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Au2S nanoparticles (NPs) were prepared in the cavity of the
cage-shaped protein, apoferritin. Apoferritin has a cavity, 7 nm
in diameter, and the diameter of fabricated Au2S NPs is
about the same size with the cavity and size dispersion was
small. Although Au2S is generally insoluble in water, our
prepared Au2S NPs can be dissolved over 100mg/mL in water
due to the water-soluble protein shell. This solubility will make
it possible to place and construct nanostructures made of Au2S
NPs.

Semiconductor NPs exhibit intriguing properties and are a
powerful tool for the development and fabrication of materials
with novel functions. For examples, CdS, CdSe, and ZnS NPs
are used as a fluorescent marker because of their dramatic size-
dependent alteration in optical absorption and emission spectra.1

Ag2S NPs have been used as a photosensitizer for photographic
purposes.2 Au2S, p-type semiconductor,3 is also used to sensitize
silver halide crystals to enhance the photographic process.4

If these kinds of semiconductor NPs can be placed at designed
positions in electric devices, they will be functioned as quantum
dots with specific characteristics of each material.

We have been trying to prepare homogenous semiconductor
NPs in the cage-shaped protein, apoferritin. Apoferritin is a
spherical protein with a diameter of 12 nm and its cavity
is 7 nm in diameter, which is surrounded by 24 polypeptide
subunits.5 There are narrow channels connecting outside and
cavity. Several kinds of semiconductor NPs were already report-
ed to be formed in the apoferritin cavity, such as CdS,6 CdSe,7

and ZnSe.8 This novel method to use apoferritin cavity as a
specially restricted chemical chamber can produce the water-
soluble NPs with the same size. In this study we report the fab-
rication of Au2S NPs in the apoferritin cavity by designing the
chemical reaction system and optimizing preparation conditions.

There are a few publications concerning the preparation of
Au2S NPs and Au2S NPs are strong tendency to aggregate in
water.9,10 Therefore, we first surveyed the proper chemical
agents which are unstable but change slowly to provide ion
source for Au2S. We have selected KAuCl4 as a gold source
and thiourea as a sulfur source. Previous studies reported that
mixing AuIII ion and thiourea under acidic condition produce
a AuI–thiourea complex (Au[CS(NH2)2]2

þ).11 AuI–thiourea
complex change slowly into AuS� or Au2S depending on a
pH value and redox potential.12

We mixed AuI–thiourea complex and apoferritin with ratio
of 3000:1 in pH from 6 to 9, and they were incubated at room
temperature overnight. After incubation, the reaction solution
colored a yellowish-brown. Aggregates of ferritins and Au2S
produced during the Au2S formation were removed by centrifug-
ing at 15,000 rpm for 10min. Proteins in the supernatants were

quantified by Bradford-assay to estimate the loss of proteins
and the protein ratio, [protein in the supernatant]/[initial apofer-
ritin], was calculated as Yield of Protein Ratio (YPR). Further-
more, Au2S-incorporated ferritins in the supernatants were ob-
served by TEM to measure Core Formation Ratio (CFR), which
is represented as

CFR (%) ¼ ½Au2S-fer�=½fer�total; ð1Þ

where, [Au2S-fer] is the number of Au2S-incorporated ferritins
and [fer]total is the total number of apoferritin and [Au2S-fer].
Au2S-incorporated ferritins were distinguished by negative
staining with aurothioglucose, which does not stain the cavity.13

The ferritin protein shell and the core were observed as white
ring and black dot with diameters of 12 and 6 nm, respectively
(Figure 1A). In all conditions, some apoferritins accommodated
almost the same size core, and others remained empty. The CFR
was the highest in TAPS buffer at pH 8.0, while it was lowest at
pH 6 (Figure 1B). This result is consistent with the previous
study, which showed that the high pH value is favorable
for the formation of Au2S.

12 However, the condition higher
than pH 9 caused loss of ferritin proteins in the supernatant
(Figure 1B). Because the Au2S formation in the solution
intensely occurred, a large amount of Au2S formations outside
apoferritin involve in precipitation of the aggregates between
ferritin proteins and Au2S, resulting in the loss of proteins
in the supernatant. While the Au2S formation can be repressed
outside the apoferritin and accelerated inside the apoferritin
by adjusting in mild pH value (pH = 8.0) with TAPS buffer;
therefore, this condition was optimum for preparing the Au2S
incorporated ferritin.

