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Nanometer-scale metal particles are finding many applica-
tions in the fields of biology and nanotechnology owing to
their unique optical and magnetic properties. Phytochelatin
(PC) and other metal-binding proteins have an ability to bind
heavy metals and have been used for heavy-metal removal.
Thus, we reasoned that they might be employed for the
synthesis of metal nanoparticles (NPs). Herein, we report the
in vivo biosynthesis of diverse NPs by recombinant Escher-
ichia coli expressing phytochelatin synthase (PCS) and/or
metallothionein (MT). NPs of various metal elements,
including semiconducting, alkali-earth, magnetic, and noble
metals and rare-earth fluorides, could be synthesized in
E. coli. The size of NPs could be tuned on the nanoscale by
changing the concentration of metal ions in the medium.
Thus, the controlled synthesis of NPs with desirable charac-
teristics for in vitro assays and cellular imaging was possible.
Paramagnetic NPs could also be synthesized by using the
same system. The strategy of employing recombinant E. coli
as an NP factory is generally applicable for the combinatorial
synthesis of diverse NPs with a wide range of characteristics.

Metal NPs exhibit unique optical, electronic, and mag-
netic properties, which depend on their composition, size, and
structure, and have therefore been explored extensively for
various applications in bio- and nanotechnology.[1] Several

physicochemical processes involving reactions at high tem-
peratures in organic solvents have been employed for the
synthesis of these metal NPs.[2] In nature, uni- and multi-
cellular organisms are capable of reducing and accumulating
metal ions as detoxification and homeostasis mechanisms
upon their exposure to metal-ion solutions.[3–6] For example,
CdS quantum crystallites of 2–6 nm in diameter were found to
be synthesized intracellularly in Candida glabrata, Schizo-
saccharomyces pombe, and engineered E. coli.[3, 4] In another
example, the fungus Verticillium sp. was able to synthesize
gold NPs of 20 nm in diameter by reducing aqueous AuCl4

�

ions.[6] Also, it is known that 20–30 nm Fe3O4 magnetite
nanocrystals can be synthesized by the magnetosome of
Magnetospirillum magnetotacticum.[7, 8] These examples dem-
onstrate that microbes can be employed as a factory for
metal-NP synthesis.

Although the exact mechanisms and identities of associ-
ated microbial proteins for metal-NP synthesis are not clear,
two cysteine-rich, heavy-metal-binding biomolecules, PC and
MT, have been relatively well characterized.[9–12] PCs are
oligoglutathione peptides of varying sizes that are synthesized
by PCS and that can form metal complexes with Cd, Cu, Ag,
Pb, and Hg,[9, 10] whereas MTs are gene-encoded proteins
capable of directly binding Cu, Cd, and Zn.[10–12] Recently, the
in vivo synthesis of CdS nanocrystals by recombinant E. coli
expressing the S. pombe PCS gene and the g-glutamylcysteine
synthetase gene was reported.[4] However, the versatile
capabilities of PC and MT to bind various metal ions and to
form NPs have not been fully exploited.

Herein, we report a general strategy for the in vivo
synthesis of diverse NPs by using recombinant E. coli
expressing Arabidopsis thaliana PCS (AtPCS) and/or Pseu-
domonas putida MT (PpMT). Various metals, including
semiconducting (Cd, Se, Zn, Te), alkali-earth (Cs, Sr),
magnetic (Fe, Co, Ni, Mn), and noble (Au, Ag) metals and
rare-earth fluorides (Pr, Gd), were incubated in assorted
combinations with the recombinant E. coli cells for the in vivo
synthesis of the corresponding metal NPs. The resulting NPs
were analyzed for their optical, magnetic, and physicochem-
ical properties. Recombinant E. coli strains expressing
AtPCS, PpMT, or both AtPCS and PpMT were also designed
and examined for their ability to synthesize diverse metal
NPs. Quantum dots (QDs), fluorescent semiconducting
material, were used as an example in experiments to tune
the sizes of NPs by varying the concentration of the metal ion
in the medium. Finally, functionalized QDs were applied to
the in vitro conjugation of biomaterials and cellular-imaging
analysis.

