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Plasmonic biosensors have demonstrated superior performance in detecting 
various biomolecules with high sensitivity through simple assays. Scaled-up, 
reproducible chip production with a high density of hotspots in a large 
area has been technically challenging, limiting the commercialization and 
clinical translation of these biosensors. A new fabrication method for 3D 
plasmonic nanostructures with a high density, large volume of hotspots 
and therefore inherently improved detection capabilities is developed. 
Specifically, Au nanoparticle-spiked Au nanopillar arrays are prepared by 
utilizing enhanced surface diffusion of adsorbed Au atoms on a slippery Au 
nanopillar arrays through a simple vacuum process. This process enables 
the direct formation of a high density of spherical Au nanoparticles on the 
1 nm-thick dielectric coated Au nanopillar arrays without high-temperature 
annealing, which results in multiple plasmonic coupling, and thereby large 
effective volume of hotspots in 3D spaces. The plasmonic nanostructures 
show signal enhancements over 8.3 × 108-fold for surface-enhanced Raman 
spectroscopy and over 2.7 × 102-fold for plasmon-enhanced fluorescence. The 
3D plasmonic chip is used to detect avian influenza-associated antibodies 
at 100 times higher sensitivity compared with unstructured Au substrates 
for plasmon-enhanced fluorescence detection. Such a simple and scalable 
fabrication of highly sensitive 3D plasmonic nanostructures provides new 
opportunities to broaden plasmon-enhanced sensing applications.

so-called “plasmonic hotspots” are the fun-
damental basis of numerous promising 
technologies in the fields of plasmon-
enhanced spectroscopy,[1–10] plasmonic 
biosensing,[11–14] photocatalysis,[15–19] and 
nanophotonics.[20,21] One major challenge 
in expanding the use of plasmon-
enhanced applications lies in reproducible 
fabrication of high-density plasmonic hot-
spots over large areas in a low-cost, high-
throughput manner. Various methods 
have been explored, including aggrega-
tions of metallic nanoparticles, nanolitho-
graphic patterning, thin-film processing, 
and hybrid nanostructures. Despite exten-
sive efforts, the development of a repro-
ducible, commercially ready fabrication 
method that achieves both high quality 
(i.e., high sensitivity and good reproduc-
ibility) and high throughput (i.e., low-
cost and wafer-scale fabrication) remains 
elusive.

Among various plasmonic configura-
tions, a nanoparticle-on-mirror (NPOM) 
geometry, where a nanoparticle is sepa-
rated from a plain metal film by an 
ultrathin dielectric spacer layer, has been 

reported to be a highly efficient plasmonic substrate.[1–5] In the 
2D NPOM configuration, however, electromagnetic hotspots 
are formed around the nanoparticle in a limited area; the effec-
tive hotspot volume accounts for a small fraction of the total 
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1. Introduction

Strongly enhanced electromagnetic fields localized at inter-
stitial nanogap junctions between metallic nanostructures, 
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volume of the structure. The 2D NPOM system also requires 
high-precision side-illumination optics to achieve maximum 
plasmonic coupling at the glancing incidence angle of light;[1,4] 
this requirement increases the optical complexity and limits the 
use of low-cost spectroscopy systems. Therefore, for broader 
and translational applications, it is important to expand 2D 
plane mirrors into 3D nanostructures that can readily excite 
efficient plasmonic coupling between plasmonic nanostruc-
tures in 3D spaces.[22–25]

Here, we present new 3D plasmonic nanostructures com-
posed of spherical Au nanoparticles (AuNPs) on 3D Au 
nanopillars (NPOP) with a 1  nm-thick uniform spacer layer 
between the AuNPs and the nanopillars. The method is based 
on enhanced surface diffusion of adsorbed Au atoms (i.e., 
adatoms) on a low-energy surface; the Au adatoms diffuse into 
defective sites of the underlying film and form clustered atoms 
(i.e., AuNPs). This process enables the direct and selective 
formation of spherical Au nanoparticles through a simple Au 
deposition process without high-temperature annealing. The 
AuNPs density can be highly increased by introducing more 

nucleation sites on the 3D rough Au nanopillar surface. The 
3D NPOP structures provide high-density hotspots and large 
effective volumes of molecular binding sites for highly sensitive 
surface-enhanced Raman spectroscopy (SERS) and plasmon-
enhanced fluorescence (PEF). We demonstrate highly improved 
detection sensitivities for both SERS and PEF sensing applica-
tions. The fabrication method developed here is cheap, simple, 
reproducible, and applicable to scaled-up chip production.

