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Highly sensitive, reproducible and uniform SERS
substrates with a high density of three-dimensionally
distributed hotspots: gyroid-structured Au periodic

metallic materials

Liping Wu'®>, Wanlin Wang?>?, Wang Zhang!, Huilan Su!, Qinglei Liu!, Jiajun Gu!, Tao Deng! and Di Zhang!

Surface-enhanced Raman spectroscopy (SERS) is an important tool for the analytical, trace detection of many inorganic and
organic materials, especially for materials involved in medical care, food safety and environmental pollution. Numerous efforts
have been dedicated to exploring periodic metallic materials with a high density of hotspots. However, for most periodic metallic
materials fabricated by top-down and bottom-up approaches, the distribution of hotspots is restricted to one or two dimensions.
Here, for the first time, we report the successful fabrication of a bio-inspired bicontinuous gyroid-structured Au SERS substrate
with a high density of three-dimensionally (3D) distributed hotspots. The as-required gyroid-structured substrates were
demonstrated to be highly sensitive, reproducible and uniform, with an enhancement factor of up to 10°. Finite-difference time
domain (FDTD) simulations were conducted to reveal the mechanism leading to the high enhancement and we found that the
interconnected helices in the gyroid structure not only increase the hotspot density but also contribute to increasing the
scattering cross-section of the incident laser. The substrate was then adopted for the SERS detection of bis(2-ethylhexyl)
phthalate, the most frequently used plasticizer in food, paints, house-hold items, perfumes and so on, and reached a detection
limit of 1 fM, which is among the best results ever reported. Moreover, the mechanism deduced here will provide insight into the
future design and selection of novel surface plasmonic resonance substrates, as many other bicontinuous interconnected systems

are available.
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INTRODUCTION

The fabrication of surface plasmonic resonance (SPR) materials with
ultra-high plasmonic enhancement has long been a critical research
area due to their broad applications as chemical sensors, biological
sensors, plasmonic solar cells, photocatalysts and other environmen-
tally friendly devices.!”> Among these applications, the most famous is
the surface-enhanced Raman spectroscopy (SERS) detection of trace
analytes, especially for analytes involved in medical care, food safety
and environmental pollution. Various nanoparticle systems with novel
nanomorphologies and their assemblies have been fabricated and
reported to show excellent SPR performance.”> However, SERS
nanostructures composed of nanoparticles face significant challenges
in achieving a reproducible and uniform Raman response due to the
difficulty in fabricating uniform SERS active sites. Periodic metallic
materials could provide hotspots with high density, reproducibility
and uniformity, which completely meet the requirement of valid SERS
substrates, and therefore numerous efforts have been dedicated to
engineering periodic metallic materials with novel nanomorphologies,

including nanofingers,® nanorods,” nanoridges® and other hierarchical
structures.”™!!  However, apart from their high cost and time-
consuming synthesis, most of these substrates suffer from a limited
density of hotspots distributed in either one-dimensional or two-
dimensional space.

In recent years, as one of the most stable bicontinuous structures,
the gyroid structure has attracted great attention due to its unique
structural properties.'? It adopts a body centered cubic bec lattice with
triply periodic symmetry (I4,32) and intrinsic chirality.'*> Most
importantly, the interconnected helices enable us to engineer the
distribution of hotspots in all three dimensions.!* Gyroid-structured
motifs self-assembled from block polymer systems have frequently
been adopted as hard templates to fabricate Au plasmonic materials
and the optical properties of such systems have been thoroughly
investigated.»'>2!  Three-dimensional (3D) gyroid-structured Au
nanoparticles with a unit cell size below 100 nm have been reported
to show excellent SPR performance originating from the abundant
exposed nanotips on the external surface.'>!” However, the hotspots
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iii) Electroless deposition of Au
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Figure 1 Schematic illustration of the fabrication of GAPMMs together with the analysis of mechanism of their ultrahigh SPR efficiency.

were still confined to a two-dimensional distribution of limited density
and enhancement, and the merits of the gyroid morphology remain
unexploited.

