
MIAO ET AL. VOL. 8 ’ NO. 4 ’ 3743–3751 ’ 2014

www.acsnano.org

3743

March 06, 2014

C 2014 American Chemical Society

Quantum-Dot-Induced Self-Assembly
of Cricoid Protein for Light Harvesting
LuMiao, Jishu Han, Hao Zhang, Linlu Zhao, Chengye Si, Xiyu Zhang, Chunxi Hou, Quan Luo, Jiayun Xu, and

Junqiu Liu*

State Key Laboratory of Supramolecular Structure and Materials, College of Chemistry, Jilin University, 2699 Qianjin Street, Changchun 130012, China

T
he development of supramolecular
nanostructures on the basis of as-
sembled functional biomolecules

has attracted great interests due to their
biocompatibility, biodegradability, and de-
fined morphology.1�5 In particular, proteins
as indispensable biomacromolecules have
successfully been used to fabricate self-
assembled nanostructures because of their
well-defined morphology, recognition cap-
ability, and specific reactivity toward target
molecules, where the nanostructures hold
great potential for practical applications
such as tissue engineering, biomineraliza-
tion, light harvesting, and drug delivery
systems.6�9 However, the design of protein
self-assembly architectures is highly chal-
lenging owing to the chemical and structur-
al heterogeneity of protein surfaces.
Understanding the structural information
of protein surfaces and choosing the appro-
priate driving forces for self-assembly will
promote the engineering of protein-based
supramolecular nanostructures.
In recent years, various strategies have

been devoted to construct high-ordered
protein nanostructures. For example, a

nanotube comprising ring-like protein
Hcp1 was constructed by steric and chemi-
cal complementarity and stabilized by en-
gineered disulfide bonding.10 A 2D network
was constructed by an interprotein heme�
heme pocket interaction between modified
cytochrome b562 protein and its synthetic
heme analogue.11 Furthermore, Yeates and
co-workers have recently developed a series
of large symmetrical molecular cages, fila-
ments, layers, and porous materials with a
fusion protein, engineered using one mole-
cule each of protein A and B, which naturally
forms self-assembling oligomers.12 Over the
years, our group hasmade continued efforts
to construct high-ordered nanostructures.
For instance, protein nanowires and nanor-
ings were successfully prepared by protein
self-assembly through host�guest interac-
tion and metal coordination.13�15 However,
the development of novel assembly strat-
egy to construct functional protein nano-
structures remains a significant challenge.
Electrostatic self-assembly of biomacro-

molecules, especially protein-based self-
assembly, has emerged as a powerful
approach for the construction of various
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ABSTRACT Stable protein one (SP1) has been demonstrated as an appealing

building block to design highly ordered architectures, despite the hybrid assembly with

other nano-objects still being a challenge. Herein, we developed a strategy to construct

high-ordered protein nanostructures by electrostatic self-assembly of cricoid protein

nanorings and globular quantum dots (QDs). Using multielectrostatic interactions

between 12mer protein nanoring SP1 and oppositely charged CdTe QDs, highly ordered

nanowires with sandwich structure were achieved by hybridized self-assembly. QDs with different sizes (QD1, 3�4 nm; QD2, 5�6 nm; QD3, ∼10 nm)

would induce the self-assembly protein rings into various nanowires, subsequent bundles, and irregular networks in aqueous solution. Atomic force

microscopy, transmission electron microscopy, and dynamic light scattering characterizations confirmed that the size of QDs and the structural topology of

the nanoring play critical functions in the formation of the superstructures. Furthermore, an ordered arrangement of QDs provides an ideal scaffold for

designing the light-harvesting antenna. Most importantly, when different sized QDs (e.g., QD1 and QD3) self-assembled with SP1, an extremely efficient

Förster resonance energy transfer was observed on these protein nanowires. The self-assembled protein nanostructures were demonstrated as a promising

scaffold for the development of an artificial light-harvesting system.
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hierarchical nanostructures over the past decade.16,17

