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ABSTRACT: Gold nanoshells currently attract increasing research interests due to the
important role in many subjects. For practical applications, random arrangement of the
nanoparticles is often unfavored so that the assembly of gold nanoshells is becoming a
central issue. We here proposed to utilize time-variant magnetic field to direct the
assembly of gold nanoshells. It was discovered that the alternating magnetic field can
mediate the vortex-like assembly of gold nanoshells. The mechanism was explored and
thought to be relative with the electric field of induction which caused the thermal
gradient on the substrate and the electric force. The vortexlike structure as well as the
assembly mechanism will play an important role in research and application of gold
nanomaterials.

■ INTRODUCTION
Thanks to the pioneering work of Halas and West,1 gold
nanoshells currently attract increasing research interests due to
the important role in many subjects such as plasmonics,2 photo-
thermal therapy,3 and SERS (surface enhanced raman
spectrum)-based dection.4 For research of plasmonics, the
relationship between arrangement of unit blocks and
distribution of light is a key issue. Availability of novel struc-
tures of nanomaterials will obviously contribute to the research.
This is likewise the case for the photothermal therapy. As a
heating source, different aggregation of the gold nanoshells will
lead to the different thermal transfer and distribution which is
closely correlative with the therapeutic performance. For the
SERS-based sensing, the arrangement of nanomaterials on
substrate should be uniform and recognizable so that the signals
can be gathered correctly. If the nanoparticles are randomly
arranged, the detection will be irreproducible. Moreover, the
assembled pattern will contribute to the fundamental research
on interaction between the nanoparticles and the cells. We have
discovered that the arrangement of nanoparticles on the sub-
strate can direct and regulate the growth of osteoblasts. How-
ever, the phenomena disappeared when the nanoparticles were
randomly arranged. The novel structures of nanoparticulate
assemblies will certainly play an important role in the elucidation
of this phenomenon.
Magnetic field-directed self-assembly has advantages of low

cost, good reproducibility, large scale, and unnecessity of extra
molecules.5 The static magnetic field has been employed to
direct the assembly of magnetic nanomaterials, resulting in for-
mation of the one-dimensional chains with microstructures.6,7

Although the magnetically directed assembly seems adoptive

for arrangement of the gold nanoshells, the gold nanoshells are
incapable of being directly manipulated by the static magnetic
field due to the weak susceptibility. However, time-variant mag-
netic field is considered to be able to assemble the gold
nanoshells based on our previous observations that the time-
variant magnetic field can induce both magnetic nanoparticles
and gold nanoparticles to form the special patterns.8−10 The
manipulation of weakly magnetic objects by the time-variant
magnetic field is mainly dependent upon the effects of electro-
magnetic induction, which are variable in specific cases. Thus,
the study of gold nanoshell assembly in the presence of the
time-variant magnetic field is an important and interesting
issue. In this Letter, it is reported that the gold nanoshells can
form vortexlike assemblies mediated by the alternating
magnetic field and the mechanism may lie in the complex
effect of the electric field of induction.

■ EXPERIMENTAL SECTION
The gold nanoshells, stabilized by citric acid, were synthesized by
following Halas’ method without removing the SiO2 cores.

11 As seen
from TEM image of the synthesized nanoshells (see Figure 1A), the
size of the particles was estimated to approximate 160 nm. All the
chemical reagents during the process of synthesis were dissolved in the
pure water, and the final colloidal suspension was also aqueous phased.
The concentration of the gold nanoshells in the experiments was
33.4 μg/mL, measured by using an atomic absorption spectrometer.
The strength of the alternating magnetic field in our experiments was
fixed on 70 KA/m, and the frequency ranged from 20 Hz to 100 kHz.
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Si wafer was used as substrate for supporting the colloidal droplet. The
substrates in the experiments, including Si wafers and glass cover
slides, were cleaned by using a mixture of H2SO4 and H2O2 at the
boiling temperature. The flux of magnetic field was always per-
pendicular to the Si wafer as described in our previous reports.8,9 The
motion of particles in the presence of field was simulated with the
Lattice-Boltzmann method.

