
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 � M 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 � M @ 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 � M) 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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Fabrication of Au-cored nanocapsules: 

The fabrication of nanocapsules starts with the electrochemical deposition of Au 

nanorods into anodic aluminum oxide (AAO) templates with copper layers evaporated on the 

backsides of the templates. Here, the Au electrolyte we used is commercially available cyanide 

based solution (434 HS RTU, Technic Inc.). The diameter of the nanorods can be controlled by 

the pore size of the AAO templates from tens of nanometers to 400 nm, and the length of the Au 

nanowires depends on the total amount of electric charge passing through the circuit. After 

dissolving the AAO template in 2 M NaOH solution, the nanowires are resuspended and 

sonicated in ethanol and deionized (D. I.) water alternatively before redispersed in D. I. water. 

Over 10
9
 nanowires can be fabricated at a time with an average length of 9.1 m and diameter of 

298 nm as shown in Fig. 4b. Next, a silica layer of 180 nm in thickness is synthesized on the 

surface of Au nanorods via hydrolysis of tetraethyl orthosilicate (TEOS, 0.8 mL, Alfa Aesar, 

99.999+%) in ammonia (0.2 mL, Fisher Scientific, Certified A.C.S. Plus), ethanol (3 mL, 

Pharmco-aaper, ACS/USP grade), and D. I. water (1.8 mL) mixture solution under sonication for 

1 hour. Finally, Ag NPs are synthesized on the surface of silica layer by mixing Au@SiO2 

nanowires with freshly prepared 500 µL, 0.06 M silver nitrate (AgNO3, ACROS Organics, 

99.85%), and 250 µL, 0.12 M ammonia and stirring for 1 hour before adding 

polyvinylpyrrolidone (PVP, 10 mL of 2.5×10
-5

 M in ethanol, Sigma-Aldrich, Mw=40000) to 

promote the growth of Ag NPs at 70 
o
C. After 7-hour reaction, dense Ag NPs are obtained on the 

entire surface of the nanocapsules as shown in Fig. 4d. Here, The size of Ag NPs and hot spot 

junctions here are 26  5 nm and 1.8  0.4 nm (we only consider junctions of <2 nm as hot 

spots
1
), respectively. We note that nanocapules fabricated with this approach have slight 

variations among different batches, i.e. with a repeated experiment, we obtained nanocapsules 
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with Ag nanoparticles of 29.6  10 nm in size and 1.5  0.3 nm in hot spot junction, which 

demonstrates the controllability of the synthesis. 

Raman Testing Setup and Details 

The nanocapsules which were suspended in the ethanol solution were first dispersed on 

the PCS within a Polydimethylsiloxane (PDMS) well. After the evaporation of the ethanol 

solution, 20 µL of 100 nM Nile blue solution was dispersed into the well and covered with a 

cover glass. After 10 mins incubation, the PCS with the nanocapsules on it was flipped over and 

fixed on a customized Raman microscope. Due to the interfacial force between the nanocapsules 

and the PCS, the nanocapsules attached to PCS firmly. The cover glass effectively sealed the 

PDMS well, and thus prevented the leaking of Nile blue solution from the well. A 633 nm 

Helium-Neon laser (randomly polarized, Research Electro-Optics, Inc.) was used to illuminate 

the nanocapsules via a 20X objective lens (NA: 0.45, Olympus MPLFLN20XBD). The resulting 

signals were collected from the same objective, filtered by a 633 nm edge filter (633 nm 

RazorEdge long pass edge filter, Semrock, Inc.), and analyzed by a high sensitive spectrometer 

(Acton 2500, Princeton Instruments, Inc). 

