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Elemental composition control of gold-titania
nanocomposites by site-specific mineralization
using artificial peptides and DNA
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Biomineralization, the precipitation of various inorganic compounds in biological systems, can

be regulated in terms of the size, morphology, and crystal structure of these compounds by

biomolecules such as proteins and peptides. However, it is difficult to construct complex

inorganic nanostructures because they precipitate randomly in solution. Here, we report that

the elemental composition of inorganic nanocomposites can be controlled by site-specific

mineralization by changing the number of two inorganic-precipitating peptides bound to

DNA. With a focus on gold and titania, we constructed a gold-titania photocatalyst that

responds to visible light excitation. Both microscale and macroscale observations revealed

that the elemental composition of this gold-titania nanocomposite can be controlled in

several ten nm by changing the DNA length and the number of peptide binding sites on the

DNA. Furthermore, photocatalytic activity and cell death induction effect under visible light

(>450 nm) irradiation of the manufactured gold-titania nanocomposite was higher than that

of commercial gold-titania and titania. Thus, we have succeeded in forming titania pre-

cipitates on a DNA terminus and gold precipitates site-specifically on double-stranded DNA

as intended. Such nanometer-scale control of biomineralization represent a powerful and

efficient tool for use in nanotechnology, electronics, ecology, medical science, and

biotechnology.
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Inorganic nanocomposites have been used in diverse applications
in nanotechnology1–3, electronics4–6, and biotechnology7,8.
However, conventional production methods such as hydro-

thermal synthesis and chemical reduction have some problems, as
follows: 1) these conventional methods do not offer easily controlled
size and structure; 2) it is difficult for these methods precisely
control the elemental composition of inorganic nanocomposites; 3)
these methods generally consume a considerable amount of energy
(high temperature and high pressure); and 4) environmentally
hazardous substances such as reducing agents, strong acids, and
strong bases are often used. Mimicking biological systems is one of
the most powerful approaches to overcome these problems. For
example, in biomineralization systems, some proteins can be used
to precipitate inorganic compounds. The function of such a system
is to produce inorganic compounds on organic compounds such as
proteins and peptides9–19. Inorganic compounds formed by
mineralization are referred to as biominerals. Biominerals include
teeth, bone, crustacean exoskeletons, pearls, shells, and the mag-
netosomes of magnetotactic bacteria and possess flexibility because
of their hybrid structures, high mechanical strength, and optical
properties because of their density. The reaction conditions for the
production of biominerals are much milder than those used in
conventional material synthesis. Therefore, such inorganic com-
pounds formed by controlling mineralization at the nanometer level
have a low environmental load and reduced energy consumption.

However, although in conventional mineralization solves pro-
blems 3) and 4) mentioned above 1) and 2) remain (i.e., because
inorganic compounds precipitate randomly in solution, conven-
tional mineralization cannot offer precise control of the structure,
distribution, and elemental composition of inorganic nano-
composites). To solve these remaining problems, we aimed to
prepare inorganic-precipitating molecules corresponding to each
inorganic constituent of the nanocomposites and then precisely
distribute these molecules onto well-shaped template molecules.
Furthermore, the degree of distribution of each inorganic-
precipitating molecule should be controlled. Finally, mineraliza-
tion using these molecules is expected to produce inorganic
nanocomposites with various elemental compositions. With these
aims in mind, we applied to nanometer-scale site-specific
mineralization to attempt to solve problems 1) and 2) using
peptides as inorganic-precipitating molecules and DNA as well-
shaped template molecules.

Peptides are promising compounds for use in nanocontrolled
mineralization because they confer several advantages: (1) Small
peptides derived from the sequence of isolated proteins for
mineralization or artificial sequences can precipitate many types
of inorganic compounds9–19. (2) Peptides can be conjugated with
functional groups and molecules other than amino acids20–24,
and such functionalized peptides can be distributed on well-
shaped organic nanostructures that serve as templates for
mineralization, such as DNA, which is used as DNA origami.
(3) Peptides are easier to design and handle than proteins25–29.

We have previously constructed a simple nanometer-scale site-
specific precipitation system using template DNA and an artificial
peptide30. We have succeeded in precisely controlling the dis-
tribution of inorganic compounds. However, nanometer-scale
site-specific mineralization by controlling two inorganic com-
pounds using a peptide and DNA was difficult31. The site-specific
mineralization of two inorganic compounds is expected to be
controlled using two inorganic-precipitating peptides corre-
sponding to each inorganic compound on the template DNA.
Therefore, the elemental composition of the inorganic nano-
composites is expected to be controlled at the nanometer level by
changing the number of peptides bound to the template DNA
using our nanometer-scale site-specific mineralization method.

