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Main Text
Localized surface plasmon resonance (LSPR), owing to collective oscillation of conduction-
band electrons in noble-metal (Au, Ag) nanostructures, induces greatly enhanced electric (E)
fields in confined nanoscale locations, such as on the tips of nanorods or in the junctions of
nanodimers.[1] These locations are called hot spots. In the vicinity of hot spots, Raman
scattering spectra of biochemicals can be substantially amplified with E4 dependence due to
E-field enhancement of both the incident light and Raman scattering spectra.[1c] This
phenomenon is called Surface Enhanced Raman Scattering (SERS)[2] and has drawn
intensive research interest due to the potential applications in label-free and multiplex
biochemical detection.[3] The effect of SERS is so pronounced that the enhancement factor
(EF) can reach 1010 at the junctions of Ag nanoparticles,[4] where single-molecule events
can be readily observed.[1c, 4a, 5] However, the practical applications of SERS for
ultrasensitive biochemical detection is still challenging because (1) it is difficult to create a
large number of hotspots with controlled junctions at a low cost for sensitive and relatively
reproducible detection[6]. (2) It is even more arduous to flexibly assemble the hotspots at
desirable positions for location predicable sensing.

Previous research in biochemical detection with SERS spectroscopy utilized aggregates of
colloidal plasmonic nanoparticles, where the hotspots are random in dimensions, quantity,
and location by nature.[7] The recent breakthrough of On-Wire Lithography (OWL)[8] has
made it possible to control the gap sizes of metallic nanodisk/rod pairs to a few nanometers
and has demonstrated single-molecule sensitivity for various biochemicals such as
methylene blue,[1d] p-mercaptoaniline,[9] and Cy-3-labeled DNA.[10] However, the OWL
applications are still limited by the low density of hot spots. Other methods including E-
beam lithography,[11] nanosphere/colloidal lithography[12], and porous template assisted
deposition[13] were explored for sensitive and location-predictable SERS sensing. However,
creating a large number of strong hotspots remains challenging due to the difficulty in
controlling the gap size to only a few nanometers. Recently, an elegant concept for
manufacturing self-assembled nanofingers has been explored to tackle the aforementioned
problems. Li et al. have successfully created ordered arrays of gold-capped-polymer
nanofingers in a large area by nanoimprint lithography.[14] Controlled numbers of
nanofingers can be readily snapped together by surface tension from solvent evaporation
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where hotspots were created in the junctions with an EF of ~ 1011.[14a] [14b] However,
nanoimprint lithography requires elaborate instruments and once the mask pattern is made,
the arrangement of hotspots cannot be easily altered. Based on a similar concept, Schmidt et
al. economically created hotspots in assembled silver-capped Si nanopillars via maskless
reactive ion etching. At the most closely packed configuration of the nanopillars, a hotspot
density of 30/µm2 and an EF 2.1×1011 were achieved. However, the positions of the
hotspots cannot be precisely controlled due to the irregular positioning of nanopillars.[15]

In this work, we tackle the aforementioned problems by economically synthesizing SERS
nanocapsules and flexibly assembling them into designed arrays with electric fields for
ultrasensitive and location-predictable biochemical sensing. A plasmonic nanocapsule
consists of a tri-layer structure with a three-segment Ag/Ni/Ag nanorod as the core, a thin
layer of silica as the capsulating layer, and uniformly distributed Ag NPs on silica as the
hotspot layer (Scheme 1). Each layer in these nanocapsules serves a specific purpose. The
inner metallic nanorod cores can be electrically polarized and thus manipulated by electric
tweezers[16] based on combined AC and DC electric fields and the embedded Ni magnets in
the nanorods assist the assembly of the nanocapsules onto patterned nanomagnets at
designated locations; the central silica layer provides a supporting substrate for the synthesis
of the Ag NP arrays, which also effectively separates the plasmonic Ag NPs from the
metallic nanorod cores to eliminate plasmonic quenching; finally, the outermost layer made
of Ag NPs with optimized sizes and junctions provides a large number of hot spots (~1200/
µm2) for ultrasensitive detection. We have transported and assembled such nanocapsules
into ordered arrays using our recent nano-manipulation invention, the “electric tweezers”. A
prototype of 3×3 nanocapsule sensor array has demonstrated of the ability to successfully
detect various biochemicals. Such Raman nanosensors are designed and fabricated to
remove obstacles that hinder the applications of SERS and may inspire new designs of
Raman nanosensors.