Not only are their high-ordered assemblies important
for molecular recognition, drug delivery, and sensing
applications, but they are also interesting from a
scientific point of view to understand and subse-
quently develop new self-assembled structures and
materials.18�22 Kostiainen et al. reported a hierarchical
electrostatic assembly process, using protein cages
with various polymers or core�shell nanoparticles
(NPs).23�25 On the basis of molecular dynamic simula-
tions, they modulated the properties of the final
assembly by modifying the dendritic generation or
other critical parameters which control the molecular
recognition between dendritic constructs and virus-
es.18 Furthermore, the highly ordered superstructures
exhibited the ability to tune magnetic properties of
NPs.26 Nevertheless, there is no report on the construc-
tion of high-ordered protein nanowires by electrostatic
interaction-driven self-assembly so far.
We therefore sought to utilize an electrostatic self-

assembly method to prepare high-ordered nanostruc-
tures with a special protein, stable protein one (SP1). It
is a ring-like protein consisting of 12 subunits that are
tightly bound to each other via hydrophobic interac-
tions forming a double-layered six-membered ring.27

According to the analysis of the crystal structure of SP1
protein, it can be employed as an appealing building
block for electrostatic self-assembly due to its higher
symmetric and negatively charged hydrophilic struc-
ture at neutral pH. In particular, most of the acidic
amino acids are distributed on the top and bottom
surface of the dodecamer SP1. In addition, SP1 has
extremely high thermal and chemical stability. For
example, its melting temperature is 107 �C, and it
exhibits a pronounced resistance to detergents, such
as sodium dodecyl sulfate (SDS), and proteases.27 Tak-
ing advantage of its unique structure and distinctive
chemical characteristics, several research groups make
use of natural or modified SP1 nanorings for nanobio-
technology and biomaterials applications.28�30 For
example, Shoseyov and co-workers constructed high-
ordered nanowires assembled with the SP1 nanoring
that interacted with gold nanoparticles through metal
coordination interaction.29

Here we present semiconductor quantum dots
(QDs) as linkers to induce SP1 nanorings into signifi-
cantly ordered self-assembled structures. Several fa-
vorable characteristics of QDs including tunable optical
properties, photostability, relatively high quantum
yield (QY), and the ability for doping with other ele-
ments make them increasingly interesting in various
applications.31�34 Integration of unique optical or elec-
tronic properties of QDs along with the ability to
assemble these semiconductor materials with engi-
neered biological scaffolds or templates can yield
novel nanoscale systems. In particular, their capability
to harvest visible light energy can address limitations

of current approaches to manufacturing light-driven
devices.35�40

In this paper, we developed a novel strategy for
constructing high-ordered protein nanostructures by
electrostatic self-assembly of cricoid protein nanorings
and globular QDs. The QDs with different sizes induce
the protein rings into various highly ordered nano-
structures in aqueous solution. Meanwhile, the signifi-
cantly ordered arrangement of the QDsmakes the self-
assembled protein nanowires an ideal scaffold for
designing an efficient light-harvesting system.

RESULTS AND DISCUSSION

The SP1 proteinwas prepared using a typical genetic
expressionmethod, and the purification of protein was
verified using sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and TEM analysis
(Supporting Information Figure S1). Ring-like SP1, with
a diameter of approximately 11 nm, a central hole of
2�3 nm, and a width of 4�5 nm, was well-distributed
in aqueous solution. The charge distribution on the SP1
protein surface is shown in Figure 1a. Acidic amino
acids (negative charges, red color) are distributed all
around the protein, especially the top and bottom
surface of the dodecamer SP1. For the three kinds of
CdTe QDs prepared from mercaptoethylamine (MA),
positive charges covered the QDs (Figure 1b). The
diameter of these CdTe QDs are 3�4 nm (QD1),
5�6 nm (QD2), and ∼10 nm (QD3). Owing to the
electrostatic interaction and spatial complement, the
positively charged QDs are capable of being sand-
wiched between two SP1 nanorings and give full
control of the protein orientation on the surface of
the QDs, which consequently induces the self-assem-
bly of proteins into highly ordered 1D nanowires
(Figure 1c).
Figure 2 shows tapping mode atomic force micro-