■ RESULTS AND DISCUSSION

Generally speaking, the colloidal particles form the amorphous
aggregates after the solvent evaporation. However, the
nanoshells assembled into the vortexlike pattern in the presence
of 100 kHz alternating magnetic field (see Figure 1B and C).
However, the phenomenon was incapable of occurring either
under the fields below 100 kHz or on glass substrates. Instead,
the gold nanoshells formed the small aggregates discretely dis-
persing on the substrate (see Supporting Information, Figure S1).
Here it should be mentioned that the pattern formation was
not merely dependent upon the field frequency. In our experi-
ments, an alternating magnetic field that owned the fixed fre-
quency (40 kHz) but the adjustable intensity was also em-
ployed to assemble the gold nanoshells. The results indicated
that the gold nanoshells can also form the vortex-like pattern of
the kind when the field intensity was above 110 KA/m.
However, the gold nanoshells failed to form such a pattern on
the glass substrate even under the higher field intensity.
Because the gold nanoshell is weakly magnetic substance, the

electric field of induction was taken into account. According to
Faraday’s rule of the electromagnetic induction, an alternating
magnetic field will generate an electric field with identical fre-
quency (∇ × E⃗ = (∂B⃗/∂t)). In our experiments, the induction
field was a circular electric field in the plane of substrate. Our Si
wafers were commercially available, and the impedance was
measured to be 2 KΩ (Supporting Information, Figure S2).
Hence, the electric field of induction is to result in more
thermal production of the Si wafer with the frequency of alter-
nating magnetic field increasing. Actually, the colloidal droplet
was observed to evaporate much more quickly under the treat-
ment of the 100 kHz alternating magnetic field. In experiments,
the steam was observed to emerge after 1 min treatment of the

100 kHz alternating magnetic field. After 4 min, the droplet
began to shrink and dried thoroughly in one more minute.
The heating curve of a Si wafer (there is a drop of solution

on it) under the treatment of 100 kHz alternating magnetic
field is shown in Figure 2A, exhibiting that temperature of the
Si wafer increased swiftly to approximate 80 °C in 1 min and
this temperature was kept for 4 min. After that, the temperature
increased sharply again, meaning the solution had evaporated
thoroughly. Associated with the experimental phenomena, it
was inferred that the assembly was ongoing in the stage of 80 °C.
For this reason, the surface thermal distribution of Si wafer
was simulated, which showed a concentrically ringed pattern
(see Figure 2B). A heating platform was likewise adjusted to
80 °C in order to inspect the influence of the thermal gradient
in the absence of the alternating magnetic field. The after-dried
pattern is shown in Figure 2C (the corresponding local mag-
nification is shown in Figure 2D), which is somewhat similar to
that of the simulation. Here, the aggregation of nanoparticles
was considered to be driven by the gradient of thermal energy
(F = −∇U, where F is force and U is energy). In Figure 2B, the
color denoted temperature and the maximal variety of thermal
energy are present in the regions of color transition. Therefore,
the nanoparticles tended to aggregate into the concentrically
ringed pattern.
Besides inducing the thermal gradient, the electric field of

induction also imposed force on the gold nanoshells. Move-
ments of one particle and two particles in the presence of the
circular electric field were simulated with neglecting the
influence of Brownian motion, respectively. Both animations
can be seen in the Supporting Information (movies S1 and S2).
The moving trajectory of one particle is shown in Figure 3A,
demonstrating that the particle may make a spiral motion under
the circular electric field. For two particles, the simulation
demonstrated that the back one can move more quickly than
the front one, which can account for the linkage between the
interior rings and the exterior rings. The electric force here in-
cludes the electrostatic force and the dielectrophoretic force
because the induction field is alternating electric field. The former

Figure 1. Gold nanoshells for assembly. (A) SEM image of the synthesized gold nanoshells. Inset: size measurement of one particle. (B) SEM image
of the gold nanoshells after field-mediated assembly. (C) Local magnification of central area of (B).
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arises from the Coulomb interaction, dependent upon the net
charges of particles. The force can be expressed by