Meanwhile, titania materials with excellent photocatalytic activity
are promising as one of the best environmental clean-up reagents.
However, titania exhibits photocatalytic activity upon excitation
only in the UV range32–34. Nanometer-sized gold is known to
function as a co-catalyst with the titania photocatalyst35–39 and
shows absorption derived from surface plasmon resonance (SPR) at
approximately 520 nm. Therefore, a gold-titania photocatalyst is
expected to exhibit photocatalytic activity under visible light irra-
diation and photoinduced charge separation.

Here we report that the elemental composition of gold-titania
nanocomposites can be controlled by changing the number of
two inorganic precipitating peptides bound to DNA (Fig. 1c).
Furthermore, we attempted to construct gold-titania nano-
composites that respond to visible light excitation by nanometer-
scale site-specific mineralization changing the contents of titania
and gold. In nanotechnology and electronics fields, our proposed
method for site-specific precipitation can be expected to produce
multimetallic catalysts with high catalytic activity and alloy
materials with high electrical conductivity, and so on. In bio-
technology and medical field, our proposed method can be
expected to produce Q-dot with fluorescence quantum yield for
in vivo imaging and carriers in photothermal therapy of cancer
cells, and so on. Therefore, our method thus represents a pow-
erful and efficient technique for use in nanotechnology, electro-
nics, and biotechnology.

Results and Discussion
Design and synthesis of peptides and DNA. We first designed
the peptides using Fmoc solid-phase synthesis (See Supplementary
Methods 1 in Supplementary information)40,41. The titania-
precipitating peptide (TiPP-PNA) and gold-precipitating peptide
(AuPP-acridine) used in this study both consisted of two parts
(Fig. 1a). TiPP-PNA consisted of a previously described titania-
precipitating peptide sequence (TiPP, Supplementary Fig. 1a)42 and
a PNA sequence that was used to bind to a complementary DNA
sequence (Fig. 1b and Supplementary Fig. 2)30,31. AuPP-acridine
consisted of a previously described gold-precipitating peptide
sequence (AuPP, Supplementary Fig. 1b)43 and acridine, which was
used to intercalate into double-stranded DNA24. We confirmed that
these peptides were synthesized in high purity (Supplementary
Fig. 3a–d). The DNA used in this study consisted of two parts:
single-stranded for the TiPP-PNA binding site and a DNA duplex
for AuPP-acridine intercalation. One molecule of acridine inter-
calates per three DNA bases24. Consequently, we expected to
control the elemental composition of the gold-titania nanocompo-
site by changing the duplex DNA length to modify AuPP-acridine
binding and the single-stranded DNA length (and thus the number
of PNA binding sites) to modify TiPP-PNA binding.

The following DNA sequences were designed (See Fig. 1b,
Table 1, Supplementary Fig. 2, and Supplementary Methods 2 in
Supplementary information): TempDNA_30_bs1, which was a
30 bp DNA (approximately 10 nm) with 1 PNA binding site at the
5′ terminus and approximately 10 acridine intercalating sites at the
double strand; TempDNA_30_bs4, which was a 30 bp DNA
(approximately 10 nm) with 4 PNA binding sites at the 5′ terminus
and approximately 10 acridine intercalating sites at the double
strand; TempDNA_80_bs1, which was an 80 bp DNA (approxi-
mately 30 nm) with 1 PNA binding site at the 5′ terminus and
approximately 20 acridine intercalating sites at the double strand;
TempDNA_150_bs1, which was a 150 bp DNA (approximately
50 nm) with 1 PNA binding site at the 5′ terminus and
approximately 50 acridine intercalating sites at the double strand;
TempDNA_300_bs1, which was a 300 bp DNA (approximately
100 nm) with 1 PNA binding site at the 5′ terminus and
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approximately 100 acridine intercalating sites at the double strand;
TempDNA_600_bs1, which was a 600 bp DNA (approximately
200 nm) with 1 PNA binding site at the 5′ terminus and
approximately 200 acridine intercalating sites at the double strand.

By using these DNAs and the two peptides in mineralization
(Fig. 1c) gold nanoparticle and titania nanoparticle would be bound
to the DNA and these peptides could fully occupy the binding sites
of DNA (Supplementary Table 1). Then gold-titania nanocomposite

Table 1 Properties of manufactured gold-titania nanocomposites by site-specific mineralization using various TempDNAs.