scopy (AFM) images of SP1-QD assembly. Numerous
high-ordered SP1 protein nanowires, with several
hundred nanometers in length, are observed, driven
by QD1 and QD2 (Figure 2a,d). Such structures are
spontaneously formed upon incubation of SP1 and
QDs in aqueous solution. Figure 2g shows the protein
nanoarrays that result from the binding of SP1 with
QD3. It displays complex nanoarchitectures including
the curved nanolines or a fork in the curved line as
shown in the scheme of Figure 2g. The structural
differences demonstrate that the size of the QDs is
the key for inducing SP1 protein into various nano-
structures. When the size of the QDs is small (e.g., QD1
and QD2), QDs fit well for the central hole of the SP1
nanoring, and straight nanowires are formed accord-
ing to the spatial complement, but while the size is
large (e.g., QD3), multiple SP1 nanorings connected to
one QD and various nanostructures are constructed.
The uniform height (∼9 nm) of the nanostructures

shown in Figure 2b,e is slightly lower than the diameter
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of the crystal structure of the single SP1 nanoring
(11 nm). The slight decrease is probably due to the

resistance of side profile of the “standing” SP1 ring to
the tip force and/or loss of hydration from the protein
since AFM imaging was carried out in air.29 The height
profile of Figure 2h is quite reasonable for the expected
QD3 structure. Figure 2c,f,k displays 3D images of the
square in Figure 2a,d,g, demonstrating the homoge-
neity of the nanostructures. Interestingly, when we
increased the concentrations of SP1 and QDs, obvious
differences in assemblies with different sizes of QDs
were clearly observed (Figure 3). There are a large
number of nanowires uniformly distributed in the
AFM image of the SP1-QD1 system (Figure 3b); bundles

Figure 2. AFM images of the self-assembled nanostructures
by cricoid SP1 nanoring and different sized CdTe QDs. (a,d,
g) AFM topographical images of the nanostructures as-
sembled by SP1 with QD1, QD2, and QD3, respectively; (b,
e,h) associated height profile along the black line in panels
(a), (d), and (g); (c,f,k) 3D images of the squares in (a), (d), and
(g). The inset in (g) shows the scheme representing the
formation assembled by SP1 and QD3.

Figure 3. AFM images of SP1-QD assembly at high concen-
tration. (a) Wild-type SP1. (b) SP1-QD1 assembly. (c) SP1-
QD2 assembly. (d) SP1-QD3 assembly. The final concentra-
tion of SP1 is 125 mg/L, and the final concentrations of QDs
are 2.5, 6.25, and 25 μM, respectively.

Figure 1. Design of the self-assembled SP1-QD nanowires. (a) Top view and side view of the SP1 nanoring structure with
charge distribution on the surface. The red color is for negative charges, and blue color is for positive charges. (b) Three kinds
of CdTe QDs were capped with mercaptoethylamine (positive charges) where the diameters of QDs are 3�4 nm (QD1),
5�6 nm (QD2), and∼10 nm (QD3). (c) Model of a SP1 nanowire formed by the self-assembly of SP1 nanoring subunits (blue)
and QDs (yellow balls).
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of nanowires are observed in the SP1-QD2 assembly
(Figure 3c); moreover, a planar network driven by SP1
and QD3 was produced when the protein concentra-
tion was increased to 125 mg/L (Figure 3d).
Transmission electron microscope (TEM) images of

the self-assembly architectures (Figure 4) support the
AFM findings. Figure 4a,b displays the TEM images
(negatively stained with sodium phosphotungstate)
of the nanowires assembled using the SP1 nanoring
with QD1 andQD2, respectively. Several separated SP1
nanorings marked by dotted squares are clearly ob-
served. From the measurement of diameters of the
dots sitting on the center of the SP1 nanoring (3.3 and
5.6 nm, consistent with the size of QD1 and QD2), we
confirm the attachment of QDs to the center of the SP1
protein. As expected, the suitable sizes of QD1 andQD2
make them fit well into the SP1 inner pore. In addition,
once attached to the SP1 nanoring, theQDs can further
serve as the linker to create SP1-QD chains as shown in
the AFM and TEM images.
If observed carefully, tightly arranged SP1-QD1

