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There has been strong interest in developing multi-band plasmonic metasurfaces for multiple optical
functions on single platforms. Herein, we developed Au moiré metasurface patches (AMMP), which leverage the tunable multi-band responses of Au moiré metasurfaces and the additional ﬁeld enhancements
of the metal–insulator–metal conﬁguration to achieve dual-band plasmon resonance modes in nearinfrared and mid-infrared regimes with high ﬁeld enhancement. Furthermore, we demonstrate the multifunctional applications of AMMP, including surface-enhanced infrared spectroscopy, optical capture and
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patterning of bacteria, and photothermal denaturation of proteins. With their multiple functions of high
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performance, in combination with cost-eﬀective fabrication using moiré nanosphere lithography, the
AMMP will enable the development of highly integrated biophotonic platforms for a wide range of appli-
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cations in disease theranostics, sterilization, and the study of microbiomes.

Introduction
Progress in biophotonics, an emerging field that applies
photonic techniques to biological and medical research,
relies on the development of new optically active materials
that can measure, control and process biological cells and
molecules at an unprecedented level.1–8 Benefiting from the
plasmon-enhanced local electromagnetic field and the associated photothermal eﬀect at the rationally designed twodimensional (2D) arrays of plasmonic nanostructures, plasmonic metasurfaces have shown promise for a variety of biomedical applications.9–15 For example, enhanced light
absorption by metal nanoparticles at surface plasmon resonances (SPRs) can convert eﬃciently the incident photon
energy to thermal energy and heat the particle surfaces up to
200 °C,16 which is promising for photothermal therapy of
various medical conditions, including cancer.17 The photothermal eﬀect has also proven to be eﬃcient in thermal denaturation of proteins for food processing.18 The enhanced
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electromagnetic field at plasmonic metasurfaces underpins
their use in surface-enhanced optical spectroscopy for
biology and medicine. In particular, surface-enhanced infrared spectroscopy (SEIRS) is capable of sensitive and label-free
detection of biomedical analytes such as lipids, proteins, and
nucleic acids.19,20 The strongly enhanced electromagnetic
field at plasmonic metasurfaces increases the intrinsically
weak vibrational infrared (IR) absorption of the biomolecules
in SEIRS.10,11
One of the trends in plasmonic metasurfaces for biomedical applications is to integrate multiple functions such as
optical sensing and photothermal heating on single
platforms.21–24 Multifunctional integration oﬀers several
advantages, including miniaturized devices and real-time
therapeutic monitoring. However, most of the current plasmonic metasurfaces that exhibit single-band plasmon resonances
cannot meet the requirements of the single-platform multifunctional integration because diﬀerent biomedical applications require diﬀerent working wavelengths for their optimal
performances. For example, plasmonic resonances at nearinfrared (NIR) within biological windows (650 nm to 900 nm
and 1000 nm to 1400 nm)1,25 are required for optimal in vivo
photothermal therapy, while mid-infrared (MIR) light with
wavelengths of >3 μm is needed to match the IR vibrational
absorption bands of biomolecules in SEIRS. Therefore, multiband plasmonic metasurfaces where diﬀerent bands give the
best performances for diﬀerent biomedical functions are
highly desired for the integrated multi-functional applications
based on single material platforms.
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Moiré metasurfaces,26,27 which feature plasmonic nanostructures with variable sizes and shapes in 2D moiré patterns,
support multiple surface plasmon modes that lead to multiband optical responses covering large segments of the electromagnetic spectrum.28,29 Using a directed-assembly method
known as moiré nanosphere lithography (MNSL), we can fabricate the moiré metasurfaces in a high-throughput and costeﬀective manner.30 We have demonstrated that Au moiré metasurfaces support multiple surface plasmon resonances that
span working wavelengths from visible to MIR regimes for
both photothermal and sensing applications.28 By controlling
the moiré pattern and plasmonic nanostructure geometry, one
should be able to finely tune the multi-band optical responses
for the diﬀerent applications with optimal performances.28
However, the large variety of plasmonic nanostructures in the
2D arrays results in weak optical responses from each type of
surface plasmon mode because only a small percentage of the
nanostructures supports the specific types of modes. The weak
optical responses have significantly limited multifunctional
biomedical applications of current moiré metasurfaces.
