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Fano-resonant asymmetric metamaterials for
ultrasensitive spectroscopy and identification
of molecular monolayers
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and Gennady Shvets1*

Engineered optical metamaterials present a unique platform for biosensing applications owing to their ability to confine light
to nanoscale regions and to their spectral selectivity. Infrared plasmonic metamaterials are especially attractive because their
resonant response can be accurately tuned to that of the vibrational modes of the target biomolecules. Here we introduce
an infrared plasmonic surface based on a Fano-resonant asymmetric metamaterial exhibiting sharp resonances caused by
the interference between subradiant and superradiant plasmonic resonances. Owing to the metamaterial’s asymmetry, the
frequency of the subradiant resonance can be precisely determined and matched to the molecule’s vibrational fingerprints.
A multipixel array of Fano-resonant asymmetric metamaterials is used as a platform for multispectral biosensing of
nanometre-scale monolayers of recognition proteins and their surface orientation, as well as for detecting chemical binding
of target antibodies to recognition proteins.

In-depth understanding of life-sustaining biomolecular binding
processes has the potential for impacting every corner of life
sciences and medicine1,2. In general, conformational rearrange-

ments in biomolecular structures are required for matching the
binding sites between the host and guest molecules3,4. However,
state-of-art biosensing techniques can only probe the biomaterial
accumulations due to molecular bindings5–7, not the underly-
ing conformational alterations required for binding processes to
occur8. Whereas surface-enhanced Raman and infrared absorption
spectroscopies9–13 can provide the vibrational signatures of molec-
ular conformational states14–16, these spectroscopic approaches are
not directly compatible with ‘gold standard’ biosensing techniques6
due to fundamentally different working principles. Here we intro-
duce a structure-resolving label-free biosensing technique based on
plasmonic Fano-resonant asymmetric metamaterials (FRAMMs)
that can simultaneously probe structural and binding characteristics
of biomolecular interactions by using the full information content
of the biomolecules’ frequency-dependent infrared response.

Plasmonic metamaterials are engineered artificial media with
tailored electromagnetic response over a broad range of frequencies:
from the visible to the THz region. Their optical properties
go beyond those achievable using naturally occurring optical
materials, exhibiting a number of exotic phenomena which include
negative refractive index, strong chirality, and indefinite electric
permittivity17–21. Metamaterials manifesting these unusual optical
properties typically consist of highly resonant plasmonic elements
(for example, split-ring resonators) which have a spectrally narrow
response and high local field concentration. Owing to these
properties, plasmonic metamaterials and single metamolecules
have recently emerged as a powerful photonic platform for sensing
applications11,22–25 and have been used for linear and nonlinear
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surface-enhanced spectroscopies9,11,12. Especially important for
biosensing applications are infrared metamaterials, because
biomolecules possess mid-infrared vibrational fingerprints that
can be used for their identification, thereby improving the
specificity of biodetection26.

Whereas the concept of tuning metamaterial resonances to
specific vibrational lines of a biomolecule is straightforward13, its
actual implementation is complicated by dense spectral spacing of
infrared-active vibrations. For example, selectively tuning resonant
metamaterials to commonly used amide vibrations of the protein
backbone (amide I at ωI = 1,620− 1,680 cm−1 and amide II at
ωII = 1,510− 1,580 cm−1) requires the structures’ quality factors
q ∼ 10. Even narrower resonances may be required to resolve
the secondary protein structure. Such sharp resonant lines are
difficult to obtain with most plasmonic metamaterials despite
relatively low Ohmic losses at infrared frequencies11,13. Narrow
linewidth is also requisite for obtaining large field enhancements
over the surface of a planar plasmonic metamolecule. For example,
a half-wave antenna provides neither strong field enhancement
nor spectrally narrow response. By arranging metamolecules into
periodic arrays, it is possible to suppress radiative decay and boost
field enhancement owing to the formation of collective high-quality
resonances27. The drawback of such coherent metamaterials11,28
is their reliance on long-range interactions between unit cells,
making their performance sensitive to fabrication imperfections
and angular spread of the infrared beam.