chains are found (Figure 4a). In contrast, the spacings
of adjacent SP1 nanorings in SP1-QD2 assembly are
slightly larger such that QD2 appears clearly as dark
spots in Figure 4b (the dots marked by black arrows).
Furthermore, whenwe increased the concentrations of
ingredients 5-fold, even longer nanowires but nomore
than two parallel lines of the SP1-QD1 system are
observed (Figure S2a). Figure 4c and Figure S2b show

3D bundles of nanowires of SP1-QD2 assembly at high
concentration. It is in good agreement with the AFM
observation. The reasons for the formation of bundles
may be as follows: first, the distance between two
stacked SP1 nanorings in the SP1-QD2 assembly is
5.24 nm, calculated by the SP1 structural model using
visualization software Pymol. Since the width of the
SP1 nanoring is 4�5 nm, two SP1-QD2 nanowires can
array staggered as gears (Figure 4d). In addition, the
electrostatic interaction between the positively
charged QD2 and negative charges (Glu and Asp in
Figure 4d) around the outer surface of the SP1 nano-
ring is the actuating force. The spacial complement and
electrostatic force drive the formation of the nanowire-
based bundles. However, the electrostatic repulsion of
the same charges around the surface of the SP1 makes
the gears not insert deeply. As we know, Coulomb
force is highly sensitive to the distance r which is
defined by41

F(r) ¼ Q1Q2

4πε0εr2

Due to the electrostatic repulsive interaction, the
distance betweenQD2 and the outer surface of the SP1
is far, where the Coulomb force would be weak so that
not all the nanowires of SP1-QD2 aggregate as bundles
(Figure 4c). Generally, the AFM and TEM images in-
dicate that the assembly of SP1-QDs is highly sensitive
to the size of QDs: the straight lines, bundles of nano-
wires, and then to a network formed by SP1-QD3
(Figure 2g), allowing us to control the morphology of
the assembly by changing the sizes of QDs.
The self-assembly behaviors of the SP1 and QDs

were also studied by dynamic light scattering (DLS).
Figure 5 shows typical number-averaged DLS curves.
The sizes of the QDs are 3.3, 5.8, and 11.5 nm, and they
arewell-dispersed in aqueous solution (see the inset on
the left of Figure 5). The average assembly sizes are
264, 216, and 375 nm. When the concentrations of
both SP1 and QDs were increased 10-fold, visible pre-
cipitate was observed when left standing for 30 min
(the inset on the right of Figure 5). The formation
process of the SP1-QD assembly was monitored with

Figure 4. TEM analysis of SP1-QD assembly. (a,b) TEM
images of the assembled nanostructures of SP1 with QD1
andQD2, respectively. Insets are the images of a single QD1
(a) and QD2 (b) attached to a single SP1 nanoring. The sizes
of the centers of SP1 (3.3 and 5.6 nm) correspond to the
sizes of QD1 and QD2 in aqueous solution. (c) TEM image of
the self-assembly architectures of SP1-QD2 at high concen-
tration. (d) Scheme representing the method of organizing
arrays composed of SP1-QD2 chains. (Bottom) Bundles of
nanowires of SP1-QD2 assembly. (Top) Scheme of the
mechanism for the assembly of nanowire-based bundles.
Glu (in red) and Asp (in purple) carry negative charges.

