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Abstract: Structure-forming processes leading to biominerals
are well worth learning in pursuit of new synthetic techniques.
Strategies that attempt to mimic nature in vitro cannot replace
an entire complex natural organism, requiring ingenuity
beyond chemists' hands. A “bioprocess-inspired synthesis” is
demonstrated for fabrication of N-doped TiO, materials at
ambient temperature by direct implantation of precursor into
living mussels. The amorphous precursor transforms into N-
doped anatase TiO, with a hierarchical nanostructure. Syn-
thetic TiO, exhibits high phase stability and enhanced visible-
light photocatalytic activity as a result of modifications to its
band gap during in vivo mineralization. Intracellular proteins
were found to be involved in TiO, mineralization. Our findings
may inspire material production by new synthetic techniques,
especially under environmentally benign conditions.

I n studying and mimicking the well-defined structures or
unique functions of biomaterials,'™ scientists have succeeded
in designing and synthesizing bio-inspired materials or bio-
inspired functions.*® Furthermore, in contrast with anthro-
pogenic technologies that commonly require harsh condi-
tions, the fantastic structure-forming processes found in
biological systems are the results of many billions of years
of evolution, leading to efficient and accurate fabrication of
biominerals under environmentally benign conditions.”*
Hence, natural structure-forming processes themselves are
also worth understanding when developing new synthesis
techniques for materials. This field of research is referred to as
“bioprocess-inspired fabrication”. To date, bioprocess-
inspired work focuses on using organic matrices, including
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proteins, as templates for directing the formation of inorganic
materials in vitro.’ "l However, in most situations, a single
protein or a combination of several proteins cannot be
substituted for an entire natural organism, which is a capable
cradle for the growth of biominerals (formation of a pearl
inside a mussel for example). The complexity and ingenuity of
biological systems are still beyond the skills of chemists to
recreate.'>¥1 Herein, we propose a strategy that capitalizes
on natural organisms as platforms for fabricating inorganic
materials at ambient temperature. A significant challenge
remains as to whether we can directly use biosynthetic
pathways in living organisms without genetic modification, to
deliberately produce anthropogenically useful materials ines-
sential to those organisms.

The mussel is a typical bio-mineralization system for pearl
formation. Among them, the fresh-water mussel Cristaria
plicata is extensively used for culturing blister pearls of large
sizes and various shapes, and is therefore a beneficial host for
preparation of samples (Figure 1a). Herein, we use Cristaria
plicata as a cradle for synthesizing TiO,, a material with broad
applications to facilitate solving both energy and environ-
mental problems."*7' To improve its energy conversion
efficiency in the visible light regime, persistent efforts have
been devoted to modifying its inherent band gap. In
particular, nitrogen-doped TiO, (N-TiO,) appears to use
visible light efficiently, but heat treatments and complicated
procedures are usually required during preparation.!'”"¥ A
one-pot synthetic method for tailoring key properties of TiO,
(such as microstructure, phase stability and light-use effi-
ciency), especially at ambient temperature, is of great
significance from an energy-saving perspective.l'”]

Based on a natural pearl culture process, we demonstrate
a novel “one-pot” ambient-temperature approach for fabri-
cation of N-TiO, materials using living Cristaria plicata.
Interactions between the organism and TiO, precursor give
rise to compelling questions regarding bio-inspired synthesis,
such as: the influence of the host upon chemical reactions
governing formation, the structures obtainable, and the
resultant properties of products. Our results show that
amorphous precursor transforms into N-doped anatase TiO,
with hierarchical nanostructure when grown inside living
mussels. Synthetic TiO, exhibits enhanced visible-light photo-
catalytic activity in both chemical waste remediation and
hydrogen generation.

