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Plasmonic materials with strong mid-infrared resonances allow enhanced molecular sensing, but obtaining the required
high field enhancements in easily constructed geometries is challenging. Multilayer aggregates (MLaggs) of close-packed
gold nanoparticles (AuNPs) exhibit strong extinction resonances that enhance both surface-enhanced Raman (SERS)
and IR absorption (SEIRA) spectroscopies. Here, we show that these simply fabricated MLaggs behave as low-loss high
refractive index (#) metamaterials in the mid-infrared and that they can reach a refractive index of # > 10. By admix-
ing silver nanoparticles (AgNDPs) with AuNPs and co-aggregating them, we demonstrate combinatorial metamaterials
with near-perfect absorption and controlled linewidth. By selective dissolution, we are able to control the aggregate fill
fraction and tune both the SEIRA resonance and the refractive index. Dissolution of the AgNPs leads to more porous
aggregates, which enable adsorption and detection of larger analytes, making MLaggs useful for healthcare sensing
applications.
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must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI.
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1. INTRODUCTION

Small molecule sensing with infrared absorption spectroscopy

enhancement is thus closely linked to the architecture of the sub-
strate. Since gold is inert and easily surface-functionalized, it has
been frequently used in such plasmonic substrates [18]. A wide
range of analytes readily adsorb onto these surfaces, including
small biomolecules [19,20], pharmaceuticals [21], nano-, and
microplastics [22]. Gold metal substrates have also been used to
sense more complex biomolecules, such as membrane proteins
and antibodies [23-26]. Traditionally, top-down fabrication
methods such as electron-beam lithography have been used for
gold MIR-resonant substrates, for instance, nanorods or nanodisk
arrays, yielding large plasmonic SETRA enhancements of up to 10°
(for molecules in the enhanced field) with Q-factors of up to ~ 6
[27-34]. However, top-down lithographic methods are slow and

reveals molecular signatures that can be used for non-invasive
optical characterization of a wide range of organic and inor-
ganic compounds [1]. However, infrared (IR) spectroscopy has
been constrained by poor detection sensitivity in aqueous media
and especially in human matrices, making it hard to sense com-
pounds at trace concentrations 7z situ compared to background
interference [2].

Appropriately chosen metal nanostructures can locally enhance
and confine mid-IR (MIR) light, hugely increasing light—matter
interactions and giving rise to surface-enhanced IR absorption

(SEIRA) spectroscopies. SEIRA can sense at lower concentra-
tions than traditional IR spectroscopy techniques [3-5], due to
the selective amplification of vibrational signatures of molecules
located within enhancement hotspots of these nanostructures,
depending on their coupling with plasmonic or dielectric reso-
nances [6—8]. These resonances can be tuned in a variety of ways,
including nanostructure shape [9-11], size [12,13], periodicity
[14], material [15], and near-field coupling [16,17]. The SEIRA

2334-2536/25/091357-10 Journal © 2025 Optica Publishing Group

costly for producing the ultrasmall gaps (~ 1 nm) that give high
enhancements, so bottom-up methods are desirable.

Gold nanoparticles can be easily self-assembled into aggregates,
which strongly enhance molecular vibrational resonances in the
visible and mid-infrared. Their plasmonic resonances can be tuned
depending on nanoparticle size, array geometry [35], and spacing
[36], supporting both SERS and SEIRA [37]. In particular, self-
assembled AuNP aggregates yield strong extinctions and SEIRA
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enhancement [5,38,39], yet they have been difficult to characterize
due to their broad parameter space [12], and analytical models
typically have large numbers of fitting parameters. Chemically
assembled aggregates are disordered, which affects their optical
response in the visible and mid-infrared [40,41]. Fully ordered
plasmonic superlattices with resonances in the infrared are highly
desirable but difficult to fabricate due to particle polydispersity,
which controls faceting, and control of gap sizes, leading to local
disorder, which affects the MIR resonance [42—44]. Finally, incor-
poration of larger analytes in the optical hotspots can be inhibited
due to their tortuosity and small gap size [45].

Here, we report how self-assembled AuNP multilayer aggre-
gates (MLaggs) can be understood and utilized as robust high
refractive index metamaterials [13,38]. Previous work has sug-
gested the potential for self-assembled substrates incorporating
nanoparticles with different morphologies to achieve high refrac-
tive indices [35,46,47] in the mid-infrared. Nanoparticle arrays
with narrow and consistent gaps that support strong plasmonic
enhancement [38,48] are here shown to act as an effective medium
in the MIR, enabling rapid optimization of their optical properties
[49]. For wavelengths A > 2 um, the real part of the medium
effective permittivity becomes essentially non-dispersive and can
exceed Re(eef) > 10, even reaching 100 with low loss. Our model
predicts key features, including a strongly enhanced refractive
index for small gaps <5 nm, potential for low-loss Im(#.¢) < 0.1,
and a distinctive dependence on metal fill fraction and number
of layers. This provides a tunable refractive index which sets the
resonance wavelengths of a thin MLagg slab [35]. By constructing
aggregates out of a mixture of Au and Ag nanoparticles, we develop
an enhanced combinatorial metamaterial with a tunable refractive
index. Subsequently dissolving these AgNPs out of the aggregate
further tunes the fill factor and the aggregate resonance in a con-
trolled manner, in good agreement with the metamaterial model.
Finally, we find that these structures have direct applications,
as their increased porosity together with a high index improves
SEIRA sensing of >10 nm size analytes, such as biomolecules and
colloids, in the mid-infrared fingerprint region.