⃗ = · ⃗qF EEP (1)

where F⃗EP is the electrostatic force, q is the net charges of
objects, and E⃗ is the intensity of electric field. According to the
reaction mechanism of gold nanoshells synthesis, there were
amounts of citric radicals adsorbed on the surface of gold nano-
shells so that the gold nanoshells are charged, capable of being
driven by the electrostatic force. The latter arises from the
polarization of objects under the alternating electric field,
dependent upon the size and the polarizability rather than the
net charges. This force is often called dielectrophoretic, ex-
pressed by

⃗ = πε ω ∇| ⃗|rF 2 Re[K( )] EDEP
3 2

(2)

where F⃗DEP is the dielectrophoretic force, ε is the complex
permittivity, r is the radius of object, Re[K(ω)] is the Clausius-
Mossotti factor that is derived from the effective polarizability.
and E⃗ is the intensity of electric field.12

Based on the above-mentioned analysis, a possible mecha-
nism of assembly was schematically depicted in Figure 3B,
which relied on the synergetic effect of electric force and
substrate heating. The first step was that the nanoshells formed
the loosely packed aggregates resulting from the thermal
gradient, which is similar to the concentrically ringed pattern.
After that the nanoshells were directed to move spirally, further
to form the close-packed vortexlike assemblies. During the
process, the directed spiral motion in the second stage was
activated just on the basis of the aggregation of gold nanoshells
in the first stage. Seen from eqs 1 and 2, the aggregation of
building units enlarges the total charge and volume of the
objects so that the electric force gets enhanced to be capable of
overcoming the thermal and fluidic resistance. That is why

Figure 2. Influence of thermal distriution of Si substrate on assembly of gold nanoshells. (A) Temperature measurement of Si wafer during process
of the assembly. (B) Simulation of thermal gradient on Si surface after 4 minutes. (C) SEM image of gold nanoshells after drying on an 80 °C
heating stage in the absence of alternating magnetic field. (D) Local magnification of (C). Inset: local magnification of (D).
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Figure 3. Mechanism of vortexlike assembly. (A) Simulated trajectory of one particulate movement driven by circular electric field. (B) Schematic
depiction of the pattern formation of gold nanoshells.

Figure 4. SEM images of nanoshells assembly with ion amount decreasing. (A) Impedance of the colloidal suspension versus the time. (B−D)
Typical SEM images of particulate assemblies in three time points.
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neither the thermal gradient nor the electric field of induction
can lead to the pattern formation solely.
The dependence of the pattern formation upon the colloidal

ion amount was also experimentally studied. The suspension of
nanoshells was settled for 3 days until the lamination can be
observed. Then the supernatant was removed and the ultrapure
water (resistivity ≥ 18.25 MΩ·cm−1) of the same volume was
added into the suspension. By repeating this process, the ion
amount can be incessantly decreased. The ion amount of the
colloidal system was characterized by measuring impedance of
the suspension. The data are plotted in Figure 4A (the ion
amount decreased every 3 days, and hence the number of days
was used as the abscissa). It was experimentally discovered that
there was a transition from the vortexlike pattern into the
concentric-circled pattern with the ion amount decreasing
(see Figure 4B and C). Furthermore, the assembled structure
vanished when the ion amount was too small (see Figure 4D).
The measurements of ζ potential as well as DLS (dynamic light
scattering) confirmed that the surface charges of nanoshells
were reduced with colloidal ions becoming less and less, and
the nanoshells were inclined to form the larger aggregates
(Supporting Information, Figure S3). According to eqs 1 and 2,
the electrostatic force becomes smaller while the dielectropho-
retic force becomes larger. Therefore, the assembled pattern
can be controlled by the synergetic action of the two electric
forces, the thermal gradient and the Brownian and fluidic re-
sistance. When the electric force was too weak to overcome the
resistance, the influence from the thermal gradient of substrate
was to play a dominant role so that the gold nanoshells formed
the concentric circles. However, when the charges were too few
to stabilize the colloidal particles, the nanoshells promptly for-
med the amorphous aggregates to achieve the thermal equili-
brium.
Then 40 nm hollow Au nanoshells13,14 and 10 nm Au

nanoparticles were also employed as the building blocks for the
field-mediated assembly. Both the nanomaterials were stabilized
by the citric acid. The SEM image of as-synthesized 40 nm
hollow gold nanoshells is shown in the Supporting Information