Properties TempDNA_30_bs4 TempDNA_30_bs1 TempDNA_80_bs1 TempDNA_150_bs1 TempDNA_300_bs1 TempDNA_600_bs1

Structure sizea 133.5 nm 111.8 nm 147.0 nm n.d.b n.d.b n.d.b

Au/Tic

(Content ratio)
2.1 2.7 4.0 n.d.b n.d.b n.d.b

TiPP-PNA
binding sites

4 1 1 1 1 1

AuPP-acridine
intercalating sites

10 10 20 50 100 200

aStructure sizes are measured by DLS.
bGold with bulk size was formed, and it was impossible to fabricate the gold-titania nanocomposite.
cThe content ratio were measured by ICP-AES.

Fig. 1 Design of peptides and DNAs. a Sequences of the titania-precipitating peptide (TiPP-PNA) and gold-precipitating peptide (AuPP-acridine) used in
this study. b Illustration of the three DNA sequences (TempDNA_30_bs1, TempDNA_30_bs4, and TempDNA_80_bs1) used in this study (the other three
DNA sequences are shown in Supplementary Fig. 2). c Outline of the site-specific titania and gold precipitation using the DNA and the two peptides (TiPP-
PNA and AuPP-acridine).
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with various gold and titania composition would be generated by
calcination and would show various high photocatalytic activity
under visible light irradiation depend on gold and titania
composition due to the transfer of electrons from gold to titania.

Control of the elemental composition of gold-titania nano-
composite. After optimizing the reaction conditions of titania
precipitation (See Supplementary Methods 3 in Supplementary
information) and gold precipitation (See Supplementary Methods
4 in Supplementary information), we constructed gold-titania
nanocomposites by a nanometer-scale site-specific precipitation
method, as shown in Fig. 1c. Furthermore, we confirmed using
macro-scale observations, such as inductively coupled-plasma
atomic emission spectroscopy (ICP-AES, See Supplementary
Methods 5 in Supplementary information) and dynamic light
scattering (DLS, See Supplementary Methods 6 in Supplementary
information), that the elemental composition and size of the gold-
titania nanocomposites could be controlled by changing the length
of the DNA and the number of PNA binding sites on the DNA.

The gold and titanium composition of the gold-titania nanocom-
posite was identified using ICP-AES. The content ratio of gold and
titanium (amount of gold to titanium) in the gold-titania
nanocomposites produced with TempDNA_30_bs4 was 2.1, that
for TempDNA_30_bs1 was 2.7, and that for TempDNA_80_bs1 was
4.0 (Table 1 and Supplementary Table 1). These results showed that

the elemental composition of the gold-titania nanocomposites can be
controlled by changing the DNA length and the number of PNA
binding sites on the DNA molecule. We also used longer DNA
(TempDNA_150_bs1, TempDNA_300_bs1, and TempD-
NA_600_bs1), but gold with a bulk size was formed and it was
impossible to fabricate the gold-titania nanocomposite (Table 1 and
Supplementary Table 1). Next, the size of the gold-titania
nanocomposite that could be produced using different DNA
templates (TempDNA_30_bs1, TempDNA_30_bs4, and TempD-
MA_80_bs1) was identified using DLS. TempDNA_30_bs1, TempD-
NA_30_bs4, and TempDNA_80_bs1 showed nanocomposites of
expected sizes upon DLS analysis (i.e., TempDNA_30_bs1 showed
nanocomposites of approximately 111.8 nm, TempDNA_
30_bs4 showed nanocomposites of approximately 133.5 nm, and
TempDNA_80_bs1 showed nanocomposites of approximately 147.0
nm; Table 1). These macroscopic analyses showed that the elemental
composition of the gold-titania nanocomposites can be controlled by
changing DNA lengths and the number of PNA binding sites.

We also conducted transmission electron microscopy (TEM)
analyses (See Supplementary Methods 7 in Supplementary
information) to determine whether the results would be correlated
with those obtained with ICP-AES and DLS data. The nanocom-
posites consisting of a titania nanoparticle of approximately 20 nm
and a gold nanoparticle of approximately 20 nm were observed
with TempDNA_30_bs1 (Fig. 2b and Supplementary Fig. 4b).
The nanocomposites consisting of a titania nanoparticle of

