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Resolving molecule-specific information in dynamic
lipid membrane processes with multi-resonant
infrared metasurfaces
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A multitude of biological processes are enabled by complex interactions between lipid

membranes and proteins. To understand such dynamic processes, it is crucial to differentiate

the constituent biomolecular species and track their individual time evolution without inva-

sive labels. Here, we present a label-free mid-infrared biosensor capable of distinguishing

multiple analytes in heterogeneous biological samples with high sensitivity. Our technology

leverages a multi-resonant metasurface to simultaneously enhance the different vibrational

fingerprints of multiple biomolecules. By providing up to 1000-fold near-field intensity

enhancement over both amide and methylene bands, our sensor resolves the interactions of

lipid membranes with different polypeptides in real time. Significantly, we demonstrate that

our label-free chemically specific sensor can analyze peptide-induced neurotransmitter cargo

release from synaptic vesicle mimics. Our sensor opens up exciting possibilities for gaining

new insights into biological processes such as signaling or transport in basic research as well

as provides a valuable toolkit for bioanalytical and pharmaceutical applications.
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Optical spectroscopy approaches, including infrared (IR)
absorption, circular dichroism (CD), and Raman scat-
tering, are powerful label-free techniques for detecting

biomolecules and extracting detailed chemical information in a
real-time and non-destructive manner1–4. The mid-infrared
spectral range is of pivotal importance for these detection
approaches due to the presence of strong characteristic absorp-
tion fingerprints, which enable the specific identification of bio-
molecules of different chemical nature5–10. Importantly, all basic
building blocks of life such as lipids, proteins, and nucleic acids
exhibit distinct and unique fingerprints in this spectral range.
Detecting association, dissociation, and other molecular interac-
tions in mixtures of these components are crucial for under-
standing a multitude of biological systems and processes in health
and disease. Consequently, differentiating and monitoring indi-
vidual components in such heterogeneous mixtures are a central
objective in biosensing. It is particularly important for the
understanding of pathological conditions, where uncontrolled
interactions of cellular membranes with lytic peptides lead to
membrane perforation and cell death11,12. Resolving multi-
analyte systems are also crucial in studying lipid vesicles encap-
sulating cargo molecules, which are utilized by most cell types
as biological shuttles and regulate a multitude of important
cellular processes13. For instance, synaptic vesicles in neurons
loaded with neurotransmitter molecules can release their cargo
upon stimulus to transmit chemical signals to postsynaptic neu-
rons, thereby making perception and thought possible14.

Resolving such dynamic membrane processes with standard
label-free assay techniques such as quartz crystal microbalance
(QCM)15 and surface plasmon resonance (SPR)16 is extremely
challenging. Indeed, the competing effects of protein association,
lipid membrane perforation, and cargo release on net analyte
mass and refractive index make it difficult to decouple the con-
tribution of the individual analytes from the overall signal.
Therefore, to study complex interactions in multi-analyte biolo-
gical systems, it is pivotal to develop new label-free sensing
platforms that can chemically discriminate different biomolecular
species and independently track their time evolution.

Infrared absorption spectroscopy is the prime tool for
addressing such challenges, but traditional implementations
struggle in resolving submonolayer films and ultrathin membrane
systems. Metasurfaces excel at controlling light on the nanoscale
and provide a powerful platform for tailoring the spectral
response and light localization in nanophotonic devices17–20.
Engineered metasurfaces can create intense highly confined hot
spots of the electromagnetic field, providing strong interaction
with adjacent analytes and thus making them ideal candidates for
biosensing and spectroscopy applications21–27. Furthermore, the
vibrational–absorption enhancement of IR metasurfaces extends
tens of nanometers from their surface28, making them suitable
for multi-layer assays which are not accessible by their Raman
counterparts (surface-enhanced Raman spectroscopy), whose
enhancement is limited to only a few nanometers29,30.

In this work, we present a chemically specific, label-free
nanophotonic biosensor for distinguishing multiple analytes in
dynamic lipid membrane processes. Our infrared sensor uses a
multi-resonant metasurface consisting of self-similar overlapping
nanoantenna arrays to provide up to 1000-fold near-field inten-
sity enhancement over multiple spectral bands. We exploit this
metasurface sensor concept to unravel the interaction of biomi-
metic lipid membranes with different polypeptides as well as the
dynamics of vesicular cargo release. Real-time, chemical-specific
detection of these biological entities is performed by extracting
their characteristic fingerprints in the amide and methylene
absorption regions. Significantly, we leverage our technology to
study the interaction of lipid membrane systems with melittin, a

toxic pore-forming peptide. We show that our technique can
monitor in real time the melittin association process and the
simultaneous disruption of the lipid membrane with high sensi-
tivity, exquisite chemical specificity and without labeling.
Extending this concept to more complex dynamic membrane
processes, we then leverage our method to monitor melittin-
induced neurotransmitter cargo release from synaptic vesicle
mimics, paving the way toward exciting applications in neuro-
biology and drug development for brain-related diseases.