Herein, we develop a general strategy to improve the multiband optical responses of moiré metasurfaces based on the
metal–insulator–metal (MIM) structure. Known as the moiré
metasurface patch, our MIM structure is composed of a moiré
metasurface and an optically thick metal film with a dielectric
spacer layer sandwiched between them. The multiple light
reflections between the moiré metasurface and the metal film
enhance the surface plasmon resonances at the metasurface.
Using Au moiré metasurfaces as examples, we demonstrate Au
moiré metasurface patches (AMMP) that exhibit strongly
enhanced dual-band plasmon resonances in the NIR
(∼1300 nm) and MIR (∼5 μm) regimes. Furthermore, we
demonstrate the use of the dual-band AMMP for multifunctional biomedical applications. Our single-platform applications include: (1) SEIRS of an ultrathin layer of poly(methyl
methacrylate) (PMMA) and proteins; (2) optical capture and
immobilization of bacteria based on the plasmon-enhanced
generation of microbubbles; and (3) plasmon-enhanced photothermal denaturation and spectroscopic analysis of proteins.

Fabrication and characterization of
moiré metasurface patches
Fig. 1(a) shows a schematic of the AMMP structure, where a
MgF2 dielectric layer is sandwiched between an Au moiré
metasurface and an Au film on a glass substrate. The fabrication process is illustrated in Fig. S1.† The thicknesses of the
Au moiré metasurface, MgF2 layer and Au film were 20 nm,
300 nm and 100 nm, respectively. We fabricated the Au moiré
metasurfaces using MNSL, where the moiré pattern and plasmonic nanostructure geometry were precisely tuned to obtain
plasmonic resonances that are suitable for photothermal
heating and MIR sensing applications (Fig. S2†).28,30 Fig. 1(b)
shows a scanning electron micrograph of the Au moiré metasurface of the AMMP. The moiré metasurface included three
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Fig. 1 (a) Schematic of AMMP. (b) Scanning electron micrograph of an
Au moiré metasurface of the AMMP. The scale bar is 2 μm. (c) Reﬂection
spectrum of an AMMP in the NIR regime. (d) Reﬂection spectrum of an
AMMP in the MIR regime.

types of Au nanostructures: the ring-like nanostructures, the
z-shaped nanostructures, and the triangular nanostructures.
The inner and outer diameters of the ring-like structures were
∼700 nm and ∼900 nm, respectively. The z-shaped structures
had a length of ∼800 nm and the triangular structures had an
edge of ∼320 nm.
With the diﬀerent types of plasmonic nanostructures in
the metasurfaces,31 the AMMP can support multiple surface
plasmon resonances at various wavelength regimes. Fig. 1(c)
and (d) show the measured reflection spectra from the AMMP
in air at the NIR (0.7–2 μm) and MIR (3–8 μm) regimes,
respectively. As shown in Fig. 1(c), the AMMP had a low
reflection of ∼30% from ∼1.1 μm to ∼1.6 μm. The low reflection indicates a high absorption of incident light by the
AMMP since the optically thick Au layer of 100 nm blocks the
light transmission. The broad absorption is attributed to the
excitation of plasmon resonances of the z-shaped and triangular nanostructures of variable sizes. In the reflection
spectrum of Fig. 1(d), we attribute the dip at the wavelength
of ∼5 μm to the excitation of plasmon resonances of the ringlike nanostructures, revealing an eﬃcient MIR light absorption by the AMMP. With the strong optical responses in the
NIR and MIR regimes, the AMMP are promising for multiple
biomedical applications such as photothermal heating and
IR sensing. Compared with other reported dual-band metasurfaces that rely on costly and low-throughput electron-beam
lithography, the AMMP provide cost-eﬀective and scalable
substrates for biomedical applications. In addition, as shown
in Fig. 1(c), the broadband absorption in the NIR regime
enables the high versatility in choosing working lasers with
wavelengths from 1.2 to 1.6 μm for the photothermal treatment. It is worth mentioning that the uniformity of
the AMMP can be improved by using nanosphere monolayers with large single-crystalline domains in MNSL.32 The
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uniformity improvement of the metasurfaces can lead to the
higher optical absorption eﬃciency and the higher performances in biomedical applications.