In vivo NP synthesis in recombinant E. coli is described
schematically in Figure S1 of the Supporting Information.
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Plasmids pTJ1-AtPCS, pTJ1-PpMT, pACtac-PpMT, and
pTJ11-PpMT-n-AtPCS were constructed for the expression
of the AtPCS and PpMT genes, either alone or together. The
metal ions were added in various combinations at concen-
trations of 0.5, 1.0, 2.0, 3.0, and 5.0 mm each (see Tables S1
and S2 in the Supporting Information). The recombinant
E. coli strains DH5a (pTJ1-AtPCS) and DH5a (pTJ1-PpMT)
were able to synthesize semiconducting NPs inside the cells
when they were incubated with various combinations of Cd,
Se, Zn, and Te (each 5.0 mm). The NPs synthesized in this way
were characterized by transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM). The semicon-
ducting CdZn, CdSe, CdTe, and SeZn NPs synthesized in
E. coli DH5a (pTJ1-AtPCS) exhibited well-defined crystal-
line structures with average diameters of (10.01� 0.97),
(5.01� 0.89), (7.01� 0.66), and (3.92� 0.35) nm and interpla-
nar distances of (4.40� 0.34), (3.51� 0.18), (3.00� 0.12), and
(2.82� 0.23) �, respectively (Figure 1a–d). They showed
{111} face-centered-monoclinic, {111} cubic, {102} hexagonal,
and {012} monoclinic structures, respectively.[13] The CdZn,
CdSe, CdTe, and SeZn NPs synthesized in E. coli DH5a

(pTJ1-PpMT) expressing MT also exhibited well-defined
crystalline structures, with interplanar lattice distances of
(2.96� 0.21), (2.85� 0.13), (3.69� 0.38), and (3.25� 0.21) �,
and showed {221} monoclinic, {121} orthorhombic, {111}
cubic, and {111} cubic structures, respectively (Figure 1e–h).
The average diameters of these CdZn, CdSe, CdTe, and SeZn
NPs were (10.35� 0.68), (4.99� 0.69), (5.83� 1.60), and
(3.95� 1.12) nm, respectively.

The CdTe and SeZn NPs exhibited diverse sizes and
atypical shapes. These results demonstrate that various semi-
conducting nanocrystallites can be synthesized in vivo by PC
(synthesized by AtPCS) and PpMT expressed in E. coli cells.
The size and d-lattice structure of NPs synthesized in vivo by
PC and MT were different, which suggests that the character-
istics of metal binding and assembly are different for PC and
MT, as reported previously.[9–11, 14] MT has been shown to have
a greater binding affinity for Cu than for Cd or Zn.[12] Also, it
has been reported that one Cd ion is bound to two and three
cysteine residues in PC and MT, respectively.[9, 14] Thus, we
reasoned that the coexpression of AtPCS and PpMT in E. coli
might enable the synergistic synthesis of more-diverse metal
NPs.

For the coexpression of AtPCS and PpMT, two different
expression systems involving one (pTJ11-PpMT-n-AtPCS)
and two plasmids (pTJ1-AtPCS and pACtac-PpMT) were
employed. Recombinant E. coli strains were incubated with
various combinations of metal ions, including semiconductor
metals (Cd, Se, Zn, Te), noble metals (Au, Ag), alkali-earth
metals (Cs, Sr), rare-earth fluorides (Pr, Gd), and magnetic
metals (Fe, Co, Ni, Mn). Cells coexpressing PpMTand AtPCS
also accumulated NPs. CdZn, CdSe, CdTe, and SeZn NPs
showed well-defined crystalline structures with interplanar
lattice distances of (2.82� 0.13), (3.51� 0.24), (3.22� 0.13),
and (3.25� 0.19) �, corresponding to {221} monoclinic, {111}
cubic, {111} cubic, and {111} cubic-plane structures, respec-
tively (Figure 1 i–l): typical structures for these NPs.[13] The
size and d-lattice structure of CdSe NPs synthesized by PC–
MT were similar to those of CdSe NPs obtained by AtPCS

