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ABSTRACT: To detect biochemicals with ultrahigh sensitivity, efficiency,
reproducibility, and specificity has been the holy grail in the development of
nanosensors. In this work, we report an innovative type of photonic−
plasmonic hybrid Raman nanosensor integrated with electrokinetic manipu-
lation by rational design, which offers dual mechanisms that enhance the
sensitivity for molecule detection directly in solution. For the first time, we
integrate large arrays of synthesized plasmonic nanocapsules with densely
surface distributed silver (Ag) nanoparticles (NPs) on lithographically
patterned photonic crystal slabs via electric-field assembling. With the
interdigital microelectrodes, the applied electric fields not only assemble the
hybrid plasmonic nanocapsules on photonic crystal slabs, but also generate
electrokinetic flows that focus analyte molecules to the Ag hot spots on the
nanocapsules for surface-enhanced Raman scattering (SERS) detection. The
synergistic effects of plasmonic−photonic resonance and the electrokinetic
molecular focusing can promote the SERS enhancement factor (EF) robustly to ∼2 × 109. Various molecules including SERS
probing molecules, nucleobases, and unsafe food additives can be detected directly from suspension. The innovative mechanism,
design, and fabrication reported in this work can inspire a new paradigm for achieving high-performance Raman nanosensors,
which is pivotal for lab-on-chip disease diagnosis and environmental protection.

KEYWORDS: surface-enhanced Raman scattering, photonic crystal, guided-mode resonance, electrokinetic manipulation,
Raman nanosensor

The holy grail in the development of biochemical
nanosensors is to obtain ultrahigh sensitivity, efficiency,

reproducibility, and specificity in molecule detection. Among
various sensing mechanisms, surface-enhanced Raman scatter-
ing (SERS), which utilizes localized surface plasmon resonance
(LSPR) to obtain ultrahigh enhancement of Raman signals of
molecules, is one of the most promising techniques, which can
offer advantageous label-free and multiplex detection. With
rational designs, reports show that some SERS substrates can
enhance Raman signals of molecules to 1010, which can readily
detect single molecules of various species.1−3 Applications of
SERS have been demonstrated, ranging from diagnosis of
prestage diseases,4−7 detection of warfare agents,8−11 to
environmental protection.12−16 However, the practical applica-
tions of SERS are still hindered by a few hurdles. First, it
remains challenging to obtain SERS substrates with robust
ultrahigh enhancement. Second, it requires great effort to

fabricate/assemble plasmonic nanoparticles (NPs)/substrates
at designated locations for position deterministic detection.
Third, most SERS detections are performed in a dried
environment so that target molecules during the drying process
can be forced to attach to SERS substrates, where ultrahigh
enhancement only exists in a region of tens of nanometers near
the SERS substrates.17−19 It is highly desirable to detect
molecules directly from solution to study SERS effects since the
drying process of analytes can have the “coffee ring effect”,20,21

which makes the obtained results depend on individuals and
groups. However, when directly detecting from suspension, it is
arduous to focus interesting molecules on the surface of SERS
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nanosensors. New mechanisms must be considered to
overcome the issue.
Recently, guided-mode resonance (GMR) in photonic crystal

slabs (PCSs), which has been extensively studied in filter
applications,22−25 has drawn great attention for its potential
application in the enhancement of Raman signals. Guided-
mode resonance can substantially boost localized electric fields
(E) in the vicinity of PCSs due to their efficient trapping of the
light. The effect can readily enhance Raman signals of
molecules due to the E4 dependence.18,19,26 Noticeably, the
mechanism of Raman enhancement by GMR is similar to that
of LSPR. It is intriguing that even higher EF can be obtained by
coupling GMR with LSPR. Recently, a few research groups
including us have demonstrated coupling of the GMR with
LSPR from metallic NPs for enhanced Raman detection.27−29