2. Results and Discussion

2.1. Fabrication of 3D NPOP Nanostructures

Figure 1a shows a schematic of the fabrication procedure for the 
3D NPOP substrates. First, a polyethylene terephthalate (PET) 
substrate was etched with Ar plasma to form polymer nanopil-
lars. A 100 nm-thick Au film was deposited onto the nanopil-
lars by either conventional sputtering or thermal evaporation to 
form high-density Au-coated nanopillars.[23] As a space layer, a 
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Figure 1.  Fabrication of Au nanoparticles (AuNPs) on Au nanopillars (NPOP) structures. a) Schematic of the fabrication procedure. Au deposition 
onto an Ar-plasma-etched PET substrate produces Au nanopillars. After vapor deposition of 1H,1H,2H,2H-perfluorodecanethiol (PFDT), a second Au 
deposition forms nanoparticles on the PFDT-coated nanopillars. b) Photograph of wafer-scale (90 cm2 area) chip fabrication. Scanning electron images 
of c) nanopillars formed on a PET substrate and d) 3D NPOP structures formed by deposition of 20 nm of Au onto the PFDT-coated nanopillars. 
The inset in (d) is a zoomed-in image of the region of the 3D NPOP indicated by a dashed box. The scale bar in the inset is 100 nm. e) Transmission 
electron image of 3D NPOP structures. The inset in (e) shows the size distribution of AuNPs on the nanopillars. f) High-resolution transmission elec-
tron image showing a zoomed-in image of the white dashed box in (e). The thickness of the PFDT layer between the AuNP and nanopillar is ≈1 nm. 
g) Finite element method (FEM) simulation of the 3D NPOP structure shown in the red dashed box in inset (e).
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self-assembled monolayer (SAM) of 1H,1H,2H,2H-perfluorode-
canethiol (PFDT) was vapor-deposited onto the Au nanopillars. 
Finally, another layer of Au was deposited onto the PFDT-coated 
Au nanopillars. We chose PFDT as a space layer because of its 
low surface energy (γPFDT  = 0.015 J m−2), which is two orders 
of magnitude lower than that of Au (γAu = 1.54 J m−2).[26] This 
low surface energy was experimentally confirmed by contact 
angle measurements (Figure S1, Supporting Information). 
Because of the large difference in surface energy between the 
PFDT layer and Au, the Au adatoms on the PFDT surface dif-
fuse until they form spherical AuNPs rather than forming a 
continuous layer, resulting in the Au 3D NPOP structures. This 
fabrication method is simple, fast, and scalable to the wafer 
scale with high reproducibility (Figure  1b). Scanning electron 
microscopy (SEM) revealed the formation of high-density Au 
pillars (Figure  1c) and AuNPs on the surface of the PFDT-
coated nanopillars (Figure  1d). Interestingly, spherical AuNPs 
were preferentially self-assembled around the top edges of the 
PFDT-coated nanopillars (inset in Figure  1d). Transmission 
electron microscopy (TEM) provided a high-resolution image 
of the AuNPs formed on the Au nanopillars (Figure 1e). With 
the deposition of a 20  nm-thick Au layer, the mean diameter 
of the AuNPs was 22.5 nm with a uniform size distribution of 
3.7 nm in the standard deviation (inset in Figure 1e). The high-
resolution TEM image in Figure 1f shows a 1 nm uniform gap 
created by the PFDT layer between a AuNP and a nanopillar. 
The image also shows lattice fringes with an interplanar space 
of 0.24  nm, corresponding to the (111) plane of the Au face-
centered cubic structure.[27] This result demonstrates the 
crystalline nature of the AuNPs and Au nanopillars. Depending 
on the distance between nanopillars, the AuNPs generate hot-
spots at nanogap junctions between AuNPs or bridged between 
nanopillars (red and yellow dashed box in Figure  1e). We 
investigated the near-field coupling of these structures using 
computational finite-element simulations (Figure 1g; Figure S2,  
Supporting Information). The simulations clearly show that 
the 3D NPOP structures generate multiple hotspots localized 
at junctions between AuNPs and nanopillars as well as at the 
nanogap between AuNPs, due to localized surface plasmon 
resonance (LSPR) coupling effects.[9] High-field enhancements 
were achieved at both 633 and 785  nm by normally incident 
plane-wave illumination. In both wavelengths, the ellipsoidal 
shapes of nanopillars facing upward and AuNPs deposited onto 
the sidewalls of the nanopillars enable more efficient plasmon 
coupling from normally incident light compared with the 
plasmon coupling achieved with 2D NPOM structures.[24]