2. RESULTS AND DISCUSSION

A. Modeling AuUNP Aggregates as Metamaterials with
an Effective Index

Previous work has shown the ability to tune the resonance of
layered AuNP aggregates (“MLaggs”). Individual cycles of self-
assembly can aggregate 1-2 close-packed layers of AuNPs on a
liquid-liquid interface using the rigid cucurbit[5]uril (CB[5])
molecular spacer [50]. The CBI[5] gives precise 0.9 nm gaps
between all AuNDPs (confirmed previously for single dimers [51]),
leading to high field confinement and strong extinction [38]. Tight
spacing of the nanoparticles leads to a strong enhancement of both
IR and Raman molecular vibrational spectra [38,52], enabling
surface-enhanced infrared and Raman spectroscopies (SEIRA and
SERS). Stacking successive deposition cycles gives MLagg slabs
with MIR resonances.

For a typical MlLagg [Figs. 1(a)-1(c), AuNP diameter
D =100 nm, gap size 4 =0.9 nm, and four deposition cycles],
the SEIRA resonances of CB[5] in the nanogaps appear as asym-
metric Fano resonances and vary in amplitude with detuning from
the MLagg resonance [Fig. 1(b)]. By sequentially depositing layers
of AuNPDs, the plasmonic resonance of the aggregate is red-shifted
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Fig.1. (a) SEM of AuNP MLagg. (b) An extinction spectrum of pure

AuNP MLagg and 2:1 Au:AgNP mixed MLagg [solid line, shown refer-
enced to an Au mirror as log, o (Ryiage/ Rau)] and a metamaterial model
fit (dashed, see text). (c) A hexagonal lattice of AuNPs of 100 nm diameter
and agap sized = 1 nm forming AuNP MLagg with an effective medium
errand a thickness L on a gold mirror.

into the molecular fingerprint region [38], and a close-packed
layered AuNP structure is formed. This MLagg combines three
material permittivities [Fig. 1(c)]: the AuNP (g4, large and neg-
ative in the IR), the organic linker molecules in the nanogaps
(g4 ~ 2.3), and the background permittivity (g, typically water or
air). We now discuss how these permittivities combine to make a
metamaterial.

Previous treatments of MLagg layers modeled them as coupled
plasmons with a near-linear dispersion relation [38] approximated
by an effective refractive index 7., but with a number of arbi-
trary parameters. Now using full electromagnetic simulations of
nanoparticles of diameter D in a hexagonal lattice with gap spacing
d filled by the refractive index 7, = V& [Fig. 1(c)], we show that
this effective index 7. concept works well and attains extremely
high values, thus showing MLaggs can form excellent low-loss
metamaterials in the mid-infrared regime. The resonance now
appears naturally as the Fabry—Pérot resonance of a slab of this
metamaterial with thickness 4, (Fig. 1) and can be tuned in various
ways.

From the reflection and transmission spectra (Fig. S1 in
Supplement 1), we extract [53] the complex 7.5(A) for a single
close-packed nanoparticle layer (IML) [Fig. 2(a)], and also show
it for two stacked layers (2ML), where the upper layer is displaced
laterally to retain close packing (Fig. S1 in Supplement 1). In the
visible region, several resonances are seen due to a breakdown of the
effective medium approximation as the wavelength A approaches
the nanoparticle diameter D. For A > 2 pm, however, where
A > D, the effective refractive index concept can be applied and
shows that 7.f can attain large values while being almost dis-
persionless from A =3—12 um [Fig. 2(a)]. Extracting the real
and imaginary parts of n as a function of gap size at A =4 pum
[Fig. 2(b)] shows that for smaller gaps, when the NP fill fraction
[ increases, n.f grows rapidly, exceeding n.s >4 for typical
nanogaps in our samples.