However, none of the existing articles have offered the
capability in instant assembly and alignment of plasmonic
NPs at designated positions on PCSs, not to mention active
focusing of molecules in solution for direct sensing on PCSs.
In this work, we report an integrated lab-on-a-chip system

which for the first time offers two enhancement mechanisms
that improve both sensitivity and efficiency in SERS detection
directly from solution. The device is made of bottom-up
synthesized SERS nanocapsules and top-down fabricated PCSs.
The SERS-active nanocapsules are efficiently assembled on top
of PCSs and form aligned arrays by electric fields. The
synergistic resonance of PCSs and plasmonic NPs can
effectively enhance SERS detection. The applied electric field
via integrated microelectrodes not only assembles nanocapsules
but also effectively attracts analyte molecules to the plasmonic
nanocapsules to increase the concentration and interaction of
molecules with the high-density plasmonic hot spots on the
surface of nanocapsules. As a result, the device can improve the
detection sensitivity and efficiency directly from liquid
suspension in a rational and designed manner. Experiments
show that in addition to the high Raman enhancement of ∼3.7
× 108 from the plasmonic nanocapsules, the designed PCS
provides another 3 times enhancement. Furthermore, with
optimized ac frequencies and voltages, analyte molecules,
including Nile blue, adenine, and melamine, can be effectively
concentrated on the surface of the nanocapsules, which further
increases the enhancement by 19% to 45%. In total, the
designed structures can robustly improve the detection
sensitivity by an additional 5 times on top of the existing
SERS enhancement of 3.7 × 108. The device could be readily
integrated with microfluidics for on-chip molecule sensing by
Raman spectroscopy.
The electrokinetic manipulation integrated plasmonic−

photonic hybrid nanosensors consist of three components:
(1) chemically synthesized plasmonic nanocapsules, where
billions of NPs can be fabricated on the outermost surface of
the nanocapsules at a time; (2) PCSs with a square lattice of
circular nanoholes are fabricated via electron-beam lithography
(EBL) and dry etching; and (3) interdigital microelectrodes
patterned on the PCSs via the common photolithography based
lift-off process (Figure 1a). Here, each component serves a
purpose: the nanocapsules, with a metallic gold (Au) nanorod
core and dense silver (Ag) NPs on the outer surface, can be
readily maneuvered into aligned arrays in an external electric
field and provide ultrahigh sensitivity for SERS detection
(Figure 1b and Figure 2a−c); the PCSs are carefully designed
to match its resonance with the excitation laser wavelength
(633 nm randomly polarized laser, Research Electro-Optics,

Inc.) to further boost the SERS sensitivity of the nanocapsules
due to the substantially enhanced electromagnetic fields; finally,
the patterned microelectrodes on the PCSs provide electric
fields to manipulate and assemble the plasmonic nanocapsules
as well as to actively focus analyte molecules on the SERS
sensitive surface of the nanocapsules, providing additional
enhancement in terms of the detection efficiency and
sensitivity.
The fabrication of the PCSs with patterned interdigital

microelectrodes is via top-down lithography as illustrated in
Figure 3a−c. In brief, the fabrication starts with creating a two-

Figure 1. Schematics of electrokinetic manipulation integrated
plasmonic−photonic hybrid nanosensor system.

Figure 2. (a) Optical microscopy image of aligned nanocapsules on
interdigital microelectrodes with lithographed nanophotonic crystals.
AC E-fields are applied on the Au microelectrodes. (b) SEM image of
aligned plasmonic nanocapsules after water evaporation. The scale bar
is 30 μm. (c) SEM image of a nanocapsule aligned on the PCS via the
microelectrodes.

