b) 6.7 wM initial Ge concentration in Stage
II; (c) 23.0 wM initial Ge concentration in Stage II.

no reported studies of using bioinspired approaches
to fabricate photoluminescent nanocomb structures.
Below, we describe a diatom cell cultivation pro-
cess for the biological fabrication of biosilica nano-
comb structures and their characterization by electron
microscopy and photoluminescence spectroscopy.

RESULTS AND DISCUSSION

Two-Stage Bioreactor Cultivation. Cell number density
and dissolved silicon (Si) concentration during the two-
stage bioreactor cultivation of the diatom N. frustulum
at two different initial concentrations (6.7 and 23 M) of
soluble germanium (Ge) in Stage Il of the cultivation
process are presented in Figure 1. For comparison, a
representative control cultivation experiment where
no Ge was added to Stage Il of the cultivation process
is also presented in Figure 1. The initial concentrations
of Si and Ge in Stages | and Il of the cultivation process
were designed to control the final bulk concentration of
Ge in the diatom biosilica. Details on Si and Ge deliv-
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ery for each bioreactor experiment are provided in
Table 1.

In Stage | of the cultivation process, an initial Si con-
centration of 0.70 mM without Ge coaddition resulted
in nominally 4—5 cell doublings before all of the dis-
solved silicon was consumed. The concentration of
soluble Si decreased commensurate with the increase
in cell number density, and so substrate consumption
was considered growth associated. When all of the
soluble Si was consumed and the cell number density
was constant for at least two photoperiods, the culture
was considered to be in the silicon-starved state.

In Stage Il of the cultivation process, a mixture of
soluble Si and soluble Ge was fed to the silicon-starved
diatom cell suspension. Dissolved Si and Ge concentra-
tions in the culture suspension during Stage Il of the
cultivation process are compared in Figure 2 for two dif-
ferent initial concentrations of Ge (6.7 and 23 wM). The
amount of silicon substrate added to Stage Il of the cul-
tivation process (0.4 mM) was designed to sustain only
one more cell division. Both Si and Ge were rapidly
taken up by the silicon-starved diatom cells within 10 h
by a surge uptake mechanism,®?° which was accompa-
nied by a doubling of the cell number density within
24 h after the initiation of Stage Il. For the bioreactor
cultivation at the higher initial Ge concentration of 23
1M, some efflux of Si from the cells back to the liquid
culture medium was observed during Stage Il. This ef-
flux was commensurate with the dark phase of the pho-
toperiod 10 h into Stage Il. When illumination to the
diatom culture resumed 20 h into Stage Il during the
light phase of the photoperiod, the residual dissolved
silicon was consumed. Similar behavior was observed in
our previous work during co-uptake of dissolved Si
and Ge by the diatom Pinnularia.®

Process growth parameters are compared in Table
1 for different initial concentrations of soluble Ge in
Stage Il. The uptake of Ge by the diatom cells did not

TABLE 1. Process Parameters for Two-Stage Bioreactor Production of N.
frustulum Biosilica Containing Metabolically Inserted Germanium

initial germanium concentration in Stage Il

process parameter stage control lowGe highGe
0.0 uM 67 18uM  23x1puM
initial silicon concn,(; , (mM) | 0.72 = 0.01 0.72 = 0.02 0.69 = 0.04
I 0.47 =0.13 0.37 = 0.08 0.36 = 0.05
mol Si:Ge in feed Il 551 16:1
specific growth rate, (s | 0.024 = 0.002  0.024 = 0.001  0.024 = 0.001
Il 0.026 = 0.003  0.027 = 0.008  0.017 = 0.005
cell number density X ; (10° cells/mL) | 6.8 = 0.4 73+05 8.6+ 04
I 136 £2.0 189+ 0.9 143 £ 0.9
cell yield, ¥y,s; (10° cells/mmol Si) | 92+13 1010 12210
intracellular Ge (p.mol Ge/g DW)* Il ~0 12*1 28=*3
Inorganic solid (g Si0, /g DW)” Il 0.16 = 0.07 0.13 £ 0.07 0.11 £ 0.06
bulk Ge content (wt % Ge in Si0,) Il ~0 0.14 = 0.05 0.41 £0.13
nanocomb/parent valve ratio Il 0 1.1£0.1 1.0+ 0.1