Figure 5. DLS analysis of free QDs (1 mM) and assembly of
SP1 (25 mg/L) with QD1 (0.5 μM), QD2 (1.25 μM), and QD3
(2.5 μM). Insets are the pictures of QDs in aqueous solution
before and after assembling with SP1.
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DLS by titrating small volumes of a concentrated QD
solution into a solution of the SP1 nanoring (25 mg/L).
Concentration-dependent DLS curves are shown in
Figure S3. The native SP1 has a diameter of 11 nm,
which corresponds well to the measured hydrody-
namic diameter of SP1 (10.5 nm). Following the titra-
tion of QDs, the peak corresponding to the free SP1
completely disappears and different assembly peaks
are detected subsequently, which reveal the formation
of SP1-QD assemblies.
In order to demonstrate the effect of ionic strengths

in electrostatic self-assembly, SP1-QD1 assembly was
constructed at low (10 mM), middle (50 mM), and high
(250 mM) NaCl concentrations. An increase in the ionic
strength of the solution reduces the electrostatic at-
traction between the SP1 and QD1 (Figure S4). The
screening is characterized by the Debye length, κ�1,
which can be defined as the distance over which the
Coulombic interactions are canceled by the screening
effect of the counterions.24 At 250 mM NaCl concen-
tration, the κ�1 is≈2 nm, which is not small enough to
disperse all the assembly. In contrast, the κ�1 is≈11 nm
at 10 mM NaCl, which will not affect the electrostatic
self-assembly at all.

In the natural photosynthetic centers of bacteria and
plants, antenna chromophores are invariably used to
absorb solar light and transfer the excitation energy to
the reaction center by highly efficient singlet�singlet
energy transfer.42�47 Spatial organization of individual
chromophores is crucial to such efficiency: chromo-
phores need to be separated enough to achieve amini-
mum self-quenching without sacrificing the dipole�
dipole coupling-mediated energy transfer. Chromo-
phore proximity induced self-quenching and/or exci-
mer formation is a main obstacle in light-harvesting
systems if multiple donors are involved. An orderly
arrangement of theQDs, which is capable of successive
energy transfer to adjacent QDs, was demonstrated in
this study. Therefore, these assemblies are considered
an ideal scaffold for a light-harvesting antenna.
The fluorescence intensity of QDs before and after

assembling with SP1 proteins was measured and is
shown in Figure 6a. An appreciable increase in the
luminescence of QDs was observed for all of the
assemblies. The luminescence without quenching
may probably be ascribed to the suitable distance
between the QDs. These semiconductor particles are
far enough to prevent energy loss through contact

Figure 6. Fluorescence properties of the self-assembled nanowires constructed by SP1 andQDs. (a) Emission spectra of three
kinds of CdTe QDs in solution (solid lines) and self-assembled nanowires with SP1 nanorings (dotted lines). (b) PL spectra of
donor QD1with SP1 (black line) and acceptor QD3with SP1 (red line) in aqueous solutions and of their mixture solution (blue
line). (c) FRET-PL spectra of the co-assembly (SP1-QD1-QD3)with different ratios of QD1/QD3. [SP1] = 25mg/L, [QD1] = 50 μM,
R is the number ratio of QD1 and QD3. (d) Fluorescence spectra of the co-assembled nanostructures while maintaining the
concentration of SP1 (25 mg/L) and QD3 (0.5 mM) (λex = 462 nm).
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quenching. Such an increase in luminescence intensity
has also been observed in previous reports dealing
with the conjugation of various proteins to QDs,48�53

wherein they attribute this phenomenon to surface
passivation of the QDs and reduction of electric field
effects. In addition, the absorbance spectra as shown in
Figure S5 support the fluorescence data. Notably, there
is a 5 nm red shift of the emission spectrum of the
assemblies from 542 to 547, 562 to 567, and 600 to
605 nm, compared to that of CdTe QDs in solution. The
red shift can be attributed to strong electronic cou-
pling interaction between neighboring QDs attached
to SP1. A similar observation has been reported pre-
viously by Muralidharan, who bound CdTe QDs to the
bacterial flagellin fusion protein.54

In order to estimate the Förster radius of QDs
displayed within the SP1 nanoring, the relative fluo-
rescence QY of SP1-QDs was determined by the meth-
od reported byWilliams et al. (Figure S6).55 The spectral
overlap integral was then calculated using the follow-
ing equation:56

