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Abstract: Nanoparticle clusters (NPCs) have attracted signifi-
cant interest owing to their unique characteristics arising from
their collective individual properties. Nonetheless, the con-
struction of NPCs in a structurally well-defined and size-
controllable manner remains a challenge. Here we demonstrate
a strategy to construct size-controlled NPCs using the DNA-
binding zinc finger (ZnF) protein. Biotinylated ZnF was
conjugated to DNA templates with different lengths, followed
by incubation with neutravidin-conjugated nanoparticles. The
sequence specificity of ZnF and programmable DNA tem-
plates enabled a size-controlled construction of NPCs, result-
ing in a homogeneous size distribution. We demonstrated the
utility of magnetic NPCs by showing a three-fold increase in
the spin–spin relaxivity in MRI compared with Feridex.
Furthermore, folate-conjugated magnetic NPCs exhibited
a specific targeting ability for HeLa cells. The present approach
can be applicable to other nanoparticles, finding wide appli-
cations in many areas such as disease diagnosis, imaging, and
delivery of drugs and genes.

Over the years, clustered assemblies of nanoparticles (NPs),
such as magnetic nanoparticles (MNPs), gold nanoparticles
(AuNPs), and quantum dots (QDs), have gained considerable
attention owing to their unusual and distinct characteristics
originating from the collective individual properties of the
constituting NPs. Nanoparticle clusters (NPCs) have been
shown to exhibit changes in their optical, electrophysical, and
mechanical properties.[1] The characteristic interparticle-cou-
pled plasmon absorbance of AuNPs was shown to shift toward
a lower energy level compared to separated ones.[2] A larger
assembly of MNPs tends to diphase the spin of water protons
in the surroundings more efficiently than free NPs, leading to
enhanced spin–spin relaxation times.[3]

A hierarchical organization of NPs in a well-defined
ensemble is a critical factor that influences the collective
property of the clusters. Many approaches have attempted to
construct NPCs in a size- and shape-controlled manner.[4] The
DNA-directed assembly of NPCs has drawn significant
attention,[5] including electrostatic binding of NPs toward
a negatively charged phosphate backbone,[6] association of
NPs with chemically modified DNA,[7] and base complemen-
tation of NPs to single-stranded DNA.[8] However, these
approaches require the chemical reduction of metal ions or
alteration of the native DNA structure, inevitably limiting the
applicable surface functionalities of NPs for further modifi-
cation. A magnetic nanoworm was constructed using MNPs in
a dextran-mediated assembly process.[9] With a high-aspect-
ratio geometry, a nanoworm was shown to exhibit more
efficient tumor targeting and imaging ability than separated
NPs. This approach, however, is likely to be insufficient for
constructing diverse shapes of NPCs and controlling their size
because such an assembly mainly relies on the interaction
with dextran.

Here, we present a strategy to construct NPCs using
DNA-binding zinc finger (ZnF) proteins. We reasoned that
ZnFs are effective for constructing NPCs in a size-control-
lable manner through their sequence specificity and easy
conjugation to NPs without any additional modification of the
template DNA. The sequence specificity and affinity of ZnFs
can be easily modulated by varying the numbers of fingers
and optimizing the linkers between fingers.[10] A previous
study showed site-specific positioning of ZnFs on DNA
origami.[11] We used a ZnF, called QNK-QNK-RHR, showing
a nanomolar affinity for dsDNA.[10a] To construct NPCs, we
first conjugated biotinylated-ZnFs (b-ZnFs) to a DNA tem-
plate, followed by incubation with neutravidin-conjugated
nanoparticles (NA-NPs; Scheme 1a). The size of the NPCs
was modulated by changing the length of the DNA template,
and the size distribution of the resulting NPCs was examined.
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The potential utility of the NPC was investigated in terms of
the T2 relaxation time and cancer cell targeting ability.

To construct NPCs in a size-controllable manner, we first
designed DNA templates with different lengths and multiple
ZnF binding sites. DNA templates were designed to contain
seven ZnF binding sites flanked by four random base pairs
(bp) per one DNA block of 87 bp (Scheme 1 b). Based on the
design strategy described in the Supporting Information (SI),
three kinds of DNA templates with different lengths, namely
251, 437, and 809 bp, were synthesized to have 14, 28, and 56
ZnF binding sites, respectively (Figures 1a, Figure S1). The
effective lengths of three DNA templates are 180, 366, and
738 bp, respectively, when subtracting 71 bp of adaptor
sequence for cloning in each DNA template. Considering
the size of MNP used (~ 20 nm including 15 nm of the core
MNP, PEG layer, and NA), the maximum number of MNPs
that can bind to the DNA templates through a specific
interaction is estimated to be 3, 6, and 12, respectively. NPCs
were constructed by incubating each DNA template with
a molar excess of b-ZnF and subsequently with NA-NPs. In
this assembly process, b-ZnF acts as a mediator that links NPs
and DNA templates (Figure S2). Unbound ZnF can interfere
with the interaction between NA-NPs and DNA templates,
and free ZnF was completely removed. The construction of
the ZnF–DNA complex could be easily confirmed using a gel
shift assay (Figure 1 b). As a complex between ZnF and
a DNA template with 437 bp was formed, a band shift was