The optical responses of the AMMP, as shown in Fig. 1(c)
and (d), arise from the combined eﬀects of the Au moiré
metasurface and the MIM structure. We employed optical
simulations based on finite-diﬀerence time-domain (FDTD)
methods to evaluate the enhancements of the optical
responses by the MIM configuration. Fig. 2(a) shows the
simulated NIR absorption spectra of an Au moiré metasurface with and without the MIM configuration in air. For
the Au moiré metasurfaces without the MIM configuration,
there is weak and broad optical absorption from ∼1.0 μm to
∼1.8 μm. The broad optical absorption arises from surface
plasmon resonances of triangular and z-shaped nanostructures. Fig. S3† shows the simulated absorption spectra
of the two representative nanostructures along with electric
field distributions at the resonance wavelengths. In total,
three resonance modes at diﬀerent peak wavelengths are
excited in the NIR regime. The average eﬀects from many triangular and z-shape nanostructures with slightly variable
shapes and sizes lead to the weak and broad optical absorption of the moiré metasurfaces. The Au moiré metasurface
with the MIM configuration (or AMMP) exhibits a significantly enhanced light absorption in the same wavelength
regime. The line shape of the simulated absorption spectrum
of the AMMP is consistent with the measured reflection
spectrum in Fig. 1(c). We explain the absorption enhancement in the MIM configuration based on a multiple reflection
model. As illustrated by the schematic in the inset of
Fig. 2(a), the incident light is partially reflected and transmitted into the spacer layer through the Au moiré metasurface. The transmitted light propagates in the spacer and
can be reflected by the Au film, leading to multiple reflections between the Au moiré metasurface and the Au film. The

Fig. 2 (a) Simulated NIR absorption spectra of the Au moiré metasurface with and without the MIM conﬁguration in air. The inset is the
schematic illustration of the multiple reﬂections of light in the spacer
layer that enhance the light absorption by the metasurface. I, T and R
depict the incident, transmitted and reﬂected light, respectively. (b)
Simulated MIR absorption spectra of the Au moiré metasurface with and
without the MIM conﬁguration. The insets show the electric-ﬁeld intensity distributions (when excited at the peak wavelengths) at the ring-like
nanostructure with and without the MIM conﬁguration. The white dashed
lines in the insets depict the inner boundaries of the ring-like structures.
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multiple reflections significantly increase the light absorption by the Au moiré metasurface at the plasmon resonances.
Fig. 2(b) plots the simulated MIR absorption spectra of the
Au moiré metasurface with and without the MIM configuration
in air, which exhibited dipole plasmon resonances of the ringlike nanostructure. The MIM configuration caused a red shift
of the absorption peak from ∼3.7 μm to ∼5 μm. The insets of
Fig. 2(b) show the simulated distributions of electric field
intensity at the ring-like structures with and without the MIM
configuration. The wavelengths used for the field-distribution
simulations were 3560 nm and 4960 nm, respectively. We can
see that the MIM configuration further increased the plasmonenhanced electromagnetic fields at the ring-like structure in
air. The field enhancement makes the AMMP a better candidate than the Au moiré metasurface for SEIRS, where the sensitivity is proportional to the square of the electric-field amplitude at the analytes.33
The MIM configuration impacts diﬀerently the absorption
spectra of the metasurfaces in the NIR and MIR regimes due
to the diﬀerent coupling eﬀects. In the MIR regime, the optical
absorption of the AMMP arises from localized surface
plasmon resonances of ring-like nanostructures, as shown in
Fig. 2(b). With the MIM configuration, the multiple reflections
in the spacer lead to a near-field interaction between the ringlike nanostructure and its image in the Au film, which is
known as out-of-plane coupling.34 The out-of-plane coupling
causes a redshift in the resonance wavelength of the
nanostructure.34,35
In the NIR regime, the multiple reflections in the spacer
can also induce electromagnetic coupling between the Au
moiré metasurfaces and the Au film in the MIM configuration.