The fabrication of nanocapsules follows the steps in Scheme 2: we started with the synthesis
of multisegment Ag/Ni/Ag nanorods (300 nm in diameter, LAg= 2.5 µm, LNi= 1 µm) by
electrodeposition in nanoporous anodized aluminum oxide membranes that have been
described previously.[8c, 8d] In brief, a Cu layer of 500 nm in thickness was sputtered onto
the back of the membrane to seal the pores and also serve as the working electrode in a
three-electrode electrodeposition system. The electrodeposition of the nanowires from the
working electrode commenced at the bottom of the nanopores. The amount of electric
charge passing through the circuit controls the length of the segments of the Ag/Ni/Ag
nanowires in the membrane. After dissolving the membrane in 2 M NaOH solution, the
nanowires were washed by sonication and centrifuging in ethanol and deionized (D.I.) water
twice before resuspended in D.I.water.

Next, the Ag/Ni/Ag nanorods were coated with 150 nm amorphous silica via hydrolysis of
tetraethyl orthosilicate.[17] Here, the silica layers served as supporting substrates for
synthesis of Ag nanodot arrays. Freshly prepared silver nitrate (AgNO3, 0.06 M, 400 µl),
ammonia (NH3•H2O, 0.12 M, 400 µl), and nanorods (5.7 × 108/ml, 400 µl) were mixed and
stirred for 1 hour to let the silica adsorb adequate Ag ions before polyvinylpyrrolidone
(PVP) (in ethanol, 10 ml of 2.5×10−5 M) was added. The reactant mixture was incubated at
70 °C to allow PVP to reduce ionic Ag into metallic Ag NPs on silica. After the 7-hour
reaction, arrays of Ag NPs were obtained on the surface of the nanorods as shown in Figs.
1(a) and 1(b). By varying the reaction conditions, the average particle size can be tuned from
8 nm to 25 nm (supporting information S1). The highest enhancement of SERS was
obtained from nanocapsules fabricated according to the conditions described above with a
particle size of 25±6 nm as shown in the enhanced SEM image[18] in Fig. 1(c). Such
nanocapsules offer an estimated Ag NP density of 1600/µm2. The junction sizes between the
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close neighboring NPs were analyzed with methods given by the supporting materials S1. If
we only consider junctions of less than 2 nm between closely neighboring Ag NPs as
hotspots, where the E field is much stronger than that on the Ag NPs or in wider junctions,
the hotspot density is estimated to be 1200/µm2. TEM images evidenced large arrays of
narrow junctions (< 2 nm) in Fig.1 (d–f).

Before characterizing the SERS sensitivity of the nanocapsules, we studied the optical
absorption of the nanocapsules to determine the optimal condition for SERS sensing. Here
the Ag/Ni/Ag metal-cores were removed with the understanding that most excitation light
was absorbed by the outermost Ag nanodot layers while little energy actually goes to the
metal cores. The nanocapsules exhibited an absorption peak at 450 nm due to the collective
plasmonic resonance of assembled Ag NPs [Fig. 2(a)].[19] Since the absorption was very
sensitive to both the size and geometry of nanoparticles, it showed a broad background due
to the size and shape distribution of the Ag NPs. With available lasers from 532–633 nm, a
532 nm laser (random polarized) was chosen as the excitation source for Raman scattering
measurement because the wavelength of 532 nm is closer to the absorption peak and laser
energy can be more effectively absorbed by the nanocapsules, which results in high intensity
E-field focused at the hot spots and thus high EF for SERS detection. Indeed, the
nanocapsules detected Raman spectra of 1,2-bi-(4-pyridyl) ethylene (BPE) with a
concentration as low as 10−12 M (1 pM) [Fig. 2(b)]. The intensity of the SERS at 1644 cm−1

logarithmically increased with the concentration of BPE from 1 pM to 1 µM as shown in
Fig. 2(c). The experimental details can be found in supporting information S2).