“Stage |, exponential growth period 0—120 h (n = 6 data points); Stage Il, exponential growth period
0—24h (n = 6 data points). °Averaged 24—120 h Stage Il, DW = dry biomass. ‘Stage II, 120 h.
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Figure 2. Two-stage diatom cell culture process for meta-
bolic insertion of germanium into frustule biosilica of N. frus-
tulum, detailing Ge and Si concentration versus time during
Stage II: (a) 6.7 M Ge initial Ge concentration in Stage II; (b)
23.0 pM initial Ge concentration in Stage II.

significantly affect the growth parameters. But at the
highest initial Ge concentration, the growth rate () de-
creased slightly, and the cell yield coefficient (Yy,,/s;) in-
creased, which means that the Si content per unit cell

Figure 3. Electron microscopy images of N. frustulum biosilica at the end
of Stage ll, for the control experiment where no Ge was added. (a) SEM im-
age of frustule, clearly showing raphae and fibula characteristic of
Nitschoid symmetry; (b) TEM image of frustule; (c) TEM image of pore ar-
ray; (d) TEM image of single pore, showing fine structures.
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decreased. The concentrations of Ge in the hydrogen-
peroxide-treated biosilica obtained from diatom cells at
the end of Stage Il of the bioreactor cultivation pro-
cess are also presented in Table 1. After uptake of Ge,
the diatom cells were thoroughly washed, and so only
intracellular Ge was associated with the cell biomass.
However, from material balance studies, only 21—22%
of the intracellular Ge retained within the biomass was
ultimately retained within the biosilica. Although hydro-
gen peroxide was effectively removed organic mate-
rial, it is also known to etch Ge. Consequently, the Ge
content in the biosilica reflected the metabolically in-
serted Ge that survived the hydrogen peroxide treat-
ment step. The recovery of intracellular silicon after hy-
drogen peroxide treatment of the diatom cells was not
determined.

Electron Microscopy of Diatom Frustules with No Germanium.
Electron microscopy images of the N. frustulum diatom
frustules obtained from control cultivation experiments
where germanium was not added to Stage Il of the dia-
tom suspension culture are presented in Figure 3. An
SEM image of a representative frustule obtained at the
stationary phase of Stage | of cultivation is presented in
Figure 3a, whereas TEM images of a representative frus-
tule at the end of Stage Il of cultivation are presented
in Figure 3b—d. As a pennate diatom, N. frustulum as-
sumes an ellipsoidal shape of nominally 3 pm width
(transverse axis) and 10 wm length (longitudinal axis).
The frustule possesses upper and lower shells called th-
eca that fit together like the halves of a Petri dish. The
theca included a top face (valve) and a ring of pores
around one side of the valve (fibulae structure). A solid
strip of silica with a slit along its center (the raphae) de-
fined the boundary between the valve and the fibulae
structure. The valve microstructure consisted of a series
of parallel rib structures aligned along the transverse
axis. Between two parallel rib structures was a linear ar-
ray of oval-shaped ~200 nm pores, also aligned along
the transverse axis. The fibulae structure was wrapped
around only one side the upper valve, and a separate
fibulae structure was wrapped around the opposing
side of the lower valve, a morphological feature known
as Nitzschioid symmetry.?'

At the end of Stage Il of cultivation process, if no ger-
manium was added to the diatom cell suspension, a
secondary fine structure on the frustule valve was also
observed. Specifically, a thin layer of nanostructured
silica, most likely composed of a single layer of ~5 nm
silica nanoparticles fused together in a hexagonal pat-
tern, filled the base of each frustule pore, creating a sec-
ondary array of nanopores. The frustule biosilica sur-
face also possessed a granular fine structure, which was
also attributed to silica nanoparticles. Previous studies
have also observed the frustule surface of other pen-
nate diatoms is composed of nanoparticles.>?** This
fine structure was only associated with stationary phase
of growth after the last cell division, at the point of sili-
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con starvation where both the dissolved silicon concen-
tration in the medium was near zero and the cell den-
sity was constant for at least one photoperiod.