Another recently emerged approach to achieving sharp
spectral response and high field enhancement is based on
Fano resonances29–37. The Fano-resonance approach relies on
local resonances of the metamolecules and therefore is free of
the disadvantages of coherent metamaterials. Fano resonances
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Figure 1 |Geometry and electromagnetic properties of a FRAMM. a, Schematic representation of subradiant (Q) and superradiant (D) modes of the
FRAMM coupled to incident infrared light. b, Scanning electron microscopy image of a typical fabricated FRAMM and geometric sizes: L1= 1.8 µm,
L2=0.9 µm, w=0.36 µm, metal thickness= 70 nm and periodicities in x and y directions are Px= 2.7 µm and Py = 3.15 µm. c, Experimental (solid) and
theoretical (dashed: COMSOL simulations) polarized reflectivity spectra: Fano (Lorentzian) lineshapes for vertical (horizontal) polarizations.

originate from the interference between two electromagnetic
eigenmodes, referred to as ‘superradiant’ and ‘subradiant’35,36, of
a multiresonant metamolecule. Such structures possessing high
quality factors31,38,39 could be used for quantitative biosensing,
but suffer from lack of molecular specificity because of the
reliance on the frequency-independent protein refractive index. The
FRAMM-based platform introduced below enables quantitative
biosensing and fingerprinting of nanometre-scale multimolecular
nano-assemblies, and potentially enables investigation of the
underlyingmechanisms of a wide class of biomolecular interactions
that are not accessible with current detection techniques.
By tuning individual array elements towards (away from) a
protein’s vibrational resonances, we investigate, respectively,
structural/spectroscopic and binding properties of nanometre-scale
protein monolayers. The latter enable, for example, accurate
determination of the overall monolayer thickness, whereas
the former provide highly specific information about the
protein’s orientation or conformational state. The asymmetry
of the constitutive metamolecules of the FRAMM enables
precise experimental determination of the spectral positions
of Fano resonances, whereas the resonant field enhancement
dramatically boosts transduction of the protein’s structural and
binding properties into an infrared signal. We demonstrate the
biosensing and fingerprinting capabilities of the FRAMM-based
multipixel substrate by testing it on a well-defined ultrathin
multiprotein layer (a target protein monolayer deposited on top
of a recognition monolayer). Specifically, we demonstrate (1)
vibrational fingerprinting and measurement of the thickness h1 of
the recognition proteins (protein A/G), (2) detection of antibody
(anti-mouse IgG from goat) binding to protein-immobilized
surfaces, and determination of the thickness h2 of the antibody
monolayer using h1 as a molecular yardstick, (3) determination
of spatial orientation of the proteins with respect to the metal
surface normal. The last information is vital in determining
their functional availability for biotargeting14,40,41. The FRAMM
array also opens exciting possibilities for rapid biosensing when
standard techniques of parallel acquisition of multiple infrared
spectra by focal plane array (FPA) detectors42 are applied to
multipixel FRAMM-based functionalized substrates. Potentially,
this platformwill enable monitoring of a wide class of biomolecular
interactions with characteristics that are not accessible with current
detection techniques.

Theoretical background of the FRAMM-based biosensing
An example of an asymmetric metamaterial consisting of two
plasmonic antennas along the y axis and a perpendicular antenna
coupler attached to one of them is shown in Fig. 1. Near-field