2.2. Mechanism of Surface-Diffusion-Mediated AuNP Formation

Surface free energy is a key to understanding the atomic 
behavior of adatoms on the surface. Atoms lie on the surface 
and control the formation of atomic clusters (i.e., nuclei), 
which leads to the growth of NPs during the vacuum deposi-
tion process.[28] The surface energy of a PFDT monolayer is 
approximately 100 times lower than that of Au adatoms; con-
sequently, the Au adatoms on the PFDT surface diffuse and 
form atomic clusters at defective sites—so-called nucleation 
(Figure  2a). The nucleation sites are predominantly formed 

at defective surface areas (e.g., grain boundaries), where the 
binding energy of adatoms is greater than that of adatoms on a 
planar surface because of the lower density of the PFDT layer at 
the defective sites.[29] Figure 2b shows a 100 nm-thick plain Au 
film deposited onto a Si wafer, where grain boundaries can be 
identified. An atomic force microscopy (AFM) image visualizes 
the grain boundaries concave from the top surface (Figure S3a,  
Supporting Information). After vapor-phase deposition of 
PFDT, 10  nm-thick Au was deposited onto the PFDT-coated 
plain Au substrate by thermal evaporation, resulting in AuNP 
formation (Figure  2c; Figure S3b, Supporting Information). 
Here, AuNPs are observed to have formed only at the grain 
boundaries rather than on the smooth facets. In addition, 
some triangular-shaped AuNPs formed at triple grain junctions 
(dotted circles in Figure  2c). These observations support the 
hypothesis that Au adatoms diffuse to grain boundaries and 
form AuNPs selectively at the recessed grain-boundary regions 
through nucleation, which is a basic principle of AuNP forma-
tion via vacuum deposition process.

The same mechanism of AuNP formation can be applied 
to 3D nanopillars (Figure  2d). Au deposition onto the PFDT-
coated nanopillars produce spherical-shaped AuNPs, con-
sistent with predictions based on Volmer–Weber growth 
mode.[30,31] Because the tops of the nanopillars exhibit a 
large curvature, AuNPs are preferentially formed around the 
top edges or on the sidewalls of the nanopillars (Figures  1e 
and  2e). The surface diffusion-mediated NPs formation 
can also be applied to other metals. We demonstrated silver 
nanoparticles (AgNPs) formation on PFDT-coated Au nano-
pillars (Figure  2f; Figure S4, Supporting Information). How-
ever, the overall hotspot densities were lower than those with 
AuNPs. When the film thickness was increased to 80  nm, 
most of the AgNPs were merged together (Figure S4, Sup-
porting Information), whereas the AuNPs were still spaced 
apart at a film thickness of 100  nm (Figure S5, Supporting 
Information). These results are attributable to a lower sur-
face energy of Ag (γAg = 1.20 J m−2) compared with that of Au 
(γAu = 1.54 J m−2).[32] Finally, we tested alumina (Al2O3), which 
has a high surface energy (γalumina  = 0.97 J m−2), as a spacer 
layer.[33] As shown in Figure S6 (Supporting Information), 
AuNPs did not form on the alumina-coated nanopillars, fur-
ther confirming the importance of a low surface energy of the 
underlying dielectric layer for spherical AuNPs formation.