expression, whereas the size and d-lattice structure of SeZn
NPs synthesized by PC-MTwere similar to those of SeZn NPs
obtained by PpMT expression. However, the CdZn and CdTe
NPs showed different lattice structures from those obtained
with either PC or MT. This result suggests that the AtPCS/
PpMT coexpression approach has the potential to generate
diverse metal NPs.

We used CdSe QDs as an example to compare the
fluorescence emission intensities of nanoparticles obtained in
various E. coli strains. The fluorescence emission intensity of
CdSe QDs synthesized in recombinant cells coexpressing the
AtPCS and PpMT by one- and two-plasmid systems was four
times as high as that observed for CdSe QDs synthesized in
cells expressing AtPCS or PpMT alone (see Figure S2 in the
Supporting Information). This result suggests that the coex-
pression system enabled a more efficient synthesis of CdSe
NPs. We analyzed the amounts of PC synthesized in three

Figure 1. TEM images of various semiconducting NPs synthesized in
vivo by recombinant E. coli cells incubated with the corresponding
metal ions (5 mm each): a) CdZn, b) CdSe, c) CdTe, and d) SeZn NPs
synthesized by recombinant E. coli cells expressing AtPCS; e) CdZn,
f) CdSe, g) CdTe, and h) SeZn NPs synthesized by recombinant E. coli
cells expressing PpMT; i) CdZn, j) CdSe, k) CdTe, and l) SeZn NPs
synthesized by recombinant E. coli cells expressing both AtPCS and
PpMT (one plasmid). The distance indicated on each HRTEM image is
the interplanar distance of the NP lattice.
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recombinant E. coli strains expressing AtPCS or both PpMT
and AtPCS with one- and two-plasmid systems (see Figure S3
in the Supporting Information). As the one- and two-plasmid
systems expressing both AtPCS and PpMT showed similar
capabilities of NP synthesis, the former system was selected
for further studies, as the expression levels of AtPCS and
PpMT are subject to more variation when the two-plasmid
system is employed owing to the use of two different
replication origins.

By using recombinant E. coli DH5a harboring pTJ11-
PpMT-n-AtPCS (hereafter EcMP), we examined the possi-
bility of synthesizing various metal NPs. The EcMP cells were
incubated with various combinations of metal ions, including
semiconductor metals (Cd, Se, Zn, Te), rare-earth fluorides
(Pr, Gd), alkali-earth metals (Cs, Sr), magnetic metals (Fe,
Co, Ni, Mn), and noble metals (Au, Ag). As well as typical
CdZn, CdSe, CdTe, and SeZn QDs, complex NPs, such as
CdSeZn semiconducting nanocrystallites (Figure 2a), could

be synthesized in EcMP cells. NPs of rare-earth metals (PrGd,
Figure 2b) were also synthesized; PrGd nanoparticles showed
an interplanar distance of (3.19� 0.10) � and a {222} cubic
structure. Furthermore, NP complexes of alkali-earth and
rare-earth metals (SrGd and SrPr; see Figure S4 in the
Supporting Information) were synthesized as new types of
metal NPs with interplanar distances of (3.10� 0.07) and

(3.47� 0.02) �, respectively. Interestingly, NP complexes of
semiconducting and alkali-earth metals (CdCs, Figure 2c)
were also synthesized as a new type of metal NP.