Figure 3. Fabrication schemes of the PCSs with embedded interdigital
microelectrodes. (a) Fused silica is coated with a thin layer of Si3N4
(thickness: 230 nm). (b) PCSs are fabricated by EBL and RIE. (c) Au
interdigital microelectrodes are patterned by photolithography,
followed by electron-beam evaporation. (d) Optical microscope
image of the obtained PCSs with embedded interdigital electrodes;
inset is the enlarged image of the PCS with a = 425 nm and d = 213
nm.
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dimensional (2D) ordered arrays of nanoholes on a 230-nm-
thick Si3N4 film, which is deposited on a fused silica substrate,
via EBL followed by reactive ion etching (RIE) (Figure 3b).
Next, the substrate is cleaned in piranha solution and Remover
PG at 85 °C for 1 h before a set of Au (150 nm)/Cr (10 nm)
interdigital microelectrodes is patterned on the PCSs via the
common photolithography based lift-off process (Figure 3c,d).
The SERS-active nanocapsules are obtained by chemical

synthesis including electrochemical deposition and hydro-
thermal growth.30,31 The nanocapsules consist of a trilayer
structure with a Au nanorod as the core, a thin silica layer
coated on the surface of the Au core, and an outer layer of high-
density Ag NPs grown on the silica layer (Figure 4). Energy
dispersive spectroscopy (EDS) analysis confirms that the inner
core is Au and the outmost surface is covered by Ag (Figure
4e,f). The inner Au nanorod cores are fabricated by
electrochemical deposition into nanoporous templates. Billions
of nanorods can be made at a time with tunable lengths and
diameters.32 They can be electrically polarized and manipulated
in an electric field.33 The silica layers are synthesized via
hydrolysis of tetraethyl orthosilicate (TEOS, 0.8 mL, Alfa Aesar,
99.999+%) in a mixed solution of ammonia (0.2 mL, Fisher
Scientific, Certified A.C.S. Plus), ethanol (3 mL, Pharmco-
aaper, ACS/USP grade), and deionized water (1.8 mL), which
not only provide supporting substrates for the growth of Ag
NPs but also effectively separate them from the Au cores to
avoid the possible optical quenching effect. The uniform Ag

NPs on the silica surface are grown by the reduction of silver
nitrate (AgNO3) in polyvinylpyrrolidone (PVP). The size of Ag
NPs and their junctions are optimized to 26 ± 5 nm and 1.8 ±
0.4 nm, respectively, which provide an EF of 3.7 × 108 for
ultrasensitivity SERS detection30 (a more detailed calculation of
enhancement factor is in Supporting Information). The
detailed synthesis procedure is described in the Supporting
Information.
Next, the chemically synthesized plasmonic nanocapsules are

assembled into arrays on the lithographed PSCs by electric
fields created via the interdigital microelectrodes on the PCSs
(Figure 2a−c). Upon applying ac voltage of 20 V at 700 kHz,
we found the nanocapsules instantly aligned and transported to
attach to the edge of the microelectrodes, forming into parallel
arrays. The alignment and assembling are due to the
dielectrophoretic (DEP) force resulted from the interaction
between the electrically polarized nanocapsules and the ac
electric field (E), given by F = p · ∇E34 where p is the electric
dipole moment. Owing to the strong polarization of the
metallic Au nanorod core, the transportation and assembling
can be accomplished in 120 s at 20 V and 700 kHz.35 These
results agree with our previous study that metallic longitudinal
nanostructures can be strongly polarized and efficiently
transported toward the highest of E-field gradient and aligned
with the E-field.35 Therefore, by exploiting the advanced top-
down lithography and field induced assembling techniques, we
facilely obtained a new type of plasmonic−photonic hybrid

Figure 4. (a) Cross-sectional schematic of a nanocapsule where a metallic Au nanowire serves as the core, a silica layer grown on the surface of the
metal core support the Ag NPs growth, and Ag NPs grow uniformly on the silica layer. (b,c) SEM images of nanocapsules, (d) high-density Ag
nanoparticles grown on the surface of the nanocapsule. (e,f) EDS mappings of Au and Ag distribution of a nanocapsule, respectively.