The smaller nanostructures such as triangular nanostructures
in the moiré metasurfaces support surface plasmon modes in
the NIR regime. These dense and gradient NIR-active nanostructures in the moiré metasurfaces can be considered as an
eﬀective continuous thin film.36 In this case, the absorption
peak wavelength of the AMMP makes a blueshift and then a
redshift when the MIM configuration is introduced and the
spacer thickness is increased. The increased spacer thickness
also enhances the absorption intensity and bandwidth.36
Therefore, the introduction of the MIM configuration with a
thick spacer (300 nm) into the Au moiré metasurface increases
the absorption bandwidth and intensity in the NIR regime, as
shown in Fig. 2(a).
Fig. S4† compares the electric-field distributions at the
bottom surfaces of the Au moiré metasurfaces with and
without the MIM configuration. The simulations were carried
out for both NIR and MIR regimes. We can see that the
enhanced electric field in the MIR regime is concentrated near
the ring-like nanostructures in the AMMP, revealing the occurrence of the coupling between individual ring-like nanostructures and the Au film. In contrast, the enhanced electric
field in the NIR regime occurs both near the Au nanostructures and at the empty area in the AMMP. The global field
distribution confirms that the Au moiré metasurface interacts
with the Au film as an eﬀective continuous film.
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Surface-enhanced infrared
spectroscopy
In a typical SEIRS, surface plasmons can couple with molecular vibrations where there is an overlap between the absorption spectra of plasmonic substrates and molecules,37 enhancing the molecular vibrational signals as additional peaks or
dips in the extinction (or reflection) spectra of the substrates.9,38 We demonstrate the AMMP-based SEIRS in the MIR
regime for detection of the thin layers of PMMA and proteins,
i.e., bovine serum albumin (BSA). As shown in Fig. 3(a), a thin
layer of PMMA (∼20 nm) caused two prominent changes in the
reflection spectrum of AMMP. One is a red shift in the reflection dip (i.e., from ∼5 μm to ∼5.25 μm) due to the increased
refractive index of the AMMP surrounding. The refractive index
sensitivity was 510 nm per RIU (refractive index units), despite
the nanometric thickness of the PMMA layer. The other was
the emergence of an additional dip at ∼5.8 μm in the reflection spectrum, which is attributed to the vibrational mode of
the acrylate carboxyl group in PMMA.39 A small dip at ∼5.7 μm
was observed in the reflection spectrum from an Au thin film
coated with PMMA of the same thickness. The coupling
between the vibrational modes of PMMA and the plasmonic
modes leads to a slight modification in the line shape and
spectral shift in the reflection dip.40,41 The AMMP-based SEIRS
features a significantly enhanced molecular vibrational signal
with the peak-to-dip diﬀerence (∼10%) ten times higher than
the Au film (∼1%).
Fig. 3(b) compares the MIR absorbance spectra of BSA on
the AMMP and the Au film. The BSA molecules were physically
adsorbed on the surfaces of the AMMP and Au film as submonolayers. The absorbance spectra were derived from the
reflection spectra of the substrates with and without BSA as
−log(RBSA/R0), where RBSA and R0 are the reflections of the
AMMP with and without BSA, respectively. Two resonant peaks
appeared in the absorbance spectrum of AMMP with BSA. The
two peaks are attributed to the CvO stretching and N–H
bending modes in the amide functional group of BSA, as illus-

Fig. 3 (a) Reﬂection spectra of the AMMP with and without PMMA, as
well as an Au ﬁlm with PMMA. The green dashed ellipse marks the dips
that arise from the same molecular vibrational mode. (b) MIR absorbance spectra of BSA on the AMMP and Au ﬁlm, which are the diﬀerences between the reﬂection spectra of the substrates with and without
BSA. The spectra are vertically oﬀset for clarity. The schematic in the
inset illustrates the corresponding vibrational modes of BSA.