Various ferromagnetic NPs could also be synthesized in
this way. Magnetic NPs are known to be synthesized by the
magnetosomes of magnetotactic bacteria.[8, 15] Even in the
absence of microbial magnetosomes, the metal-binding ability
of MT and PC enabled the successful assembly of various
ferromagnetic particles Fe–X (X = Ag, Mn, Co, Co/Ni, Co/
Mn). As representative examples, HRTEM images of FeCo
and FeCoNi NPs are shown in Figure 2d and Figure S5 of the
Supporting Information, respectively. The FeCo NPs com-
posed of magnetic metals exhibited well-defined crystalline
structures with interplanar distances of (2.82� 0.05) �. Fur-
thermore, the diameter of FeCo metal NPs could be tuned
from (3.02� 1.00) to (5.57� 1.04) nm by increasing the
concentration of Fe2+ (or Fe4+) and Co2+ metal ions from
0.5 to 2.0 mm (see Figure S6 and Table S2 in the Supporting
Information).

Atypical podlike Au (Figure 2e; see also Figure S7 in the
Supporting Information) and Ag nanocrystallites (Figure 2 f)
could also be synthesized in EcMP cells. When Au or Ag was
provided, gold and silver NPs exhibiting interplanar distances
of (2.35� 0.03) and (2.36� 0.05) �, respectively, in the {111}
direction were synthesized.

It is remarkable that the EcMP strain enabled MT and PC
(synthesized by PCS) to function synergistically towards the
enhanced nanostructure assembly of more-diverse metals.
The distinct colors of the freeze-dried cells depended on the
metal NPs accumulated within the cells (Figure 2g). The
chemical compositions of these NPs were confirmed by
energy-dispersive X-ray spectroscopy (EDX; see Figures S7–
S9 in the Supporting Information). This study is the first
demonstration of the use of engineered bacteria for the in
vivo synthesis of a wide range of functional metal NPs.

We examined recombinant E. coli cells incubated with
solutions of various combinations of metal ions (5.0 mm) by
confocal fluorescence microscopy (Figure 3a–f). Semicon-
ducting CdSe (Figure 3b–d) and CdTe (Figure 3e) NPs
showed red fluorescence, whereas the novel SrGd NPs
exhibited cyan and red mixed fluorescence (Figure 3 f; see
also Figure S10 in the Supporting Information). The SrGd
NPs synthesized in recombinant E. coli cells were present in
isolated and aggregated forms. In their isolated form, they
exhibited cyan fluorescence, but upon aggregation they
exhibited red fluorescence. The average diameters of the
CdSe and CdTe NPs were approximately (5.10� 0.57) and
(7.01� 0.82) nm, respectively. The novel PrGd, SrGd, and
SrPr NPs synthesized by incubating cells with the correspond-
ing metal-ion solutions (0.5, 1.0, or 2.0 mm) exhibited defined
crystalline structures with average diameters of 3–10 nm (see
Table S2 in the Supporting Information). However, these NPs
obtained by incubation with combinations of Pr3+, Gd3+, and
Sr2+ at a concentration of 5.0 mm each exhibited heteroge-
neous size distribution, ranging from several to hundreds of
nanometers, and showed cyan–green and far-red fluorescence
emission spectra at 460 nm in the case of PrGd and 420 and
720 nm in the case of SrGd and SrPr (see Figure S10 in the
Supporting Information). The formation of NPs was con-

Figure 2. a–f) TEM images of various NPs synthesized in EcMP cells
(the distance indicated on each HRTEM image is the interplanar
distance of the NP lattice). New types of NPs, including CdSeZn (a),
PrGd (b), CdCs (c), and FeCo (d), could be synthesized in recombinant
E. coli expressing AtPCS and PpMT by incubating the cells with the
corresponding metal ions (5 mm each). Also, Au (e) and Ag NPs (f)
could be synthesized by incubating cells with Au (1.25 mm) and Ag
ions (5 mm), respectively. g) Multicolored freeze-dried E. coli cells
containing a variety of NPs. All NPs showed well-defined crystalline
nanostructures.
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firmed by UV/Vis absorption spectra, which showed peaks
centered at about 250 and 280 nm (see Figures S11–S13 in the
Supporting Information).