Experimental details for imaging the molecule attraction process 

The nanocapsules which suspended in ethanol solution were dispersed in a 

Polydimethylsiloxane (PDMS) well assembled on ITO parallel microelectrodes (gap size: 102 

µm). After the evaporation of the ethanol solution, the nanocapsules can attach to the substrate 

firmly. Next 20 µL of 1 µM Cy5 labeled biotin solution was dispersed into the PDMS well and 

covered with a glass slide. An inverted microscope (IX 71, Olympus, Inc.) equipped with a 

spectrograph (Acton 2500, Princeton Instruments, Inc.), a high-speed ultrasensitive charge-

coupled device (CCD) camera (ProEm 512B, Princeton Instruments, Inc.), and a 
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photoluminescence illumination system (Prior Scientific, Inc.) was employed to collect the 

spectra and images of Cy5 molecules. A 605 nm band pass filter and a 633 nm edge filter were 

used. The time-dependent fluorescence spectra of Cy5 molecules were recorded continuously 

with an exposure time of 0.6 s. The intensity of the fluorescence emission peak at 670 nm was 

used for analysis.  

SERS Enhancement Factor Estimation of Nanocapsules: 

We estimated SERS enhancement factor (EF) of the nanocapsules. As aforementioned, 

the fabrication of nanocapsules is controllable with slight variations among different batches. We 

characterized nanocapsules with SEM before conducting experiments for EF estimation. The 

nanocapsules in the test have diameter of 29.6  10 nm, average hot spot junction of 1.5  0.3 

nm, and density of hot spots of 787 hotspots/ µm
2
. The characterization was done by following 

the same method that have been employed by various groups
1, 2

. 

We used 1, 2-bis(2-pyridyl)ethylene (BPE), a type of non-resonant molecules, as the test 

reagent to determine the EF. Note that non-resonant molecules can provide better accuracy for 

the estimation of EF of plasmonic substrates. The SERS EF was calculated by following a 

commonly used method as given below
2
: 

𝑬𝑭 =
𝑰𝑺𝑬𝑹𝑺 𝑵𝑺𝑬𝑹𝑺⁄

𝑰𝑹𝑺 𝑵𝑹𝑺⁄
          Eq. S1 

where 𝑁𝑆𝐸𝑅𝑆 is the average number of adsorbed molecules in the scattering volume of the SERS 

hot spots. 𝐼𝑆𝐸𝑅𝑆 is the corresponding SERS intensity; 𝑁𝑅𝑆 is the average number of molecules in 

the scattering volume (𝑉𝑠𝑐𝑎𝑡) in suspension for the Raman (non SERS) measurement, 𝐼𝑅𝑆 is the 

corresponding Raman intensity.  
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The values of 𝐼𝑅𝑆 were obtained from 0.1 M BPE dissolved in ethanol. A laser power of 1 

mW (633 nm, randomly polarized, Research Electro-Optics, Inc.) was chosen and was fully 

focused into the BPE solution via a 20× objective (NA: 0.45, Olympus MPLFLN20XBD). A 

Raman spectrum with an intensity (𝐼𝑅𝑆 ) of 273 counts (at 1200 cm
-1

) was obtained. The 1200 

cm
-1

 peak was chosen due to its great separation from other Raman peaks.  

𝑁𝑅𝑆 is given by 𝑁𝑅𝑆 = 𝐶𝑉𝑠𝑐𝑎𝑡𝑁𝐴, where C is the concentration of the analyte molecules 

which is the concentration of BPE solution (0.1 M), 𝑉𝑠𝑐𝑎𝑡  is the scattering volume which 

contributes to the Raman intensity, 𝑁𝐴  is Avogadro’s number. 𝑉𝑠𝑐𝑎𝑡 is determined by 𝑉𝑠𝑐𝑎𝑡 =