In order to characterize the Au2S–ferritin in detail, we
prepared several hundred mg of Au2S–ferritin in TAPS buffer

Figure 1. TEM image of Au2S-incorporated ferritin prepared
under 50mM TAPS buffer (pH 8) and stained by aurothioglu-
cose (A), and CFR (gray bar) and YPR (filled square) under
various pH values (B). YPR � CFR means yield of Au2S-incor-
porated ferritin. 1. 50mM phosphate buffer pH 6; 2. 50mM
phosphate buffer pH 7; 3. 50mM phosphate buffer pH 8; 4.
50mM TAPS buffer pH 8; 5. 50mM TAPS buffer pH 9.
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at pH 8.0 and then purified by gel filtration chromatography.
Previous study reported that Au2S is insoluble in water,14 but
our prepared Au2S NPs were considerably soluble in water ow-
ing to the protection of Au2S NPs by ferritin shells. It can be dis-
solved over 100mg/mL in water. We performed high resolution
TEM (HRTEM) and EDX measurement for nonstained sample
(Figure 2A). The core size was 6:1� 0:4 nm in diameter, and
the clear lattice fringe was visible (Figure 2A inset). The results
of EDX spectrum showed gold peaks (2.1, 9.7, and 11.4 keV)
and a sulfur peak of K� (2.4 keV) (Figure 2A). The two peaks
at 8.0 and 8.9 keV were assigned to copper from the supporting
grid. To investigate further the lattice structure of the produced
cores, X-ray diffraction (XRD) measurement was carried out.
Peaks are broad because of the nanometric particle size but
peaks are discernable (Figure 2B). All XRD peaks are attributed
to Au2S. No intense (111) diffraction peak from Au NP was ob-
served. From these results, it can be concluded that the Au2S
NPs were produced in the apoferritin cavity.

The absorption spectra of the Au2S-incorporated ferritin is
shown in Figure 3. The broad peak (600–1000 nm) observed
for the Au2S-incorporated ferritin should be attributed to Au2S
NPs incorporated in the cavity of ferritin. The approximate
absorption edge of the Au2S NPs was measured, indicating
occurrence of quantum size effect in the Au2S NPs. The band
gap can be estimated by following function.15

ð�h�Þ2 ¼ Cðh�� EÞ; ð2Þ

where � is the absorption coefficient of the materials, � is the
frequency of the light, and E is the band gap. Then, the absorp-
tion spectrum gave the direct band gap estimated to be 1.8 eV.
Averitt et al. reported that a theoretical direct band gap of Au2S
is in the range from 1.3 to 2.6 eV,16 and the middle-energy region
of the calculation is consistent with our experimental band gap.

The cause of preferable accumulation of Au2S inside the
cavity is unclear. The electrostatic gradients on the ferritin mole-
cules are so designed to attract positive ions to the hydrophilic
channels, which is considered to introduce ferric ions into
the cavity efficiently in vivo.17 Au[CS(NH2)2]2

þ ions may be
attracted in the vicinity of the entrance of the channels.
Au[CS(NH2)2]2

þ ions, then, change into AuS� or Au2S
12 and

Au2S somehow go through the channel and form Au2S core
in the cavity. However, the data so far obtained are limited
and further study is indispensably necessary to understand the
mechanism fully.

In conclusion, we have succeeded in making the Au2S NPs

using cage-shaped protein, apoferritin. Although Au2S is gener-
ally insoluble in water, our prepared Au2S NP is considerably
soluble in water owing to the use of water-soluble protein shell.
As the application of the Au2S-incorporated ferritin, the con-
struction of nanoelectronic device keycomponents is expected.
Our group has been investigating the fabrication of floating
nanodot gate memory equipped with nanodots array made by
ferritin protein.18,19 Charge storage nodes of floating gate mem-
ory were fabricated by utilizing ferritin with cobalt oxide and
iron oxide core. The successful formation of Au2S NP in the apo-
ferritin cavity will make it possible to produce a multivalue-
memory by combining the Au2S-incorporated ferritin with the
other semiconductor or metal-incorporated ferritin and, further-
more, extends the potential to produce more complex, sophisti-
cated functional structures.

We thank H. Furusho for the HRTEM observation and EDX
measurement and S. Katao for the XRD measurement.
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Figure 2. EDX and HRTEM measurement for nonstained
Au2S-incorporated ferritin (A) and XRD patterns of Au2S-incor-
porated ferritin (B).

Figure 3. Absorption spectrum of Au2S-incorporated ferritin
measured at room temperature.
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