Figure 5. (a) Simulated reflection spectrum of the PCS (a = 425 nm and d = 213 nm). (b) Enhancements of the Raman signals from PCSs with
various lattice constant a at the same hole size d. (c) Full Raman spectrum of 100 nm Nile blue detection on the PCS (a = 425 nm and d = 213 nm)
and on the flat Si3N4 substrate, respectively.
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nanodevices. The design offers dual enhancement of sensitivity
for molecule detection that leverage the merits of each type of
integrated components: (1) the guided-mode resonance of
PCSs can be readily coupled with the excitation laser to
promote the plasmonic resonance of the nanocapsules to
enhance SERS; (2) the electric field can actively induce
enrichment of biochemicals to the plasmonic hot spots on the
entire surface of the nanocapsules for efficient and sensitive
SERS detection.
To understand and determine the roles of each effect, we

conducted a series of numerical simulations and experiments.
Guided by rigorous coupled-wave analysis (RCWA), we
performed simulations via S4, which is a frequency domain
simulator to solve the linear Maxwell’s equations in layered
periodic structure.36 Figure 5a shows the simulated reflection
spectrum of the PCS, which has a square lattice (the lattice
constant a equals 425 nm) of circular nanoholes (the diameter
d equals 213 nm). The parameters (a = 425 nm and d = 213
nm) we choose for the PCS are to realize a relatively wide Fano
resonance peak centered at the 633 nm excitation wavelength
because it could tolerate more fabrication fluctuations, which is
essential for fabrication of robust SERS substrate. Considering
the possible fabrication errors and overly optimistic simulation,
we carried out experiments by fabricating PCSs with different
lattice constants of 420, 425, 427, and 430 nm at a fixed hole
size of 213 nm (the simulated reflection spectra of the four
designs can be found in Supporting Information Figure S1).
Then, we dispersed and dried the nanocapsules in a
polydimethylsiloxane (PDMS) well attached on the PCSs
followed by introducing Nile blue solution (20 μL of 100 nM)
in the same PDMS well. The system is sealed with a coverslip.
After incubating for 10 min, Raman spectra of Nile blue
molecules are taken from the plasmonic−photonic hybrid
nanostructures in solution. The enhancements of different
PCSs are quantitatively determined by comparing the collected
Raman signals of Nile blue on the nanocapsules-on-photonic
crystals to that of the control experiment from nanocapsules on
a flat Si3N4 substrate (Figure 5c). To ensure the rigidity of the
experiments, for each type of samples, at least five spectra were
obtained and averaged. As expected, the highest average
enhancement of ∼300% is obtained from the PCS with a
lattice constant of 425 nm and hole size of 213 nm, which is
shown in Figure 5b. To further quantitatively evaluate this
nanocapsules-on-PCS system, we carried out a numerical
simulation of a nanocapsule placed on top of a PCS in water
environment using FullWAVE module of Rsoft photonic
component design suite based on three-dimensional (3D)
finite-difference time-domain (FDTD) algorithm. Figure 6a
illustrates the schematic of the simulated structure. The
nanocapsule is modeled as a trilayer concentric cylinder. The
Au nanowire (300 nm in diameter) in the center is surrounded
by a silica coating layer (180 nm thick). Outside of that, there is
a layer of randomly distributed Ag NPs (26 nm in diameter),
and the minimum gap between Ag NPs is 5 nm, which is
slightly larger than the real synthesized nanostructures’ gap size,
an average of 1.8 nm. Here, 5 nm is chosen in the simulation to
reduce the requirement of minimum FDTD simulation grid
size. The nanocapsule is placed on top of the PCS, which
consists of a Si3N4 layer (230 nm thick) with the square lattice
(a = 425 nm) of nanoholes (d = 213 nm, filled with water) on
top of a silica substrate. The incident light is a 633 nm Gaussian
beam with a beam diameter of 2.5 μm. Because the SERS
enhancement factor (EF) is proportional to the fourth power of