(Figure S4). The morphological images of both the nano-
particles after field-mediated assembly are shown in Figure 5A
and B. For the 40 nm hollow nanoshells, the vortexlike as-
sembly can also occur but the assemblies were much more
loosely packed and dispersive. However, the assembly failed to
take place for the 10 nm gold nanoparticles. Interestingly, if
the 10 nm colloidal gold particles aggregated into the larger
clusters,15 the vortexlike assembly was to reappear (see Figure 5C).
The mean size and the ζ potential of the aggregated
clusters were measured to be 164 nm and −23.74 mV, respec-
tively (Supporting Information, Figure S5), revealing that this
phenomenon resulted from the enhancement of the electric
force due to the enlargement of building blocks so that the
Brownian motion and the fluidic resistance can be overcame.
The entropy-driven effect is possible to result in the for-

mation of ringlike patterns. The influence of this factor was
excluded by probing the relationship between the pattern for-
mation and the concentration of gold nanoshells after natural
drying. We set six concentrations, and the conformational images
after natural drying are shown in the Supporting Information
(Figure S6). The after-dried conformation of gold nanoshells
was randomly dispersive, and there was little difference among
the samples. Therefore, our experimental phenomena are not
caused by the entropy-driven effect. The experiments of dif-
ferent concentration can also partly exclude the “coffee ring”
effect, which roots in the pinning of the contact line of colloidal
droplet. Because the dilution was done by adding the ultrapure
water, the gold nanoshells turned more and more unstable.
However, the “coffee ring” structure failed to emerge for all the
samples. This result means that the formation of the vortexlike
structure is different from that of the “coffee ring” structure in
mechanism. It was recently reported that the anisotropic
particles can suppress the “coffee ring” effect.16 We furthermore
verified that the time-variant magnetic field-mediated vortexlike
assembly was independent upon the contact line of colloidal
droplet. The CTAB-capped gold nanorods (40 nm, aspect ratio
is 3) were employed as the building blocks for the time-variant
magnetic field-mediated assembly. Unlike the suppression of

Figure 5. Field-mediated assembly of 40 nm hollow Au nanoshells and 10 nm Au nanoparticles. (A) SEM image of 40 nm gold nanoshells after
100 kHz alternating magnetic field-mediated assembly. (B) SEM image of 10 nm gold nanoparticles after 100 kHz alternating magnetic field-
mediated assembly. (C) SEM image of 10 nm colloidal gold aggregates after 100 kHz alternating magnetic field-mediated assembly.
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the formation of “coffee ring”, the time-variant magnetic field
can also induce the vortexlike assembly of the gold nanorods
(Supporting Information, Figure S7). Thus, the vortexlike
assembly of the gold nanoshells should be a novel phenomenon
of pattern formation which is mediated by the field.
Here, it should be mentioned that the assembly time may be

important for the pattern formation. However, the character-
ization of the assembly process in situ becomes very difficult
because any conducting material will be molten due to the
presence of the powerful alternating magnetic field. We pre-
viously probed the influence of different assembly time on the
pattern formation of magnetic nanoparticles. The assembly
time for the magnetic nanoparticles was much longer than that
for the gold nanoshells. The minimal available time for as-
sembly was 9 min and the maximal available time for assembly
was 4 h. The results revealed that the nanoparticles formed the
amorphous clusters randomly dispersing on the substrate for
the minimal assembly time. With the assembly time prolonged,
the assembled patterns turned more and more ordered. Thus,
we inferred that the nanoparticles first formed the clusters and
after that the clusters further were rearranged to form the
ordered patterns under the treatment of external field.

■ CONCLUSION
In conclusion, it is discovered that the time-variant magnetic
field can mediate the vortexlike assembly of gold nanoshells.
The mechanism lies in the electric field of induction which
gives rise to the thermal gradient and the electric force to
synergistically assemble the gold nanoshells into the vortexlike
pattern. This report will deepen the knowledge of the field-
directed assembly and widen the application of gold nanoma-
terials. In addition, the alternating magnetic field will attract
more attentions for the directed assembly of weak magnetic
objects.
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