Previous models for dense mixtures of metal with dielectric have
been challenging to obtain, with the Bruggeman effective medium
model [54] only valid for f'< 0.3 for the MLagg architecture. The
Maxwell-Garnet effective medium model, which is expected to
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Fig.2. (a) Extracted real and imaginary parts of the effective refractive

index of hexagonal-close-packed AuNPs, diameter D = 100 nm, spaced
by d =1 nm, for one (solid) or two (dashed) nanoparticle layers. (b) and
(c) Extracted nqr at A =4 pm, for varying gap size 4. Gray dotted line
is the Maxwell-Garnett model of Re(7.¢) for IML. Dashed lines are fits
from Eq. (3). (d) Scaling of nrat A =4 pmand 4 =1 nm for increasing
facets width w (shown in inset). A dashed line shows typical experimental
facet size.

work reasonably for large fill fractions provided that randomly
arranged spherical particles radiate as dipoles [55] (D < A) takes
the form

38g + (1 +2f)(5Au - gg)

EMG = €& . (1)
£ 38g + (1 - f)(SAu - 8g)
Since in the mid-infrared, |eau| > &, this reduces to
1+2
EMG = Sg f (2)

1-f
While for larger gaps of 4 > 5nm, the Maxwell-Garnett
description accounts reasonably for the effective refractive index
[Fig. 2(b), gray dotted line], it underestimates 7. for smaller gaps,
since the dipole-like behavior of each NP breaks down [13]. The
increasing concentration of the optical field in smaller nanogaps
now dominates the combined response, further enhancing the
polarizability and hence the net refractive index. For small NP gaps
(d <« D), we find the phenomenological scaling [Fig. 2(c)]

neir/ng = 3.9 [ﬁaﬂ 40017 fd*Zq] , @)

with power exponent ¢ = 0.17, independent of fill fraction f
[solid lines in Figs. 2(b) and 2(c)]. In a simple model based on
confinement of light in nanogaps [56], the gap field should scale
as 1/d, thus suggesting that g = 0.5, which is much larger than
that found here from full simulations. We find that the effective
refractive index increases strongly as the interparticle gap size
decreases, which is in agreement with previous findings for the
optical regime [46,47,49,57]. For stacked MLagg layers, the fill
fraction increases toward 74% for touching NPs, giving effective
refractive indices exceeding 5, much larger than almost any dielec-
tric material (including silicon), and with a loss contribution of less

than <0.05. These values can lead to metal architectures capable of
Q > 100, which is extremely unusual.

The metamaterial refractive index is further enhanced when
the gaps between the NPs are faceted, as is the case for almost all
nanoparticles, since even spherical nanoparticles are resculpted by
a variety of external forces within plasmonic systems, including
strong van der Waals attraction and optical fields, interactions
with linker molecules, or photochemically [58-61]. Extracting
nef as the facets grow drastically enhances the refractive index,
which can now exceed 7. > 10 for accessible geometries without
inducing excessive loss [Fig. 2(d)], which is in agreement with lit-
erature for visible-range optically resonant metallic metamaterials
[46]. This low loss arises from the ultrasmall gaps, which provide
extreme light confinement with high in-plane 4 that reduces
optical penetration into the metal facets [56].

A slab of this effective metamaterial (multilayer of MLagg)
acts as a simple Fabry—Pérot cavity, with high interface reflectiv-
ity R arising from the large 7. Resonances at A p=2ngL/p
(for p =1, 2, ...) are thus observed [Fig. 1(b)]. By experimen-
tally measuring these MLaggs with a profilometer (Fig. S2 in
Supplement 1), we identify the MLagg thickness L, which matches
that expected for these multilayers. Hence, we can extract the
resulting effective medium 7. and loss, noting a slight increase
in the refractive index of these metamaterials for higher layer
thickness. The Fabry—Pérot modes probed in this effective meta-
material have been previously described and depend on the
effective refractive index as well as layer thickness. The strong-
est SEIRA enhancement, which is localized to the gaps between
nanoparticles, has enhancement factors of up to 10° [12,38].
Simultaneously, these structures also exhibit a single-nanogap
plasmonic resonance in the near-infrared, supporting SERS
enhancement of ~ 10° [39,52].

For the lowest-order resonance, the quality factor Q in a Fabry—
Pérot cavity is a function of its reflectivity, which is related to the
effective refractive index for its fundamental resonance (Section S4
in Supplement 1 for derivation):

TR oow 1 b4
~ = — > ne. 4
Q¥1—%=13 <7leff ﬂeff) % el 4

Measured Q values from different samples currently range from
2 to 3 and provide an independent way to quantify the effective
refractive index. These values are currently limited by missing
NPs in the films [Fig. 1(a)], which decreases f and hence 7. as
well as increasing the loss through disorder-induced scattering.
Experiments are underway to optimize this; however, we also note
that higher Q is not necessarily helpful for SEIRA since it reduces
the available bandwidth.

Modeling the MLaggs as effective media allows their study
for different compositions and organizations. While the current
low-cost high-throughput MLagg production yields gap size,
fill fraction, and disorder as above, further tuning is available by
incorporating different nanoparticles, as now discussed.