Engineering the hotspot distribution inside periodic metallic
materials usually requires precise control of the volume fraction
(VE) of the metals.?>*3 However, bottom-up gyroid templates from
self-assembly systems are usually adopted as hard templates and are
not feasible for continuous regulation of the VFE. In our previous work,
we proved that biotemplates, such as butterfly wings, can be used as
soft templates after pretreatment and are versatile for the electroless
deposition of metal films.>* Here we use gyroid-structured photonic
crystals from the wing scales of the butterfly Callophrys rubi as soft
templates after activating the biomaterials on the external surface. A
series of gyroid-structured Au periodic metallic materials (GAPMMs)
were fabricated by properly controlling the deposition time (t3) using
an electroless deposition method, as shown in Figure 1. Quantitative
analysis revealed that the density of the 3D-distributed nanogaps and
the SPR enhancement of the GAPMMs are the highest at a #3 of 4 h,
among other fg varying from 1 to 6 h. Further finite-difference time
domain (FDTD) simulations confirm that apart from the high density
of 3D-distributed hotspots, the bicontinuous interconnected helices
greatly increase the scattering cross-section, thereby increasing the SPR
enhancement. The as-acquired GAPMMs demonstrated ultra-high
SPR enhancement (an enhancement factor of 0.8 x 10%) with superior
reproducibility, uniformity and stability. For crystal violet (CV)
molecules, the SERS detection limit of GAPMMs with a #3 of 4h
(GAPMMs-4 h) reached 10712 M, which is four orders of magnitude
lower than that of the gyroid-structured Au plasmonic materials
templated from block polymer systems!> and two orders of magnitude
lower than that of the commercial SERS substrates Q-SERS; however,
the cost is far less than that of Q-SERS. Meanwhile, the detect limit for
bis(2-ethylhexyl) phthalate (DEHP) molecules, the most frequently
used plasticizer in food, paints, house-hold items, perfumes and so on,
reached 1 fM, which is among the best results ever reported. More-
over, the mechanism deduced here will provide insight into the future
design and selection of novel SPR substrates, as many other
bicontinuous interconnected systems are available.>>%”

EXPERIMENTAL PROCEDURES

Fabrication of GAPMMs

The fabrication of GAPMM:s using a biotemplate involves three steps
as follows: (1) amination of the biotemplate: butterfly wings were first
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immersed in ethanol for 30 min to preliminarily clean the surface of
the wings. Afterwards, the wings were aminated by immersion in
dilute 8 vol% nitric acid for 2 h and then in an ethanol solution of
ethanediamine (25 vol%) for 6 h. (2) Nanoseed growth: the aminated
wings were immersed for 4 h in a mixed solution of HAuCl (0.2 wt
%), which was prepared by dissolving HAuCl, in equal weights of
ethanol and deionized water. Afterwards, the wings were removed,
rinsed with deionized water and immersed in a 0.1 m NaBH, aqueous
solution for 2 min to form a homogeneous layer of Au nanoseeds on
the activated biosurface by reducing the adsorbent AuCl,” on the
aminated biosurface. (3) Au deposition: the Au-nanoseed-
functionalized butterfly wings were immersed in a specific electroless
deposition solution for a given time. The electroless deposition
solution was prepared by mixing solutions A and B in equal volume
(A: 2 g NaCl, 1 g HAuCly, 100 ml deionized water; B: 2 g diethano-
lamine (DEA), 20 ml ethanol, 100 ml deionized water). Both solutions
A and B were prepared and stored at 4 °C before use. All experiments
were conducted at room temperature.

Characterization of the GAPMMs

Scanning electron microscopy (SEM) was performed using a field-
emission SEM instrument (Quanta 250 from FEI, 20 kV, Hillsboro,
OR, USA) equipped with energy-dispersive X-ray spectroscopy
analysis capability (Oxford Instruments, Oxford city, UK, 80 mm?>
detector). Transmission electron microscopy (TEM) images of the
cross-section of the scales were acquired using a Bio-TEM FEI Tecnai
Spirit Biotwin. X-ray diffraction measurements were conducted using
a D/max-2550 instrument (CuKa, Rigaku Corporation, Tokyo, Japan).
The extinction spectrum of the Au gyroid scales was acquired using a
Microscope Systems ARM61 manufactured by Shanghai Ideaoptics
Corporation, Shanghai, China.