2.3. Thickness Optimization

Next, we tested different Au deposition thicknesses for AuNPs 
formation and characterized the optical properties of the 
deposited films. The Au also exhibits much greater chemical 
stability and biocompatibility than the Ag; we therefore used 
3D Au NPOP substrates in subsequent sensing experiments. 
As we increased the Au deposition thickness from 20 to 80 nm 
on the PFDT-coated rough nanopillars, the size of the AuNPs 
gradually increased (Figure  3a,b; Figure S7, Supporting Infor-
mation). We previously demonstrated that the surface rough-
ness of the nanopillars can be increased by depositing the Au 
by thermal evaporation rather than by Au sputtering.[25] The 
thermal evaporation process creates nanoscale asperities on the 
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Au nanopillars, which increase the surface roughness (average 
roughness Revaporation = 20.03 nm; Figure S8, Supporting Infor-
mation) to approximately twice that of a sputtered Au film 
(Rsputter  = 11.30  nm; Figure S3a, Supporting Information). 
With the deposition of a 20  nm-thick Au layer, AuNPs were 
compactly covered the entire top surface and sidewalls of the 
PFDT-coated Au nanopillars (Figure S7a, Supporting Informa-
tion). Even when the deposition thickness reached 100 nm, the 
AuNPs were still spaced apart and exhibited a mean diameter 
of 70 nm, resulting in multiple nanogaps-enhanced plasmonic 
coupling effects (Figure S7b,c, Supporting Information). The 
population density of the AuNPs gradually decreased from 
750 µm−2 (20  nm Au deposition) to 325 µm−2 (100  nm depo-
sition) for rough nanopillars (Figure  3c). It can be concluded 
that the AuNPs density can be highly increased by introducing 
more nucleation sites on the 3D rough Au nanopillar surface.

Figure  3d shows transmission spectra of the 3D Au NPOP 
structures prepared with different thicknesses of deposited Au 
on the smooth nanopillars. The underlying 3D Au nanopillars 
have a distinct LSPR peak at 518  nm and this peak red-shifts 
to 520 nm when a PFDT coating is applied to the nanopillars. 
When AuNPs are formed on the PFDT-treated Au nanopillars, 
light transmittance at wavelengths greater than 600 nm rapidly 
decreases because of multiple plasmonic coupling effects of 
3D NPOP structures at these wavelengths (inset in Figure  3e; 
Figure S9, Supporting Information). With the formation of 
larger AuNPs, the transmittance of the 3D NPOP structures con-
verges to zero. The average transmittance of the 3D NPOP struc-
tures in the visible wavelength range (400–800 nm) decreased to 
less than 0.1% (Figure 3e), which indicates that almost no visible 
light is transmitted through the 3D plasmonic nanostructures. 
The corresponding extinction spectra of the 3D NPOP array 
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Figure 2.  Surface-diffusion-induced AuNP formation from vacuum deposition. a) A schematic showing the selective nucleation of Au adatoms at grain 
boundaries. Scanning electron images of a PFDT-treated 2D plain Au substrate b) before and c) after Au deposition. The AuNPs were formed via self-
nucleation at grain boundaries. White dotted circles indicate triangular-shaped nanoparticles formed at triple grain junctions. d) A schematic showing 
AuNP formation on 3D smooth nanopillars. Scanning electron images of 3D e) Au NPOP and f) Ag NPOP substrates. On top of the PFDT-coated Au 
nanopillars, e) 40 nm of Au or f) 40 nm of Ag was deposited to form NPs on the nanopillar surface via self-nucleation and growth of deposited metal 
atoms. Au and Ag NPs are preferentially self-assembled around the top edges of smooth Au nanopillars.
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are acquired directly from the transmittance (T) and plotted as 
(1 − T ).[34,35] Enhanced light–matter interactions between plas-
monic nanostructures result in high extinction values across the 
entire visible wavelength range (Figure 3f). The 3D NPOP struc-
ture prepared on rough nanopillars shows higher extinction 
values than the structure on smooth nanopillars, predominantly 
because of the higher surface coverage of AuNPs and thereby 
enhanced light–matter interactions on the 3D rough surface.