J(λ) ¼
Z

¥
0 FD(λ)εA(λ)λ

4dλ

where λ is the wavelength in nanometers, εA
(M�1 cm�1) is themolar extinction coefficient of the ac-
ceptor at that wavelength, and FD is the donor emis-
sion spectrum normalized on the wavelength scale

1 ¼
Z

¥
0 FD(λ)dλ

The overlap integral was found to be 5.06 � 1013,
4.58� 1013, and 3.59� 1013 M�1 cm�1 nm4 in the case
of transfer between QD1, QD2, and QD3, respectively
(Table 1).
Assuming a value of 2/3 for the orientation value κ2,

an aqueous refractive index of η= 1.33, and leaving the
overlap integral J in the units described above, the
Förster radius (R0), defined as the theoretical donor�
acceptor distance at 50% energy transfer efficiency,
was calculated using the following equation:57

R0 ¼ 0:211(K2n�4QDJ(λ))
1=6 (inÅ)

where QD is the QY of the donor assembled with SP1
protein. The Förster radius was thus estimated to be
2.34, 2.32, and 2.09 nm for transfer between the same
QDs.

The donor�acceptor distance (r) was then calcu-
lated to be 1.0, 1.5, and 3.2 nm by the SP1 structural
model using visualization software Pymol. We get the
result of the efficiency of energy transfer (E) by

E ¼ R0
6

R0
6 þ r6

which shows that the transfer efficiency is strongly
dependent on distance when the D�A distance is near
R0.

57 The high efficiency of energy transfer of QD1 and
QD2 (99 and 92% shown in Table 1) compared to QD3
(7.5%) indicates that the size of the QDs is important
for the SP1-QD assembly to form an optimal light-
harvesting antenna (Figure S7).
In order to achieve efficient energy transfer, we

assembled QD1 and QD3 with SP1 nanorings, sequen-
tially. First, QD1 and QD3 were mixed well and then
added to SP1 aqueous solution. In Figure 6b, three
cases are compared: black line shows the photolumi-
nescence (PL) from the donor CdTe QD1 assembled
with SP1 that emits at 547 nm, while the red line gives
the PL from the acceptor CdTe QD3 with SP1 emitting
at 605 nm. On the other hand, the blue line presents
the PL of the donor and acceptor QD pairs with SP1
together. There is an obvious increase in the emission
intensity of the acceptor QD3, whereas a clear decrease
is observed in the emission intensity of the donor QD1.
This observation illustrates Förster energy transfer
(FRET) phenomenon between these QDs. Although
QD1 and QD3 can be excited at the same time,
there is a pronounced FRET effect observed in the
co-assembly. Most significantly, the majority of QD1
fluorescence was quenched by a few percent of QD3
(Figure 6c). One acceptor, therefore, must have
quenched multiple donors in this system. Figure 6d
shows the FRET, while maintaining the concentration
of QD3. In comparison, no energy transfer was ob-
served without the SP1 protein, which can be attributed
to the monodispersed nature of the QDs due to electro-
static repulsion (Figure S8). In addition, the reason to
selectQD1�QD3as thedonor�acceptor pair rather than
QD1�QD2 and QD2�QD3 is that there is less overlap
between the emissionpeaks ofQD1andQD3 (Figure 6a).
AFM image of the co-assembly of SP1, QD1, andQD3

is shown in Figure 7a, and various nanostructures can
be observed. We chose two nanowires (marked by
dotted squares) and measured the height along the
length of thewires. There is a 2 nmdifference along the
nanowires, where the lower place (∼9 nm) presents
the height of the “standing” SP1 nanoring and the
higher point must be QD3, which is ∼11 nm as
described above. The height difference demonstrates
that the QD3 connected at the head of the nanowires
or in themiddle linked the two nanowires according to
the scheme shown in Figure 7b,c. The efficiency of
energy transfer from QD1 to QD3 was calculated to be
64% (Table 1). Combined with the previous results, it is