clearly observed. This change in mobility also demonstrates
the stability of the formed ZnF–DNA complex, e.g., even
after washing steps.

To directly observe the stable association of ZnFs with
a DNA template, we investigated the ZnF–DNA complex
using atomic force microscopy (AFM). As shown in Figure 1c
and Figure S3, the complexes were found to have various
lengths and full width at half maximum (FWHM) values, even
though the same DNA template of 437 bp was used. Further
analysis revealed that two typical complexes had different
dimensions (4.7 nm in height � 29 nm FWHM and 12.6 nm in
height � 48 nm FWHM), which were not observed in the
presence of a DNA template alone. The difference in
morphology is likely to originate from the association of
ZnFs with DNA templates. It was reported that naked
dsDNA is shown to be 1–2 nm in height in an AFM image.[12]

We can therefore rule out the possibility that the morphology
difference may be caused by an irregular bending or
compaction of dsDNA alone. The rather broad distribution
of the complex (lane 3, Figure 1b) compared to the sharp
migration band of naked dsDNA (lane 2) also supports the
result of AFM imaging.

To investigate the property of the NPCs, we separated
them from free NPs using a density gradient method as
described in the SI. The NPCs have a higher specific
sedimentation velocity owing to their higher density com-
pared to the free NPs, and the gradient method is effective for
separating the NPCs. The loading concentration of the NPCs
was shown to be critical to achieve a separation with high
purity, and the optimum concentration was determined to be
400 nm with respect to the MNPs. Figure S4 a and b show the
optical and TEM images of the separated NPCs and free NPs.
The structure of the linear NPCs was distinctively observed in
the lower band of the gradient media, and this fraction had
few free NPs. The hydrodynamic size of the NPCs was

Scheme 1. Construction of NPCs using DNA-binding ZnF protein. a) A
schematic representation for the size-controlled construction of NPCs
using the DNA template and ZnF protein. Biotinylated ZnF that binds
the DNA template consists of three fingers, namely F1, F2, and F3.
b) Synthesis of three DNA templates with different lengths through
a repeated DNA assembly using restriction enzymes and ligase. The
cyan-colored blocks indicate a DNA block as a synthesis unit. The
blocks in the other colors indicate the recognition sites of the
respective restriction enzyme: red, NdeI ; gray, XhoI ; yellow, SalI ; and
blue, EcoRI.

Figure 1. Separation and characterization of the ZnF–DNA complex.
a) Agarose gel electrophoresis of three DNA templates. Lane 1: DNA
size marker of 100 bp. DNA template of 251 (lane 2), 437 (lane 3), and
809 bp (lane 4). b) Electrophoretic mobility shift assay of b-ZnF for the
DNA template of 437 bp. Lane 1: DNA size marker of 100 bp. Lane 2:
DNA template of 437 bp. Lane 3: DNA template of 437 bp in complex
with ZnF. c) AFM image (left) and selection analysis (right) of the
ZnF–DNA complex using a DNA template of 437 bp. Scale
bar = 200 nm.
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estimated to be 342 nm based on dynamic light scattering
(DLS), whereas that of the free NPs in the upper band was
around 50 nm (Figure S4 c).

To test whether the NPCs can be constructed in a size-
controllable manner, we utilized three kinds of DNA
templates with different lengths, namely 251, 437, and
809 bps. Figure 2b shows histograms of the NPCs with respect

to the number of NPs in the respective DNA template. The
histograms were obtained by analyzing more than 380 NPCs
for each template in the TEM images (Figure 2a, Figure S5).
The peak and shape of the distribution histograms were
shown to shift as the size of template increased from 251 to
809 bp, demonstrating the construction of NPCs in a size-
controllable manner through the change in the length of the
DNA template. The average number of MNPs bound to the
DNA templates was shown to be 2.9, 5.8, and 11.6, respec-
tively, exhibiting a good agreement with the expected number
of MNPs, namely 3, 6, and 12 (Table S1). Standard deviations
in the size distribution, however, slightly increased with the
increasing length of the DNA template, from 0.9 to 2.0. This
seems to be caused by the increased flexibility of a longer
DNA, which may interfere with the cluster formation. Based
on the results, the present approach can be effectively used for
constructing the clusters in a size-controllable manner,
showing a generally acceptable range of heterogeneity.
High-magnification TEM analysis revealed distinct differ-
ences in the cluster structures, depending on the length of the
DNA template (Figure 2a).