It is essential to be able to control the size of NPs if
industrial applications are to be pursued. As the size of a QD
affects its fluorescence characteristics, we examined the
possibility of tuning the sizes of the CdSe NPs in EcMP
cells by incubating the cells with Cd2+ and Se+ metal ions at
different concentrations; we then analyzed approximately 50
particles by TEM. The CdSe NPs were purified by filtration
through a membrane with 0.1 mm pores after cell disruption.

By varying the concentration of the metal ions from 0.5 to
5.0 mm, the diameter of CdSe NPs could be tuned from
(3.31� 0.43) to (5.10� 0.57) nm. Accordingly, these CdSe
NPs exhibited several unique colors, depending on their size
(Figure 3g). In a similar way, the diameter of CdZn NPs could
be tuned from (3.02� 1.00) to (14.84� 1.02) nm (see Fig-
ure S14 in the Supporting Information). The fluorescence
emission spectrum of the CdSe NPs was narrow and
symmetric, with a full width at half maximum of 15–25 nm
(Figure 3h); the spectral pattern was typical for QDs.

Surface characterization of the extracted CdSe NPs by
mid-FTIR spectroscopy (1689, 1639, 1365, 1236, and
713 cm�1; see Figure S15 in the Supporting Information) and
FT Raman spectroscopy (3216, 2926, 1692, 1630, 1422, and
797 cm�1; see Figure S16 in the Supporting Information)
revealed that the CdSe NPs were surrounded by peptides,
which are most likely MTs and PCs. The peptide coating of
NPs is known to provide colloidal stability and NP biocom-
patibility.[16] New applications might be possible upon modi-
fication of the NPs with versatile functional groups.

For the preparation of pure metal NPs for chemical and
optical analysis, the crude CdSe NPs isolated from E. coli cells
incubated with Cd2+ and Se+ metal ions (5 mm each) were
calcinated at 700 8C for 12 hours to remove organic materials
coated on the surface. The purified CdSe NPs were visible to
the naked eye as far-red-emitting NPs with an upconversion
light source. HRTEM analysis of purified CdSe NPs showed
that individual NPs were subspherical and oval-shaped with
an average diameter of 5.10 nm (Figure 3 i). Electron diffrac-
tion analysis showed diffuse ring patterns and crystal spots
with a d spacing of (3.51� 0.24) �, which indicated a
randomly oriented, finely crystalline nanostructure (Fig-
ure 3 i, inset). The presence of Cd and Se elements in the
NPs was verified by the EDX spectrum (Figure 3 j). The CdSe
and CdZn NPs exhibited fairly broad bands centered at about
380 and 420 nm, respectively, in their UV/Vis absorption
spectra (see Figure S17 in the Supporting Information). These
bands were not observed in the negative control experiment,
in which the sample was prepared with E. coli cells lacking
metal-binding proteins, and the same NP synthesis and
purification procedures were then carried out. Thus, the
semiconductor CdSe NPs synthesized in recombinant E. coli
cells were size-tunable and possessed chemical and optical
characteristics comparable, if not identical, to those of
chemically synthesized QDs.

Novel iron-based magnetic NPs synthesized by EcMP
cells were characterized by vibrating sample magnetometer
(VSM) analysis (see Figure S18a in the Supporting Informa-
tion). We examined the ferromagnetic NPs, which showed
different magnetization values depending on the chemical
composition, and found that E. coli cells containing the FeCo/
Ni and FeCo/Mn nanomagnetites showed unsaturated mag-
netization with an increasing magnetic field up to 15 kOe.
Thus, these nanomagnetites demonstrated high paramagnetic
characteristics. Since the VSM measurement was conducted
with peptide-coated NPs in the cells, a simple purification
procedure following sample preparation is sufficient for the
isolation of nanomagnetites with great paramagnetic strength
(see the Supporting Information). The magnetite-containing