Electron Microscopy of Diatom Frustules Containing
Germanium. Electron microscopy images of representa-
tive N. frustulum diatom frustule valves obtained from
cultivation experiments where germanium was added
to Stage Il of the cultivation process at two different ini-
tial concentrations (6.7 and 23.0 M) are presented in
Figures 4-6. Isolation of biosilica frustules by aqueous
hydrogen peroxide treatment of the diatom cells re-
moved all organic materials from the diatom cells and
separated the upper and lower theca, presumably by
removing the girdle band proteins that bind the theca
together. Therefore, by this isolation method, the valve
structures could be imaged separately. Milder forms of
the organic material removal from frustule biosilica,
such as SDS detergent treatment, were not used in this
study because they did not separate the upper and
lower theca.

At the end of Stage Il of the cultivation process,
two valve structures were identified. To facilitate the in-
terpretation of TEM images representing these struc-
tures, Figure 7 schematically represents the valve struc-
ture of the diatom frustule after metabolic insertion of
germanium into the biosilica. During Stage Il of cultiva-
tion, enough soluble silicon was added to the culture
suspension to enable all of the silicon-starved cells from
Stage | of cultivation to undergo one more cell divi-
sion. Therefore, each new diatom cell possessed a par-
ent valve from Stage | of cultivation, and a new daugh-
ter valve formed during Stage Il of cultivation of altered
morphology that contained germanium imbedded
within its frustule biosilica.

Figure 4 presents TEM images of representative par-
ent and daughter frustule valves obtained from the end
of Stage Il of the cultivation experiment where 6.7 uM
Ge was added to the culture at the beginning of Stage
II. The bulk germanium concentration in the frustule
biosilica, which represented the average of the parent
and daughter valves, was at the low Ge level of 0.141 =
0.046 wt % in SiO, (Table 1). The parent frustule valve
possessed the intact frustule pore array, but nanoparti-
cles littered the frustule surface and partially filled the
frustule pores (Figure 4a—c). In contrast, the new
(daughter) frustule valve formed after Ge addition to
the diatom cell suspension culture consisted of a paral-
lel array of nanoscale ribs fixed to a common back-
bone (Figure 4d—f), where the backbone was derived
from the fusion of the raphae and fibulae structures. Ap-
parently, to form this structure, each linear array of
pores running along the transverse axis of the frustule
was now just a single open slit. Lining the base of each
open slit was a layer of ~3—5 nm nanoparticles. This
nanoparticle layer was only found in an area where a
pore would have formed. The nanoslit arrays were
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Figure 4. TEM images of N. frustulum valves at the end of Stage II, for the
cultivation experiment carried out at a 6.7 wM initial concentration of Ge
in Stage II. The bulk Ge concentration was 0.14 wt % in the frustule biosil-
ica. (a—c) Parent valve, showing intact pore structure with nanoparticles lit-
tering the surface; (d—f) daughter valve of nanocomb morphology, show-
ing nanoparticles lining the base of each slit.

slightly curved along the transverse axis. These fea-
tures were consistent with “nanocomb” structures.

Presented in Figures 5 and 6 are TEM images of rep-
resentative frustules obtained from the end of Stage Il
of the cultivation experiment where 23 M Ge was
added to the culture (Table 1). The bulk germanium
concentration in the frustule biosilica, which repre-
sented the average of the parent and daughter valves,
was at the high Ge level of 0411 = 0.129 wt % in SiO,.
Figure 5 reveals the fine structure of the parent frustule
with the intact pore structure, whereas Figure 6 details
the fine structure of the morphologically altered daugh-
ter frustule. Although the surfaces of both the parent
and daughter frustule valves had a granular texture,
nanoparticles did not litter the frustule surface or fill
the frustule pores.