B. Gold and Silver Co-Aggregation and Dissolution to
Control Fill Fraction

In addition to gold, silver nanoparticles (AgNDs) are widely used in
plasmonics, partly for their photocatalytic properties as well as in
diagnostics and therapeutics. Indeed, alloys of Au and Ag in differ-
ent ratios allow some grading of the optical and catalytic properties
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(a) Au—Ag mixed MLagg before and after dissolution of AgNDPs, leaving voids (dotted) in porous Au MLagg. (b) SEMs before and after AgNP dis-

solution. (c)—(e) SEIRA spectra of (c) AuNP control, (d) AgNP MLagg, and (e) for different Au:Ag mix ratios, before (gray) and after (color) dissolution.
Arrows indicate the main changes. (f) SERS spectra from MLaggs of different Au:Ag ratios before and after dissolution. All NP MLaggs are D = 100 nm

and4 =0.9 nm.

[62]. Here, we instead use the combination of pure AuNPs and
AgNPs to create mixed MLaggs, by co-aggregating them (Fig. 3).

Citrate-capped AgNPs can be aggregated by the same method
as AuNDs (Fig. S3a in Supplement 1), and their MLaggs have reso-
nances with a similar Q-factor and extinction to AuNP aggregates
[Fig. 3(d)]. SEM images (Fig. S3 in Supplement 1) show a similar
structural morphology to the AuND aggregates. The characteristic
peaks of the aggregating molecule CB[5] appear in both the SEIRA
and SERS spectra (Fig. 3), indicating that aggregates with AgNPs
successfully self-assemble. We note that while the localized surface
plasmonic resonance of silver occurs at a shorter wavelength than
that of gold, MLagg resonances shift into the infrared, where there
islictle difference in their optical permittivity.

By first mixing gold and silver metal nanoparticles in solution,
then co-aggregating with CB[5] at the liquid-liquid interface and
depositing MLagg multilayers, a “combinatorial metamaterial”
(mixed Au/Ag MLagg) is formed. This material has a similar struc-
ture to the pure-gold aggregates [ “before,” Figs. 3(a) and 3(b)] and
combines the plasmonic properties of both noble metals. SEM
images evidence a similar assembly to MLaggs of one metal alone.
An increasingly purple aggregate color is seen in bright-field (BF)
imaging as the ratio of AgNPs increases (Fig. S4 in Supplement 1);
however, the resonances in SEIRA remain similar [Fig. 3(e)].
AgNPs are then etched out from the MLaggs by immersion in 30%
NH4OH, further confirmed by SEM and energy-dispersive X-ray
[“after,” Figs. 3(a) and 3(b); Figs. S5 and S6 in Supplement 1]. The
NH4OH etches away surface-bound silver oxide (Ag,O) by form-
ing silver-ammonia coordination complexes without sintering the
MLagg nanogaps. The resulting structures have increased porosity
and lower fill fraction.

C. SEIRA and SERS Track Plasmonic Resonances and
Fill Fraction-Dependent Tuning

The effects of dissolution on the optical properties of the aggregate
are studied using SEIRA, SERS, and dark-field spectroscopy.
SEIRA spectra show that the resonances of Au-Ag MLaggs
blueshift when the AgNDPs are dissolved. The shift increases
with the amount of Ag in the initial aggregate [Fig. 3(e); Fig. S7
in Supplement 1]. When the pure Ag sample is immersed in
NH4OH, the SEIRA spectrum vanishes as the AgNPs are fully
dissolved out [Fig. 3(d)]. Since no shift is observed for similarly
treated pure gold MLaggs [Fig. 3(c)], we conclude that these shifts
occur solely from silver dissolution. The infrared resonance can
thus be simply tuned by changing the Au—Ag ratio and thus the
number of voids formed in the aggregate.

The initial Au—Ag ratio also controls the post-dissolution
porosity, while the SEIRA and SERS show that the AuNPs
remain structurally intact and the plasmonic gaps are main-
tained [Figs. 3(e) and 3(f)]. After dissolution [Figs. 3(c)-3(f); Fig.
S7 in Supplement 1], the vibrational signal from CB[5] decreases
by ~50% for all Au—Ag ratios (including the pure gold control
sample). New absorption peaks emerge in the molecular finger-
print region, as well as SERS peaks ~1500 cm™!, corresponding
to dissolution products of the reaction. The decrease in the CB[5]
SEIRA signal is also due to the gradual detuning of the plasmonic
resonance.

Dark-field (DF) spectroscopy gives additional information
about the short-range aggregate structure. The DF peak position
of the mixed MLagg is blue-shifted by ~ 7% relative to the pure
gold control (Fig. S7 in Supplement 1) due to the reduced plasmon
coupling along such heterogeneous chains [63]. Thisalters the field
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enhancements, modifying SERS intensities. After dissolution,
the DF peak position red-shifts, assuming roughly the same value
as for the pure gold control sample. This suggests that AgNPs no
longer “short out” the longer AuNP chains. The SERS spectra
for Au—Ag samples before dissolution show strong Ag,O peaks
[64,65] at ~ 600 cm™" (Fig. 3(f) gray shaded, absent in gold
control), which are stronger for higher AgNP fractions (Fig. S8
in Supplement 1) [66]. After silver dissolution, the Ag,O peak
disappears, as expected from etching the surface-bound Ag, O.