interaction between the two antennas results in parallel (electric
dipole) and antiparallel (quadrupole/magnetic dipole) current exci-
tations corresponding to super- and subradiant modes, as indicated
in Fig. 1a. If the two parallel antennas are identical, the subradi-
ant mode is completely dark and decoupled from the normally
incident light. The small horizontal coupler makes the meta-
molecule asymmetric by breaking all spatial inversion/reflection
symmetries in the plane of the structure. Such symmetry breaking
not only directly couples the subradiant and superradiant modes
(thereby enabling Fano interference for the y-polarized incident
light), but also couples the subradiant mode to the perpendic-
ular (x) polarization. The resonant frequencies of the sub- and
superradiant modes are primarily determined by the length L1
of the two parallel antennas, whereas the length and position of
the short horizontal segment determine the degree of symmetry
breaking. Solid lines in Fig. 1c show the reflection spectra from
one of the FRAMM samples for both y- and x-polarized inci-
dence. The y-polarized reflection exhibits the typical Fano (that
is asymmetric non-Lorentzian) resonance shape: it peaks at the
frequencyωD≈2,000 cm−1 of the dipole resonance, and experiences
a rapid dip-to-peak variation as the frequency decreases from
ωdip ≈ 1,600 cm−1 to ωpeak ≈ 1,450 cm−1. Such variation indicates
the presence of a subradiant resonance in the frequency range
ωdip <ωQ <ωpeak, but does not exactly identify the frequency ωQ,
whichmust be determined by other means.

On the other hand, the x-polarized spectrum in Fig. 1c shows
a nearly Lorentzian lineshape peaking at ωQ. This is because the
FRAMM enables the subradiant mode to be excited alone with
x-polarized light, in which case no interference with the y-polarized
superradiantmode occurs. Earlier work on Fano interferences35,36,43
relied on numerical simulations of the charge distribution inside
the plasmonic structures for identifying the exact spectral position
of the subradiant resonances. Asymmetric structures enable
direct experimental identification of the subradiant modes. Using
orthogonally polarized spectroscopy (E field parallel to the
x direction), the Lorentzian reflectivity peak accurately identifies
the spectral location of the subradiant mode.

The optical response of FRAMMs can be described by temporal
coupled mode theory (TCMT; ref. 44), modelling two weakly
coupled superradiant (D) and subradiant (Q) modes with the
eigenfrequencies ωD and ωQ = ωD − δ, respectively. Using a
small number of fitting parameters, TCMT predicts polarized
reflectance spectra and field enhancements well matched to the
experimental data and finite-element simulations, and gives a clear
physical understanding of the FRAMMs’ response. The two-by-two
reflection tensor rγ β (relating the reflected and incident electric
fields according to E (r)

γ = rγ βE
(i)
β with γ ,β = x or y) predicted by
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Figure 2 |Near fields of the FRAMMs for different frequencies and incident polarizations and their manifestations in infrared reflectance spectroscopy.
a, Field profiles and enhancement of |E| (colour bar). b, The enhancement of |E|2 averaged over a hypothetical 10-nm-thick monolayer is highest for Fano
resonance (1). c, Analytic and measured reflectivity from FRAMMs before (solid lines) and after (dashed lines) functionalization with a 3-nm-thick protein
A/G monolayer. d, Analytic and experimental reflectivity difference1R(ω) caused by the protein A/G monolayer.

TCMT for a bare FRAMM is estimated as

r (bare)γ β ≈
αQγαQβ(ω)

j
(
ω−ωQ

)
+

1
τQ

+
αDγαDβ

j (ω−ωD)+
1
τD

(1)

where αDy ,αQy ≈ (κ/δ)αDy and αQx ∼ αDx � αDy are the coupling
efficiencies of the superradiant and subradiant resonances to the
two light polarizations, κ(L2)� δ is the weak near-field coupling
rate between the two resonances due to the short horizontal
antenna and τD ∼ 1/|αDy |2, τQ ∼ (δ2/κ2)τD are the lifetimes of the
corresponding eigenmodes. According to Equation (1), polarized
reflectivities Rγ γ (ω)= |rγ γ |2 have either Fano or Lorentzian
lineshapes because of disparate lifetimes of the modes and their
different coupling efficiencies to y and x polarizations.