the local electric field amplitude, we calculate the E4

enhancement (defined as |E/E0|
4) to evaluate the SERS EF,

where E is the field where the nanocapsule sits on the substrates
and E0 is the peak amplitude of the excitation field in the center
of the Gaussian beam. The results are compared to a reference
simulation where the same nanocapsule is placed on top of a
flat Si3N4 (230 nm thick) film coated silica substrate. Panels c
and d in Figure 6 show the E4 enhancement distribution at the
cross section of the nanocapsule placed on two different
substrates after averaging along the nanowire direction. Clearly,
the SERS EF is dominated by the hot spots in the Ag NPs layer.
Because the PCS increases the local electric field due to the
GMR effect, when the nanocapsule is placed on the PCS, the
lower part of the nanocapsule couples with the GMR, which
enhances the hot spots in the Ag NPs layer as shown in Figure
6c. Since the GMR is a localized effect, the upper part of the
nanocapsule does not show obvious coupling with the PCS.
Thus, the enhancement of SERS EF from the upper part of the
nanocapsule is negligible, which is not considered in our
comparison. Figure 6b plots the difference of E4 enhancement
distribution on the Ag NPs layer between these two cases, in
which the cylindrical shaped Ag NPs layer has been mapped to
a planar layer. We only plot the hot spots where E4

enhancement is bigger than 10. The labeled value is averaged
along the radial direction (vertical direction after mapping)
over the 26 nm Ag NP layer. On the PCS, the hot spots
distribution profile is greatly modified and shows a strong
correlation with the periodic photonic crystal structure, proving
the optical coupling between the nanocapsule and the PCS.
Besides, compared with the case of flat Si3N4 film, the number
of hot spots on the PCS has increased and the overall hot spot

Figure 6. (a) Schematic of the simulated structure using FullWAVE
module of Rsoft photonic component design suite based on the 3D
FDTD method. (c) and (d) show the E4 enhancement distribution
after averaging along the nanowire direction on the PCS (a = 425 nm
and d = 213 nm) and a flat Si3N4 (230 nm thick) coated silica
substrate, respectively. The white dashed lines represent the material
boundary. (b) Plot of the difference of E4 enhancement distribution of
the Ag NPs layer in the region shown in (c) and (d) where the
nanocapsule is placed on the PCS and the flat Si3N4 substrate,
respectively. Here the cylindrically shaped Ag NPs layer has been
mapped to a planar layer. The white circle indicates the position of the
holes on the PCS.
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density is enhanced as well. In the simulation, the overall SERS
EF increases by 73%. In practice, most of the SERS signals of
the analyte come from a few extremely strong hot spots. This
case is especially true for a few molecules or even single
molecule detection. Therefore, we only count the hot spots that
have E4 enhancement bigger than 104 in the plotted region. The
results are much more promising: the total hot spot volume
increases 3.8 times and the corresponding SERS EF increases
4.8 times, which match our experimental results in quantity.
With the understanding that the enhancement is due to the

plasmonic−photonic interactions, next, we investigated the
electrokinetic focusing of molecules to the plasmonic nano-
capsules under ac electric fields, the second mechanism we
employed to enhance SERS detection. To study the sole
contribution of electrokinetics, we conducted experiments on a
planar ITO glass substrate by dispersing and assembling the
nanocapsules on pairs of parallel microelectrodes (gap size ∼20
μm). The nanocapsules were assembled on the edges of the
microelectrodes and aligned along the direction of the electric
fields at 700 kHz and 20 V. Next, we carefully dispersed analyte
molecules, such as adenine (14 μL, 10 μM), and collected
Raman spectra continuously from the nanocapsules for a total
of ∼480 s, where the ac field (70 kHz to 400 kHz at 20 V) was
applied for ∼180 s. Characteristic Raman peaks of analyte
molecules were evaluated, i.e., at 736 cm−1 for adenine
molecules, to reveal the time-dependent enrichment of
molecules by the E-field. The full spectrum of 10 μM adenine
is shown in Figure 9e. It is found that the overall intensity of
Raman signals increases monotonically before reaching a
plateau in an E-field (Figure 7a). The increase of the signals
depends on the molecular species and AC frequency (Figure
7), For instance, for adenine, the highest signal increase ∼20%
at 70 kHz (Figure 7a).
The enhancement can be attributed to the manipulation and

focusing of molecules by ac electric fields, the so-called
electrokinetic effects. Distinct from the previous works,37 the
analyte molecules are focused to the SERS-sensitive Ag NPs on