2.4. Surface-Enhanced Raman Spectroscopy

A substrate with a high density of plasmonic nanostructures 
formed in 3D spaces is highly desirable for SERS and PEF. 

We first investigated the SERS performance of the 3D NPOP 
substrates using an organic dye, methylene blue (MB). A 3 µL 
solution of 5 × 10−6 m MB was applied to the surface of the 3D 
NPOP substrates, and the solvent was allowed to evaporate. The 
SERS signal was measured with a handheld Raman spectrom-
eter at an excitation wavelength of 785  nm (Figure  4a,b). The 
3D NPOP substrates prepared with deposition of 80 nm-thick 
Au on the rough Au nanopillars exhibited the most intense 
SERS signal, which was about 200 times greater than the signal 
(at 1625 cm−1, blue dashed line in Figure 4a,b) of the Au nano-
pillars (Figure 4c). We previously reported that single-layer Au 
nanopillars show an averaged SERS enhancement factor (EF) 
on the order of 106.[25] The formation of AuNPs via metal depo-
sition results in additional 200-fold SERS signal enhancement. 
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Figure 3.  Optimization with 3D Au NPOP structures with various Au deposition thicknesses. a,b) Scanning electron images of 3D Au NPOP structures 
made by 80 nm Au deposition on PFDT-treated rough Au nanopillars. c) Densities of upper AuNPs formed after deposition of various thicknesses of Au 
onto rough (prepared by evaporation) or smooth (prepared by sputtering) nanopillars. d) Transmission spectra of the underlying nanopillar and the 3D 
Au NPOP structures prepared with various thicknesses of Au on PFDT-treated smooth nanopillars. The dashed line indicates the distinct localized surface 
plasmon resonance (LSPR) peak (518 nm) of the Au-nanopillar substrate. e) Average light transmittance of 3D Au NPOP structures in visible wavelengths 
ranging from 400 to 800 nm. f) Extinction spectra of Au NPOP structures prepared by deposition of 80 nm of Au onto rough or smooth nanopillars.
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Overall, rough nanopillars showed signals twice as intense as 
those of smooth nanopillars at the same thickness because of 
their higher hotspots densities (Figure  3c). In our measure-
ments, the optimized 3D NPOP substrate showed a SERS EF 
of 8.3 × 108 at 420 cm−1 and 4.3 × 108 at 1625 cm−1, respectively 
(yellow shaded region in Figure  4d). Equally as important as 
the high SERS EF, the 3D NPOP substrates exhibit high signal 
uniformity, with a coefficient of variation for SERS signals 
of <5.8% for 36 measurements in a 90 cm2 area (Figure S10, 
Supporting Information).

2.5. Plasmon-Enhanced Fluorescence Biosensing

Another potential application of the 3D NPOP structure is 
detecting target molecules using PEF. Similar to SERS, fluo-
rescence signals are amplified when fluorophores are located 
at plasmonic hotspots.[36] As proof-of-concept, we used the 
3D Au NPOP chips to detect avian influenza (AI)-associated 
antibodies.[37] Controlling avian influenza requires not only 
sensitive field testing but also global surveillance because of its 