According to TCMT, the difference in lifetimes and polarization-
dependent radiative coupling efficiencies determines the near-
field enhancement at the FRAMM’s surface that is crucial for
plasmon-enhanced sensing techniques11,13,23. Specifically, it can
be shown that field intensities corresponding to y-polarized
excitation of subradiant (Fano) and superradiant modes scale
with their lifetimes as (|EQy/Einc|/|EDy/Einc|)2 = τQ/τD = qQ/qD,
where qQ(D) are the quality factors (qQ ≈ 8.4, qD ≈ 2.7 for the
structures in Fig. 1). Excitation of the Fano resonance using
x-polarized radiation yields a much smaller field enhancement:
(|EQy/Einc|/|EQx/Einc|)2 = (|αQy/αQx |)

2. These analytic predictions
of TCMT were confirmed using the COMSOL simulations shown
in Fig. 2a,b, where the near-field enhancement around the FRAMM
is computed for the three possibilities of exciting the FRAMM’s
resonances: (1/3) narrow-band Fano resonance excited by y/x-
polarized radiation, and (2) broad-band superradiant resonance
excited by y-polarized radiation. Only case (1) corresponding to

Fano interference leads to large spectrally selective enhancement
of the near field and holds promise for sensing applications as
demonstrated below.

Detection and characterization of protein monolayers with
FRAMMs are accomplished by measuring the difference of
reflectivity, 1R(ω) = |r (bare)yy (ω)|2− |r (func)yy (ω)|2, between the bare
and functionalized substrates. The presence of protein monolayers
of thickness h changes the dielectric environment of the FRAMM
and results in frequency shifts1ωQ(D) given by45

1ωQ(D)

ωQ(D)
=−

1
2

∫ h
0 EQ(D)(r) ·(ε̂−1) ·EQ(D)(r)dr∫

∞

0

∣∣EQ(D)(r)
∣∣2dr (2)

where EQ(D)(r) is the near field of the Q (D) mode, and ε̂ is the
permittivity tensor of the protein. The complex-valued 1ωQ(D)
affects both the spectral position (index-induced shift) and lifetime
(surface-enhanced absorption) of the FRAMM’s resonances. The
modified reflectivity tensor, r (func)γ β , of the functionalized FRAMM
is obtained from Equation (1) by substituting ωQ(D)→ ωQ(D) +

1ωQ(D), resulting in the change,1R(ω), as shown in Fig. 2c,d.
Because the electric field is predominantly normal to the metal

surface, the frequency shift calculated from Equation (2) scales with
h according to 1ωQ(D)/ωQ(D) ∝ (εn − 1)h/lQ(D). Here we assume
that the modes’ surface-averaged localization lengths lQ(D) � h.
According to numerical simulations, lQ∼ 50 nm for the subradiant
mode. The direction-dependent permittivity, εn ≡ n · ε̂ · n, is
assumed to be approximated by amultiresonant series:

εn(ω)= n2
∞
+

∑
m

Am〈cos2θm〉
(ω−ωm)− jγm

(3)
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Figure 3 |Application of FRAMM-based substrates to reflectivity-difference spectroscopy of protein mono- and bilayers. Protein A/G serves as a
recognition moiety; IgG antibodies are the target molecules binding to protein A/G. a,c, Theoretical (a) and experimental (c) spectra before (dashed lines)
and after (solid lines) binding of IgG antibodies to three different FRAMM substrates immobilized by the protein A/G. Indicated reflectivity ratios vary with
the spectral position of the FRAMMs’ resonant frequencies. The plotted quantity is the normalized reflectivity D(ωQ)(ω)=1R(ωQ)(ω)/R

(ωQ)
Q (ω=ωQ).

b, Schematic representations of proteins’ mono- and bilayers binding to the metal surface (not to scale) and the equivalent dielectric model.
d, Experimental peak reflectivity ratios (points: 14 FRAMM arrays on three separate wafers). Dashed vertical lines: frequencies of the amide I and amide II
vibrational modes.

where the summation is over all infrared-active vibrational modes
with natural frequencies ωm, damping rates γm ≡ 1/τm and
dipole strengths Am, and n∞ ≡ ε1/2∞ ≈ 1.55 is the non-specific
refractive index. The surface selection rule46 rescales the dipole
strength: Ãm ≡ Am〈cos2 θm〉 according to the averaged orientation
of the m th vibration mode with respect to the metal surface
normal n. Structure-resolving biosensing is accomplished by
an array of FRAMM pixels that are spectrally tuned either to
various vibrational resonances (spectroscopic characterization of
conformational states and orientations of biomolecules) or away
from them (determination of the nanolayer thickness h using
the non-specific n∞).