TEM projections

TEM cross-sections of the samples were prepared by sequentially
immersing the samples in a mixture of acetone and phenolic resin in
ratios of 2:1, 1:1 and 1:2 for 1 h, in order at room temperature. Then,
the samples were transferred into the phenolic resin and stored for
polymerization in a drying oven at 60 °C for 48 h. Slices of the scale
cross-sections were obtained using a frozen ultra-thin slicing machine
(Leica ULTRACUT UCS6, Leica Microsystems Inc., Wetzlar, Ger-
many), which were then transferred onto copper grids for observation.
The simulated TEM projections of different plane directions were
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Figure 2 Optical, SEM and TEM characterizations of the gyroid structure in the butterfly wing scales. (a) Optical image of a scale with gyroid structure from
butterfly C. rubi. (b) SEM image of zone A. Inset is a zoomed-in view of the [1 O O] zone. (c, d) SEM and TEM images of the cross-section of the G scale in
zone A, respectively. The right column of d shows the calculated TEM projections in the [0 2 7] and [2 4 9] directions, corresponding to the experimental
images (t=1, equation S1). (e) SEM image of zone B. Inset is a zoomed-in view. (f, g SEM and TEM images of the cross-section of the G scale in zone B,

respectively. Scale bars: (a) 5 pm; (b—g) 1 um; insets of b and e: 0.5 pm.

modeled by MATLAB 2010 Mathworks Inc., Natick, MA, USA using
the following equations*:
Gyroid:

f(x,y,2) = sinxcosy + sinycosz + sinzcosx
=t(—1.5<t<1.5) (1)

Double gyroid:

f(x,y,2) = sinxcosy + sinycosz + sinzcosx
= +t(—1.5<t<0) (2)

Diamond:

f(x,y,2) = sin (x + y) cosz + cos (x — y)sinz
=t(—1.5<t<15) (3)

Double diamond:

f(x,y,2) = sin (x + y) cosz + cos (x — y) sinz

= +t(—1.5<t<0) (4)
where x, y and z are equal to 2nX/a, 2nY/a and 2nZ/a; (X Y Z) are the
coordinates of a specific point in the cubic unit cell; and a determines
the cubic unit cell size. Taking gyroid as an example, a given t
determines the morphology of a gyroid surface (composed of all
points fulfilling the above formula) in the cubic network, which
divides the cubic structure into two distinct interpenetrating regions.
Here we define that f(x,),z) <t denotes filling with metal and that f(x,
¥,2)>t denotes filling with air. Varying the value of t changes the
composition of the materials, that is, the VF of the metal.28

SERS detection

The as-prepared GAPMMs were tailored into slices for Raman
measurements, which were conducted under a Bruker Senterra
R200-L Raman microscope operated with an Ar ion laser (532 nm)

and a x 50 objective lens. The laser had a power of 2 mW and a beam
diameter of 1 pm, and the integration time was 10 s. The focal depth
of the laser was ~ 1 pm, which is relevant to the detection depth of the
laser and smaller than the average thickness of the gyroid-structured
samples measured from the TEM cross-section images (2 + 0.5 pm).
Therefore, the detection depth of the laser at each spot over the
sample surface is approximately the same. The reproducibility was
evaluated at thirty randomly chosen spots on the 3 mm X 3 mm slice.
The SERS mapping detection for analyzing the uniformity of
GAPMMs-4 h was performed by scanning an area of 20 pm x 20 pm
with a step of 1 pm.

FDTD simulations

For the FDTD simulations, the gyroid model was built using a
combination of MATLAB 2010 and an FDTD program based on
equation (1). The calculation server used for building the gyroid
model and for the FDTD simulations was a Cluster Server with 480
Intel CPUs and 2T GB of internal storage. The unit cell size a was set
to 360 nm, to match the original template. The spatial resolution of
the model was set to a/2000. For the mesh size, a convergence test was
carefully performed and the mesh size was chosen to obtain a good
trade-off between the required computer memory and the simulation
time while ensuring convergence of the results. A plane-wave source
with a wavelength of 532 nm (matching the laser source) was applied
to illuminate perpendicular to the gyroid structure from the (100)
direction. The boundary condition in the light incidence direction was
set to provide a perfectly matched layer, and in the horizontal
direction the boundary condition was set to the periodic boundary
condition. Simulations in which the incident light showed both s
polarization and p polarization were conducted.
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RESULTS AND DISCUSSION