𝐴𝑜𝑏𝑗𝐻𝑜𝑏𝑗, where 𝐴𝑜𝑏𝑗 = 𝜋𝑅2 is the area of the laser spot from the 20× objective, here R is the 

laser spot size which was measured as 4.5 µm; 𝐻𝑜𝑏𝑗 is the effective height of the detection 

volume of BPE. The value of  𝐻𝑜𝑏𝑗 was determined by using the method reported previously.
3
 In 

brief, the measurement was carried out by moving a silicon <100> wafer with 1 µm increment by 

using the piezoelectric stage controller (ASIimager) through the focal plane of the objective and 

collecting the intensity of Si Raman signal at 520 cm
-1

 at each point. 𝐻𝑜𝑏𝑗 = 45.2 𝜇𝑚  was 

obtained by integrating the intensity of Raman signal with distance and then dividing by the 

highest measured signal. By using this method, 𝑉𝑠𝑐𝑎𝑡 was determined to be 𝑉𝑠𝑐𝑎𝑡 = 𝐴𝑜𝑏𝑗𝐻𝑜𝑏𝑗 =

 𝜋(
4.5

2
)2 × 45.2 = 718.5 (𝜇𝑚3).  

Therefore, the total number of molecules (NRS) can be calculated as:  

𝑁𝑅𝑆 = 𝐶𝑉𝑠𝑐𝑎𝑡𝑁𝐴 = 0.1 𝑚𝑜𝑙 𝐿⁄ × 718.5 𝜇𝑚3 × 6.02 × 1023  𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑚𝑜𝑙⁄

= 4.33 × 1010 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 

To determine the value of 𝐼𝑆𝐸𝑅𝑆, we dispersed nanocapsules on a glass substrate and dried 

them in air, and then incubated them in 1 mM BPE ethanol solution for 10 min. The 



S-6 
 

nanocapsules were then rinsed with pure ethanol to remove excess molecules and dried in air. 

Since the nanocapsules are cylinders with curvature (660 nm in diameter), we approximated the 

effective area excited by the laser (spot size 4.5 µm) as 4.5 µm ×0.2 µm= 0.9 µm
2
. Under the 

same experimental condition as described above, we obtained an 𝐼𝑆𝐸𝑅𝑆 of 30742 counts (at 1200 

cm
-1

). Knowing that molecules locating in hot spots (3.375 nm
3
 volume of 1.5  0.3 nm narrow 

junction) contribute to most of the obtained SERS signals. There are approximately 18.75 

molecules/hot spot for a close packed monolayer of BPE (3 Å × 6 Å × 10 Å/molecule)
2c

. Also 

the average hot spot density is 787 hotspots/µm
2
. Therefore, the average number of molecules in 

the scattering volume for the SERS experiments is: 

𝑁𝑆𝐸𝑅𝑆 = 0.9 𝜇𝑚2 × 787 ℎ𝑜𝑡𝑠𝑝𝑜𝑡𝑠 𝜇𝑚2⁄ ×  18.75 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 ℎ𝑜𝑡𝑠𝑝𝑜𝑡⁄ = 13280.625  

Then,  

𝐸𝐹 =
𝐼𝑆𝐸𝑅𝑆 𝑁𝑆𝐸𝑅𝑆⁄

𝐼𝑅𝑆 𝑁𝑅𝑆⁄
=

30742 13280.625⁄

273 (4.33 × 1010)⁄
= 3.7 × 108 

 

This value is slightly different from previous work
1
 and can be attributed to the following factors: 

1. The synthesized nanocapsules have slight variations in Ag nanoparticles from previous 

samples. It could because even though the synthesis processes are similar, the structures of 

nanocapsules are slightly different. Our present nanocapsules only have Au nanowires as the 

cores. While, the previous nanocapsules have cores made of Ag/Ni nanowires
1
. 

2. We employed a different Raman laser setup in the test. In this work, 633 nm laser has 

been used when we conduct all kinds of studies. To be consistent, when determining the EF, we 

also used the same laser. While, in our previous work, we used 532 nm laser instead. Since Ag 
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nanoparticles generally have a plasmonic resonance ~450 nm depending on the size
1
, the 632 nm 

laser used here are further away from the resonance peak compared with the 532 nm laser, which 

leads to the lower EF values in measurement. 

 

Figure S1 Simulated reflection spectra of the four designs of  PCSs. The green dot line 

represents the excitation laser wavelength at 633 nm.  
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