Fingerprinting and characterization of protein monolayers
Several arrays of gold FRAMMs were fabricated on a quartz
substrate, as shown in Fig. 1b, with their reflectivity spectra
measured using a Fourier-transform infrared (FTIR) microscope
(see Methods). 150 µm×150 µm FRAMM pixels were designed to
resonate at different frequencies 1,340 cm−1<ωQ< 1,860 cm−1 by
uniformly scaling their dimensions. Measured reflectivity spectra
from a typical pixel shown in Fig. 1c are used to determine the
Fano resonance frequency ωQ from the peak of Rxx(ω), and are
accurately fitted with numerical (COMSOL) and analytic (TCMT)
calculations. The structure-specific biosensingwas demonstrated by
immobilizing two protein nanolayers on the FRAMM’s surface: (1)
a monolayer of a single recognition protein A/G of thickness h1,

and (2) a multiprotein bilayer of thickness H = h1+h2 consisting
of a monolayer of goat antibody IgG of thickness h2 on top of the
protein A/G as shown schematically in Fig. 3b. Optical transduction
of protein binding to gold is done by measuring the normalized
differential reflectivity D(ωQ)(ω) = 1R(ωQ)(ω)/R(ωQ)

Q (ω = ωQ) for
each FRAMMpixel uniquely labelled by itsωQ.

To illustrate the concept of structure-specific biosensing, we
note that the spectral maximum D(ωQ) ≡ D(ωQ)(ω = ωQ) depends
on the frequency mismatch between ωQ and those (the ωm)
of the protein vibrational modes (for example, amide I/II), as
well as the specific (and a priori unknown) properties of the
modes: their dipole strengths, lifetimes and bond orientations.
The strongest interaction between the proteins and the FRAMMs
corresponding to the largest D(ωQ) occurs when the frequency and
lifetime (ωQ, τQ) of the FRAMM coincide with those (ωm, τm)
of one of the vibrational modes of the molecules47. Although the
lifetime matching is beyond the scope of this work, frequency
matching of ωQ to ωI (green line) yields the largest 1R/RQ
among the three FRAMMs shown in Fig. 3a,c. However, if the
Fano resonance is tuned away from the amide vibrations, that
is |ωQ −ωm| � 1/τQ, then the value of D(ωQ) ∼ h(ε∞ − 1) yields
the non-specific protein’s thickness h. By comparing theoretically
and experimentally obtained difference spectra, we found that
h1 ≈ 2.7 nm, which is in good agreement with h1 ≈ 2.8 nm
obtained by ellipsometry. The protein A/G monolayer changes
the reflectivity by an easily detectable 1R(mono)(ω = ωQ) = 4%
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Figure 4 |Visualization and identification of vibrational resonances of proteins using the normalized first-frequency-derivative spectra G(ωQ)(ω) from
an array of FRAMM-based pixels. a–d, Theoretical (a,c) and experimental (b,d) data for the protein A/G monolayer (recognition moiety) (a,b) and the
protein A/G+ IgG antibody bilayer (c,d). Different FRAMM pixels are colour coded and their resonant frequencies ωQ are indicated by arrows. Vertical
dashed lines: frequencies of protein backbone vibrations (amide I/II) strongly coupled to the resonantly tuned FRAMMs. Smaller peaks in b,d around
≈1,400 cm−1: CH3 bending modes of the proteins’ side chains. Dotted curves in a,c: envelopes of the maxima of G(ωQ).

(see Fig. 2d and blue/red spectra in Fig. 3a,c), indicating that the
molecular monolayer thickness can be reliably measured with
nanometre-scale accuracy.