TABLE 1. Donor�Donor andDonor�Acceptor Pair Results

donor�donor/

acceptor pair Φa(donor) J (1013 M�1 cm�1 nm4) R0 (nm) r (nm) E (%)

QD1�QD1 0.170 5.06 2.34 1.0 99
QD2�QD2 0.176 4.58 2.32 1.5 92
QD3�QD3 0.123 3.59 2.09 3.2 7.5
QD1�QD3 0.170 5.16 2.35 2.1 64

a QY of the donor assembled with SP1 protein.
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possible that direct energy transfer can occur from
donor QD1 to acceptor QD3 (Figure 7c, path 1). Energy
transfer can also occur through multiple degenerate
donor-to-donor events (Figure 7c, paths 2a and 2b),
which corresponds to the antenna effect and con-
structs a complete set of a light-harvesting system.

CONCLUSION

Wedemonstrate the capability of aqueous CdTeQDs
to induce the self-assembly of SP1 nanorings into
various nanostructures through multielectrostatic in-
teractions. Single nanowires, nanowire-based bundles,
and irregular networks are produced with various sizes
of QDs (3.3, 5.8, and 11.5 nm). At the same time, the
high-ordered assemblies separate QDs enough to pre-
vent the fluorescent self-quenching phenomenon and

realize a light-harvesting antenna by taking advantage
of extremely efficient energy transfer among the same
species of QDs. The efficiency of energy transfer be-
tween the same QDs is 99% of QD1 and 92% of QD2.
Furthermore, when QD1 and QD3 are assembled
together with the SP1 nanoring, obvious FRET effect
was observed. The co-assembly of a protein nanoring
with QD1�QD3 indicates that energy can be initially
transferred among multiple QD1 donors and then to
the reaction center of the QD3 acceptor by electron
transfer, demonstrating the construction of a highly
efficient light-harvesting system to serve as a potential
platform for optical, photovoltaic, or photocatalytic
devices. We expect that this strategymay be a versatile
one to construct high-ordered functional protein
nanomaterials in the future.

EXPERIMENTAL SECTION

Materials. Plasmid pET29a containing the SP1 protein gene
was provided by Professor Oded Shoseyov (The Hebrew Uni-
versity of Jerusalem, Israel). Phenylmethanesulfonyl fluoride
(PMSF) and isopropyl β-D-1-thiogalactopyranoside (IPTG) were
purchased from Sigma (Germany). 2-Mercaptoethylamine (MA,
98%) was obtained from Acros. Sodium borohydride (NaBH4,
99%) and CdCl2 (99%) were commercial products. DEAE Sephar-
ose Fast Flow was obtained from GE Healthcare, and Sephadex
G75 was purchased from Amersham Pharmacia Biotech
(Uppsala, Sweden). All water used was from a Millipore water
purification system with a minimum resistivity of 18.0 MΩ 3 cm.

Overexpression and Purification of SP1 Nanoring. The SP1 domain
was transformed into Escherichia coli BL21 (DE3), which grew to
1 L LB culture containing 50 mg/mL kanamycin with shaking at
37 �C. The protein expressionwas induced by adding 1mM IPTG
when OD600 reached 0.8. The cells were harvested 4 h after
induction, and then the protein was extracted by sonication in
20mM Tris-HCl buffer, pH 8.0, including 1mMPMSF and 50mM
NaCl. For purification, the protein was first heated at 85 �C for
30 min and centrifuged at 15 000 rpm for 30 min. The super-
natant was loaded into a 20 mL DEAE ion-exchange column
running in 20 mM Tris-HCl buffer, pH 6.3, with a salt gradient
from 50 to 500 mM NaCl. The target protein was eluted at
500 mM NaCl. The sample was then dialyzed by 8 kDa cutoff
dialysis membrane to Milli-Q water, and further purification
used Sephadex G75 with 20 mM PBS buffer, pH 7.4, including

50mMNaCl. The purified SP1 protein was then stored at�20 �C
for the experiments.