Figure 6 presents three representative nanocomb
structures characteristic of the new daughter valve. At
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Figure 5. TEM images of N. frustulum “parent valves” at the
end of Stage I, for the cultivation experiment carried out at
a 23.0 pM initial concentration of Ge in Stage II: (a) valve; (b)
pore array; (c) single pore detail.

the higher bulk Ge concentration in the biosilica, the
rib structures were nominally straight, with a rib width
of 200 nm, open slit width of 100 nm, slit-to-slit spacing
of 300 nm, and rib length ranging from about 500 nm
to 1.5 wm. Furthermore, a second array of shorter
nanoscale ribs, formed from residual fibulae structure,
was also formed. No nanoparticles were observed lin-
ing the base of the slit. A STEM-EDS elemental line scan
analysis of a representative nanoslit array is presented
in Figure 8, where the final bulk germanium concentra-
tion in the frustule biosilica was 0.41 wt %. Germanium
was uniformly distributed into the frustule biosilica of
the nanocomb array. STEM-EDS spot analysis of a repre-
sentative parent valve showed only Si and O in the
atomic proportion of SiO,.

The ratio of parent valve structures to the new
daughter valve nanocomb structures was approxi-
mately 1:1, based on enumeration of each structure
type from 20 SEM images per sample (Table 1). We have
showed in previous studies®?° that Ge uptake only oc-
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curs concurrently with Si uptake in Stage Il of the culti-
vation process. Consequently, when the Si uptake was
sufficient for cell division, the each new valve that was
formed contained Ge. This process was limited to one
cell doubling, as the new cell containing one aberrant
nanocomb structure was not likely to divide again. Un-
der these simplifying assumptions, the ratio of parent
valves to daughter nanocomb valves can also be esti-
mated from bioreactor cultivation data by the relation-
ship

Xﬁ _ Xt~ Xno 1)
Xﬁl XN,o
where XY is the number density of parent valves, X,
is the number density of daughter nanocombs valves
generated by Stage Il of cultivation, and X, and X ¢
are the initial and final cell densities of Stage Il of culti-
vation. Equation 1 predictions reasonably matched the
experimentally determined values enumerated from
SEM images. No attempt was made to isolate the nano-
combs from the parent frustule valves.

Role of Germanium in Formation of Diatom Nanocomb
Structures. The addition of a mixture of soluble silicon
and germanium to silicon-starved N. frustulum diatom
cells and the subsequent metabolic insertion of germa-
nium into the biosilica during frustule development in-
duced the formation of the nanocomb structures. In the
living diatom cell, biosilica frustule development is a
bottom-up fabrication process that proceeds by a com-
plex series of biochemical and cellular events during
the cell division cycle.?* The three major processes are
(1) uptake of soluble Si(OH), into the cell by silicon
transporter proteins imbedded in the cell membrane,*®
(2) “silaffin” protein-mediated condensation of soluble
Si(OH), to nanostructured silica, e.g., silica nanoparti-
cles, within the silica deposition vesicle (SDV), and (3)
patterning of nanostructured silica within the SDV by
phase-partitioning processes that leads to the forma-
tion of the ordered pore arrays.” Imbedded within these
processes are the biochemical and cellular events that
mediate the formation and molding of the silica depo-
sition vesicle itself at the plane of cell division. Subtle
variations in SDV development and biosilica deposition
lead to the myriad of diatom frustule fine structures
that can be fabricated through this common metabolic
theme.?¢27