Similar to the blue butterfly Morpho, C. rubi has drawn extensive
attention due to its bright green color, originating from the gyroid-
structured photonic crystals with a unit cell size of ~360 nm and a VF
of 17% (t=1, equation 1).28-3% The gyroid-structured scales stack in a
tiled manner on the ventral wings of C. rubi. Randomly oriented
domains exist inside the scales, as shown in the optical image of a
single gyroid scale (Figure 2a) and also demonstrated in the SEM and
TEM images (Figures 2b—d). ‘Windows’ framed by the longitudinal
ridges and slender cross-ribs (Figures 2e and f) homogeneously cover
the external surface of the gyroid scales, which likely provide
mechanical support for the gyroid components on the underside.
Interestingly, the gyroid domains tend to be dense at the tip of the
scale (zone A, Figure 2a) and gradually become sparse and even
disappear at the root (zone B).3> Thus, a control experiment was also
conducted in zone B, to eliminate the effects of the window structure.

SPR enhancement has been reported to dramatically increase with
the reduction of the gap width, especially at a gap width of less than 5
nm.** Although accurately evaluating the gap distribution in 3D
gyroid networks with different VFs is difficult, simulated TEM
projections along different plane directions can provide insight. Based
on the TEM image of the cross-section of the biotemplate
(Supplementary Figure S1), we selected several plane directions as
examples and systematically investigated their gap distributions with
an increasing VF via simulated TEM projections (Videos S1-S7). The t
(from equation (1)) and VF values at which the number of nanogaps
is maximized in the different plane directions are summarized in
Supplementary Table S1. VF.. differs for the different plane
directions; however, these values are primarily located in the range
of 70-85%. In addition, VF,,, is subject to the actual unit cell size of
the gyroid skeleton. Nevertheless, one point remains certain: proper
control of the VF of GAPMMSs can create a high-density 3D-
distributed nanogap matrix and hence considerably increase the SPR
efficiency.

The TEM projection calculations not only exemplify the potential to
acquire 3D-distributed nanogaps but also emphasize the importance
of VF tuning during the templating process. To investigate the most
suitable VF, a series of GAPMMs with different VFs were fabricated by
controlling the #4 (see Supplementary Figure S3) in the electroless
deposition process. The fabrication of GAPMM:s based on a biotem-
plate involves three steps. The first two steps, amination of the
biotemplate and Au nanoseed growth, were reported in our previous
work.?* In the final electroless deposition process, a moderate
reductant, diethanolamine, was used to guarantee the slow and
homogeneous growth of Au films. A proper concentration of halide
ions (CI7) was also included to control the morphology of the Au
films.*® For a closer view of the GAPMMs under the window
structure, SEM and TEM images of the cross-sections of the scales
with different 74 are shown in Figures 3a—f. At t3=1h, Au films with a
thickness of ~17nm begin to form and homogeneously cover the
gyroid skeleton. Upon increasing the #4 to 5h, the Au films grow
uniformly. Notably, during the uniform growth of the Au films, the
gyroid morphology and the interconnectivity of the channels were
maintained, as confirmed by comparing the TEM images of the cross-
sections (Figure 3, A column) with the simulated TEM projections
(Figure 3, B column) of the corresponding VFs. The interconnectivity
of the helices with different tg4 is also indicated by the SEM images of
the cross-sections (Figure 3, C column) and the simulated gyroid
networks with the corresponding VFs (Figure 3, D column). The
widths between the interconnected channels slowly and homoge-
neously decreased with Au deposition, until all the channels were fully
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blocked after a ty of 6h. A fitted growth curve of the Au films is
depicted in Supplementary Figure S4. The thickness of the Au films
demonstrates a strong linear relationship with tq (1-5 h). In fact, when
the VF is higher than 98% (t>1.413), a so-called pinch-off surface is
formed, which breaks the channel in'[erconnectivity.39 The residual
channels are then separated into isolated pores (as shown in
Supplementary Figure S2) and shielded from the electroless deposition
bath. Therefore, we can only approach but never reach a VF of 100%
by extending the #3. Detailed structural parameters of these GAPMMs
are listed in Table 1. The extinction spectra of these GAPMMs were
also measured using a microscope spectrometer (Supplementary
Figure S7). A broad absorption band is found in the wavelength
range of 450-500 nm, and the absorption between 500 nm and
700 nm decreases with increasing t4, which is in good agreement with
previously reported results.”? The absence of characteristic absorption
peaks corresponding to the gyroid structure and the formation of
nanogaps may originate from the scattering of the window structure
and structural defects, as well as the existence of nanogaps with
different widths.