Electrochemical regeneration of the post-dissolution aggregate
reverses the effects of NH4OH and reinserts CB[5] molecules
into the plasmonic hotspots (Section 4) [52]. By oxidizing and
reducing the nanogap in 1 M phosphate buffer and 1 mM CB[5],
ammonia and silver degradation products are removed from the
nanogaps, and CB[5] molecules are replaced. In SERS, the CB[5]
signals from the 2:1 porous MLagg sample are fully restored (Fig.
S9). Plasma oxidation gives similar effects, removing silver dis-
solution products from the nanogap without sintering it (Fig.
S10 in Supplement 1) [39]. The MLagg can then be rescaffolded
with many different molecules, which replace the gold oxide now
plugging the nanogaps [39].

D. Resonance Properties of Au-Ag Mixed Aggregates

We study these SEIRA resonance shifts across a wide range of Au—
Ag ratios to precisely tune the fill fraction of the resulting porous
Au MLaggs (Fig. 4). For increasing AgNP concentrations, the
resonance peak shifts further to the blue on dissolution (full spectra
in Fig.S7 in Supplement 1). While an initial mix of s = 3:1 Au:Ag
gives resonance spectral shifts ~ 30%, this increases more than
fivefold to ~ 150% for s = 1:3 Au:Ag. These % shifts are inde-
pendent of the initial resonance position [Fig. 4(b)], which is set by
the nanoparticle diameter and number of multilayers, indicating
structural stability. The fill fraction of the AuND aggregate is thus a
reliable predictor of the MLagg resonance position.

The model of Eq. (2) can account for these shifts through the
decreasing fill fraction in the metamaterial. An approximate ana-
lytical expression based on the Maxwell-Garnett approximation
(Section S4 in Supplement 1 for derivation) for the expected shift
in resonance position AL , from the initial Ag:Au ratio s is

AL\ 11— =7
<1+ ”) ~ UL 5)
Ap 1- 1+1/2f

While this fits the data reasonably for an inital fill factor of
f=0.7 [Fig. 4(a), line], it slightly underestimates the changes in
resonance position at higher concentrations. This is likely due to
partial collapse of the aggregate thickness after etching for high
AgNP concentrations, as seen in SEMs (Fig. S11 in Supplement 1).
In these samples, we find that the model of Eq. (2) yields an
effective medium refractive index 7.4~ 3.0 for the s =2 : 1 com-
binatorial metamaterial [as fit in Fig. 1(a)], using measured layer
thicknesses (Fig. S2 in Supplement 1).

The peak MIR extinction of mixed aggregates with AgNPs
almost doubles compared to the Au controls [Fig. 4(d)], reaching
near-complete extinction (R, ~ 1%) and leading to a two-fold
increase in the strength of the CB[5] molecular vibrational reso-
nances. Our metamaterial slab model indicates this arises when
the destructively interfering reflections from the top and bottom
MLagg surfaces become equal in amplitude. This suggests that
absorption or scattering increases when including AgNPs (since
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Fig.4. (a) Fractional shift (%) in resonance peak position versus initial

AgNP concentration s, together with an analytical metamaterial (MM)
model (line), and (b) versus initial wavelength. (c) and (d) Changes from
Ag dissolution versus initial AgNP concentration s for (c) the Q-factor
(data points overlap for 25% and 33%) with a computed refractive
index from the MM model and the Q-factor (red dotted), and (d) peak

extinction (dashed lines are a guide to the eye).

otherwise the lower reflection is stronger than the upper reflection).
Indeed, the shape, size, and facet inhomogeneity of AgNPs is con-
siderably more than for the AuNDPs, which can cause this effect
(Fig. S3a in Supplement 1). After etching the AgNDPs, the extinc-
tion of the porous Au MLagg drops ~ 50% to the same value as of
the control AuNP MLagg, showing that facet inhomogeneities are
an important design parameter and strongly affect MLaggloss. The
dark-field spectra further suggest changes in structure as AgNPs are
dissolved out. The DF resonance linewidths increase for Ag ratios
>25% as a more porous structure is created, though less effect is
seen for the highest mixture ratios (Fig. S12 in Supplement 1).

In our slab model of the MLagg metamaterial, the Q of the
resonance relates to the refractive index through Eq. (4). Indeed, as
this suggests, an increase in the refractive index leads to an increase
in the sharpness of the MIR resonance. Hence, by contrast, when
higher concentrations of silver nanoparticles are etched out of the
Au/Ag Mlagg, the larger decrease in fill fraction leads to more
broadening of the resonance compared to the pure gold control
[Fig. 4(c)]. For nes~ 3, as extracted for s =2: 1, this predicts a
Q-factor of ~2.1, which reasonably matches the data [Fig. 4(c)]
but is lower than the expected quality factor from the metama-
terials model (Fig. 2). We presume that structural disorder in
the combinatorial metamaterial currently affects the resonance
linewidth, which is evidenced by a decrease in the Q-factor as the
concentration of AgNDPs increases. Moreover, the large spot size
of the IR beam (50 x 50 um?) relative to the NP size spectrally
averages over the structural roughness of the MLagg (rms rough-
ness R, ~ 74 nm for 9 monolayers of ~ 725 nm height, Fig. S2in
Supplement 1), which further broadens the spectrum.

