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Bio-template Synthesis of Uniform CdSe Nanoparticles
Using Cage-shaped Protein, Apoferritin
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CdSe nanoparticles were synthesized in the cavity of the
cage-shaped protein, apoferritin, by designing the slow chemical
reaction system of Cd>* and Se?~. The cavity size of apoferritin
molecules is around 7 nm and the diameter of synthesized CdSe
nanoparticles is about 6 nm with small size dispersion. CdSe
nanoparticles as prepared are multi-crystalline and can be made
into a single crystal by the heat-treatment under nitrogen gas.
This bio-template synthesis provides a new method to synthesize
uniform CdSe nanoparticles.

Miniaturization of electronic device components to nano-
scale dimensions is one of the most intensively studied research
areas in nanotechnology. When the size of electronic device
components becomes several nanometers, classical operation
principles no longer apply and devices will be operated based
on quantum effects. The quantum dot is expected to be a key
component of such nano-scale electronic devices. Since the elec-
tronic energy levels of quantum dots are radically affected by
their sizes, there is a large demand for reproducible methods
for making and handling! the same size quantum dots. To
achieve this challenging target, we employ the cage-shaped pro-
tein, apoferritin, as a size-restraining chemical reaction chamber
for synthesizing uniform semiconductor nanoparticles (NPs).
There is a literary reporting cadmium sulfide (CdS) NPs synthe-
sis in the apoferritin cavity by incremental addition of Cd** and
S%~. Those CdS NPs did not fully develop in the cavity and the
obtained CdS NPs had irregular morphologies.” In this letter, we
demonstrate that another II-VI compound semiconductor, cad-
mium selenide (CdSe) NPs can be synthesized in the apoferritin
cavity by applying a newly designed chemical reaction system
and that the CdSe NPs developed fully in the apoferritin cavity.

Apoferritin, the major cellular iron-storage protein, com-
posed of 24 polypeptide subunits, has a spherical hollow shell
and ferro-oxidase centre in its subunits.>>> The inner and outer
diameters of the protein shell are about 7 and 12 nm, respectively
and there are atomically small channels along the three fold axis
through which ions can enter the cavity. Native apoferritin se-
questers and stores iron as hydrated iron oxide in the internal
cavity, in vivo, which can easily be reproduced in vitro. Several
kinds of metal complex cores were reported to be formed in the
apoferritin cavity by selecting the appropriate buffer condi-
tions.®13 It is predicted that the negative electrostatic potential
inside the protein shell produced by acidic amino-acid residues
at the cavity surface condenses the positively charged metal
ion in the cavity and thus makes the chemical reaction proceed
faster. However, the mechanism of core formation in the cavity

and biomineralization is not well understood.

The reaction between Cd** and Se”~ is very fast and indu-
ces CdSe aggregation quickly in aqueous solution. Therefore, we
first designed the slow chemical reaction so that these ions can
penetrate into the apoferritin cavity through the narrow channels.
Cd** was stabilized by ammonia solution in order to form pos-
itively charged tetraaminecadmium ions (Cd(NH3)4>"). Se?~
was designed to be supplied from selenourea. Selenourea is com-
paratively unstable in aqueous solution and slowly degrades to
release Se’~ into the reaction solution. The reaction mixture so-
lution of 1 mM cadmium acetate and 5 mM selenourea was pre-
pared and its pH was adjusted to be around 8.0 by adding ammo-
nia solution. To this reaction mixture solution, apoferritin mole-
cules were added with the final concentration of 0.5 mg/mL.
This reaction mixture produced CdSe very slowly as designed.
The solution color changed from thin yellow to clear red grad-
ually, which made it easy to trace the reaction progress visibly.
The reaction mixture was left overnight and all processes were
carried out at room temperature. There was little precipitation,
which indicated CdSe NPs were synthesized in the apoferritin
cavity and the protein shells made them dispersed. This core-
shell structure makes it easy to handle NPs in aqueous solution.