To quantitatively analyze the nanogap distributions in the GAPMM:s
with different 74, we manually measured the nanogap widths from the
TEM images, which are summarized in Supplementary Table S2.
Some of the nanogaps (shown in Supplementary Figure S5) are also
directly labeled on the TEM cross-section images. The gap widths
between the interconnected channels continuously decreased as the #y
increased from 1 to 3 h. Then, the number of nanogaps with widths
ranging from 3 to 25nm reached a maximum at a tg of 4h.
Afterwards, excess deposition of Au largely decreased the number of
nanogaps at a tg of 5 h, until finally all the channels were blocked at a
ty of 6h. Therefore, the SPR enhancement of GAPMMs-4h is
anticipated to be higher than that of the GAPMMs with other t4
values. Although determination of the distribution of nanogaps in all
three dimensions is difficult, the nanogap distribution from the TEM
cross-section can provide insight into that of the two other dimen-
sions. Despite the existence of nanogaps with different widths, the
nanogaps are periodically distributed among the interconnected
helices with their extension in 3D space. The SEM image acquired
from the underside of the gyroid-structured scale provides direct
understanding of the 3D-interconnected helices in GAPMMs-4 h (as
shown in Supplementary Figure S6a).

To verify this hypothesis, the SERS detection of CV molecules using
the GAPMM substrates with different f4 was performed to monitor
their SPR enhancements. Au butterfly wings were tailored into
3 mm X 3 mm slices and directly used as substrates for SERS detection
without removing the original chitin skeletons, as it has been reported
that the original skeleton does not have a substantial influence on
SERS detection at certain incident laser wavelengths, that is, 514 nm
and 532 nm.34% A CV alcohol solution (25 pl) with a concentration of
10"4M was carefully dropped onto the 3mmx3 mm slices and
allowed to dry naturally at room temperature. A 532 nm incident laser
was then applied to conduct SERS detection. The SERS signals
detected on the GAPMM substrates in zone A with different ty are
shown in Figure 4a. The SERS enhancement displayed slow growth as
the t4 increased from 1 to 3 h, corresponding to a slow decrease in the
channel width with increasing VF. The enhancement then reached a
maximum with a sharp increase as the ty reached 4 h. Subsequently,
the SERS enhancement began to decline at a fg of 5h, as the
deposition of excess Au reduced the number of nanogaps. Finally,
the enhancement experienced a considerable decrease as entire
channels were blocked at a t3 of 6 h.
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Figure 3 Experimental and simulated images of the cross-sections of zone A with different 4. TEM images (A column), TEM projections (B column), SEM
images (C column) and SEM projections (D column) of: (@) ty=1h, in the [0 1 31 and [1 6 7] directions with a VF of 17%; (b) ty=2h, in the [2 1 1]
direction with a VF of 34%; (c) ty=3 h, in the [0 3 5] direction with a VF of 53%; (d) fy=4 h, in the [3 2 5] and [2 4 9] directions with a VF of 79%; (e)
ty=5h, in the [1 O 1] and [0 1 3] directions with a VF of 90%; (f) ty=6 h, with a VF of 100%. Scale bars: 1 um.

Table 1 Structural parameters of GAPMMs with different #4

DT (h) 1 2 3 4 5 6
Thickness (nm) 17 32 61 75 89 \
VF (%) 23 34 53 79 91 100
t 0.85 0.5 -0.1 -0.9 -1.2 -15

Abbreviations: DT, deposition time; GAPMM, gyroid-structured Au periodic metallic material;
TEM, transmission electron microscopy; VF, volume fraction.

2The VFs of the GAPMMs with different {4 values in the table are the averages of several
different plane directions in the TEM images of the cross-section.

bThe t values were evaluated using equation (1) based on the corresponding VFs.

To further investigate the SPR enhancement of the GAPMM s near a
tq of 4 h, GAPMMs with different ty between 3 and 5 h (in increments
of 20 min) were fabricated and their SERS performances were studied

in the same manner. As shown in Figure 4b, the SPR enhancement
quickly and almost linearly increased when the #4 increased from 3 to
4 h, before a maximum was acquired at a tg of 4 h. Afterwards, the
enhancement began to decline as the t4 increased to 5h. Control
experiments were also conducted in zone B (Figure 4c). In contrast to
the trend in zone A, the SERS enhancement experienced stable growth
as the tg increased from 1 to 6 h (Figure 4d), but the enhancement was
obviously smaller than that in zone A. In particular, at a ¢4 of 4 h, the
enhancement in zone A was 12 times greater than that in zone B,
which distinctly excludes the impact of the window structure,
exhibiting the superiority of the gyroid structure.