Fig. 2 Elemental composition control and of gold-titania nanocomposites and photocatalytic activity evaluation under visible light irradiation. TEM
images of gold-titania nanocomposites with a TempDNA_30_bs4, b TempDNA_30_bs1, and c TempDNA_80_bs1. d TEM-EDX mapping images of gold-
titania nanocomposite with TempDNA_30_bs4. e Decomposition of MB under visible light (>450 nm) irradiation using various titania, gold, and gold-
titania samples. Results are the mean ± SEM, n= 3. f Cell death induction effect under visible light (>450 nm) irradiation of various gold-titania samples.
Results are the mean ± SEM, n= 3.
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approximately 20 nm similar to that of TempDNA_30_bs1 and a
gold nanoparticle of approximately 90 nm were observed with
TempDNA_80_bs1 (Fig. 2c and Supplementary Fig. 4c). Further-
more, the nanocomposites consisting of a titania nanoparticle of
approximately 50 nm (aggregate of 1 to 4 titania particles of
approximately 20 nm) and a gold nanoparticle of approximately
20 nm similar to that of TempDNA_30_bs1 were observed with
TempDNA_30_bs4 (Fig. 2a and Supplementary Fig. 4a). We then
determined the localization of gold and titania by TEM-EDX and
observed titanium and gold in the nanocomposite. These images
suggested that gold and titania were precisely distributed site-
specifically on DNA as we designed (Fig. 1 and Fig. 2d). These
results showed that the distribution of titania and gold could
be controlled in several ten nm range by mineralization. The
manufactured gold-titania nanocomposites did not collapse even
after calcination. We considered that gold and titania formed
composite structure by mineralization to some extent before the
calcination. Then, the structure of gold-titania nanocomposites was
maintained after calcination. In addition, we considered that the
burnout of peptide-DNA complex delayed because the complex
was located inside the gold-titania nanocomposite. Furthermore,
these results also suggested that the gold and titania particle sizes of
gold-titania nanocomposites correlated with amount of gold and
titanium by ICP-AES. These macro-scale observation and micro-
scale observation results showed that the elemental composition of
the gold-titania nanocomposite could be controlled successfully by
changing the DNA length and the number of PNA binding sites on
DNA and the peptide concentrations despite the same preparation
conditions, such as the concentrations of titanium bis(ammonium
lactato)dihydroxyde (TiBALDH) and HAuCl4.

Photocatalytic activity under visible light irradiation of gold-
titania nanocomposites. The photocatalytic activity under visible
light irradiation was controlled by changing the content ratio of gold-
titania nanocomposites. The photocatalytic activity of the gold-titania
nanocomposite was evaluated by the degradation of methylene blue
(MB)44 under visible light irradiation (>450 nm, to avoid titania
absorption), which was measured by the change in the main
absorption peak of MB at 665 nm (Fig. 2e). The photocatalytic
activity evaluation of these nanocomposites was performed under the
same amount of titanium contents in each sample (0.1mg titania in a
sample of photocatalytic activity measurements) based on ICP-AES
data (Table 1). MB discoloration was not observed in the control
sample (MB only). Commercial titania, P25 TiO2 (Nippon Aerosil
Co. Ltd., Tokyo, Japan; tiania nanoparticle of 21 nm with mixed
phases of anatase and rutile; Supplementary Fig. 5), showed little
photocatalytic activity under visible light irradiation. The gold-titania
nanocomposite prepared with TempDNA showed high photo-
catalytic activity under visible light irradiation. In addition, as the
elemental composition of gold in the gold-titania nanocomposite
increased, the photocatalytic activity increased. The photocatalytic
activity under visible light irradiation of the gold-titania nano-
composite produced with TempDNA_80_bs1 was higher than that
of the gold-titania nanocomposites produced with TempD-
NA_30_bs4 and TempDNA_30_bs1, and additionally that with
TempDNA_30_bs1 was slightly higher than that with TempD-
NA_30_bs4 (Fig. 2e). These results suggest that the charge transfer
efficiency was improved by an increase in the gold content in the
gold-titania nanocomposite, which increased the photocatalytic
activity. These results showed that the photocatalytic activity could be
controlled by changing the gold content in the gold-titania nano-
composite. Furthermore, we evaluated the photocatalytic activity
under visible light irradiation (>450 nm) of commercial gold-titania
(RR2Ti, Haruta Gold Co. Ltd., Tokyo, Japan; The amount of gold
supported on titania is 0.96 wt%; Supplementary Fig. 6a, b) and gold-

titania generated by conventional method45 (the preparation ratio of
Au and Ti is 4:1; See Supplementary Methods 8 and Supplementary
Fig. 7) as the negative control samples. Both the photocatalytic
activities of commercial gold-titania and gold-titania generated by
conventional method were more than three times lower than that of
mineralized gold-titania nanocomposite with TempDNA_80_bs1
(Fig. 2e). These results indicated that gold-titania nanocomposite
generated by our site-specific mineralization method had high pho-
tocatalytic activity under visible light irradiation. On the basis of the
above results, we decided to perform various analyses using
TempDNA_80_bs1 because the gold-titania nanocomposite with
TempDNA_80_bs1 showed the highest photocatalytic activity. The
photocatalytic activity under visible light irradiation can be success-
fully controlled by changing the gold and titania contents in the gold-
titania nanocomposite using our site-specific mineralization method.