Similarly, binding of the IgG antibody monolayer to the
protein-immobilized FRAMMs is detected by measuring the
1R(bi)(ω) (solid lines) spectra of the resulting protein bilayer
with the thickness H (el)

= h1 + h2 ≈ 7.9 nm (ellipsometric value)
and comparing it with 1R(mono)(ω) (dashed lines) in Fig. 3c.
The larger overall thickness of the bilayer is clearly manifested
in the peak reflectivity ratios T (ωQ) ≡ 1R(bi)

max/1R(mono)
max > 1 for

all three FRAMMs in Fig. 3c. The expected T (ωQ) ≈ H/h1 for
the FRAMMs satisfying |ωQ −ωm| � 1/τQ provides an accurate
measurement of the thickness h2 of the IgG monolayer by using
h1 as a molecular yardstick. By comparing the experimental
data with the analytical model, T (ωQ) ≈ 2.9 was estimated, or
H ≈ 7.8 nm and h2 ≈ 5.1 nm. For antibodies, h2 provides indirect
information40,48 about their orientation on the surface and the
availability of antigen binding. Specifically, h2 is a lower bound of
the actual height of the IgG layer (which has a high void fraction
due to its multifragmented structure). Because the height of the
lying-on IgG is only about 4 nm, we conclude that the IgGs are
mostly end-on oriented.

Whereas the above thickness measurement is not struc-
ture specific, we demonstrate below that an array of FRAMM
pixels (labelled by their ωQ) can be used for vibrational
fingerprinting of proteins. The non-specific contribution to
1R/RQ due to ε∞ is effectively eliminated by calculating
the first frequency derivative of the reflectivity spectrum
G(ωQ)(ω)=−(d(1R(ωQ)/dω)/(d(R(ωQ))/dω)(ω= ωQ). Specifically,
G(ωQ)(ω=ωQ) exhibits a local maximum when the Fano resonance
frequency ωQ is matched to that of a vibrational mode (for
example, ωI,II). This occurs because of the reduction of the
subradiant mode’s lifetime due to the energy exchange between

the FRAMM’s electromagnetic mode and the protein’s vibra-
tional mode. Specifically, the magnitude of the spectral peak
G(ωQ)(ω = ωQ) ∼ (h/lQ) × (Am〈cos2 θm〉/γ 2

m) yields information
about the spatial orientation of the vibrational modes.

Theoretical plots of G(ωQ)(ω) are shown in Fig. 4a,c for an
array of 16 different FRAMM pixels coupled to a protein A/G
(recognitionmoiety)monolayer and a combined protein A/G+IgG
(recognition moiety + target) bilayer, respectively, where both
proteins are described by the two-resonance model of ε(1,2) given
by equation (3) (seeMethods). Experimental measurements shown
in Fig. 4b,d confirm that the maxima of G(ωQ)(ω) are spectrally
collocated with vibrational resonances of the monolayer and
bilayer. The data in Fig. 4b,d indicate that there is strong coupling
of the FRAMM with the strongest conformation-sensitive protein
backbone vibrations (amide I–II) that are frequently used for
studying proteins’ secondary structure14–16. They can also be used
for estimating surface orientation of small highly anisotropic
proteins such as A/G. One qualitative feature of Fig. 4b,d is that the
effective dipolar strength of amide I (C=O stretch) is stronger than
that of amide II (C–N and C–C stretch, and N–H bend). This has
been attributed46 to stronger alignment of amide I with the axes of
the protein’s alpha-helices, which are normal to the metal surface
for oriented proteins.

Although our experiment involved single-detector sequential
measurement of the FTIR spectra from eight FRAMM pixels,
an FPA of infrared detectors would enable parallel42 acquisition
of the spectra from a large number of FRAMM pixels. Such
parallelization of data acquisition from multiple pixels, each
producing a resonantly enhanced spectrum, results in enormous
speed-up of label-free structure-sensitive optical biosensing.