Silicon is a required substrate for diatom cell divi-
sion. When the cell is in the silicon starved state, the
cell takes up a mixture of both soluble Si(OH), and
Ge(OH),, and then incorporates the Ge into the frus-
tule biosilica. This process induced a directed change
in frustule morphology that occurred at low levels of Ge
incorporation into the frustule biosilica. The biochemi-
cal and cellular mechanisms underlying the change in
valve morphology of N. frustulum from a pore array to a

www.acsnano.org



nanocomb array can only be speculated upon at this
point. If Ge(OH), was only inserted into the frustule
biosilica during Si(OH), condensation to SiO,, then pu-
tative Ge—O—Ge and Si—O—Ge structures would pos-
sess a bond angle and unit cell size different than
Si—O—Si structures. Detailed material characterization
of the Ge-imbedded biosilica was not attempted in this
study because of the low level of Ge in the frustule bio-
silica and the amorphous character of the biogenic ma-
terial. However, it is reasonable to expect that these de-
fects could disrupt the complex processes of biosilica
valve assembly. In pennate diatoms, valve assembly be-
gins with the formation of the rib structures; silica then
fills in between the ribs in a way that forms the pore ar-
ray.2" In N. frustulum, metabolic insertion of germanium
most likely attenuated the rib formation step and elimi-
nated the pore formation step, fortuitously leading to
formation of the nanocomb array.

Previously, we showed that incorporation of 0.2—1.0
wt % Ge into the frustule biosilica of the pennate dia-
tom Pinnularia reduced the frustule pore diameter and
thickened the frustule, but the pores did not fuse to-
gether.® Pinnularia valves possess a central raphae
which is aligned along the longitudinal axis of symme-
try. The rib structures grow symmetrically from each
side of the raphae to the edge of the valve.?® In con-
trast, for N. frustulum, the raphae systems of the two
valves lie on opposite sides along the valve edge. Con-
sequently, the “Nitzschioid symmetry”®" of N. frustulum
was exploited to produce the asymmetric double-sided
nanocomb structure of the new frustule valve follow-
ing metabolic insertion of germanium.

There are limited previous studies on the effects of
metal ions on frustule development during diatom cell
culture, and none have demonstrated the directed fab-
rication of nanocomb structures. Recently, Townley et
al*® reported that the pore diameter of frustules iso-
lated from the centric diatom Coscinodiscus wailesii in-
creased when the cells were grown in the presence of 3
.M nickel sulfate. Earlier, Nitzschia lieberthrutti diatom
cells grown in the presence of 1.5 wg L™ of Hg®" or
Sn?" ions produced valves that possessed a lower
length/diameter ratio,>® whereas various pennate dia-
toms grown in the presence of Ge produced disordered
and thickened valve structures.®’

Biosilica nanocombs fabricated through N. frustu-
lum cell culture have many morphological features in
common with double-sided ZnO nanocombs."* How-
ever, these double-sided nanocombs were symmetric,
whereas the biologically fabricated nanocombs de-
scribed in this study were asymmetric, as they reflected
the frustule morphology of the organism. To date, only
wurtzite structured semiconductors, particularly ZnO,
have been demonstrated to form nanocomb structures
when synthesized by a high-temperature, solid—vapor
phase thermal evaporation technique.'®'® ZnO nano-
comb structures possess photoluminescence'’'? and
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Figure 6. TEM images of N. frustulum “daughter valves” at
the end of Stage II, for the cultivation experiment carried out
at 23 uM initial concentration of Ge in Stage Il. The bulk Ge
concentration was 0.41% in the frustule biosilica. (a—c)
Three representative nanocomb structures, showing range
of variability in morphology; (d—f) fine structure of each
nanocomb.

have potential applications as diffraction gratings,'* ul-
traviolet laser arrays,'® gas sensors,'” and biosensors.'®

Photoluminescence of Diatom Nanocombs. Like ZnO nano-
combs, diatom biosilica nanocombs also possess pho-
toluminescence. A representative photoluminescence
(PL) spectrum of N. frustulum biosilica sample contain-
ing 0.411 = 0.129 wt % in SiO, is presented in Figure 9a.
A comparison of the peak PL intensity for biosilica con-
taining no Ge (control), 0.141 = 0.046 wt % Ge, and
0.411 = 0.129 wt % is presented in Figure 9b. Details
on the cultivation history for each sample are provided
in Table 1. Averaged results from samples obtained at
72,96, and 120 h into Stage Il are reported. All samples
possessed blue or blue-green photoluminescence at
peak wavelengths ranging from 450 to 480 nm, but
there was no statistically significant difference in the
peak PL intensity.
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Figure 7. Schematic of diatom frustule obtained at the end
of Stage Il of cultivation: (a) cell division during Stage II; (b)
structures of the parent valve and the daughter valve.