Cytotoxicity of gold-titania nanocomposites. Additionally, we
confirmed by cytotoxicity tests (See Supplementary Methods 9
and 10 in Supplementary information) that the gold-titania
nanocomposites manufactured using our nanometer-scale site-
specific mineralization method is not toxic, although because
titania produced by conventional methods using environmentally
hazardous substances such as reducing agents, strong acids, and
strong bases is toxic. Titania is coated on the surface of building
materials and glass to facilitate the decomposition of organic
compounds such as dirt. Therefore, photocatalysts are required to
have no cytotoxicity. Thus, we conducted a cytotoxicity test of
gold-titania nanocomposite with TempDNA_80_bs1, commercial
gold-titania, and gold-titania generated by the conventional
method, which were also used in the photocatalytic activity eva-
luation (Fig. 2e). The cell viabilities evaluated by Cell Counting
Kit-8 (CCK-8) assay were 99.1% for gold-titania nanocomposite
with TempDNA_80_bs1, 97.3% for commercial gold-titania, and
98.2% for gold-titania generated by a conventional method. These
results suggested that the gold-titania nanocomposite was not
cytotoxic. Biocompatible gold-titania nanocomposites can be
constructed by our nanometer-scale site-specific mineralization,
which does not use environmentally hazardous substances.

Cell death induction effect under visible light irradiation of
gold-titania nanocomposites. TiO2 produces radicals under UV
light irradiation, which exerts oxidative stress on cells and induces
cell death. Thus, we evaluated cell death induction effects (cytotoxic
effects) of gold-titania samples under visible light irradiation using
HeLa cells (See Supplementary Methods 9 and 11 in Supplementary
information). Gold-titania samples of 0.1mg/mL were added to
HeLa cells, and HeLa cells were irradiated with visible light (>450
nm) for 20min. The cell viabilities after irradiation with visible light
for 20min were 32.7 ± 5.3% for gold-titania nanocomposite with
TempDNA_80_bs1, 52.9 ± 4.6% for commercial gold-titania, and
54.9 ± 3.9% for gold-titania generated by conventional method
(Fig. 2f). These results suggested that gold-titania nanocomposite
using our method, which showed higher photocatalytic activity
under visible light irradiation, showed higher cell death induction
effect than those with conventional methods.

Site-specific precipitation of gold on double-stranded DNA.
The gold precipitation conditions using AuPP-acridine alone were
observed using UV-VIS measurements by changing the precipita-
tion time and sodium citrate concentration (See Supplementary
Methods 12 in Supplementary information). For all sodium citrate
concentrations, an increase in absorption derived from SPR at
approximately 520–540 nm was evident over a precipitation time of
3 h by UV–VIS measurements (Supplementary Fig. 8). Next, the
sizes of the gold nanoparticles were compared after gold
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precipitation with/without AuPP-acridine. UV–VIS measurements
of the samples with AuPP-acridine showed no shift in the SPR
absorbance peak (Supplementary Fig. 8); however, the absorbance
peak derived from SPR shifted for the samples without AuPP-
acridine (Supplementary Fig. 8). The absorbance peak derived from
SPR shifted when the size of the gold nanoparticles changed. All the
samples with AuPP-acridine produced gold nanoparticles of the
same size, whereas all the samples produced without peptide con-
tained gold nanoparticles of different sizes. The DLS measurements
showed the same results as the UV-VIS measurements. In all
samples with AuPP-acridine, gold nanoparticles after gold pre-
cipitation were the same size (approximately 10 nm, Supplementary
Fig. 9a, b, c). However, the samples without AuPP-acridine had
gold nanoparticles of different sizes when the sodium citrate con-
centration (Supplementary Fig. 9d, e, f). TEM images showed that
samples with AuPP-acridine produced gold nanoparticles of the
same size even when the sodium citrate concentration was changed
(Supplementary Fig. 10a, b, c), whereas the samples without peptide
produced gold nanoparticles of different sizes (Supplementary
Fig. 10d, e, f). These results were verified using DLS and UV–VIS
spectroscopy. These results imply that AuPP-acridine has the ability
to take in AuCl4–.