Amorphous TiO, precursor was shaped into a tablet with
a diameter of 10 mm and thickness of 1-2 mm, and then
implanted as a pearl nucleus between the mantle and shell of
Cristaria plicata (Supporting Information, Scheme S1). TiO,
precursor was prepared using a typical sol-gel method, by
adding 1 mL of acetic acid to 5 mL of tetrabutyl titanate. The
precursor was an amorphous phase (Figure 1b,c), even after
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Figure 1. a) Living Cristaria plicata. b) SEM and c) TEM images of TiO,
precursor. Inset: the SAED pattern. d) SEM image of TiO, precursor
aged in air for 120 days. ) SEM image of bm-TiO, nanoparticles
mineralized in mussel for 90 days. f) TEM image of bm-TiO, nano-
particles. The diffraction rings of SAED pattern are assigned to the
(101), (004), (200), (211), (204), (116), and (215) planes of anatase.
g) An HRTEM image of bm-TiO, revealing the fringes of (101) planes
with a lattice spacing of about 0.33 nm.

aging in air for 120 days (Figure 1d). However, after miner-
alization within the mussel’s body for 90 days, agglomerates
consisting of nanospherical grains were obtained (Figure 1e¢).
The bm-TiO, crystallized as shown, with well-resolved rings
and lattice features in the SAED and HRTEM images
(Figure 1 f,g). X-ray diffraction patterns of bm-TiO, present
broad diffraction peaks, revealing the nanosized nature of
crystallites (Figure 2a). The crystal phase has an anatase
structure with an average grain size of approximately 10 nm,
in agreement with TEM observations. More detailed infor-
mation about crystallization processes was obtained by
a time-resolved study over the course of mineralization,
starting from the earliest stage (Supporting Information,
Figure S1). When the precursor was aged in air for 120 days,
no sign of crystallization was observed (Supporting Informa-
tion, Figure S1g). Normally, the amorphous TiO, obtained
from the sol-gel method requires heat treatments before
crystallization occurs.["”!

The BET surface area and pore volume of bm-TiO, were
determined to be 206 m*g™' and 0.22m’g ' respectively
(Figure 2b). The isotherm of bm-TiO, revealed two hysteresis
loops at relative pressure range of 0.45-0.8 and 0.9-1.0,
indicating the presence of hierarchical meso/macropores. The
mesopore size is centered at 3.8 nm. In contrast, abundant
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Figure 2. Structure evolution of bm-TiO, nanocrystals. a) X-ray diffrac-
tion analyses of TiO, samples. b) N, adsorption-desorption isotherms
of TiO, samples. Relative pore size distributions are shown in the
inset. ¢) FTIR spectra of TiO, samples. d) Thermogravimetric analysis
of a bm-TiO, sample after mineralization.

micropores were present in the TiO, precursor. After aging in
air for 120 days, the precursor isotherm also presented
microporous features. During the biomineralization process,
micropores convert into hierarchical meso/macropores due to
crystallization and grain growth. Therefore, by using living
mussels as platforms, hierarchically porous TiO, powders are
synthesized at ambient temperature. Studies indicate that
hierarchically porous structure can improve photocatalytic
activity.[1%2']

A change in chemical composition was found in the bm-
TiO, sample during mineralization (Figure 2c). Precursor
prepared by adding acetic acid exhibits characteristic C=O
stretching vibrations at 1532 and 1419 cm™!, variously coor-
dinated to Ti as bidentate ligands," which are stable and
usually require post-calcination before elimination. The two
bands are still visible in samples after aging in air for 120 days
or after heating at 300°C (Supporting Information, Fig-
ure S2). Interestingly, after in vivo mineralization, the bands
completely disappear, implying that Ti-acetate complexes
have been replaced by other species. Furthermore, several
substantial bands associated with proteins are observed,
corresponding to amide I, II, and III vibrational modes at
1647, 1590, and 1377 cm™, respectively.?!! To estimate the
organic content, we applied a thermogravimetric analysis
procedure to the fresh bm-TiO, (Figure 2d). Weight loss
below 200 °C is probably due to loss of water, and 4.76 % mass
loss above 200°C is induced by decomposition of organic
matrices.*)