In order to confirm the existence of Cd and Se atoms in the
core, X-ray photoemission spectroscopy (XPS) measurements of
the synthesized CdSe-ferritin molecules were carried out. Two
main peaks at 413.5 eV for Cd 3d and 55.4 eV for Se 3d were ob-
served, while the C 1s and O 1s peaks from the ferritin shell are
additionally observed at 286.8 and 532.6 eV, respectively. These
XP spectra revealed that the cores are composed of Cd and Se
composite.

To investigate the structure of the synthesized cores, X-ray
diffraction (XRD) measurement was carried out. After the shell
proteins were stripped off by alkaline solution, the obtained
cores were intensely washed with distilled water and dried. As
XRD peaks were supposed to be broad because of the nanometer
order core size, some cores were heat-treated under nitrogen gas
expecting the sintering of cores and sharp XRD peaks. Figure 1
shows the typical XRD peaks before and after the heat-treat-
ments. After heat-treatment at 500°C, a set of fairly sharp
XRD peaks was observed and the core structure was determined
to be a cubic phase (zinc blend) with a very little hexagonal
phase (wurtzite).'* XRD peaks from as-prepared cores were very
broad but the peak positions could be estimated, which were dif-
ferent from those of heat-treated cores. Considering together
with the XRD result from the heat-treated cores at 150 °C, the
mixture of a hexagonal and a cubic phase is the reasonable esti-
mation for the structure of the cores as prepared. The CdSe crys-
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Figure 1. X-ray diffraction from the prepared cores before and
after heat-treatment.

tal domain sizes of the cores after heat-treatments at 150 and
500°C were calculated based on the XRD peak width and they
were 4 and 7 nm, respectively.!* These results indicate that the
CdSe crystal domain grew nearly the same size with the core af-
ter heat-treatment at 500 °C and that cores became single crys-
tals. The reason why the sintering did not occur is not clear.
One possibility is that the outermost surface of the core is cov-
ered by a very thin oxide-layer and this crust may hinder fusion
of cores.

To further characterize the CdSe cores, the synthesized
CdSe-ferritin molecule was observed by transmission electron
microscopy (TEM) with and without aurothioglucose staining.
It has been demonstrated that aurothioglucose does not pass
through the channels and does not stain the cavity.'> Typical
TEM images are shown in Figure 2. The negatively stained
TEM image shows the synthesized cores surrounded by ferritin
protein shells, while the TEM image without staining shows only
spherically shaped cores on a smoother background. These im-
ages clearly show that CdSe were synthesized only in the apofer-
ritin cavity, which explains the very small bulk precipitation of
reaction mixture after overnight. Almost all apoferritin accom-
modated CdSe NPs. As shown in the inset of Figure 2b, the sin-
gle-crystal lattice structures can be observed in some CdSe NPs,
however, cores showed usually twin- or multi-crystal structures
at higher magnification. This is consistent with the XRD meas-
urement result.

(a) (b)

Figure 2. TEM images of synthesized CdSe-ferritin observed
with aurothioglucose staining (a) and without staining (b).

The diameters of 509 CdSe cores were determined from the
unstained TEM images of Figure 2b to investigate the core size
distribution. Figure 3 shows the distribution of their diameters.
The distribution is quite narrow with a standard deviation of
0.59 nm and an average diameter of about 6 nm. As the average
diameter is nearly the same as the inner diameter of apoferritin, it
can be concluded that CdSe synthesis continued until the cavity

1159

200

Dav~ 5.8nm
o=0.59nm
n =509

150

501

CdSe-Ferritin number

00123456789101112

Diameter / nm

Figure 3. Diameter distribution of synthesized CdSe nanoparti-
cles.

was completely filled. This result demonstrates that CdSe NPs
with small-disperse diameter can be synthesized using apoferritn
molecules as bio-templates.

In conclusion, uniform CdSe NPs were synthesized in the
apoferritin cavity by designing the slow chemical reaction sys-
tem of Cd>* and Se?~. This chemical reaction system can be ap-
plicable for synthesis of another II-VI compound semiconductor
such as ZnSe NPs in the apoferritn cavity. This bio-template syn-
thesis will open a new path to the production of uniform M-IV
semiconductor nanoparticles in aqueous solution, which are ap-
plicable to biology and nanoelectronics devices.
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