Then, site-specific precipitation of gold was evaluated using
AuPP-acridine and TempDNA_80_bs1 (Fig. 3a). TEM observation
of AuPP-acridine and TempDNA_80_bs1 without negatively stain
showed a 36.0 ± 9.9 nm chain-like structure consisting of some 6.5
± 2.0 nm diameter spherical particles (Fig. 3b, c, d). However, when
using TempDNA_80_bs1 and AuPP without acridine, the TEM
observation showed only spheres, similar to the results obtained

with AuPP-acridine alone (Supplementary Fig. 11a, b). These
results suggest that AuPP-acridine intercalates into DNA specifi-
cally and precipitates gold site-specifically on the DNA. We also
investigated the elemental composition of the gold precipitation
sample produced using AuPP-acridine and TempDNA_80_bs1 by
TEM-EDX. Figure 3e shows a scanning TEM (STEM) image
without negatively stain and several elemental EDX mapping
images. Not only the gold maps, but also the nitrogen and
phosphorous maps derived from peptide and DNA were correlated
with the STEM image. These results suggest that both gold and
peptide were present on DNA. We showed using both microscale
and macroscale observations that AuPP-acridine intercalates into
DNA specifically and precipitates gold site-specifically on the DNA.

Site-specific precipitation of titania on a DNA terminus. We
confirmed that titania precipitated site-specifically on DNA using
TempDNA_80_bs1 and TiPP-PNA. We observed the titania
precipitation conditions for subsequent UV–VIS spectroscopy
(See Supplementary Methods 12 in Supplementary information)
and atomic force microscopy (AFM) measurements (See Sup-
plementary Methods 13 in Supplementary information). We then
demonstrated the precipitation of titania with the peptide alone.
The UV-VIS spectrum of the sample with TiPP-PNA before
titania precipitation (0 h) did not show absorption by titania.
However, an absorption peak derived from the anatase phase was
confirmed in the sample after titania precipitation (3 h) (Sup-
plementary Fig. 12). These results suggested that titania was
precipitated within 3 h when using TiPP-PNA. Next, the

Fig. 3 Site-specific precipitation of gold on double-strand DNA. a Schematic illustration of site-specific gold precipitation using AuPP-acridine and
TempDNA_80_bs1. b TEM image of the sample after gold precipitation using AuPP-acridine and TempDNA_80_bs1. c Particle size distribution determined
from the TEM data. d Chain size distribution determined from the TEM data. e TEM-EDX mapping images of the sample after gold precipitation using
AuPP-acridine and TempDNA_80_bs1.
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morphology of the resultant titania was confirmed using AFM.
TiPP-PNA provided better control of the shape of the titania
particles (Supplementary Fig. 13a) than TiPP (Supplementary
Fig. 13b). It was reported that a sequence consisting of hydro-
phobic residues such as Leu and Ile is important for the formation
of a peptide assembly that will provide satisfactory shape-
controlled precipitation of titania30. Consequently, the hydro-
phobicity of the PNA sequence also appears to be important for
peptide assembly. These results suggest that TiPP-PNA has the
ability to precipitate well-controlled titania.

Photocatalytic activity is closely related to the crystal structure of
titania. Therefore, using Raman spectroscopy and selected area
electron diffraction (SAED) measurements, we identified the crystal
structure of mineralized titania. We first compared the crystallinity
of titania prepared by mineralization with that of commercial
titania by Raman spectroscopy (See Supplementary Methods 14 in
Supplementary information). The titania samples were crystallized
by calcination at 700 °C (Fig. 4a). Peaks attributed to the anatase
phase were detected at 144, 202, 399, 513, and 638 cm−1. In
addition, peaks attributed to the rutile phase were detected at 240,
499, and 612 cm−1. The crystal phase of mineralized titania after
calcination at 400 °C was mostly amorphous and partly anatase
(Supplementary Fig. 14). The crystal phases of the mineralized
titania after calcination at 700 °C and P25 TiO2 were mixed phases
of anatase and rutile (Supplementary Fig. 14). These results suggest
that mineralized titania has a highly crystalline structure similar to
that of commercial titania. Furthermore, we identified the crystal
structure of mineralized titania with peptides from the selected area
electron diffraction (SAED) pattern obtained by TEM observation.

The diffraction patterns of (101) and (200) derived from anatase
phase and (101) derived from the rutile phase were confirmed
(Fig. 4b). These results showed that mineralized titania was mixed
phases of anatase and rutile and implied that the photocatalytic
activity was closely related to the crystal structure of titania46.

We then checked the site-specific precipitation of titania using
TiPP-PNA and TempDNA_80_bs1 as representative templates for
comparison. AFM imaging showed that DNA and titania
precipitated as chains and nanometer-sized spheres, which
confirmed the successful site-specific precipitation of titania on
the DNA (Supplementary Fig. 15a). In addition, using TempD-
NA_80_bs1 and TiPP without the PNA sequence, AFM observa-
tions revealed only spheres for titania (Supplementary Fig. 15b).
The AFM observations also confirmed that TempDNA_80_bs1
alone was insufficient to precipitate titania (Supplementary
Fig. 15c). When using TempDNA_80_bs1, no precipitate was
observed due to the poor affinity between the DNA and mica.
These results suggest that TiPP-PNA binds to DNA specifically
and that this complex precipitates titania in a site-specific way.