Pristine TiO, was prepared as a reference by directly
heating the TiO, precursor at 600°C for 30 min. The results
show that pristine TiO, has the characteristics of anatase
(Supporting Information, Figure S3). A typical single O 1s
peak for pristine TiO, is observed at 530 eV, whereas for bm-
TiO, nanocrystals the O 1s peak is resolved into two peaks at
529.8 and 531.8 eV. The 531.8 eV peak is attributed to Ti-OH
species (Supporting Information, Figure S4).! The broad
N 1s peak in bm-TiO, can be deconvoluted into two peaks
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Figure 3. a) N 1s XPS spectra of bm-TiO, nanocrystals before and after
chemical washing. The red and blue curves are XPS data, and the
purple curves are the fitting of experimental data. b) Valence-band XPS
spectra of TiO, samples. c¢) UV/Vis absorption spectra of TiO, sam-
ples. d) Visible-light-promoted photocatalytic degradation of RhB car-
ried out by TiO, samples. e) Hydrogen evolved under visible light after
photocatalytic water reduction using TiO, samples.

centered at 400.2 eV and 398.9 eV (Figure 3a). For compar-
ison, we removed residual proteins by washing bm-TiO,
according to a typical chemical method. After washing, the
peak at 3989 eV disappeared but the peak at 400.2 eV
remained. Therefore, the peak at 398.9 eV is assigned to N—H
bonds arising from residual proteins, and the peak at 400.2 eV
is related to interstitial nitrogen dopant.'**! The atomic
concentration of nitrogen was calculated based on the XPS
data, revealing that 0.44 at.% N has been doped into bm-
TiO,. Pristine TiO, displays valence band density of states
(DOS) characteristic of anatase, with a band edge about
1.26 eV below the Fermi energy. By comparison, the valance
band of bm-TiO, shows differences: the main absorption
onset is located at about 1.0 eV and the maximum energy
related to the band tail blue-shifts toward the vacuum level at
about 0.6 eV (Figure 3b). The band gap shift is attributed to
lattice defects such as those arising from interstitial nitrogen.

Natural proteins exhibit improved mineral-forming activ-
ities invivo, as compared to invitro processes utilizing
isolated or synthetic proteins, owing to the cellular control
for these natural proteins.” Thus, under these special
conditions, self-adding active proteins act as a nitrogen
source for N-doping, which could lead to production of
TiO, with enhanced visible-light photocatalytic activity. Pris-
tine TiO, is unable to absorb visible radiation owing to its
relatively large band gap!'” (Figure 3¢), whereas bm-TiO,
shows visible light absorption from 380-650 nm owing to
interstitial nitrogen doping. bm-TiO, exhibits superior photo-
catalytic activity in degradation of Rhodamine B (RhB)
compared with pristine TiO, (Figure 3d). The photocatalytic
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activity of bm-TiO, does not significantly decrease even after
five cycles of photodegradation, implying that these photo-
catalysts are very stable (Supporting Information, Fig-
ure S5a). Notably, pristine TiO, also demonstrates photo-
catalytic activity under visible light owing to a self-sensitized
degradation process.”! To eliminate this effect, phenol
degradation was also investigated and a similar superior
performance was observed in the presence of bm-TiO,
nanocrystals (Supporting Information, Figure S5b).

A photocatalytic test for hydrogen evolution was carried
out under visible light (Figure 3e). No obvious hydrogen
production was observed using pristine TiO,, as expected.
Whereas for bm-TiO, the average rate of hydrogen produc-
tion increased to 55 umol h'g™' reflecting the activity of
nitrogen interstitial gap states."™'! A limited number of
reports demonstrate that TiO, material fabricated at ambient
temperature has the ability to produce hydrogen under
visible-light irradiation. Thus, it can be concluded that the
visible-light efficiency of TiO, is improved directly in Cristaria
plicata at ambient temperature.

Stability of the anatase phase is also an important factor
for TiO, photocatalysts. Previous studies indicate that anatase
to rutile phase transformation usually occurs at 500-700°C.[""
In the present work, TiO, precursor completely transforms
into rutile at 700 °C. In contrast, the temperature required for
phase conversion of bm-TiO, increases to 1000°C (Support-
ing Information, Figure S6), revealing the high phase-stability
of this material.

In the present work, hierarchically meso/macroporous N-
TiO, is obtained in living Cristaria plicata at ambient temper-
ature with excellent properties. Our findings inspire a new
synthesis technique to fabricate materials by directly using
natural organisms. To support and extend the current
research, we also investigated the mineralization of other
materials in mussels and obtained numerous interesting
results. For example, macroscopic CaCOs/Fe,O; composite
rods were formed by oriented growth of single-crystal CaCO;
along implanted Fe,O; nanocrystals (Supporting Information,
Figure S7a). Oriented MgO material with enhanced absorp-
tive activity was obtained via self-organization and mesoscale
transformation (Supporting Information, Figure S7b).