Results
Multi-resonant metasurface for molecule-specific detection.
The strong near fields excited in the vicinity of metallic
nanoantennas provide an ideal platform to enhance the weak
vibrational fingerprint signals originating from nanometer-sized
analytes and biological membranes31. Typically, the resonance
frequency of mid-IR nanoantennas is spectrally tuned to overlap
with the characteristic vibrational modes of the target biomole-
cules, which has previously been demonstrated using arrays
incorporating a single antenna length6,28. Extending this func-
tionality to multi-analyte biosensing requires a metasurface that
supports multiple resonances that can be individually tuned to
match the characteristic vibrations of the different analytes of
interest (Fig. 1). Current approaches mainly use a uniform array
of multi-resonant elements23,24. However, resonances in such
systems are typically excited with reduced efficiency levels for
higher-order modes associated with smaller resonant feature
sizes, resulting in decreased surface-enhanced infrared absorption
(SEIRA) performance at these frequencies32–35. Furthermore, the
electromagnetic coupling between the different resonant modes
impedes a straightforward spectral tuning of the individual
resonance frequencies33,35. Our approach overcomes these two
major limitations by allocating distinct resonances on multiple
overlapping arrays with different periodicities.

Our metasurface design is composed of two sets of gold
nanodipoles that provide simultaneously a low- and high-
frequency resonance, which can be individually adjusted by
tuning the corresponding dipole lengths L1 and L2 (Fig. 2a). The
lengths are designed to be approximately half the corresponding
operating wavelength accounting for the dielectric environment.
Additionally, the periodicity is adjusted to make the accumulated
scattering cross-section of the dipoles equal to the geometrical
cross-section of the array, resulting in high reflectance values
between 60 and 75% at resonance. In particular, this requires the
density of short dipoles (length L1) in the multi-resonant
metasurface to be four times larger than that of long dipoles
(length L2). This design concept can also be understood as
overlapping dipole arrays, where the lateral dimensions (both the
dipole length and periodicity) of the second array have been
almost equally scaled with respect to the first array. Because of
this self-similar geometry, the spectral response is composed
of two resonances that are spectrally separated by the geometric
scaling factor between arrays and are excited with almost identical
efficiency. Importantly, our versatile multi-periodicity self-
similarity concept is scalable to achieve multi-resonant devices
with more than two peaks, if required by the target application
(Supplementary Fig. 1).

The optical response of the multi-resonant array is investigated
using a 3D Maxwell equation solver based on the finite element
method (see Methods). The simulated reflectance spectrum of the
nanoantenna array contains two well-defined resonances as shown
in Fig. 2b and Supplementary Fig. 2. These resonances are
carefully adjusted to spectrally match with the amide and CH2

spectral regions, which contain the intense IR absorption bands of
proteins and lipids, respectively. Specifically, we target the amide
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I and II bands located around 1560 and 1660 cm−1 as well as the
methylene doublet located around 2850 and 2930 cm−1. Naturally,
in addition to proteins and lipids, peptides and other chemicals
can equally be detected with our method as long as they support
distinct fingerprint signatures within the resonance bands of
the metasurface. Modifying L1 or L2 shifts the corresponding
resonance while leaving the other resonance unaffected, indicating
that the two sets of nanodipoles are weakly coupled and their
electromagnetic response is independent from each other. Such
independence is a key characteristic that allows the metasurface
design to be adjusted in a straightforward manner to enhance
selected vibrational bands from different analytes.

Simulated near-field distributions (Fig. 2c) show that only one
set of nanodipoles is resonantly excited for each spectral band of
interest, which indicates that our metasurface design can also
provide spatial sensitivity by detecting only the molecules placed
in the near-field hot spots of the corresponding antennas. Even
though this capability is not exploited in this work, it could
find applications in multiplexed detection and imaging-based
techniques. On the other hand, the spatial sensitivity can be a
disadvantage in experiments where the analytes are inhomogen-
eously distributed over the surface, or if it is required that the
vibrational signals arise from the same molecules for all the
utilized infrared bands. Overall, our design provides maximum
local near-field intensity enhancements between three and four
orders of magnitude for both bands. Furthermore, the near-field
intensity extends up to tens of nanometers from the metasurface
(Supplementary Fig. 3), providing penetration depths which are
comparable with those in state-of-the-art single-band SEIRA
substrates. Such extended penetration depths are in contrast to
the 1–2 nm depths achieved by surface-enhanced Raman spectro-
scopy and gives SEIRA a unique advantage for probing lipid
membranes and vesicles.

The multi-resonant array is fabricated on an IR-transparent
CaF2 substrate by electron beam lithography and a lift-off process
(see Methods). Scanning electron microscope images of the
device are shown in Fig. 2d. The IR reflection spectrum of the
array is measured with a Fourier Transform IR (FTIR) spectro-
meter, illuminating the chip from the backside of the substrate
and immersing it in phosphate-buffered saline (PBS). The
measured reflectance spectrum shown in Fig. 2e is consistent
with the dual-resonance spectrum shown in Fig. 2b when the IR
absorption bands of water are incorporated and is in good
agreement with electromagnetic simulations accounting for the
frequency–dispersive complex refractive index of water36 (also see
Supplementary Note 2). More importantly, the measured results
confirm the multi-resonant response of the metasurface, provid-
ing near-field enhancements at two spectral bands that overlap
with the amide and CH2 vibrations, making it an excellent
candidate for multi-analyte mid-IR biosensing.