Figure 3. Optical and chemical properties of metal NPs synthesized in
recombinant E. coli cells. a–f) Confocal fluorescence emission images
recorded upon excitation at 488 nm with an Ar–Kr laser. An absence of
metal-binding proteins in E. coli cells resulted in no fluorescence
emission signal (a); recombinant E. coli cells accumulating CdSe NPs
by the expression of AtPCS (b), PpMT (c), and AtPCS and PpMT (one-
plasmid system; d) showed red fluorescence. Recombinant E. coli
accumulating CdTe NPs by the expression of PpMT also exhibited red
fluorescence (e). Recombinant E. coli accumulating SrGd NPs by the
expression of AtPCS and PpMT (one-plasmid system) showed cyan–
green fluorescence (f). The metal-ion concentration was 5 mm. Scale
bars: 5 mm. g) Graph showing the correlation between the concentra-
tion of the metal-ion solution (0.5, 1.0, 2.0, 3.0, and 5.0 mm) and the
size of the resulting CdSe nanoparticles with EcMP cells. An image of
the purified CdSe NPs is shown in the inset. h) Fluorescence emission
spectra of CdSe NPs in deionized water. i) HRTEM image of purified
CdSe NPs from EcMP cells incubated with Cd and Se ions (each
5.0 mm). The electron-diffraction pattern is shown in the inset. j) EDX
spectrum of purified CdSe NPs. The Cu peak is from the copper TEM
grid.
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E. coli cells could be separated simply by using an external
magnet (see Figure S18b in the Supporting Information).
These results indicate that paramagnetic NPs could be
synthesized efficiently in recombinant E. coli for various
applications, including biomolecular tagging, angiographic
imaging, separation, and drug delivery.

As an example application of NPs synthesized in vivo, we
carried out a functionalization assay and intracellular con-
focal imaging studies with CdSe QDs as in vitro labeling
agents. The purified CdSe QDs were incubated with anti-
rabbit immunoglobulin G (IgG) conjugated with fluorescein
isothiocyanate (FITC) for 1 hour at room temperature. The
fluorescence emission spectrum of IgG-conjugated CdSe
QDs exhibited dual fluorescence peaks corresponding to
FITC (conjugated with IgG) and CdSe QDs (Figure 4a),
which suggests that FITC–IgG molecules were successfully
tagged onto the QD surface. For the efficient delivery of QDs
into live cells, the cell-penetrating peptide (CPP)
GRKKRRQRRRPPQC, which is the transactivating tran-
scriptional activator (TAT) of human immounodeficiency
virus type 1,[17] was immobilized on the surface of QDs. The
CPP-functionalized QDs were then incubated with human
fibroblast cells. As shown in Figure 4b–e, the CPP-function-

alized QDs were localized to the nuclei of fibroblast cells
(Figure 4b). Nuclear Hoechst staining was performed for
comparison (Figure 4c). These results indicate that the QDs
synthesized in recombinant E. coli can be used as ex vivo and
in vitro fluorescent probes for biomolecular conjugation,
imaging, and targeted delivery.

In summary, we have developed a recombinant E. coli
system expressing PCS and/or MT for the in vivo synthesis of
various metal NPs, including NPs never synthesized before by
chemical methods. Furthermore, the coexpression of PCS and
MT in E. coli resulted in the enhanced assembly of diverse
metal elements into highly ordered NPs. The size of the metal
NPs could be controlled by adjusting the concentrations of the
supplied metal ions. As the high-cell-density culture of E. coli
has been well established,[18] the efficient and cost-effective
production of various metal NPs would not be a difficult task.
The engineered E. coli system reported herein should be
broadly applicable to the in vivo synthesis of metal NPs of
interest with tailored optical, electronic, chemical, and
magnetic properties.
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