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trated in the inset of Fig. 3(b). In contrast, the absorbance
spectrum of the Au film with BSA is featureless, revealing no
information on the BSA. The enhancement (>10 times) in the
molecular signals is comparable to that of SEIRS substrates
based on perfect absorbers.42 The comparative study indicates
that AMMP can be an excellent platform for SEIRS in molecular analysis.

Optical capture and immobilization of
bacteria
The capability of capturing bacteria from solutions and immobilizing them in designed patterns on substrates can benefit
sterilization and the study of microbiomes.43–48 Inspired by
our recent demonstration of bubble-pen lithography,49 we
explored plasmon-induced microbubbles to capture and
pattern bacteria on AMMP. We employed a NIR laser beam
with a wavelength of 1310 nm to generate microbubbles on the
AMMP (Fig. 4a). As shown in Fig. 1(c), our AMMP had strong
optical absorption at 1310 nm due to the plasmon resonances,
leading to the further enhancement of the photothermal
eﬀects of the NIR light. It is worth mentioning that our AMMP
allow the use of variable NIR lasers with wavelengths from 1.2
to 1.6 μm due to the broadband absorption in the NIR regime,
as shown in Fig. 1(c). As illustrated in Fig. 4(b)–(e), upon the
laser irradiation at the interface of AMMP and aqueous solution (i.e., DI water), the plasmon-enhanced photothermal
heating50,51 generated a microbubble at the AMMP surface,
which captured E. coli bacteria suspended in the solution and
immobilized them on the AMMP. Specifically, a laser beam
with a spot size of ∼4 μm was focused on the AMMP (Fig. 4c).
When the power intensity was increased to 0.4 mW μm−2, a
microbubble was generated at the beam site on the AMMP
(Fig. 4d) due to water vaporization from photothermal eﬀects
that are enhanced by the plasmonic modes. In contrast, a
much larger power of a few tens of mW μm−2 was needed to
generate microbubbles on Au thin films.52 This power intensity is also lower than the value for generating microbubbles
on quasi-continuous Au nanoislands.49 Upon the generation
of the microbubble, E. coli bacteria suspended in the solution
were captured onto the bubble surface via the combined
eﬀects of Marangoni convection, surface tension, and gas
pressure.49 Once the laser beam was turned oﬀ, the microbubble disappeared and the captured bacteria were immobilized onto the AMMP surface as a cluster (Fig. 4e). The number
of the bacteria in the cluster can be controlled by the “ON”
time of the laser beam (or microbubble) and the concentration
of bacteria in the solution. It is worth mentioning that the
bubble generation is independent of the position of the laser
spot relative to the Au nanostructures on the AMMP surface.
The diameter of the laser spot (∼4 μm) is larger than the quasiperiod of the moiré pattern (∼2 μm, as shown in Fig. 1b).
Thus, independent of the position of the laser spot on the
AMMP surface, a similar number (∼4 quasiperiodic units) of
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Fig. 4 (a) Schematic of our experimental setup for capture and immobilization of bacteria on the AMMP using plasmon-induced microbubbles. The
inset shows the cross-sectional view of the transport and trapping of the bacteria at a microbubble generated by a laser beam at the interface of the
AMMP and solution. (b) Optical images of the AMMP substrate immersed in the E. coli solution. (c) Optical image of AMMP irradiated by a NIR laser
beam. (d) Optical image of a microbubble generated at the laser spot on the AMMP surface. (e) Optical image of E. coli cells immobilized on the
AMMP after the disappearance of the bubble. (f–h) Time-evolved optical images show the microbubble-based patterning of the 3 × 3 array of E. coli
clusters (indicated by dashed squares) on the AMMP substrate. The patterning is from top to bottom and from left to right. The scale bars are 10 μm.

Au nanostructures is excited to generate microbubbles via the
photothermal eﬀect.
Steering the laser beam allows us to create patterns of the
multiple bacteria clusters on the AMMP (Fig. S5†). As an
example, Fig. 4(f )–(h) demonstrate the patterning of E. coli
clusters into a 3 × 3 array on the AMMP surface. We used a
digital micromirror device (DMD) to control the laser beam for
the microbubble-based patterning. The patterning occurred
from top to bottom and from left to right. For each E. coli
cluster, a microbubble was maintained for 1 minute, leading
to the cluster with a lateral size of ∼6 μm. The laser beam was
temporarily turned oﬀ when being moved to the next spot,
where a new microbubble was generated for the capture and
immobilization of bacteria on the AMMP when the laser was
turned on again. The process was repeated to create the targeted patterns of the bacteria clusters, as shown in Fig. 4(h).