Simultaneous monitoring of multiple analytes. To demonstrate
the capability of monitoring and distinguishing multiple biolo-
gical analytes simultaneously, we use a bioassay based on the
additive association between streptavidin (SA) and a phospholi-
pid membrane. Specifically, we utilize 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) vesicles to form a supported lipid
bilayer (SLB) on the sensor surface, which acts as a model cell
membrane for the study of protein interaction kinetics37. Prior to
experiments, our plasmonic sensor chips are functionalized with
a 10 nm silicon dioxide layer coated by atomic layer deposition
and exposed to a short oxygen plasma treatment to provide
a hydrophilic surface suitable for membrane formation28,38–41.
Bilayer membrane fluidity and thickness are confirmed via
fluorescence recovery after photobleaching (FRAP) and surface
plasmon resonance (SPR) experiments (Supplementary Fig. 4
and 5). To selectively bind SA to the membrane, vesicles for
bilayer formation are prepared from a lipid mixture consisting
of DOPC and a small percentage of biotinylated lipids.

During biosensing measurements, the multi-resonant metasur-
face chip is placed into a polydimethylsiloxane (PDMS)
microfluidic cell to allow for the controlled delivery of the
various molecules (Fig. 3a). Real-time mid-IR reflectance spectra
are measured with an FTIR spectrometer from the backside of
the metasurface to prevent the complete absorption of infrared
light by water and enable in-solution mid-IR experiments. This
integrated microfluidic approach allows us to resolve the time
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Fig. 1 Nanophotonic label-free biosensor for chemically distinguishing
multiple analytes in biological samples. a Multi-resonant mid-IR
nanoantennas are leveraged to enhance the vibrational–absorption signals
associated with biomimetic lipid membrane formation, polypeptide/
membrane interaction, and vesicular cargo release on the sensor surface.
b Antenna resonance positions are engineered to simultaneously overlap
with the vibrational signatures of both the amide I, II, and the CH2, CH3

absorption bands, allowing for the simultaneous enhancement and
detection of lipid- and protein-induced absorption changes. The 3D model
of melittin used in this figure was imported from RSCB Protein Data Bank,
DOI: 10.2210/pdb2MLT/pdb, which was deposited by D. Eisenberg,
M. Gribskov, and T.C. Terwilliger. All rights reserved
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evolution of both the lipid bilayer formation and subsequent
streptavidin-binding kinetics in situ. A typical reflectance
spectrum of the metasurface chip immersed in PBS buffer
solution is shown in Fig. 3b. In addition, a magnified view of
the reflectance in the CH2 spectral region is presented in Fig. 3c,
highlighting the absorption fingerprint after lipid membrane
formation on the sensor chip. To aid the subsequent analysis
of the time-resolved spectral data, the reflectance spectra are
converted to differential absorption (Fig. 3d) and baseline
corrected28,42.

The time evolution of the differential absorbance spectra over
the course of the experiment is shown in Fig. 3e for both amide
and CH2 bands. After filling the fluidic channels with PBS buffer
solution, 100 nm diameter DOPC vesicles containing 5% of
biotin-functionalized lipids were injected and allowed to form
the SLB. Subsequently, streptavidin was injected to bind to the
biotinylated lipids present in the membrane (see Methods). The
onset of absorption signals in both bands can clearly be observed
in the differential absorbance results, indicating successful lipid
membrane formation and streptavidin association in the bioassay.
To further visualize these results, we calculate and trace the
integrated absorbance from 1500 to 1700 cm−1 (amide I–II) and
from 2800 to 3000 cm−1 (CH2) over time (Fig. 3f). The lipid
bilayer formation results in a pronounced increase of the
integrated absorbance in the CH2 bands, while streptavidin
binding produces a respective increase in the amide-integrated

absorbance. However, since the molecular structure of streptavi-
din contains CH2 groups, the streptavidin injection also produces
a change in the CH2 signal. A similar effect can be observed in the
amide-integrated absorbance during lipid membrane formation,
where water displacement produces a negative absorbance
signature due to the H2O in-plane bending mode. This complex
behavior indicates that a simple tracking of the integrated
absorbance is insufficient to resolve the different analytes in
multi-component systems, especially if the constituent biomole-
cules have overlapping absorption signatures.

To overcome this challenge, we perform linear regression of
the time-dependent differential absorbance data with respect to
reference spectra for DOPC lipids and streptavidin (Fig. 3g).
Reference spectra were obtained by measuring an SLB for the
lipid reference and, independently, a protein monolayer formed
by physisorption for the streptadivin reference. The lipid and
protein signals directly correspond to the coefficients in the
linear combination of reference spectra that minimize deviation
from the measured reflectance spectrum under the least square
criterion (see Methods). This approach enables us to separate and
identify the contributions of the two biological components in
the full differential absorbance signal (Fig. 3h)43. The effective
chemical discrimination of the components becomes obvious
when examining the lipid and streptavidin regression signals,
which show a significant signal increase only during the
corresponding lipid and streptavidin injection steps, respectively.
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The extracted values of the regression signals correspond to the
analyte mass on the sensor surface relative to the amount present
in the corresponding reference. As a result, when the surface
density of the molecules changes, the regression signals vary
accordingly (Supplementary Fig. 6).

To confirm that two reference spectra used are sufficient to
capture the full biological information in our time-dependent
measurements, we performed principal component analysis
(PCA) over the spectral data corresponding to all of the time
points, and found that 99.7% of the total variance is accounted
for by the first two principal components (Supplementary Fig. 7).
Importantly, our platform is not limited to two biochemical
species and can be extended to bioassays with a higher number of
biological components by including the corresponding reference
spectra in the linear regression analysis, as will be shown in the
next section. On the other hand, the linear regression approach

has limitations when exploring unknown samples or analytes
whose absorption spectra are not known. A PCA approach could
be more suitable in these cases, but the interpretation based on
principal component scores would be significantly more challen-
ging (Supplementary Note 7).