In a previous study, we showed that nanostruc-
tured silica obtained from cultivation of the diatom N.
frustulum possessed blue photoluminescence, where
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Figure 8. STEM-EDS profiling of fine structure from a N. frus-
tulum daughter valve at the end of Stage I, for the cultiva-
tion experiment carried out at 23 M initial concentration of
Ge in Stage Il. The bulk Ge concentration was 0.41% in the
frustule biosilica. (a) Brightfield STEM image of nanoslit ar-
ray, showing path of elemental line scan; (b) relative Si and
Ge abundance along line scan, based on Ka signals for Si
(1.74 keV) and Ge (9.86 keV, Ka,).

ACRT AN . .
A@J\TJ{\&) VOL.2 = NO.6 = QIN ET AL.

[<2]
o

- (a)

(4]
o
T

IS
=)
T

N
o
T

PL intensity (1 Oacountslmg )
s 8

Y P P S T
300 400 500 600 700 800
Wavelength (nm)

® (b) @ intensity 4 520 _

%‘ ? 50: B wavelength - 500 E
-‘g % 30: : 460 E’
S22 I N \ N{ =
TN1E

control 0.14 wt% Ge 0.41 wt% Ge
Ge in Frustule Biosilica

Figure 9. Photoluminescence (PL) of N. frustulum biosilica.
(a) PL spectra from biosilica containing 0.41 wt % Ge; (b)
comparison of peak PL intensity and wavelength for biosil-
ica obtained from the control experiment (no Ge in Stage II,
0.0 wt % Ge), low Ge incorporation experiment (0.14 wt %
Ge), and high Ge incorporation experiment (0.41 wt % Ge).

the PL emission likely most originated from surface de-
fect sites associated with the nanostructured biosilica,
particularly the nanoparticle assemblies constituting
the solid biosilica.? In this present study, the metabolic
insertion of small amounts (0.41 wt % Ge) into the frus-
tule biosilica did not affect the gross PL intensity of
the final biosilica obtained from Stage Il of the cultiva-
tion process. The gross PL intensity would represent the
sum of PL contributions from the parent valve and
daughter valve nanocomb structures in the sample.
Consequently, since the PL intensity of the bulk sample
did not decrease, and the nanocomb structures repre-
sented at least 50% of the total frustule count (Table 1),
then the nanocomb structures in the mixture must
also be photoluminescent. Furthermore, the presence
of nanocomb structures did not significantly alter the PL
spectra shape or peak wavelength. Therefore, the intrin-
sic PL from the both nanocomb structure of the daugh-
ter valve and the two-dimensional pore structure of the
parent valve most likely originated from the same
source, the nanoparticle assemblies which constituted
the solid biosilica of each structure.

SUMMARY

In this study, we harnessed the cellular biomineraliza-
tion processes of living diatom cells to fabricate
microscale shells (frustules) of biogenic silica that strongly
resembled double-sided nanocomb structures. The biosil-
ica nanocombs possessed blue photoluminescence. A
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two-stage bioreactor cultivation process provided germa-
nium to the diatom cells, and metabolic insertion of ger-
manium into the frustule biosilica induced the formation
of the nanocomb structure. The biological processes re-

sponsible for the fabrication of the nanocomb structure

and the likely origins of its photoluminescence were dis-
cussed. The bioreactor cultivation process was carried out

MATERIALS AND METHODS

Bioreactor Cultivation of Nitzschia frustulum. Pure cultures of the
photosynthetic marine diatom Nitzschia frustulum were ob-
tained from the UTEX Culture Collection of Algae (UTEX # 2042)
and maintained on seawater medium supplemented with inor-
ganic nutrients.?° The diatom cell suspension was cultivated un-
der controlled conditions of light, pH, CO, delivery, and nutri-
ent delivery using a bubble-column photobioreactor described
previously.” Bioreactor cultivations were carried out at 150 pE m?
s~ 'incident light intensity, 14 h light/10 h dark photoperiod,
0.71 L air L culture™ " min~" aeration rate (~350 ppm CO,), and
constant temperature of 22 °C.