To understand how living organisms direct the formation
of these materials, proteins in a bm-TiO, sample were
extracted and analyzed by mass spectrometry. Extracellular
matrices were deemed to be involved in the bio-mineraliza-
tion processes for nacre.'>"! However, almost all the
identified proteins are intracellular proteins. Actin and
histone are the most abundant among these, constituting the
cytoskeleton and chromatin, respectively (Supporting Infor-
mation, Table S1; Figure 4). Most identified segments of actin
are on the surface and are therefore accessible to TiO,
(Figure 4; Supporting Information, Figure S8). Ubiquitin,
a cytoplasmic protein that regulates the inflammatory
responses and programmed cell death, was also identified;
thereby implying that cell lysis occurs during mineralization
of TiO,. As reported,” ! nanomaterials such as TiO, could
induce various kinds of cytotoxicity, which cause a stress
responses in mussels other than death. Amorphous TiO,
exhibits enhanced cytotoxicity in comparison with the anatase
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Actin structure with two identified peptides

Representative proteins identified
by mass spectroscopy

Identified Proteins Subcellular Location

Actin Cytoplasm

Histones H,, H,A, H,B Nucleus

Ubiquitin Cytoplasm

Glyceraldehyde 3-
phosphate dehydrogenase
Cu-Zn superoxide
dismutase

Cytoplasm

Cytoplasm

Figure 4. Representatives of the proteins or peptides found in bm-TiO,
nanocrystals.

phase.” Pearl production is usually initiated by implanting
an inorganic bead (pearl nucleus). The bead is gradually
encapsulated by vast cells such as hemocytes."™ In the present
case, cytotoxicity of the amorphous TiO, precursor acting as
a bead may lead to cell rupture. Intracellular proteins released
into the bead direct the amorphous-to-anatase transition,
thereby lowering the cytotoxicity of TiO, toward mussels.?”l
In a sense, this phase transition may be physiologically
required by the mussel. Additionally, some proteins may
further degrade and produce ammonia, phenols and amines in
living system, which may also promote nitrogen doping at
ambient temperature.”

It is known that the amorphous-to-anatase phase tran-
sition is accomplished by structural rearrangement of TiOg~
octahedral units. The dehydration between octahedra, result-
ing in shared edges, is the rate-limiting step of this transi-
tion.”% Tt is possible that in vivo crystallization of TiO, relies
on biomolecules to control phase transition by removing H,O,
which also occurs in CaCO,; biomineralization.""! Taking
peptides from actin as an example (Supporting Information,
Figure S9), we hypothesize that the OH groups of proteins
may act as a proton transfer catalystt!l to facilitate the
dehydration. A density functional theory (DFT) study was
also performed (Supporting Information, Figure S10).534 Tt
was found that direct dehydration has an energy barrier of
18.5kcalmol™. In contrast, OH-catalyzed dehydration
adopts a proton-transport catalysis strategy with a low
energy barrier of 10.9 kcalmol .

We also set up in vitro experiments in three kinds of
aqueous solutions (Supporting Information, Figure S11): with
actin, water, and extrapallial fluid protein. HRTEM and
SEAD clearly indicate that an acceleration of the crystal-
lization process is achieved in actin solution. XRD patterns
also show that the crystallization process is faster in actin.
However, no nitrogen doping occurs during in vitro mineral-
ization, suggesting that doping is induced by the synergistic
effects present in living systems (Supporting Information,
Figure S12). Therefore, the detailed mechanism of in vivo
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formation is not easily accessible by in vitro experiments.
Additional work with further controls on the mineralization
process will be carried out in the future.

In conclusion, for the first time, living mussel has been
used as a cradle for fabrication of TiO, materials (which are
not required in its physiological processes) with optimized
properties at ambient temperature. Although this technique is
still in its infancy, our approach extends present chemical
methodologies for material production, especially under
environmentally benign conditions.
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