We note that tuning can also be obtained by stacking alternat-
ing single layers of Au and Ag MLaggs (Fig. S13 in Supplement 1).
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When dissolving the Ag MLaggs out, the Au MLagg layers collapse
on top of each other, retaining the original porosity but decreas-
ing the metamaterial slab thickness, and thus tuning the MIR
resonance to higher wavenumbers as expected.

E. Enhanced Sensing from Porous MLaggs

In addition to providing a method to tune the dispersion of
MLaggs, adding voids to the aggregate creates a more porous struc-
ture. This many-fold increased porosity enhances the diffusion
coefficient of analytes into the aggregate. For larger molecules with
low diffusivity, a reduced MLagg tortuosity facilitates diffusion
into aggregate hotspots [45,68] and subsequent adsorption to the
Aussurfaces.

To demonstrate this, we detect 2.5 mgmr1 50 nm diameter
amine(NH)-functionalized polystyrene (PS) nanoparticles, which
are too large to bind within void-less MLagg structures. We use PS
NPs here as a well-characterized proxy analyte that cannot change
shape (unlike proteins, which can denature). The PS nanoparticles
attach to the AuNP surface via N-hydroxysuccinimide (NHS)
and carbodiimide (EDC) covalent cross-linking [69]. To prepare
aggregates for functionalization, we rescaffold s =2 : 1 porous Au
MLagg and s = 0 Au control MLagg using 3-mercaptoproprionic
acid (MPA) after cleaning by plasma oxidation (Section 4). This
completely removes both CB[5] and side products, while char-
acteristic peaks of MPA appear in the SEIRA and SERS spectra,
including the ~ 1415cm™ v(C—O —H) and ~1735cm™!
v(C=0) vibrations from the exposed carboxylic acid [70]
[Figs. 5(c) and 5(d)]. Subsequent functionalization of the Au
surfaces with NHS and EDC leads to the emergence of the new
v(COO — NHS) peak at 1745 cm™! due to binding of the NHS
ester group to the exposed carboxylic acid. The emergence of this
peak serves as a key indicator for the successful binding of NHS
to the AuNDP surface-bound carboxyl groups of MPA (Fig. S14 in
Supplement 1).

Q 50 nm PS

immersion

Subsequent immersion of these functionalized MLaggs in
a buffered solution (pH 7.5) of NH-capped PS nanoparticles
reveals additional peaks due to the formation of a stable amide
bond. Characteristic §(C — H) polystyrene peaks [71] emerge
at ~ 700 cm™!, while the peak amplitude of the ~ 1400 cm™!
vibrations doubles compared to the control sample [Figs. 5(c) and
5(d); Fig. S15 in Supplement 1]. This v(C — H) peak is character-
istic of C-H groups immediately adjacent to the amine functional
group. Additional polystyrene v(C=C) peaks at 1450 and
1490 cm ™! are stronger in the porous MLagg. At the same time,
the 1745 cm ™" line decreases, indicating loss of NHS ester groups
(COO-NHS) as the PS binds. Further indication of stronger
binding is given by the SERS spectrum of the porous MLaggs
[Figs. 5(e) and 5(f)]. The peak at ~ 1000 cm™", which appears
after the addition of PS, is the polystyrene ring-bending mode
[67]. The magnitude of this signal is nearly threefold stronger
in the porous than in the control sample. We also find stronger
PS SERS signals for porous MLaggs with different fill fractions
(s=3:1ands=1:1; Fig. S16 in Supplement 1). These data
indicate a stronger uptake of polystyrene nanoparticles when
voids are present and show that the porous nanostructure is also
well-suited to analyze compounds that are significantly larger than
the nm-sized gap between nanoparticles. Further, we note that the
enhancement from these structures is critical to sense PS nanopar-
ticles at such low concentrations, as evidenced by the minimal PS
signal when they are deposited instead on clean flat gold (Fig. S17
in Supplement 1).

We find that the polystyrene beads do not bind close enough
to MLagg plasmonic hotspots in aggregates without func-
tionalization of the Au surfaces (Fig. S18 in Supplement 1).
Moreover, alternative functionalization of the AuNPs with
4-nitro-thiophenol (4-NTP) does not lead to the emergence of
the characteristic peaks of polystyrene, as this molecular monolayer
repels amine-capped PS nanoparticles (Fig. S19 in Supplement 1).

o
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Fig. 5.