Melittin-induced pore formation in membranes. Moving
beyond simple additive protein–membrane association processes,
we investigated more complex dynamics of lipid membrane dis-
ruption induced by toxic peptides. For this purpose, we utilize
melittin, a hemolytic peptide constituting the main toxic com-
ponent of apitoxin, the bee venom44. Melittin is well known for
its efficient association with lipids and the resulting perforation
of lipid membranes through the formation of pores45. Due to
its cytotoxicity and membrane disruptive properties, melittin is a
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naturally occurring anti-microbial and holds potential for the
treatment of immune-related diseases such as many types of
cancer46. To demonstrate the versatility of our approach, we
study melittin-induced pore formation in membranes for two
distinct biological schemes: the disruption of a supported lipid
membrane and the release of encapsulated cargo from surface-
attached lipid vesicles.

In the first scheme, we monitor the interaction between lipids
and melittin by forming an SLB from unloaded DOPC vesicles,
next removing residual vesicles with PBST and subsequently
injecting increasing concentrations of melittin (Fig. 4a). In
contrast to the previous additive association measurements, we

observe a clear decrease of the lipid signal upon melittin injection,
which correlates with a strong increase of the melittin signal after
a transient fluctuation induced by PBST. This behavior is caused
by insertion of melittin into the lipid membrane, which leads to
the displacement of lipids due to the formation of nanosized
pores47. The observed strong signal modulation is caused by the
efficient association of melittin to the DOPC lipids, which is
confirmed with independent bulk circular dichroism measure-
ments (Supplementary Fig. 8). Increasing the injected melittin
concentration from 1 to 100 µM demonstrates a progressively
higher and non-proportional perforation of the lipid membrane.
Particularly, for the highest concentration of 100 µM, more than
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60% of the lipid molecules are displaced from the surface based
on the lipid regression signal, which is also corroborated by
independent fluorescence experiments (Supplementary Fig. 9).
The recorded signals capture clearly the melittin association and
dissociation during melittin injection and PBS rinsing steps,
respectively. The association kinetics for 1 µM concentration are
qualitatively different than for 10 and 100 µM, which we attribute
to the presence of melittin molecules in the membrane after
the first injection step (1 µM). During the dissociation phase,
we observe that ~80–90% of the adsorbed melittin remains in the
membrane after the PBS rinsing, indicating high membrane/
melittin affinity. It is important to note that we are able to
investigate melittin-binding kinetics on a supported lipid
membrane (Supplementary Fig. 5), using melittin concentrations
in the same range as in previous works45.

This experiment evidences that our sensor platform could
go beyond the capabilities of other label-free biosensing
approaches based on mass or refractive index detection, such as
quartz crystal microbalance (QCM) or surface plasmon resonance
(SPR) techniques, which are considered the gold standard in
real-time label-free detection of biomolecular interactions16,48.
These techniques enable the study of binding kinetics in processes
where multiple analytes provide a net contribution to the
total mass accumulated on the sensor, however they struggle
in situations where the injection of one kind of analyte triggers
the removal of another analyte that is already present on the
surface. The chemical specificity of our technique overcomes
this fundamental limitation and provides exciting opportunities
for the study of multi-analyte systems.

As a final demonstration, we applied our approach to a system
with increased complexity, featuring small analyte molecules in
addition to lipid vesicles and peptides. This system exemplifies
that our technology can be extended to monitor multiple analytes
in more complex scenarios, such as the release of cargo molecules
from vesicles in our case. We focus on cholesterol-enriched
lipid vesicles containing neurotransmitters, a system mimicking
synaptic vesicles naturally found in neurons. Specifically, vesicles
are loaded with GABA, which is the major neurotransmitter for
inhibitory synaptic transmission. Consequently, GABA uptake
and release processes influence a multitude of brain-related
diseases and GABA receptors are major drug targets for such
illnesses49.

To enable the observation of the biological process schematized
in Fig. 4b, we first optimized a surface functionalization protocol
for capturing intact cargo-filled lipid vesicles with a diameter
of 50–70 nm on our metasurface chip. This is achieved by
functionalizing the gold antenna surface using biotinylated
thiols, followed by the attachment of streptavidin, which is then
utilized to bind biotin-PEG-cholesterol vesicle tethers (see
Methods). In a second step, GABA-filled vesicles are captured
on the functionalized metasurface and the release of the cargo
is triggered via the melittin-induced perforation of the vesicle
membrane.

To detect the vibrational signature of the GABA molecules,
we focus on its distinct absorption peak at 1562 cm−1, resulting
from the asymmetric stretching of its carboxylate group. Our
platform can efficiently detect the absorption peak of GABA via
the first resonance mode of the metasurface. Crucially, the GABA
absorption signature exhibits strong spectral overlap with the
amide II signature of melittin. Therefore, simple analysis based
on integrated absorbance over the amide I–II range is unable to
simultaneously trace the signals of GABA and melittin. However,
since the absorption spectra of the three analytes (lipid, melittin,
and GABA) form a linearly independent set (Supplementary
Fig. 10), our linear regression approach can easily extract the
signal contributions of each molecule. As demonstrated in Fig. 4c,

time-resolved linear regression signals for the three biomolecular
components in the experiment (lipid, melittin, and GABA) are
efficiently distinguished. This result demonstrates the applic-
ability of our approach in biological systems with more than
two analytes, as long as their infrared spectra are sufficiently
different and linearly independent over the detection bands of
the metasurface.