Furthermore, the results of TEM observations were compared
with those obtained by AFM. The TEM observation of an unstained
sample with TiPP-PNA and TempDNA_80_bs1 revealed only
nanometer-sized spheres (approximately 40 nm, Fig. 4c and
Supplementary Fig. 16). However, the TEM observations of a
stained sample with TiPP-PNA and TempDNA_80_bs1 showed a
precipitated nanostructure consisting of short chains and
nanometer-sized spheres of DNA and titania, respectively (Fig. 4d).
Thus, the PNA sequence in TiPP-PNA binds to DNA specifically
and this complex precipitates titania in a site-specific way.

Detailed analysis of the photocatalytic activity of gold-titania
nanocomposites. We confirmed that the gold-titania nano-
composite did not form without DNA. TEM image showed that
mineralized titania and gold using two peptides without DNA
dispersed, and a nanocomposite did not form (Fig. 5a). The
photocatalytic activity under visible light irradiation of titania
mineralized by peptides without DNA was higher than that of
P25 TiO2 (Fig. 2e). These results imply that the peptide was
completely outburned by calcination and that nitrogen was doped
in the titania nanoparticles simultaneously (Fig. 5b)46. The pho-
tocatalytic activities of titania mineralized by a peptide without
DNA and that mixed with gold mineralized by a peptide without
DNA after the calcination were very low (Fig. 2e). In addition,
mineralized gold with showed much lower photocatalytic activity
almost the same as that of MB only (Fig. 2e). These results
showed that titania and gold precipitated site-specifically on DNA
and that the peptides and DNA combined as designed.

Finally, the light absorbance ability of the gold-titania nano-
composite was investigated using UV-VIS-IR diffuse reflectance
spectroscopy (DRS) (See Supplementary Methods 15 in Supple-
mentary information). Figure 5c shows the UV-VIS-IR DRS
absorption spectra of the gold-titania nanocomposites produced
with TempDNA_80_bs1, mineralized titania and P25 TiO2.
Although P25 TiO2 showed only UV light absorption, our N-
doped titania showed both UV light and visible light absorption.
These results suggested that the peptide was completely outburned
by calcination and that nitrogen was doped in the titania
nanoparticles simultaneously (Fig. 5b)46. Furthermore, the gold-
titania nanocomposite was confirmed to absorb over a wide range
of the visible light region, and SPR derived from gold nanoparticles
was observed. Thus, the gold-titania nanocomposites exhibited
visible light excitation characteristics much more than that of N-
doping titania.

The proposed nanometer-scale site-specific mineralization
method successfully controlled the elemental composition of

Fig. 4 Site-specific precipitation of titania on a DNA terminus. a TEM
image of mineralized titania after calcination at 700 °C . b SAED pattern of
mineralized titania after calcination at 700 °C. TEM images of the sample
after titania precipitation using TiPP-PNA and TempDNA_80_bs1. The TEM
sample for (c) was not stained. The TEM sample for (d) was negatively
stained with 2% phosphotungstic acid.

COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-020-00440-8 ARTICLE

COMMUNICATIONS CHEMISTRY |             (2021) 4:1 | https://doi.org/10.1038/s42004-020-00440-8 | www.nature.com/commschem 7

www.nature.com/commschem
www.nature.com/commschem


gold-titania nanocomposites by changing the DNA length and
the number of PNA binding sites at the DNA terminus.
Photocatalytic gold-titania nanocomposites responsive to visible
light excitation could be constructed by our mineralization
method. Furthermore, the photocatalytic activity of the gold-
titania nanocomposites could be controlled by changing the gold
content in the nanocomposites.

Conclusions
Microscale techniques such as TEM, as well as macroscale techni-
ques such as DLS and ICP-AES, were used to show that the ele-
mental composition of a gold-titania nanocomposite can be
controlled in several ten nm by changing the DNA length and the
number of peptide binding sites on the DNA. Furthermore, pho-
tocatalytic activity and cell death induction effect under visible light
irradiation (>450 nm) of the manufactured gold-titania nano-
composite was higher than those of commercial gold-titania
(RR2Ti) and commercial titania (P25 TiO2). This study showed
that the size, distribution, and elemental composition of nanometer-
scale inorganic nanocomposites can be controlled by nanometer-
scale site-specific mineralization changing the number of PNA and
acridine binding sites on the DNA template. This method can be
used to construct highly biocompatible functional inorganic nano-
composites without using hazardous environmental substances. The
method described herein is not limited to the production of
nanostructured gold and titania. This system, by substituting the
titania- and gold-precipitating sequences with other inorganic
compound-precipitating sequences, could provide a variety of well-
controlled inorganic compound precipitations. This method could
contribute to the construction of various functional materials such
as chemical reaction catalysts, conductive materials, magnetic
materials, and bone replacement materials. These nanocomposites
produced by the site-specific precipitation method thus represent a
powerful and efficient material for use in nanotechnology, electro-
nics, ecology, medical science, and biotechnology.