We further evaluated the SERS EF of the nanocapsules. The EF of the nanocapsules was
measured and estimated to be 1.1×1010 following a widely used method[14a, 15] as described
in supporting information S3. According to the bi-analyte and temperature-dependent SERS
vibrational pumping methods, an EF of the order of 107–108 is sufficient for detection of
single molecules of various analytes.[20] A SERS substrate with EF of 5×109 has detected a
single BPE molecule.[21] Therefore, the high EF value found in the nanocapsules suggests
their single-molecule sensitivity. Moreover, we observed both a strong intensity and
frequency fluctuation of Raman spectra from extremely low-concentration R6G (1 pM),
which are consistent with single-molecule behaviors attributed to molecular diffusion into
and out of hotspots [Fig. 2(f–g) and supporting information S4], according to previous
reports.[7, 22] As a result, the SERS characterizations have placed the sensitivity of the
nanocapsules in the single molecule regime, even though they are not absolute proofs.[22a]

Raman mapping of R6G shows that SERS enhancement was fairly uniform on the
nanocapsules. At a concentration of 1 µM, R6G forms a monolayer on the nanocapsules
(Experimental details can be found in supporting information S2). Different colors in the
Raman mapping represent different Raman intensities of R6G. The Raman intensity at 1655
cm−1 was essentially uniform along the axis of the nanocapsules and reduced to zero
towards the edges of the nanocapsules due to the deflated laser on the edges [Fig. 2(d)].
Analysis along the nanocapsules shows that the variation of the Raman intensity (at 1655
cm−1) is within ±9% [Fig. 2(e)]. This low variation suggests that the nanocapsules can
readily detect monolayer analyte with good repeatability and predictability over their entire
surface. Note that the tolerance of detection is actually less than ±9% since the coverage of
R6G on nanocapsules cannot be absolutely uniform. Two factors determine this uniformity:
(1) the controlled sizes and spacing of the Ag NPs, which gives relatively low variation of
EF among hotspots; (2) the large number of hotspots of around 240 in each detection area
[1200/µm2 (hot spot density) × 0.2 µm (1/3 of nanocapsule diameter due to nanocapsule
curvature)× 1 µm (laser spot size)]. As a result, the SERS effect is uniform along the
nanocapsules because of the averaged EF from all the hotspots in each detection position.
We further note that the uniform SERS detection demonstrated on our nanocapsules is for
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monolayer chemicals. With reduced concentration of the analyte (less than that of a
monolayer), we should expect larger variation of SERS along the nanocapsules and the
ultimate tolerance is determined by the difference of EF from individual hotspots on the
entire nanocapsules.

Different from most previous reports of SERS sensing nanostructures, our Raman
nanocapsule sensors are designed for facile assembly at designated locations. Previously,
seek-and-find efforts are generally required for SERS sensing devices due to the randomness
of hot-spots. The illogicality of these efforts has greatly hindered the development of SERS
for realistic applications. It is highly desirable to assemble the hot-spots at designated
locations for location-predictable biosensing. Previously, substantial efforts were carried out
to tackle such a problem;[11–13] however, it remains a daunting task to obtain Raman sensors
with reliable spatial accuracy. Here, we present how the strategical design of the
nanocapsules facilitate the rational assembly of hot-spots for location-predictable Raman
sensing by using electric tweezers, our recently invented and contactless nanomanipulation
technique.