The injection of GABA-loaded vesicles induces a pronounced
increase in the signals corresponding to both lipid and GABA
channels. After the initial binding phase, both signals remain
stable for more than 30 min under continuous buffer solution
flow, indicating the capture of intact vesicles on the sensor
metasurface. The strong, transient peak of the GABA signal
during injection is attributed to extravesicular GABA molecules
in the bulk solution, which are subsequently washed away by
the flow of buffer solution. Crucially, GABA molecules cannot
attach to the functionalized metasurface (Supplementary Fig. 11),
confirming that the stable GABA signal in Fig. 4c originates
from encapsulated molecules in the vesicles.

After melittin injection, the association of this peptide with the
vesicle membrane is clearly detected as an increase of the melittin
regression signal. In contrast to our previous SLB experiments,
here the lipid regression signal remains constant during melittin
association, which is attributed to the accommodation of the
inserted melittin molecules in the tethered vesicles via a slight
increase of their size, leaving the density of lipid molecules mostly
unaffected. On the other hand, the binding of melittin to SLBs
in previous experiments produced a lateral displacement of
lipid molecules, which lead to the reduction of the lipid surface
density (compare to Fig. 4a). Strikingly, the injection of melittin
causes a simultaneous and pronounced decrease of the GABA
regression signal. This is unequivocal evidence of the melittin-
induced cargo release of the vesicles. Based on the relative GABA
signal levels before and after the melittin injection step, we
conclude that around 85% of the encapsulated GABA molecules
are released through the perforated membranes.

Discussion
We have developed a label-free and chemically specific nano-
photonic biosensor for extracting and distinguishing molecule-
specific information in multi-analyte biological systems. Our
approach leverages a multi-resonant mid-IR metasurface that
provides up to three orders of magnitude local near-field intensity
enhancements simultaneously over the amide and methylene
bands. The introduced metasurface concept is flexible to add
additional bands that can be individually adjusted to suit
different applications. The combination of real-time spectral
acquisition with advanced linear regression analysis allows to
discriminate the different analytes and accurately trace the
interaction kinetics. We demonstrate that our sensor is well
adapted for real-time monitoring of lipid–protein systems in
aqueous environments and the study of a range of important
processes such as lipid–protein association, protein-induced dis-
ruption of membranes and vesicular cargo release.

By studying the interaction of the pore-forming toxin melittin
with lipid membranes, we showed that our method could
independently trace melittin and lipid signals and reveal melittin-
induced disruption of the membrane. This experiment highlights
that our platform can greatly contribute to elucidate the
underlying mechanisms of anti-microbial, cytolytic, and cell-
penetrating peptides. Furthermore, the label-free real-time mon-
itoring of neurotransmitter cargo release from synaptic vesicle
mimics demonstrates the applicability of the method for bio-
molecular systems with increased complexity. In this regard, our
sensor can contribute to study important classes of lipid vesicles
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such as synaptic vesicles in neurodegenerative diseases, exosomes
in cancer, as well as drug release mechanisms from liposomes in
pharmaceutical research.

Methods
Sensor nanofabrication. Metasurfaces are nanofabricated on a CaF2 substrate
by electron beam lithography and a lift-off process. Poly(methyl methacrylate)
(PMMA) is used as the pattern defining electron beam resist and a lower molecular
weight sublayer is used to help the lift-off process. The resist is coated with a
5–10 nm-thick gold layer to reduce electron charging during exposure.
Metasurfaces with a lateral size of 280 × 280 µm2 are exposed with a 100 keV
electron beam, developed in MiBK:IPA 1:3 solution and the gold conduction
layer is wet etched in KI+ I2. Metal nanoantennas are formed by evaporation of a
5 nm-thick Cr adhesion layer and a 100 nm-thick Au layer, followed by a lift-off
process carried out in acetone. The chips used for experiments with SLBs are then
conformally coated with a thin SiO2 layer deposited by atomic layer deposition
(ALD). The ALD process is performed at 100 °C with alternating cycles of
sequentially injecting trimethylaluminum (Al(CH3)3) and tris(tert-butoxy)silanol
((tBuO)3SiOH) with a deposition rate of 1.67 Å per cycle. The gold antennas
without a SiO2 layer used for cargo release experiments were functionalized ex situ
by incubating the chip with 1.5 mM HS-C11-EG3-Biotin (ProChimia Surfaces) in
ethanol for at least 12 h.

FTIR measurements. Infrared spectral measurements are carried out using a
Fourier transform infrared (FTIR) spectrometer (Bruker Vertex) coupled to an
IR microscope (Hyperion 3000) equipped with a reflective Cassegrain objective
(NA= 0.4, ×15) and a mercury cadmium telluride (MCT) detector. The light
polarization is applied parallel to the axis of the nanoantennas and the collected
light is limited to a 200 × 200 µm2 area by knife edge apertures. Experiments are
carried out in a dry air purged environment. The measurements are performed
in reflectance mode and illuminating the nanoantenna arrays from the backside
of the substrate to avoid light propagation across the infrared-opaque water.