Finally, we illustrate how FRAMM-based biosensing enables
distinguishing between multiprotein nanolayers by comparing
1R(mono)(ω = ωQ) for single-protein and 1R(bi)(ω = ωQ) for
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two-protein layers. If proteins A/G and IgG were identical, then
T (ωQ) ≈ H/h1 would be expected for all FRAMMs. However,
Fig. 3c,d reveals a considerably smaller T (ωQ) < H/h1 for the
resonantly tuned FRAMMs. This implies a stronger contribution
of protein A/G’s C=O vibration to εn(ω) relative to that of IgG,
that is Ã(A/G)

I > Ã(IgG)
I . The analytical model predicts a similar trend

for T (ωQ) when ωQ ≈ ωI, ωII. To interpret this result, we have
used the Protein Data Bank (PDB) to extract and diagonalize the
C=O directional tensors of IgG (PDB code 1IGY) and protein
A/G (67% of protein A, PDB codes 1EDI and 1BDC, and 33%
of protein G, PDB codes 1GB1 and 2IGD). By assuming that the
alpha-helices of protein A/G and the Fc region of IgG are parallel to
the surface normal, we obtained 〈cos2θ (IgG)I 〉kk = (0.29;0.32;0.39)
(almost isotropic) and 〈cos2 θ (A/G)I 〉kk = (0.14;0.22;0.63) (highly
anisotropic: strong amide I contribution), where k = x,y,z . These
estimates are consistent with the resonant absorption data G(ωQ)(ω)
shown in Fig. 4b,d by indicating that a bilayer, which isH/h1≈ 2.9
times thicker than amonolayer, produces only twice the absorption:
G(ωQ)(ω=ωQ)= 1+ (h2/h1)× (〈cos2θ (IgG)I 〉zz/〈cos2θ

(A/G)
I 〉zz)≈ 2.2.

Note that this result is not sensitive to IgG’s binding orientation,
but is highly sensitive to protein A/G’s surface binding. Therefore,
the multipixel FRAMM provides valuable information about the
thickness and surface binding of small anisotropic proteins, as well
as the target antibodies on protein-functionalized substrates.

Outlook
The concept of a FRAMM enables plasmonic substrates that com-
bine strong near-field enhancement, sharp spectral features and
easy identification of the resonance frequency through polarized re-
flection spectroscopy. Designed to operate in the mid-infrared part
of the electromagnetic spectrum, such substrates can be used for im-
plementing structure-resolving label-free biosensing. Tremendous
improvements in sensitivity, speed and time-resolution of biosens-
ing can be achieved by parallel acquisition of the FTIR spectra
from large functionalized arrays of narrow-band FRAMM pixels
covering a significant portion of the fingerprint spectral region. By
using infrared-transparent substrates, we can envision unlocking
the mysteries of the conformational dynamics of biomolecules in
their natural aqueous environment responsible for life-sustaining
molecular binding processes.

Methods
Fabrication of the metamaterial-based plasmonic substrate. Multiple
150 µm×150 µm FRAMM pixels with different antenna sizes were fabricated on
a 0.5-mm-thick quartz substrate using electron-beam lithography. Polymethyl
methacrylate (MicroChem 950 PMMA C2) was spun at 1,700 revolutions per
second for 30 s on the substrate. A thin layer (5 nm) of chromium was deposited on
the polymethyl methacrylate to promote conduction. This layer was etched away
with chemical etchant (Transcene chromium etchant 1020AC) after exposure,
before developing the sample. Desired structures were written (dosage was
300 nC cm−2 at 10 pA beam current) using a Raith 50 electron-beam lithography
system and then developed in 1:3 MIBK:IPA developer (MicroChem) for 40 s.
Then an 80-nm-thick layer of gold was deposited using a thermal evaporator at
a base pressure of 9×10−7 torr. A thin (3 nm) layer of chromium was used to
enhance adhesion of the gold layer on the quartz. Finally, the sample was immersed
in acetone for approximately an hour for liftoff.