Furthermore, we conducted FDTD simulations to gain insight into
the SPR mechanism of the GAPMMs with different VFs. The unit cell
size used for the simulation was set to 360 nm based on the original
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template. As shown in Figure 5a, the simulated variation in the SPR
enhancement versus VF was in good agreement with the experimental
results of the GAPMMs. The electric field intensity did not greatly
change as the VF increased from 25% to 60%. At a VF of 60%, the
SPR enhancement began to quickly increase before reaching a
maximum at a VF of 75%, which is very close to the experimental
value of 79%. Upon further increasing the VF, the SPR enhancement
started to decrease until reaching a VF of 95%. The energy map inside
one gyroid cubic unit cell with a VF of 75% was also calculated using
FDTD. The SPR enhancement reached as high as 10% using incidence
light with both p and s polarization. For s polarized light, the
exponential distribution of the electric field on the four two-
dimensional planes in the [100] direction with different z-axis depths
is shown in Figure 5c¢ (the simulation results for p polarization are
shown in Supplementary Figure S13 for reference). The insets of these
figures show the cross-section projections at corresponding z-axis
depths. The gray region represents gold and the blank area represents
air. Among these projections, the plane on z2 has a position with a
narrow nanogap, while z1, z3 and z4 are planes near z2 (the relative
position of these planes is shown in Figure 5b). From these energy
maps, we find that the SPR enhancement is much higher in the plane
at depth z2 with a narrow gap than at the other planes at depths z1, z3
and z4. Therefore, we can conclude that the highest electric field
enhancement was closely located around the nanogaps and that gaps
with larger widths contribute much less to the enhancement.
Moreover, in addition to the highest SPR enhancement at the
position with a narrow gap, a considerable SPR enhancement is also
found around the internal interface between Au and air near the
nanogap, as shown in Figure 5¢, which was deduced to originate from
the interconnected helices. First, the interconnected helices largely
increase the spatial utilization compared with a linear structure. By
properly tuning the VF, we can acquire high-density hotspots in all
three dimensions. Second, we proved in our previous work that a 3D
hierarchical configuration is important to increasing the scattering
cross-section, which enhances the multi-scattering of incident light
and increases light absorption, finally contributing to a high SPR
enhancement.*! Therefore, the 3D bicontinuous interconnected
helices will increase the scattering cross-section of incidence light,
which further increases the SPR enhancement. Although reducing the

channel width by continuously depositing Au will surely lead to a
decrease in the scattering cross-section, a competition exists between
the nanogap density and the scattering cross-section upon increasing
the VE. Theoretically, we can determine a suitable VF to balance the
two factors and acquire a much higher SPR enhancement.

Subsequently, the SERS sensitivity, reproducibility and uniformity
of GAPMMs-4h were systematically evaluated. We first used the
GAPMM substrates to investigate the detection limit of CV molecules.
As shown in Figure 6a, the SERS spectrum is still distinctly obtained at
a concentration down to 10712 M with the use of 25 pl of solution,
which is four orders of magnitude lower than that of gyroid-structured
plasmonic materials templated from block polymer systems!> and two
orders of magnitude lower than that of the commercial SERS substrate
Q-SERS (as shown in Supplementary Figure S11); however, the cost of
GAPMMs-4 h is far less than Q-SERS. According to the assumptions
and procedures in published works,!* the average enhancement factor
for GAPMMs-4 h is estimated to be 0.8 x 10° under 532 nm laser
excitation (as shown in the supporting information). It is noteworthy
that the evaluated enhancement factor based on experimental results is
approximately the same order of magnitude as that obtained from the
FDTD simulations (~108, proportional to the fourth power of the
electric field intensity, [EI*). Considering the chemical enhancement*?
and possible contribution from the rough surface of real Au films, the
simulated result is in good agreement with the experimental result.