The optical capturing of bacterial cells can be an eﬀective
approach for water sterilization. Compared with other sterilization methods based on photothermal eﬀects, which require
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pre-deposition of bacteria on plasmonic substrates or plasmonic nanoparticles suspended in water, our microbubble-based
method is simpler and greener. In addition, our capability of
patterning bacteria in designed patterns will enable the
further study of microbiomes using SEIRS and other characterization tools.

Photothermal denaturation and
spectroscopic analysis of proteins
Denaturation of proteins through the plasmonic heating eﬀect
has proven eﬀective for cell inactivation applications.16,18
Conventional characterization methods such as FTIR and fluorescence spectroscopies for the denaturation process require a
large amount of samples17 or fluorescent labeling chemistry of
proteins.16 Herein, with their significantly enhanced dualband optical responses in NIR and MIR regimes, AMMP have
been applied for both photothermal denaturation and label-
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Fig. 5 (a) Schematic of the plasmon-enhanced photothermal denaturation of BSA on AMMP using a NIR laser. (b) Spectroscopic analysis of the
photothermal denaturation of BSA on AMMP using SEIRS in the MIR
regime.

free spectroscopic analysis of a small amount of proteins on
the single substrates. Fig. 5(a) shows the schematic of the
plasmon-enhanced photothermal denaturation of BSA on an
AMMP. The sample was immersed in DI water to improve the
protein denaturation.53 We expanded the 1310 nm laser beam
to a diameter of ∼20 μm and focused it at the interface of the
AMMP and water. The plasmon-enhanced heating can increase
the temperature inside the laser spot to 80 °C and beyond,
which is high enough for denaturation of BSA.53 The laser
irradiation of the samples lasted for 10 minutes.53
Taking advantage of the dual-band optical responses of the
AMMP, we applied SEIRS in the MIR regime to analyze the
photothermal denaturation of BSA on the same substrates. A
FTIR spectrometer integrated with an IR microscope was
employed for the SEIRS of the BSA under the photothermal
treatment. Fig. 5(b) shows the absorbance spectra of the BSA
on AMMP before and after the photothermal heating with the
NIR laser beam. The laser irradiation caused obvious changes
in both amide-I and amide-II bands. Specifically, the intensity
of the amide-I band decreased and the peak wavelength of the
amide-II band made a blue shift after the photothermal
heating. Consistent with the previous study, both types of spectral changes indicate the denaturation of BSA, which can lead
to the tertiary conformational changes, the formation of
β-aggregates and the secondary structural changes.54 Since
thermal denaturation of proteins is highly related to food
science, heat-induced cell death, and cancer therapies,18 our
AMMP that provide photothermal treatment with in situ molecular characterization are promising as an integrated biomedical platform for both scientific research and clinical
applications.

Conclusion
We have shown that combining an Au plasmonic moiré metasurface with the MIM configuration can achieve the dual-band
AMMP with high field enhancements and plasmon resonance
tunability in NIR and MIR regimes. Large-scale AMMP can be
fabricated by MNSL in a cost-eﬀective and high-eﬃcient
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manner. Our experimental studies of the AMMP are closely
coupled to optical simulations. Based on our understanding of
the optical properties and the associated photothermal eﬀect
of the AMMP, we have further demonstrated the applications
of AMMP in multiple biomedical areas, including SEIRS for
label-free analysis of PMMA and BSA, optical capture and patterning of bacteria, and photothermal denaturation and spectroscopic analysis of proteins. These demonstrations reveal
that the AMMP are instrumental in serving as multifunctional
biomedical platforms for both scientific research and clinical
applications. With further improvement in their uniformity via
the optimization of MNSL, the AMMP are expected to lead to
commercially available biomedical products.32
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