For real-time microfluidic measurements, the chip is mounted in a custom-built
polydimethylsiloxane (PDMS) microfluidic cell, which is connected to a pump to
control the analyte flow through the cell. During experiments with SLBs, the flow
rate is fixed at 30 µL min−1 apart from the bilayer formation step, which is carried
out at a flow rate of 15 µLmin−1 as shown previously28. During the cargo release
experiments, the flow rate was 50 µL min−1. All experiments are carried out in
PBS buffer (10 mM phosphate buffer, 2.7 mM potassium chloride, and 137 mM
sodium chloride, pH 7.4). Analyte injections (lipid, streptavidin, melittin, and
GABA) are performed using a medium pressure injection valve (Upchurch
Scientific V-451) to ensure uninterrupted analyte delivery. For the cargo release
experiments, the gold antennas previously modified with biotinylated alkanethiols
are further functionalized in situ by flowing 3 μM streptavidin (Thermo Fisher
Scientific) followed by 9 μM Cholesterol PEG Biotin (Nanocs Inc.).

Lipid vesicle experiments. Small unilamellar vesicles are prepared similarly to the
protocol from ref. 50. Defined ratios of either DOPC (1,2-dioleoyl-sn-glycero-3-
phosphocholine, Avanti Polar Lipids, Inc.) and Biotinyl PE (1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N-(biotinyl), Avanti Polar Lipids, Inc.) or POPC
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, Avanti Polar Lipids, Inc.) and
cholesterol (Sigma-Aldrich) are mixed in chloroform in a round bottom flask and
dried under a stream of N2. Remaining solvent is removed by keeping the mixture
under vacuum overnight. The dried lipids are resuspended in PBS by vortexing to
achieve a 1 mgmL−1 solution of lipids, which is then exposed to bath sonication
for 30 min. For cargo release experiments, the dried lipids are resuspended in PBS
with 100 mgmL−1 GABA. After sonication, the solution is then extruded for a
minimum of 18 times through 100 nm pore-size polycarbonate filters using an
Avestin LiposoFast extruder (Avestin Inc.). After SLB formation in real-time
infrared experiments, residual vesicles in the microfluidic system are rinsed with
PBS solution containing 0.05% (wt/vol) polysorbate 20 (Tween 20, Sigma-Aldrich)
surfactant (PBST). For cargo release experiments, a twofold dilution of the vesicles
(20% cholesterol, 80% POPC) in PBS was carried out prior injection and mem-
brane perforation was performed with 2 µM melittin (GenScript).

FTIR data analysis. The extraction of the IR fingerprints of the analyte
is performed by normalizing the reflectance spectra of the sensor to that of the bare
sensor before analyte injection. The differential absorbance spectra is calculated by
subtracting a second-order polynomial fitted by least-squares method to the nor-
malized reflectance. The integrated absorbance signal is calculated by integrating
the extracted amide and CH bands over the 1.525–1.650 cm−1 and 2.835–2.935 cm
−1 ranges, respectively. The protein and lipid signals are obtained by linear least-
squares regression of the absorbance spectrum of the heterogeneous sample using
as basis the individual reference spectrum of the protein and lipid. The protein and
lipid signals (sP, sL) are calculated as (sP, sL)= (XTX)−1 XT a, where a is the
absorbance spectrum of the heterogeneous analyte and X= (aP, aL) is the reference
absorbance matrix formed by the reference absorbance spectra of the protein
and lipid. The reference spectrum for each individual analyte is obtained from

independent experiment by measuring: a lipid bilayer formed by vesicle rupture,
a streptavidin layer by physisorption, a mellitin layer formed by physisorption and
GABA molecules by high concentration (100 mgmL−1) in flow measurements.

Numerical simulations. The spectral and near-field characteristics of the
nanoantenna arrays are calculated using a commercial solver of Maxwell equations
(Ansys HFSS) based on the finite elements method. The periodicity of the arrays
is modeled by periodic boundary conditions delimiting the array unit cell. The
structure is excited by an electromagnetic plane wave with light polarization
aligned with the dipole antennas and including all propagating Floquet modes.
The scattering properties are calculated over an iteratively refined mesh until
convergence is reached.

Data availability. The authors declare that the main data supporting the findings
of this study are available within the article and its Supplementary Information
files. Extra data are available from the corresponding author upon reasonable
request.

Received: 1 February 2018 Accepted: 4 May 2018

References
1. Fan, X. et al. Sensitive optical biosensors for unlabeled targets: a review.

Anal. Chim. Acta 620, 8–26 (2008).
2. Freudiger, C. W. et al. Label-free biomedical imaging with high sensitivity by

stimulated raman scattering microscopy. Science 322, 1857–1861 (2008).
3. Braiman, M. S. & Rothschild, K. J. Fourier transform infrared techniques for

probing membrane protein structure. Annu. Rev. Biophys. Biophys. Chem. 17,
541–570 (1988).

4. Fan, M., Andrade, G. F. S. & Brolo, A. G. A review on the fabrication of
substrates for surface enhanced Raman spectroscopy and their applications in
analytical chemistry. Anal. Chim. Acta 693, 7–25 (2011).

5. Stuart, B. H. Infrared Spectroscopy: Fundamentals and Applications
(John Wiley & Sons, New York, 2005).

6. Adato, R. et al. Ultra-sensitive vibrational spectroscopy of protein monolayers
with plasmonic nanoantenna arrays. Proc. Natl Acad. Sci. USA 106,
19227–19232 (2009).