Afterwards, to examine the capacity of GAPMMs-4 h to monitor
food and environmental safety, we chose DEHP with an ultralow
concentration for detection, as DEHP is the most frequently used
plasticizer in perfumes, children toys, paints, household itemsand so
on, and poses a high risk when in drinking water. The Raman spectra
(532 nm incident laser) of DEHP in concentrations ranging from
10713 to 107 !> m are shown in Figure 6b. The characteristic Raman
peaks of DEHP can still be distinguished at a concentration down to
10~ 15 M. Compared with other novel substrates with sensitivities down
to M, GAPMMs are not only facile and inexpensive to fabricate but
also freestanding, mechanically robust and easy to transfer between
various application environments.” Therefore, the super-sensitive,
freestanding and cost-effective GAPMM substrates hold great potential
in ultralow concentration detection for drug security, food safety,
environmental protection and so on.

NPG Asia Materials



Surface-enhanced Raman spectroscopy
L Wu et al

k\m\\\u‘

(& 10
- NGl
s \\\\\\\\\L\L}L‘“\ o ¥
g ‘ \“\ L'- ¢, &

1200 1000 800

Raman shift (cm-1)

1400

1600

¢ e

b ss
Raman signal from 30 random spots
5 ¢ -— 1617 cm", RSD=0.052
B, G % - 915cm”, RSD=0.065
=
&z + @ * *
£ a5 Tt st Mt T eastent te
]
E =
5 G
= *
I * > ¥
g **** — * t****** L N
1 E
0 5 10 15 20 25 30
sample number
d -10 -5 0 5 10
10 * L L L L L + 10 I/Imax
| 0.8
5 R a':{ 5
T - 0.85
E o - 0
+ * -
2 4 0.9
>
t -
-5 ' R > 0.95
. . *
=10 ____'_L vl r 9 =10 1
-10 -5 0 5 10
X (pm)

Figure 7 Reproducibility and uniformity analysis of GAPMMs-4 h based on CV molecules. (a) Raman signals (10~ 10 w) obtained from 30 different gyroid
scales in A zone. It is noteworthy that the concentration used for the reproducibility evaluation is one order lower than that of our previous work. (b) Raman
intensity distribution of the 30 spectra at the peak wavenumbers 915 and 1617 cm~1, with relative s.d. (RSDs) of 0.065 and 0.052, respectively. (c) Top-
view SEM image of GAPMMs-4 h with the illustration of SERS mapping experiment measured by scanning a 20 pmx 20 pm area with a laser spot diameter
of 1 ym at a step-size of 1 pm. (d) Normalized SERS intensity distribution of the Raman signal (CV, 10~10 ) at the peak wavenumber 1617 cm~1! acquired

from the mapping.

Furthermore, the reproducibility of the SERS enhancement by this
platform was investigated by randomly selecting 30 spots on 30
different gyroid-structured scales in zone A for the detection of CV
(1071%m). As shown in Figures 7a and b, the 30 SERS spectra
demonstrated superior consistency with a relative s.d. of 5.2% and
6.5% at a peak wavenumber of 1617 and 915cm™!, respectively.
These results are comparable to those of many other SPR substrates,
whereas the detection concentration is one or two orders of magnitude
lower.?4*> Meanwhile, to investigate the influence of the randomly
oriented distribution of domains on the uniformity of SPR enhance-
ment by the GAPMMs, a point-by-point SERS mapping measurement
was conducted on a 20 pm X 20 pm area in zone A for the detection of
CV (10719Mm). The step lengths in both the X and Y directions were
1 pm. As shown in Figures 7c and d, the Raman intensities acquired
on all these 20x20 spots at a peak wavenumber of 1649 cm™!
demonstrate high uniformity. We can conclude that the anisotropy
of these domains does not have a substantial influence on the SPR
efficiency of the gyroid structure. As randomly oriented gyroid
domains exist in both natural templates and self-assembled motifs
in block polymer systems, confirmation of the uniform SPR enhance-
ment over anisotropic domains is of great significance for potential
plasmonic applications.