Preparation of CdTe QDs with Different Sizes. Initially, aqueous
precursors of CdTe QDs were obtained by injecting a freshly
prepared solution of NaHTe into 12.5 mM N2-saturated CdCl2
solutions in the presence of MA at a pH range of 5.5�6.0. The
molar ratio of Cd2þ/MA/HTe� was set as 1:2.4:0.2. The resultant
precursor solutions were refluxed at 100 �C to maintain the
growth of QDs. Their sizes increased with the reflux duration.
QD1 was obtained after 40 min, QD2 after 60 min, and QD3 4 h
later. After preparation, the QD solution was centrifuged at a
speed of 8000 rpm with the addition of isopropyl alcohol to
remove superfluous salts and MA. The precipitated QDs were
then redissolved in deionized water.

Assembly of SP1-QD Nanowires. A 500 μL solution containing
50 mg/L SP1 was mixed with 500 μL of different-sized QDs in
aqueous solutions at pH 6.0. The concentrations of the QDs
were 1, 2.5, and 10 μM. The concentration of QDs in aqueous
solution was determined analytically from the total amount of
Cd. The mixed solutions were stirred vigorously for 10 min and
then left to stand for 30 min.

Atomic Force Microscopy. AFM measurements were performed
on a NanoScope Multimode AFM (Veeco, USA) using the
tapping mode AFM with a SiN4 tip with a radius of
∼10�20 nm. Samples were prepared by immersing a freshly
prepared hydroxylated silicon wafer in the SP1 (25 mg/L) and
QDs (1 μM of QD1, 2.5 μM of QD2, and 10 μM of QD3) solution
for a few seconds followed by drying in air.

Figure 7. AFM image and data analysis of SP1-QD1-QD3 co-assembly. (a) AFM image of the SP1-QD1-QD3 assembly, where
the number proportion of QD1 and QD3 is 50:1. Two nanowires marked by dotted squares were close up to measure the
height along the black lines. (b,c) Two different schemes of SP1-QD1-QD3 assemblies. For systems with large numbers of
donors, energy can be transferred to acceptor QD3 through direct FRET (path 1) or via multiple donor-to-donor transfers
(paths 2a and 2b).
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Transmission Electron Microscopy. TEM micrographs were re-
corded on a JEM-2100F instrument with an accelerating voltage
of 120 kV. Samples were prepared on Formvar carbon-coated
copper grids by placing a 4 μL drop of a solution containing a
mixture of SP1 and QDs on the grid. The sample drop was left
standing for 10 min, after which time the excess buffer was
blotted away with filter paper. Samples were negatively stained
by applying 4 μL of stain (4% sodium phosphotungstate in
Milli-Q water) onto the grid and removing the excess stain with
filter paper after 40 s. The samples were dried under air flow
overnight before imaging.

Dynamic Light Scattering. DLS experiments were carried out
with Malvern Instrument Zetasizer Nano ZS equipped with a
He�Ne laser (633 nm, 4 mW) and an Avalanche photodiode
detector at an angle of 90�. Results are the average of at least
five measurements. All SP1 and QDs samples were prepared in
deionized water. One milliliter of SP1 solution (25 mg/L) was
titrated with an aqueous QD solution (10 μM of QD1, 25 μM of
QD2, and 100 μM of QD3) from 10 to 100 μL. After each titrant
addition, the samples were thoroughly mixed and allowed to
equilibrate for 2 min.

Light-Harvesting Probe Preparation. First, various ratios of QD1
and QD3 were well-mixed in 500 μL aqueous solution, then
500 μL of 50mg/L SP1was added into the solution. The solution
mixture was stirred vigorously for 10 min and then left standing
for 30 min at room temperature. For comparison, samples of
SP1 separately assembled with QD1 and QD3 were measured
at the same time. Fluorescence spectra were acquired on a
Shimadzu RF-5301 PC spectrofluorimeter where the excitation
wavelength was 462 nm.
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