Methods
General remarks. All chemicals and solvents were of reagent or HPLC grade and
were used without further purification. Oligodeoxynucleotide PCR primers were
purchased from Hokkaido System Science (Sapporo, Japan). HPLC was performed
on a GL-7400 HPLC system (GL Sciences, Tokyo, Japan) using an Inertsil ODS-3
column (10 × 250 mm; GL Science) for preparative purification, with a linear
acetonitrile/0.1% trifluoroacetic acid (TFA) gradient at a flow rate of 3.0 mL/min.
Peptides were analyzed using MALDI-TOF MS on an Autoflex III (Bruker Dal-
tonics, Billerica, MA, USA) mass spectrometer with 3,5-dimethoxy-4-hydro-
xycinnamic acid as the matrix. Amino acid analysis was conducted using an Inertsil
ODS-2 column (4.6 × 200 mm; GL Science) after samples were hydrolyzed in 6M
HCl at 110 °C for 24 h in a sealed tube and then labeled with phenyl isothiocyanate.

Preparation of gold-titania nanocomposite. Prior to preparation of the sample
solutions, TempDNA and TiPP-PNA were mixed and the solvent was completely
evaporated using a centrifugal evaporator (Supplementary Table 1). The sample
(final conc. 10 µM) in 0.625 mM Tris-HCl buffer (pH 7.5) was then heated at 90 °C
for 5 min and gently cooled to 37 °C at a rate of 1.0 °C min−1. The 10 µL TiPP-
PNA and TempDNA solution was mixed with 10 µL of 10 mM TiBALDH solution
and 90 µL of MilliQ water, and incubated for 3 h. After titania precipitation, the
TiBALDH solution removed by ultrafiltration (Amicon Ultra-0.5, PLBC Ultracel-3
membrane, 3 kDa, Merck, Darmstadt, Germany). 10 µL of 200 µM AuPP-acridine
was added to the ultrafiltered solution. After 30 min incubation, 10 µL of 5 mM
HAuCl4 was added to the solution. After 30 min incubation, 10 µL of 10 mM
sodium citrate was added to the solution and incubated for 12 h. After gold pre-
cipitation, HAuCl4 and sodium citrate were removed by ultrafiltration. A 20 µL
ultrafiltered sample was placed on dried cellulose film (Cellu Sep® H1, MWCO:
Norminal 2000, Funakoshi, Tokyo, Japan) and dried in vacuo. The dried cellulose
film supporting the gold-titania nanocomposite was placed in an aluminum cru-
cible and calcined. During the calcination process, the temperature was increased
from 25 °C to 700 °C within 20 min. The sample was calcined for 4 h in an air
atmosphere and cooled to 37 °C at a rate of 4.0 °Cmin−1. AFM, TEM, TEM-EDX,
DLS, Raman spectroscopy, and UV–VIS–IR DRS were used to characterize gold-
titania nanocomposite. See Supplementary information for further details of AFM,
TEM, DLS, UV–VIS spectroscopy, Raman spectroscopy, ICP-AES, UV–VIS–IR
DRS, cell culture, cytotoxic tests, and cell death induction experiments.

Photocatalytic activity. The photocatalytic activities of gold-titania nanocompo-
site were evaluated via the decomposition of methylene blue (MB) at room tem-
perature. The concentration of MB was set as 20 µM. The amount of titania
contents in each 150 µL sample was set 0.1 mg. A 9W tungsten halogen lamp with
a cutoff filter of 450 nm was employed as the visible light irradiation source, which
was located 3 cm away from the reactor to trigger the photocatalytic reaction. After
recovery of the photocatalyst by centrifugation, the concentration of the dye
solution was analyzed by measuring the light absorption of the clear solution at
665 nm (the λmax of the MB solution) with a UV–VIS spectrophotometer (UV-
1700, Shimadzu, Kyoto, Japan).

Peptides and DNAs synthetic methods, site-specific titania precipitation
method, site-specific gold precipitation method, conventional method for
producing gold-titania, characterization of gold-titania nanocomposites, and
corresponding data (Supplementary Fig. 1-16) are given in the Supplementary
Information.

Data availability
The data supporting the findings of this study are available within the article and its
Supplementary Information files. Other relevant source data are available from the
corresponding authors upon reasonable request.
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