Electric tweezers is based on combined DC and AC electric fields for precision orientation
and transport of metallic nanowires in aqueous suspension, the fundamentals of which have
been reported elsewhere[16a, 16c–f, 23]. In brief, in a combined DC and AC electric (E) field,
a longitudinal nanoparticle can be transported by the DC E field due to electrophoretic force
and aligned by the AC E field due to dielectrophoretic force. The transport and alignment
can be controlled completely independently by the DC and AC E fields, respectively.
Applying the combined E fields in both X and Y directions with controlled duration,
longitudinal nanoparticles such as nanowires can be readily transported along prescribed
trajectories on a 2-D surface with a precision of at least 150 nm14a, 14d.

In this work, we leveraged the electric-tweezers manipulation technique and the unique
magnetic Ni embedment in the Ag/Ni/Ag core of the nanocapsules to assemble an ordered
plasmonic nanosensor array on prepatterned nanomagnets as shown in Scheme 3. Uniform
AC and DC E fields were established in a quadruple microelectrode chip with two pairs of
parallel-electrodes separated at a distance of 500 µm. At the center of the quadruple
microelectrode, we fabricated a 3×3 nanomagnet array through standard e-beam lithography
[Fig. 4(a)]. Each nanomagnet with diameter of 1 µm actually consists of a trilayer structure:
6 nm Cr adhesion layer on the substrate, 100 nm Ni layer providing magnetic fields, and 100
nm Au layer for tuning the magnetic interaction force. Nanocapsules suspended in D.I.
water were dispersed at the center of the quadruple electrodes. The nanocapsules can be
readily transported parallel [Fig. 3(a), AC//DC] or perpendicular to their orientations [Fig.
3(b), AC//DC], similar to earlier manipulation of Au nanowires[16a, 16d, 16e], by applying
electric tweezers with a combined AC (15V, 20MHz) and DC voltages (−2.5V to +2.5V) on
the quadruple electrodes,. The transporting speed linearly increased with the applied DC
voltages for both orientations and reached approximately 80 µm/second at 2.5 V in vertical
transport. We noticed that the Ag/Ni/Ag nanorod cores in the nanocapsules played a critical
role in steering the transport orientations. After their metallic cores had been etched
away,[24] the hollow nanotubes were transported by a DC E field; however, the orientations
of the nanotubes were uncontrollable by AC E field due to the weak polarization and low
alignment torques of insulating silica nanotubes in an AC E field (supplementary material
S5). Therefore, it is essential to have the metallic Ag/Ni/Ag rod in the Raman nanosensors in
order to facilitate steering of the orientation.

After the nanocapsules were successfully transported in the microelectrodes, the next task
was to assemble them on arrays of nanomagnets for location predictable SERS sensing. By
programming the AC and DC E fields in both X and Y direction, we have compelled the
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nanocapsules to move along a prescribed trajectory, such as “steps”, with orientations either
parallel [Fig. 4(b)] or perpendicular [Fig. 4(c)] to their transport directions. When
nanocapsules were maneuvered into the vicinity of nanomagnets by the electric tweezers,
the magnetic attraction force securely anchored the nanocapsules on the top of the
nanomagnets. The magnetic force was between the nickel segments in the core of the
nanocapsules and the Ni layer in the patterned nanomagnets on the chip. The manipulation
of the nanocapsules was so versatile and precise that we easily maneuvered a nanocapsule to
pass by a few neighboring nanomagnets and anchored it on a nanomagnet at the center of
the array and other locations [Figs. 4(d) and 4(e)]. In this manner, we have assembled an
array of nanocapsules on top of nanomagnets as shown in Fig. 4(f), where the bright circles
indicate nanomagnets. A representative video clip of the assembling process is provided in
the supporting information. Finally, from the assembled nanocapsule arrays, we successfully
detected SERS of various chemicals including R6G, methyl blue and BPE and realized
location predictable biochemical sensing by design as shown in Fig. 4(g). Note that the
probability of single-molecule detection increases with the number of hot-spots on the
nanocapsules excited by the laser. This can be readily achieved by increasing the size of the
laser spot, having prescribed scanning along the nanocapsules, and even by trapping
multiple nanocapsules on a single nanomagnet.