(a) Binding of amine-capped polystyrene (PS) nanoparticles (blue) within voids (dotted circles) after dissolving AgNPs. (b) NHS binding to

carboxyl-modified surface of AuNDs, with subsequent binding to amine-capped PS. (c) and (d) SEIRA spectra after plasma oxidation and addition of
MPA + EDC-NHS (black), and after further addition of PS nanoparticles (blue), for (c) control Au MLagg sample (no silver) and (d) porous Au MLagg
(s =2:1). Lower graphs show SEIRA after background removal. e,f) SERS spectra before (black) and after (cyan) addition of PS nanoparticles for (e) the
gold MLagg control sample and (f) porous Au MLagg (s =2 : 1), with the 1000 cm ™! PS ring-breathing mode [67] indicated in cyan. Lower graphs show

difference between the two traces.
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The functionalization of the MLagg Au surfaces with EDC-NHS
significantly aids in binding PS to the surface. Suitable surface coat-
ings are thus able to selectively bring different classes of analytes
down onto these MLagg sensing surfaces.

3. CONCLUSION

We demonstrate here that bottom-up assembled AuNP multilayer
aggregates can be designed to be excellent MIR metamaterials.
Consistent ultra-narrow gaps between the constituent nanopar-
ticles as well as larger facets lead to simulated refractive indices
exceeding 10, with Q-factors >20. These metamaterial slab struc-
tures exhibit resonances in the mid-infrared, which are desirable for
biological, chemical, and environmental sensing [72,73]. Since the
refractive index of the MLaggs is set by the nanoscale architecture,
this governs the resonance linewidth as well as its spectral position.

Experimentally, co-aggregating Au and Ag NPs yields com-
binatorial metamaterials with high refractive index, which give
Fabry—Pérot MIR resonances of controlled linewidth and high
extinction (reflectivities < 1%), highlighting the strong effect of
faceting on the MLagg loss. We find that the Q-factor of these
structures yields a reasonable estimate of their refractive index. The
molecular vibrations of all molecules (such as the CB[5] gap linker)
experience stronger light—matter interactions on resonance, thus
significantly enhancing SEIRA and SERS signals. By using com-
binatorial metamaterials of NPs, these MLaggs can be re-tuned
by dissolving out AgNPs from a predefined NP mix ratio in the
MLagg, thus controlling their fill factor, which in turn predictably
tunes the resonance peaks of the slab. Moreover, using chemical
and electrochemical rescaffolding allows for the introduction of
other linker molecules for sensing [39,52]. Metamaterial simu-
lations show significant promise for future augmentation of the
effective refractive index. Facet homogeneity, ultrasmall gap sizes,
tighter packing, and increased NP size are all shown to increase the
MLagg refractive index.

Finally, incorporating AgNPs, which are subsequently dissolved
out, gives structures with higher porosity and lower tortuosity,
making them useful for sensing >10 nm-sized analytes, such as
nanoplastics. Higher porosities shift the resonance peaks away
from the molecular fingerprint region, limiting how porous the
structure can be for practical sensing applications. This trade-off
between refractive index and tortuosity of these MLaggs can likely
be influenced by the NP size and geometry, now under further
investigation. We also find EDC-NHS chemistry within the gaps
can be directly tracked using SEIRA, thus opening up a wide range
of sensing modalities with optimized capabilities.

4. MATERIALS AND METHODS
A. Tunable Multilayer Aggregate Formation

Gold nanoparticles (100 nm, BBI Solutions) and silver (100 nm,
Sigma Aldrich) nanoparticles are mixed in an Eppendorf tube with
a sonicator for 1 min to make up a total of 500 puL of nanoparticle
solution by combining in ratios from s = 1:0, 3:1, 2:1, 1:1, 2:1,
1:3, and 0:1. A total of 500 uL of chloroform (CHCI3) is then
added to another Eppendorf, followed by 500 uL of the nanopar-
ticle mixture. A total of 100 puL of 1 mM cucurbit[5]uril (CB[5])
solution is then added and shaken for ~ 1 min to initiate aggrega-
tion. The mixture is left to settle so that the immiscible CHCl; and
aqueous phases separate, and the aggregated AuNPs move to the
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interfaces (chloroform—aqueous and aqueous—air). The aqueous
phase is washed with three 300 pL aliquots of DI water to dilute
the citrate salts and other supernatants and then concentrated by
careful removal of the aqueous phase to form a ~ 5 uL aggregate
droplet floating on the CHCl3. The droplet is deposited onto a
pre-cleaned gold-coated silicon substrate (100 nm Auand 5 nm Cr
on silicon) and left to dry. Once dried, the resulting AuNP/AgNP
muldilayer aggregate (MLagg) is rinsed with DI water and dried
with N,. This is repeated another three times, depositing each
aggregate droplet in the same spatial position each time for a
total of four depositions to give a sample with multiple layers of
nanoparticles (MLagg).

B. Dissolution

To dissolve the AgNPs, samples are immersed in 30% NH4;OH
solution overnight, then rinsed with DI water and dried with N,.