fast spread. Therefore, the ability to produce a large number 
of sensitive chips at low cost is critical. For fluorescence meas-
urements, we used the 3D Au NPOP chip prepared with an 
80  nm-thick Au layer. We chose the substrate based on thick-
ness optimization done by SERS characterization (Figure 4a–c); 
the substrate with 80  nm-thick Au showed the highest SERS 
signal enhancement. The maximum signal enhancement fac-
tors in terms of fluorescence intensity and hotspot count 
after background correction were measured as 2.7 × 102 and 
3.4 × 102, respectively (Figure S11, Supporting Information). 
The enhancement factor may vary depending on the concen-
tration of target molecules compared to hot spot densities. We 
next compared the detection sensitivity of the 3D Au NPOP 
with that of plain Au substrates using titrating concentrations 
of target antibodies against influenza hemagglutinin (HA) as 
a model system. The 3D NPOP or plain Au substrates were 
coated with HA peptides to capture the influenza-associated 
HA-antibodies (HA-Abs), followed by labeling with secondary 
antibodies conjugated with Alexa Fluor 647 for PEF detection. 
We chose Alex Fluor 647 because of its spectral overlap with 
the wavelength that achieves high electric field enhancements 
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Figure 4.  Surface-enhanced Raman spectroscopy (SERS) characterization of 3D NPOP structures. SERS signals of 5 × 10−6 m methylene blue on 3D 
Au NPOP structures made with Au deposition at various thicknesses onto a) smooth or b) rough Au nanopillars. c) SERS signal enhancements of 
Au NPOP structures made with Au deposition at various thicknesses, normalized by the SERS signal of single layer Au nanopillars. d) Raman signal 
comparison between an Au NPOP structure made with 80 nm Au deposition on rough nanopillars and a neat Raman measurement for SERS enhance-
ment factor calculation. The concentrations of methylene blue were 1.5 × 10−15 mol for the Au NPOP substrate and 6.0 × 10−10 mol for the Raman 
measurement. The integration times were 0.1 s for the Au NPOP substrate and 30 s for the Raman measurement.
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(Figure 3f). Titration experiments with different concentrations 
of HA-Abs indicated that the 3D NPOP chips provide a highly 
enhanced fluorescence signal of Alex Fluor 647 dyes and are 
more sensitive than the plain Au substrates for detecting the 
HA-Abs (Figure  5a,b). The limit of detection (LOD) was esti-
mated using a standard formula: the HA-Abs concentration that 
generated an analytical signal equal to three times the standard 
deviation of the signals of blank samples as a negative con-
trol. From the titration experiments, we established a LOD of 
10 × 10−12 m for the 3D Au NPOP chip; similar measurements 
with the plain Au substrate required more than 1 × 10−9 m for 
reliable detection (Figure 5c,d). The histogram graphs of pixel 
intensities in the detection of 10 × 10−9 m HA-Abs also confirm 
that the 3D Au NPOP chip provides stronger signals than the 
plain Au substrate (Figure 5e).

3. Conclusions

In summary, we presented new 3D plasmonic nanostructures 
having spherical plasmonic nanoparticles on the Au nanopillars 
with a 1 nm-thick uniform dielectric spacer layer. The high-den-
sity Au nanoparticles are directly formed and self-assembled 
on the 3D nanopillar arrays during a vacuum deposition  

process. The method is based on enhanced surface diffusion 
of adsorbed atoms, and selective nucleation and growth on the 
3D plasmonic surface with low surface energy. High sensitivity 
and reproducibility make the 3D plasmonic substrates an ideal 
bioanalytical platform for single-molecular detection assays. 
Combined with the advantage of high-throughput and wafer-
scale chip production, the new approach will accelerate clinical 
translation of plasmon-enhanced sensing methods and will 
be applicable for detecting other biomolecules (Figure S12, 
Supporting Information) such as proteins, RNA, DNA, and 
extracellular vesicles.

4. Experimental Section
Fabrication of 3D NPOP Substrates: A PET polymer substrate with a 

thickness of 188 µm, purchased from Toray, was used after removal of its 
protective film. The polymer substrate was treated with Ar plasma using 
a custom-built 13.56 MHz RF ion-etching instrument (LAT, Korea). The 
inlet Ar flow rate and the working pressure were fixed at five standard 
cubic centimeters per minute (sccm) and 80 mTorr, respectively, during 
the Ar plasma treatment, which was conducted for 2 min. The plasma 
power was 100 W. A 100 nm-thick Au layer was directly deposited onto 
the PET nanopillars at a deposition rate of 2.0 Å s−1 using a sputtering 
or thermal evaporation system (LAT, Korea). The base pressure of 