In summary, we rationally designed and fabricated a new type of nanocapsule SERS sensor
to tackle the two great obstacles in the development of SERS technology: (1) the lack of a
large quantity of hotspots with controlled gaps; (2) the difficulty of assembling SERS probes
at designated locations. Our nanocapsule sensors consist of three functional layers. The
outer sensing layers, made of large numbers of plasmonic NPs with controlled size and gaps,
offer ultrasensitive SERS detection on the entire surface of the nanocapsules. The central
silica coating layer provides support for the outer sensing layers and eliminates the
plasmonic quenching effect. The inner metallic Ag/Ni/Ag core is the key component for
steering the orientation of nanocapsules during manipulation by the electric tweezers. With
electric tweezers, we have transported and anchored nanocapsules on patterned nanomagnet
arrays due to the magnetic attraction between the Ni segment within nanocapsules and the
patterned nanomagnets. As a result, an ordered array of Raman nanosensors has been
rationally designed and fabricated for application in ultrasensitive and position-predictable
SERS detections. Our design and fabrication of nanocapsules can provide valuable
inspiration for investigating new types of Raman nanosensors to realize the full potential of
SERS effect.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Color enhanced SEM images of tri-layer nanocapsules at (a) low magnification and (b) high
magnification. (c) The contrast enhanced image of (b). (d–e) TEM images of a typical
nanocapsule show a fairly uniform distribution of Ag NPs. (f) Arrays of junctions of the Ag
NPs <2 nm.
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Figure 2.
(a) Optical absorption of the tri-layer nanocapsules; (b) SERS characterization of BPE from
1 pM to 1 µM shows clear SERS spectra; (c) SERS intensity increases with BPE
concentrations; (d) Raman mapping profile of 1 µM R6G dispersed on a tri-layer
nanocapsule shows uniform SERS intensity on the entire surface of the nanocapsules. (1655
cm−1, scan step 250 nm, integration time 0.5s) (e) SERS intensity distribution along the
nanocapsule. (f) Variation of SERS spectra of R6G molecules in a 100-sec time frame with
1-sec integration for each spectrum. (g) Intensity of SERS at 1655 cm−1 as a function of
time.
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Figure 3.
AC and DC configurations on quadruple electrodes for the manipulation of nanocapsules.
The nanocapsules are aligned in the direction of AC E field and transported in the direction
of the DC E field. Nanocapsules were transported with controlled speed and orientation
using "electric tweezers", (a) parallel (AC//DC) and (b) perpendicular (AC⊥DC) to their
own alignment directions as shown in the overlapped optical images. Transporting speed is
linearly proportional to the applied DC voltage.
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Figure 4.
Nanocapsules can be precisely transported and assembled on the nanomagnets with electric
tweezers. (a) A 3×3 array of nanomagnets fabricated using E-beam lithography. With
combined AC and DC E fields applied in both X and Y directions, nanocapsules were
transported along prescribed trajectories such as “stairs” with (b) parallel and (c) transverse
orientations. (d, e) Overlapped snapshots show the assembling process of a nanocapsule,
where the nanomagnets were highlighted in red. The nanocapsules can be maneuvered and
positioned at designated positions, showing the high flexibility and precision of the
assembling. (f) An assembled 3×3 nanocapsules array. The bright nanomagnets are in the
center of the nanocapsules, indicating that the attachment is due to the magnetic attraction
between the Ni segments in the center of the nanocapsules and the magnetic layers in the
patterned magnets. All the images were taken by reflective optical imaging. (g) From
assembled nanocapsules, we have detected various chemicals including R6G, methylene
blue, and BPE.
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Scheme 1.
Structure of a tri-layer nanocapsule.
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Scheme 2.
Synthesis process of nanocapsules.
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Scheme 3.
With the electric tweezers, nanocapsules can be transported and assembled onto a pre-
patterned array of nanomagnets by utilizing the magnetic attraction force between the Ni
segments in the nanocapsules and the magnetic layers inside the nanomagnets.
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