C. Plasma Cleaning

The MLaggs are oxygen plasma cleaned for 45 min (oxygen mass
flow of 30 sccm, 90% RF power) using a plasma etcher (Diener
electronic GmbH & Co. KG) to remove CB[5], citrate, and other
supernatants from the AuNDP surfaces (verified using SERS). To
re-introduce a scaffolding ligand, the MLaggs are either immersed
in equal volumes of 1 mM CB[5] or CB[7] solution and 1 M HCl
for 5 min, or in 10 mM BPT in ethanol for 30 min. In both cases,
the MLaggs are rinsed with DI water and dried with N».

D. Functionalization

The control and porous AuNP aggregates are inserted into a plasma
etcher for 30 min to remove bound species and replace the AuNP
surface with gold oxide. Subsequently, the aggregates are immersed
in 10 mM mercapto-proprionic acid diluted in ethanol for 30 min.
The aggregates are washed with DI water and immersed in a
solution of 50 mM NHS, 50 mM EDC, 1 M NaCl, pH 6.0, for
30 min. The aggregates are washed with DI water and immersed
in 2.5 mgml™'50 nm polystyrene in 100 mM KPB, pH 7.0 for
20 h. Finally, the samples are rinsed with isopropanol and water
and immersed in 1 M ethanolamine for 5 min to quench unreacted
ester functional groups, with subsequent rinsing.

E. Electrochemical Regeneration

The MLaggs are deposited on fluorine-doped tin oxide (FTO).
Then they are immersed in an electrochemical flow cell. This cell
is fabricated from 10:1 PDMS:cross-linker, and its geometry is
adjusted to include a well, inlet, and outlet, as well as inserts for
electrodes. The three-electrode amperometric system includes a Pt
counter electrode and an Ag/AgCl reference electrode. The sam-
ples are used as the working electrode, contacted with Cu tape, and
immersed in the flow cell with 1 M potassium phosphate buffer at
pH 7.5. A constant potential of 1.5 V is applied for 60 s, followed
by a rinsing step. Subsequently, the samples are immersed in 1 M
potassium phosphate buffer and 1 mM CB[5], and a potential of
—0.8 Vis applied for 15 s. Finally, the samples are rinsed with DI
water.
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F. Infrared Microscopy

All'samples are measured in a Shimadzu AIM-9000 infrared micro-
scope, linked to a Shimadzu IR-Tracer 100. For image acquisition,
a spectral resolution of 4 cm™, an aperture size of 50 x 50 um?,
and an averaging number of 200 are used. Spectra of the aggregates
are registered to the same spot in the bright field for dissolution,
cleaning, and functionalization. Post-processing involves filtering
with a Savitzky—Golay filter. Background plasmonic resonances
are fitted using a Voigt fit with constrained peak resonance, and
the resonance position, maximum extinction, and Q-factor are
extracted.

G. Raman Microscopy

SERS measurements are collected on a Renishaw InViva Raman
confocal microscope, using a 20X objective (NA = 0.4) and
1200 lines mm ™! grating. To collect the lower wavenumber spec-
tral regions, the 785 nm excitation laser is used in extended scan
mode, with 1 s integration time and a laser power of 2.2 mW at
the sample. All measurements are taken at room temperature, and
the spectra are spectrally calibrated with respect to Si. Spectra are
analyzed using a Python code, and any background is removed by
iteratively fitting a polynomial to the base of the peaks.

H. Dark-Field Microscopy

Dark-field (DF) scattering spectra are taken in reflection on a
custom set-up consisting of an Olympus BX51 and an Ocean
Optics QE-Pro spectrometer. All spectra are collected with a 20x
Olympus objective with 500 ms integration time. DF spectra of
MLagg samples are collected across a 10 x 10 point grid with
50 pm spacing to cover a total sample area of 500 x 500 um?. All
spectra are referenced to a white light scattering target (Labsphere).

I. Characterization

Scanning electron microscope (SEM) imaging of MLaggs
deposited on gold substrates uses an FEI Philips Dualbeam
Quanta 3D SEM (dwell 3-10 ps, HV 2 kV, current 50 pA, and
A2 2.0 mm WD). Additionally, SEM images and EDX maps were
acquired with an FEI Nova NanoSEM (dwell 3—-10 ps, HV 10 kV,
~ 4.0 mm WD.

J. Simulations

To calculate the effective refractive index of the homogenized
material, we use COMSOL Multiphysics (v6.0). The simulation
domain is a hexagonal unit cell, with Floquet periodic boundary
conditions applied on the sides and a perfectly matched layer
applied at the top and bottom. An incoming port is added at the
bottom to launch the excitation and obtain the complex reflection
coefficient, and an outgoing port is added at the top to obtain the
complex transmission coefficient. The ports are set to be half a
wavelength away from the metamaterial layer. The metamaterial
layer is set in air, and it consists of the plasmonic gold resonator
with diameter D, embedded in a slab of refractive index » = 1.5,
thickness 4, . The permittivity of gold is given by a Drude-Lorenz
model with set parameters as in [74], which provides a good fit for
gold permittivity [75] in the observed wavelength ranges.
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