Figure 5.  Detection of avian influenza-associated antibody. Different concentration of anti-hemagglutinin antibodies (HA-Abs) were fluorescently 
detected on a) 3D Au NPOP chips and b) plain Au substrates. The Au substrates were coated with HA tag peptides to capture the HA-Abs, which were 
labeled by secondary antibodies conjugated with Alexa Fluor 647. c) Comparison of the mean fluorescence intensities between the Au chip and plain 
substrate. The fluorescence intensity was normalized by background signals defined by the sum of the mean fluorescence intensity in the absence of 
target HA-Abs and three times the standard deviation. d) The limit of detection of the Au NPOP chip is ≈100 times greater (10 × 10−12 m) than that of the 
plain Au substrate (1 × 10−9 m). e) Histograms of pixel intensities between the Au chip and the plain Au substrate in the detection of 10 × 10−9 m HA-Abs.
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the chamber was 9.6 × 10−6  Torr. The as-prepared Au/PET nanopillar 
substrates were then treated with PFDT. A 97% PFDT solution was 
purchased from Sigma-Aldrich (St. Louis, MO, USA). Specifically, 10 µL 
of a 97% PFDT solution was poured into a glass Petri dish, and the lid 
of the Petri dish was closed for 2 h. The lid was attached to the Au/PET 
substrate. Finally, Au was thermally evaporated onto the PFDT-treated 
Au/PET nanopillar substrate at a deposition rate of 0.3 Å s−1 using 
thermal evaporation process (LAT, Korea). The deposition rate was 
monitored by a quartz crystal microbalance.

Characterization: UV–vis transmission spectra were recorded with 
a Cary 5000 spectrophotometer (Agilent, USA). Transmittance values 
were normalized to air. Water contact angles were measured using 
contact-angle goniometry (FEMTOFAB, SDLab-200TEZ). The surface 
morphologies were characterized by field-emission scanning electron 
microscopy (FE-SEM; Jeol JSM-6700F). The Au NP population densities 
were estimated by SEM images. From top-view of each image, we 
manually counted the formed Au NPs in 1 × 1 µm2 areas. The SERS 
spectra were recorded using a handheld Raman spectrometer (CBEx, 
Snowy Range Instruments) with a 785  nm laser; the laser power was 
10 mW.

Plasmon-Enhanced Fluorescence Measurement: The 3D Au NPOP chips 
or plain Au chips were cleaned in ethanol and acetone with sonication 
for 15  min. 11-Mercaptoundecanoic (10  × 10−3 m in EtOH, Sigma-
Aldrich) was added onto the chips for overnight incubation. After being 
washed three times with MES buffer (2-(N-morpholino)ethanesulfonic 
acid, pH 5, Thermo Fisher), the chips were incubated for 10  min at 
room temperature in a solution of 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC, final concentration of 0.2 m, Thermo Fisher) and 
sulfo-N-hydroxysulfosuccinimide (sulfo-NHS, final concentration of 
0.5 m, Thermo Fisher) in MES buffer. The chips were washed three times 
in MES buffer, and then hemagglutinin (HA)-tag peptides (10 mg mL−1 
in MES, CS Bio Co.) was added for 1 h incubation at room temperature. 
The chip surfaces were then blocked in a Superblock solution (Thermo 
Fisher) for 15  min. A serial dilution standard (anti-HA antibodies, 
Abcam) in 0.2% bovine serum albumin (BSA) in phosphate-buffered 
saline (PBS) solution were added to each chip for 30 min of incubation 
at room temperature. Unbound antibodies were washed with a PBS 
solution with 0.05% Tween-20 three times. Anti-mouse IgG−Alexa Fluor 
647 (1:200, diluted in 0.2% BSA–PBS solution) were added on the chips 
for 15 min at room temperature. After being washed with PBS, the chips 
were imaged with a fluorescence microscope (Olympus BX63).

Numerical Simulations: The FEM simulations were performed with the 
COMSOL Multiphysics 5.3 software. The structures were first sketched 
using Autodesk Fusion 360 and then exported them into COMSOL 
Multiphysics. A linearly polarized plane wave with an excitation 
wavelength of 633 or 785 nm was incident directly upon the plasmonic 
nanostructures with polarization along the AuNP–nanopillar axis. In the 
simulations, the permittivity of Au was set to εAu = −12.101 + 1.2208i at 
633 nm and εAu = −22.855 + 1.425i at 785 nm.[38] The refractive indexes 
of PET and PFDT were taken as 1.630 and 1.333, respectively.[39]
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Supporting Information is available from the Wiley Online Library or 
from the author.
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