the surface of insulating nanocapsules, whereas no E-field is
directly applied. To understand the effect, we designed two sets
of experiments: one was conducted on nanocapsules attached
to the edges of the microelectrodes (Figure 8f) and the other
on nanocapsules positioned in the center between parallel
microelectrodes of 100 μm gap with minimized effects
generated from electrodes (Figure 8b). These experiments
aim to clarify the molecule focusing mechanisms which may
due to the Ag NPs on the surface of nanocapsules or patterned
microelectrodes. Fluorescent Cy5 molecules (650 nm absorp-
tion, 670 nm emission, 1 μM) were used in this study to clearly
determine the motions of molecules in the background
suspension, which is difficult to obtain with non-SERS
Raman spectroscopy. It is known that alternating current
electroosmosis (ACEO) and DEP attraction are the two
dominating mechanisms in molecule manipulation by ac E-
field. ACEO occurs in low-frequency ac E-field (<100 kHz in
general38,39), which generates circulating flows around micro-
electrodes due to the interaction of the electric double layer and
the electric field along the tangential direction. Dielectropho-
retic force (FDEP) is due to the interaction between polarized
molecules/nanoparticles and external E-field. The force is
proportional to E∇E.34 For positive dielectrophoresis, where
the electric polarization of molecules/nanoparticles is stronger
than that of the suspension medium, the molecules/nano-
particles can be readily transported toward the highest of the E-
field gradient (∇E).
Our tests indicate that both in the vicinity of the

microelectrodes (Figure 8h) and on the nanocapsules attached
to the microelectrodes (Figure 8g) the concentration of
molecules increases with applied ac electric fields (70 kHz, 20
V). The results are consistent with the effect of ACEO flows,
which have demonstrated active transportation of nano-
particles, such as quantum dots, to microelectrodes40 (Figure
8e). To determine if ACEO flow is the sole attribute of
molecule focusing, we studied molecule attraction by nano-
capsules placed in the center of the microelectrodes, where the
ACEO flows are minimized (Figure 8b). We found that the
fluorescence of the probing molecules on nanocapsules in the
center of microelectrodes still increased remarkably (Figure
8c), while that of the background at a close position remains
dormant (Figure 8d). As a result, it can be readily known that
even without ACEO flows from the microelectrodes as shown
in Figure 8d, the induced electric field at the junctions of Ag
NPs can effectively attract molecules to the hot spots. This
result is further verified by the numerical simulation using
COMSOL 4.4 AC/DC module (Figure 8a).41 In the junctions
of the Ag NPs, the electric field can be substantially increased
by 14.6 times of the applied E field (the applied E field along
the Z direction is 2 × 105 V/m, and the highest value of
enhanced E field along the Z direction is 2.92 × 106 V/m). This
explains the observed attraction of molecules to the surface of
nanocapsules, where the induced electric polarization of the Ag
NPs can generate ultrahigh E-field gradient at their narrow
junctions that compel the transport of molecules from
suspension to the Ag NPs due to the dielectrophoretic forces
(FEDP), FDEP ∝ E∇E.42,40 Furthermore, the distinct optimal ac
frequency for the attraction of different analyte molecules found
experimentally as shown in Figure 9 is additional evidence
which supports the presence of the DEP effect, where DEP
forces highly depend on the electric properties of molecules.
As a result, we experimentally confirmed the unique dual

functions of Ag NPs on the surface of nanocapsules, which not

Figure 7. Time-dependent Raman intensity (736 cm−1) of adenine
molecules (10 μM) recorded before and after applying an electric field
at 20 V and (a) 70 kHz, (b) 90 kHz, (c) 200 kHz, and (d) 400 kHz.
The average Raman intensities without electric field are normalized to
1000.
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only provide a high-density layer of plasmonic hot spots for
enhancing Raman detection, but also actively enrich molecules
to the hot spots in an E-field due to the electrokinetic effects.
Finally, we integrated the electrokinetic manipulation with