In addition, the reusability of the GAPMMs-4h substrate was
evaluated by repeatedly depositing and removing CV molecules from
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the substrate. As shown in Figures 8a and b, after 15 cycles, the
intensity of the Raman signal at a peak wavenumber of 1617 cm™!
maintains 95% of the intensity of the first measurement, which means
that the gyroid-structured plasmonic substrates are quite stable and
robust. In addition, as discussed in previously, the most suitable VF to
acquire hotspots with high density depends on the unit cell size of the
gyroid structure. As the unit cell sizes of different gyroid domains in
different butterflies may slightly differ from one another, we fabricated
GAPMM-4 h substrates based on 10 different C. rubi butterflies and
then detected the Raman signal of 10719 M CV using these substrates
to investigate the difference between butterflies. As shown in
Figures 8c and d, slight fluctuation within the expected limit is
observed among these spectra. The relative s.d. calculated from the
intensities at peak wavenumbers of 1617 and 915 cm™ ! are 7.1% and
5.8%, respectively. These results are comparable with those of many
other hierarchical plasmonic substrates.>*443

More importantly, the mechanism presented here can act as a
guideline for the future design and selection of SPR substrates. The
existence of several other bicontinuous interconnected structures has
been confirmed in various biological systems and self-assembly
systems, such as the diamond structure found in the brilliantly green
weevil Lamprocyphus augustus® and the double-gyroid,** striped-
gyroid?® and double-diamond?® structures in block polymer systems.
Figure 8 depicts the nanogap distribution in the two-dimensional
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Figure 8 (a) Fifteen CV (10~19 m) SERS spectra for reusability analysis of the GAPMMs-4 h substrate. (b) Raman intensity distribution of the 15 spectra in a
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Figure 9 Simulated TEM projections of different bicontinuous structures: (a) gyroid and (b) double-gyroid structures along the [2 4 9] direction; (c) diamond
and (d) double-diamond structures along the [1 1 1] direction, with an increasing VF. For the gyroid and diamond structures, note that the value of t varies
in the range between —1.5 and 1.5, and that the nanogaps originate from the approaching of one network by increasing its VF. However, for the double
gyroid and double diamond structures, t varies in the range between —1.5 and O, and the nanogaps originate from the approaching of the two
centrosymmetric networks with the increasing of their VFs.
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cross-sections of the diamond structure versus VFs. The trend is
similar to that of the gyroid structure. In particular, the double-gyroid
and double-diamond structures, which are composed of two sets of
centrosymmetric gyroid and diamond networks, respectively, possess
even higher spatial utilization. Thus, an even higher nanogap density
can be acquired with proper control of the VF, as indicated by the red
arrows in Figure 9 and Supplementary Figure S15.

CONCLUSION

In summary, we proved the existence of a high-density 3D-distributed
nanogap matrix among the interconnected channels in GAPMMs-4 h
by both experimental and theoretical analysis. GAPMMs-4 h not only
possessed ultra-high SPR sensitivity but also demonstrated superior
reproducibility, uniformity and stability. The SERS detection limit for
DEHP, the most frequently used plasticizer, which poses high risks in
food and environmental safety, was as low as 1 fM. Compared with
other PMM substrates fabricated by either top-down or templating
methods, gyroid-structured plasmonic materials possess at least three
advantages. First, the bicontinuous interconnected helices fully utilize
all three spatial dimensions, enabling us to engineer hotspots with high
density in three dimensions. Second, the 3D interconnected helices
largely increase the scattering cross-section, which facilitates the
absorption of incident light and further increases the SPR efficiency.
Consequently, the SPR enhancement of the GAPMMs is much higher
than that of SPR substrates with hotspots distributed in two dimen-
sions, such as the nanoridge structure in x—z dimensions?? and the
lithographically patterned nanoparticle arrays in x—y dimensions.??
Last but not least, the interconnected channels in the gyroid structure
have been proved to be a ‘highway’ for efficient mass and electron
transport by both experiments and simulations.**” Functional
materials with gyroid structures have been demonstrated to perform
well in solar cells,*® optoelectronic devices,* catalysis50 and cell
culturing®! Therefore, in addition to functioning as plasmonic
sensors, these materials also hold potential for applications requiring
efficient matter transport, as well as superior SPR performance, such
as photocatalysis, plasmonic solar cells and heat-induced evaporation.
A very recent work demonstrated the possibility of predicting the unit
cell size of the gyroid structure in self-assembly systems.>> Combined
with theoretical TEM projection analysis, the most suitable VF for
superior SPR performance can be determined, which can in turn guide
the engineering of 3D-distributed nanogaps in bicontinuous systems
with versatile unit cell sizes using the electroless deposition method
developed in this work.
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