7. Hung, K.-K., Stege, U. & Hore, D. K. IR absorption, raman scattering, and
IR-Vis sum-frequency generation spectroscopy as quantitative probes of
surface structure. Appl. Spectrosc. Rev. 50, 351–376 (2015).

8. Kazarian, S. G. & Chan, K. L. A. Applications of ATR-FTIR spectroscopic
imaging to biomedical samples. Biochim. Biophys. Acta 1758, 858–867 (2006).

9. Lendl, B. et al. Mid-infrared quantum cascade lasers for flow injection analysis.
Anal. Chem. 72, 1645–1648 (2000).

10. Khalil, M., Demirdöven, N. & Tokmakoff, A. Coherent 2D IR spectroscopy:
molecular structure and dynamics in solution. J. Phys. Chem. A 107,
5258–5279 (2003).

11. Lashuel, H. A., Hartley, D., Petre, B. M., Walz, T. & Lansbury, P. T.
Neurodegenerative disease: amyloid pores from pathogenic mutations. Nature
418, 291–291 (2002).

12. Mahul-Mellier, A.-L. et al. Fibril growth and seeding capacity play key roles in
α-synuclein-mediated apoptotic cell death. Cell Death Differ. 22, 2107–2122
(2015).

13. Settembre, C., Fraldi, A., Medina, D. L. & Ballabio, A. Signals from the
lysosome: a control centre for cellular clearance and energy metabolism.
Nat. Rev. Mol. Cell Biol. 14, 283–296 (2013).

14. Alabi, A. A. & Tsien, R. W. Synaptic vesicle pools and dynamics. Cold Spring
Harb. Perspect. Biol. 4, a013680 (2012).

15. Cho, N.-J., Frank, C. W., Kasemo, B. & Hook, F. Quartz crystal microbalance
with dissipation monitoring of supported lipid bilayers on various substrates.
Nat. Protoc. 5, 1096–1106 (2010).

16. Homola, J. Surface plasmon resonance sensors for detection of chemical
and biological species. Chem. Rev. 108, 462–493 (2008).

17. Kildishev, A. V., Boltasseva, A. & Shalaev, V. M. Planar photonics with
metasurfaces. Science 339, 1232009 (2013).

18. Zheludev, N. I. & Kivshar, Y. S. From metamaterials to metadevices.
Nat. Mater. 11, 917–924 (2012).

19. Smith, D. R., Pendry, J. B. & Wiltshire, M. C. K. Metamaterials and negative
refractive index. Science 305, 788–792 (2004).

20. Yu, N. & Capasso, F. Flat optics with designer metasurfaces. Nat. Mater. 13,
139–150 (2014).

21. Neubrech, F., Huck, C., Weber, K., Pucci, A. & Giessen, H. Surface-enhanced
infrared spectroscopy using resonant nanoantennas. Chem. Rev. 117,
5110–5145 (2017).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-04594-x

8 NATURE COMMUNICATIONS |  (2018) 9:2160 | DOI: 10.1038/s41467-018-04594-x | www.nature.com/naturecommunications

www.nature.com/naturecommunications


22. Rodrigo, D. et al. Mid-infrared plasmonic biosensing with graphene. Science
349, 165–168 (2015).

23. Aouani, H. et al. Plasmonic nanoantennas for multispectral surface-enhanced
spectroscopies. J. Phys. Chem. C 117, 18620–18626 (2013).

24. Chen, K., Adato, R. & Altug, H. Dual-band perfect absorber for multispectral
plasmon-enhanced infrared spectroscopy. ACS Nano 6, 7998–8006 (2012).

25. Anker, J. N. et al. Biosensing with plasmonic nanosensors. Nat. Mater. 7,
442–453 (2008).

26. Giannini, V., Fernández-Domínguez, A. I., Heck, S. C. & Maier, S. A.
Plasmonic nanoantennas: fundamentals and their use in controlling the
radiative properties of nanoemitters. Chem. Rev. 111, 3888–3912 (2011).

27. D’Andrea, C. et al. Optical nanoantennas for multiband surface-enhanced
infrared and raman spectroscopy. ACS Nano 7, 3522–3531 (2013).

28. Limaj, O. et al. Infrared plasmonic biosensor for real-time and label-free
monitoring of lipid membranes. Nano Lett. 16, 1502–1508 (2016).

29. Bantz, K. C. et al. Recent progress in SERS biosensing. Phys. Chem. Chem.
Phys. 13, 11551–11567 (2011).

30. Kundu, J., Levin, C. S. & Halas, N. J. Real-time monitoring of lipid transfer
between vesicles and hybrid bilayers on Au nanoshells using surface enhanced
Raman scattering (SERS). Nanoscale 1, 114–117 (2009).

31. Ataka, K. & Heberle, J. Biochemical applications of surface-enhanced infrared
absorption spectroscopy. Anal. Bioanal. Chem. 388, 47–54 (2007).

32. Aouani, H. et al. Ultrasensitive broadband probing of molecular vibrational
modes with multifrequency optical antennas. ACS Nano 7, 669–675 (2013).

33. Gottheim, S., Zhang, H., Govorov, A. O. & Halas, N. J. Fractal nanoparticle
plasmonics: the Cayley tree. ACS Nano 9, 3284–3292 (2015).