Monolayer chemistry and preparation. The protein A/G and protein A/G+ IgG
films were attached to the surfaces of our gold (Au) nanoparticles as follows.
Before protein immobilization, nanoparticle substrates were cleaned in a piranha
solution (H2SO4:H2O2 = 3:1) then rinsed in deionized water to remove any
organic surface contamination. Protein A/G at a concentration of 1mgml−1
in PBS (10mM phosphate buffer) was spotted on the substrate surface and
incubated for 1 h. A postincubation wash was carried out to remove unbound
protein. To form a protein bilayer of A/G and IgG, IgG (anti-mouse from goat)
was subsequently spotted (concentration 1mgml−1 in PBS) on the A/G-coated
nanoparticles and left to incubate again for 1 h. A second postincubation wash
was then carried out49,50.

Optical and structure characterization. The reflectivity data on the FRAMM
substrates was collected using an FTIR spectrometer (Bruker, IFS 66/s) and infrared

microscope (Bruker, Hyperion 1000). All spectra are normalized to a background
taken from an aluminium reference mirror. In all cases, both the background and
sample spectra are collected at a resolution of 4 cm−1 and consist of 256 scans
co-added with a mirror repetition rate of 40 kHz. Data are collected under a dry
air purge to limit atmospheric absorption. The thickness of the protein layers was
independently characterized through ellipsometer (variable-angle spectroscopic
ellipsometer, Woollam) measurements. For the infrared reflection absorption
spectroscopy, 100-nm-thick Au on Si slides was immobilized with protein and
the reflection of p-polarized infrared light, incident at 80◦, was measured using a
fixed-angle grazing-incidence unit (Bruker) in the front compartment of an FTIR
spectrometer (Tensor 37, Bruker). The dielectric constant about the amide I and II
absorption bands of the protein layers on Au was obtained from infrared-reflection
absorption spectroscopy measurements in the manner described elsewhere11. The
thickness obtained from ellipsometry measurements is inserted into a thin-film
equation to convert reflectance data to Im(1/εn). A Lorentz-oscillator dielectric
model function is then fitted to the data.

Model of the proteins’ permittivity The following parameters of the
effective permittivity εn given by equation (3) are obtained from infrared
reflection absorption spectroscopy measurements: (1) ÃI = 0.54×1013 rad s−1,
ÃII = 0.365×1013 rad s−1, γI = 0.545×1013 rad s−1 and γII = 0.45×1013 rad s−1
for the protein A/G, and (2) ÃI = 0.345×1013 rad s−1, ÃII = 0.28×1013 rad s−1,
γI = 0.49×1013 rad s−1 and γII = 0.501×1013 rad s−1 for the protein IgG. The
subscripts I and II indicate amide I and amide II resonances, which are spectrally
located at the frequencies ωI = 3.12×1014 rad s−1 and ωII = 2.91×1014 rad s−1
for both proteins.

COMSOL simulations. To design the electromagnetic response of the
metamaterial, the commercially available finite-element method solver COMSOL
Multiphysics was used. The permittivity of the metal antennas was modelled by
the Drude expression εm = 1+ (ω2

p/ω(ω+ iγ )) with the parameters corresponding
to gold38: ωp = 1.32×1016 rad s−1, and γ = 1.2×1014 rad s−1. Periodic boundary
conditions were imposed in x and y directions to consider periodic arrangement
of the metamolecules.

Analytic model. Lifetimes of the sub- and radiant modes were found from fitting
the numerical simulations and experimental data with the use of Equation (1).
The total lifetime is 1/τD(Q) = 1/τDx(Qx)+1/τDy(Qy)+1/τOhmD(Q) , where τQx = 80/ωQ,
τQy =80/ωQ, τOhmQ =100/ωQ, τDx =100/ωQ, τDy =8/ωQ, and τOhmD =270/ωQ. Here
τDy(Qy) and τDx(Qx) are the radiative lifetimes of the dipolar (quadrupolar) modes
associated with the x and y polarizations, and τOhmD(Q) are the resistive lifetimes of
these two modes. The frequencies of the resonances were varied within the domain
of interest. The same parameters (together with infrared reflection absorption
spectroscopy data) were used to model spectral response of the metasurfaces in the
presence of proteins within the framework of the analytical model.

Received 30 June 2011; accepted 5 October 2011; published online
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