The bioreactor cultivation process was carried out in two
stages. In Stage | of the cultivation process, the bioreactor cul-
ture was inoculated to initial cell number density of ~3 X 10°
cells/mL from flask-cultured N. frustulum diatoms harvested at
the stationary phase of growth. Soluble silicon was added to the
diatom suspension as Na,SiO; to initial concentration of 0.70
mM, which was sufficient to support at least four cell doublings.
The culture was considered silicon starved when all of the
soluble silicon was consumed and the cell number density was
constant for at least two photoperiods. In Stage Il of the cultiva-
tion process, a mixture of soluble Na,SiO; and soluble GeO, was
added to the silicon-starved diatom cell suspension 4 h into the
light phase of the photoperiod. The total duration of Stage Il was
120 h. The initial nitrate and phosphate concentrations in the
bioreactor cultivation medium were 8.0 and 0.40 mM, respec-
tively, to eliminate the possibility of macronutrient limited
growth during both Stages | and II. The average pH of the cul-
ture suspension during Stage Il ranged from 8.4 to 8.9. The time
course of the two-stage bioreactor cultivation process was fol-
lowed by measurements of cell number density, silicon concen-
tration, and germanium concentration as described previously.®
The specific growth rate was estimated from the least-squares
slope of the linear portion of the cell density versus cultivation
time data on a semilog plot. For Stage |, the linear region of the
growth curve on a semilog plot was 0—120 h, whereas for Stage
I, the linear region was only 0—24 h because only one cell divi-
sion was allowed.

Frustule Biosilica Isolation and Ge Analysis. Details of all frustule
biosilica isolation and Ge analysis procedures are previously de-
scribed.® At the end of Stage Il, the N. frustulum diatom cells were
treated with 30 wt % aqueous hydrogen peroxide at pH 2.5 to re-
move the organic materials and isolate the intact biosilica frus-
tule. Typical recoveries ranged from 0.11—0.16 g of inorganic
solid/g dry cell mass. Aqueous hydrogen peroxide treatment also
etched out some of the germanium oxides associated with the
frustule biosilica. The frustule biosilica was analyzed for bulk ger-
manium content by ion-coupled plasma (ICP) elemental analysis.

Electron Microscopy. Details of all electron microscopy proce-
dures were previously described.’ For transmission electron
microscopy (TEM), diatom frustules were dispersed in metha-
nol, deposited on a holey carbon copper grid, and then imaged
by a FEI Tecnai F20 high-resolution TEM (200 keV) equipped with
an embedded scanning transmission electron microscopy
(STEM) mode and an X-ray energy dispersive analysis (EDS)
probe. For scanning electron microscopy (SEM), diatom frus-
tules dispersed in methanol were pipetted onto carbon tape,
and allowed to dry, and then imaged without sample coating
by a FEl Sirion field emission SEM at 2.0 keV. Two different types
of frustule valve morphologies—parent valves versus daughter
nanocomb valves—were enumerated from SEM images taken at

www.acsnano.org

at ambient conditions, used environmentally benign
source materials, and fabricated the nanocombs by a
bottom-up self-assembly process on a massively parallel
scale. This study provides a unique example of how cell
culture systems can be externally directed to fabricate in-
teresting nano- and microstructured inorganic materials
with optoelectronic properties.

~2500X. Intact frustule structures were counted froma 4 X 5
grid of 20 images (~200 total structures) and statistically
analyzed.

Photoluminescence (PL) Spectroscopy. Details of the photolumines-
cence measurements were previously described.® The PL spec-
trum of diatom frustule powder isolated by hydrogen peroxide
treatment of cultured diatom cells was obtained at room tem-
perature using a 337 nm N, laser excitation source.
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