the plasmonic−photonic hybrid devices and demonstrated
enhanced molecule detection. The device setup is shown in
Figure 1a. Similar to the above experiments on planar ITO glass
substrates, first arrays of nanocapsules are assembled on the
edges of microelectrodes. They are positioned on the
nanoholes of the PCSs. As soon as we apply the electric field,

analyte molecules were attracted to the nanocapsules and the
SERS signal increased monotonically (Figure 9b−d). At the
optimized ac frequency of 200 kHz, 70 kHz, and 200 kHz for
Nile blue, adenine, and melamine molecules, respectively, the
SERS signal can increase by 19% to 45%. Here the most
prominent Raman peaks of analyte molecules were evaluated,
i.e., at 595 cm−1 for Nile blue, 736 cm−1 for adenine, and 675
cm−1 for melamine, to quantitatively determine the time-
dependent enrichment of molecules by the E-field. The full
SERS spectra of 10 μM adenine and 1 mM melamine are

Figure 8. (a) Simulation of a 4 × 3 Ag NP array. The induced E-field enhancement is the highest in the junction area (the bar on the right is the
magnitude of applied E field along the Z direction). (b) Schematic of the nanocapsule positioned in the center of the microelectrode gap. We
collected the fluorescence signal on the nanocapsule and from the background. (c,d) Time-dependent fluorescence signals on the nanocapsule (blue
rectangles) and at the background (orange rectangles), respectively. (e) Schematic shows the ACEO flow which assists in attracting molecules. (f)
Schematic of the nanocapsule attached to the edge of the microelectrode. (g,h) Time-dependent fluorescence signals were taken on both
nanocapsules (blue rectangles) and background (orange rectangles) at the edge of the microelectrode.

Figure 9. (a) Scanning electron microscopy (SEM) image of assembled nanocapsules on a PCCs integrated with interdigital Au microelectrodes.
(b−d) Time-dependent Raman intensity of (b) adenine molecules (10 μM @ 736 cm−1), (c) melamine molecules (1 mM @ 675 cm−1), and (d)
Nile blue molecules (100 nM @ 595 cm−1) recorded before and after applying electric fields. Full Raman spectra of (e) adenine (10 μM) and (f)
melamine (1 mM).
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shown in Figure 9e,f. Combining the GMR effects from the
PCSs, we successfully obtained an overall enhancement of
400−500% robustly in addition to the 3.7 × 108 SERS from the
plasmonic nanocapsules. We expect to further improve the EF
factor by investigating new designs of PCSs with higher Q-
factors. We also note that analyte molecules are distributed in
3D volumetric suspensions. At present, our devices are 2D. If
changing the schemes from 2D to 3D while keeping the
reported features of photonic crystals and integrated plasmonic
nanoparticles, we could enhance the detection throughput
further.
In summary, we designed and successfully demonstrated an

original type of Raman nanosensors by manipulating and
integrating chemically synthesized plasmonic nanocapsules on
lithographically patterned PCSs with external electric fields.
The PCSs can enhance Raman signals by 3 times due to the
GMR effect. The patterned microelectrodes not only generate
electric fields that align and assemble nanocapsules on the
PCSs, but also enable electrokinetic focusing of molecules on
the SERS-sensitive surface of nanocapsules. The metallic Ag hot
spots on the nanocapsules further enhance molecule attraction
to their surfaces due to induced electric fields. The total
electrokinetics can boost SERS sensitivity by another 19% to
45%. As a result, an additional enhancement of 400−500% can
be obtained on top of the 3.7 × 108 EF from the plasmonic
nanocapsules, resulting in a robust 2 × 109 EF. Note that the
additional enhancement provided by the GMR from PCSs and
electrokinetic focusing are achieved in solution, which is
essential for applications of SERS nanosensors in microfluidics.
Various biological and environmental interesting molecules,
including Nile blue, adenine, and melamine, can be efficiently
detected. This work points toward a rational approach in
designing future SERS nanosensing devices with ultrahigh
sensitivity and efficiency for practical applications.
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