34. Wallace, G. Q. et al. Superimposed arrays of nanoprisms for multispectral
molecular plasmonics. ACS Photonics 3, 1723–1732 (2016).

35. Aslan, E. et al. Multispectral Cesaro-type fractal plasmonic nanoantennas.
ACS Photonics 3, 2102–2111 (2016).

36. Hale, G. M. & Querry, M. R. Optical constants of water in the 200-nm to
200-μm wavelength region. Appl. Opt. 12, 555 (1973).

37. Castellana, E. T. & Cremer, P. S. Solid supported lipid bilayers: from
biophysical studies to sensor design. Surf. Sci. Rep. 61, 429–444 (2006).

38. Im, H., Wittenberg, N. J., Lesuffleur, A., Lindquist, N. C. & Oh, S.-H.
Membrane protein biosensing with plasmonic nanopore arrays and
pore-spanning lipid membranes. Chem. Sci. 1, 688–696 (2010).

39. Cremer, P. S. & Boxer, S. G. Formation and spreading of lipid bilayers on
planar glass supports. J. Phys. Chem. B 103, 2554–2559 (1999).

40. Keller, C. A. & Kasemo, B. Surface specific kinetics of lipid vesicle adsorption
measured with a quartz crystal microbalance. Biophys. J. 75, 1397–1402
(1998).

41. Pfeiffer, I., Petronis, S., Köper, I., Kasemo, B. & Zäch, M. Vesicle adsorption
and phospholipid bilayer formation on topographically and chemically
nanostructured surfaces. J. Phys. Chem. B 114, 4623–4631 (2010).

42. Adato, R. & Altug, H. In-situ ultra-sensitive infrared absorption spectroscopy
of biomolecule interactions in real time with plasmonic nanoantennas.
Nat. Commun. 4, 2154 (2013).

43. Smith, B. C. Quantitative Spectroscopy: Theory and Practice (Academic Press,
Amsterdam, 2003).

44. Dempsey, C. E. The actions of melittin on membranes. Biochim. Biophys. Acta
1031, 143–161 (1990).

45. Van Den Bogaart, G., Guzmán, J. V., Mika, J. T. & Poolman, B. On the
mechanism of pore formation by melittin. J. Biol. Chem. 283, 33854–33857
(2008).

46. Moreno, M. & Giralt, E. Three valuable peptides from bee and wasp venoms
for therapeutic and biotechnological use: melittin, apamin and mastoparan.
Toxins 7, 1126–1150 (2015).

47. Lee, M.-T., Sun, T.-L., Hung, W.-C. & Huang, H. W. Process of inducing
pores in membranes by melittin. Proc. Natl Acad. Sci. USA 110, 14243–14248
(2013).

48. Singh, P. SPR biosensors: historical perspectives and current challenges.
Sens. Actuators B Chem. 229, 110–130 (2016).

49. Watanabe, M., Maemura, K., Kanbara, K., Tamayama, T. & Hayasaki, H.
GABA and GABA receptors in the central nervous system and other organs.
Int. Rev. Cytol. 213, 1–47 (2002).

50. Nair, P. M., Salaita, K., Petit, R. S. & Groves, J. T. Using patterned supported
lipid membranes to investigate the role of receptor organization in
intercellular signaling. Nat. Protoc. 6, 523–539 (2011).

Acknowledgements
The research leading to these results has received funding from the European Research
Council (ERC) under grant agreement no. 682167 VIBRANT-BIO, the European Union
Horizon 2020 Framework Programme for Research and Innovation under grant
agreements no. 665667 (call 2015), no. 777714 NOCTURNO and no. FETOPEN-737071
ULTRACHIRAL, and the European Union Seventh Framework Programme under grant
agreement no. 625673 GRYPHON and no. 609416 ICFONest+. We also acknowledge
École Polytechnique Fédérale de Lausanne, Center of MicroNano Technology (CMi)
for nanofabrication, and Bioimaging and Optics Platform (BIOP) for fluorescence
measurements. The views expressed are purely those of the authors and may not in
any circumstances be regarded as stating an official position of the European Research
Council Executive Agency.

Author contributions
H.A. conceived and designed the experiments. D.R., A.J.-H., O.L., C.K., and D.Y.
fabricated the sensor chips. A.T., N.A.-B., A.J.-H., and O.L. performed the experiments.
D.R., A.T., N.A.-B., A.J.-H., O.L., N.J.W., S.-H.O., H.A.L., and H.A. analyzed and
interpreted the data. D.R., A.T., N.A.-B., A.J.-H., and H.A. co-wrote the manuscript.
All authors discussed the results and commented on the manuscript.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-04594-x.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2018

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-04594-x ARTICLE

NATURE COMMUNICATIONS |  (2018) 9:2160 | DOI: 10.1038/s41467-018-04594-x |www.nature.com/naturecommunications 9

https://doi.org/10.1038/s41467-018-04594-x
https://doi.org/10.1038/s41467-018-04594-x
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Resolving molecule-specific information in dynamic lipid membrane processes with multi-resonant infrared metasurfaces
	Results
	Multi-resonant metasurface for molecule-specific detection
	Simultaneous monitoring of multiple analytes
	Melittin-induced pore formation in membranes

	Discussion
	Methods
	Sensor nanofabrication
	FTIR measurements
	Lipid vesicle experiments
	FTIR data analysis
	Numerical simulations
	Data availability

	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