In an attempt to assess the utility of the NPCs, we
evaluated the contrast effect of magnetic NPCs on the T2-
weighted magnetic resonance imaging (MRI). Figure 3 shows
the measurement of the T2 relaxation rate (R2 = 1/T2) for
magnetic NPCs based on the DNA template of 809 bp at
different Fe concentrations. As a control, a clinically
approved conventional contrast agent, Feridex, was used.
As the Fe concentration increased from 0 to 0.25 mm, R2 of
the magnetic NPCs increased with a three-fold higher slope
(r2 = 315.1 mm

�1 s�1) than that of Feridex (r2 =

108.2 mm
�1 s�1). For a given Fe concentration, the magnetic

NPCs resulted in a significantly darker (T2-weighted) image
than Feridex (inset of Figure 3). Magnetic NPCs showed

a slightly higher rate than free MNPs (r2 = 288 mm
�1 s�1;

Figure S6). A similar result was observed for linearly assem-
bled MNPs using M13 bacteriophage.[13] However, it has been
suggested that the potential of magnetic NPCs as an MRI
agent should be assessed through in vivo experiments. Clus-
tered nanochains are known to exhibit significantly improved
in vivo efficacy compared to isolated NPs owing to their low
uptake in the reticuloendothelial system (RES), prolonged
blood half-life, and high tumor-targeting ability.[14] The
present approach can be extended to other NPs such as
QDs and AuNPs, which may bring about unusual physical
properties as compared with isolated ones.

We next examined the cellular targeting ability of
magnetic NPCs using HeLa cells overexpressing the folate
receptor. For this, we conjugated the folate and DNA-
intercalating dye (YOYO-1) to the magnetic NPCs as
described in the SI. The cells treated with the NPCs exhibited
distinct green fluorescence, whereas no fluorescence was
observed from the cells treated with the control NPCs
(Figure 4). This result clearly demonstrates the receptor-
mediated specific uptake of folate-conjugated magnetic
NPCs. It is also noteworthy that imaging with DNA-tem-
plated NPCs can be easily achieved using a DNA-intercalat-
ing dye with a high loading capacity and easy conjugation.
Based on the results, the magnetic NPCs are expected to be
used as a dual imaging probe with fluorescent and magnetic
properties.

In conclusion, we demonstrated a simple and versatile
strategy to construct NPCs using DNA-binding ZnF protein.
Our approach enables the construction of NPCs in a size-
controllable manner through programmable DNA templates
and the sequence specificity of ZnF, showing a general
applicability to other NPs. The size distribution of the NPCs
was well correlated with the length of the DNA template, and
the number of MNPs in the NPCs was shown to closely match
the expected number. Our results show the potential utility of
magnetic NPCs as an enhanced MRI contrast agent and dual
probe for magnetic and fluorescence imaging. The present
approach can be generally applicable to other NPs such as

Figure 2. Size-controlled construction of NPCs. a) TEM images, and
b) size distribution of constructed NPCs using DNA templates with
different lengths, namely 251 bp, 437 bp, and 809 bps. The number of
NPCs, N (measured for the respective template) is provided.

Figure 3. Enhanced MRI contrast effect by magnetic NPCs compared
to Feridex. Plots of R2 (1/T2) versus metal concentration are shown.
T2 images of the magnetic NPCs and Feridex were obtained using
3.0 T MRI (inset). The concentration of the contrast agents used in the
T2 images was 0.18 mm (metal).
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AuNPs and QDs with a slight modification for separation
owing to the difference in density. Such NPCs can explore
practical applications in many areas such as disease diagnosis
and delivery of drugs and genes.[15] Furthermore, elaborate
and designable NPC structures can be developed using other
types of ZnFs with different sequence specificities for various
DNA conformations.
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Figure 4. Cellular targeting and uptake of magnetic NPCs. Fluores-
cence images of HeLa cells treated with media (upper) and magnetic
NPCs without (middle) or with (lower) folate. DNA-intercalating dye
(YOYO-1)-labelled magnetic NPCs are shown in green. The NPC
concentration used was 0.1 nm.
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