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Abstract Efficient coupling of plasmonic nanomaterials to
optically transparent polymers still is a challenge in order to
obtain affordable, versatile, and sensitive surface plasmonic
devices. The in-situ fabrication of gold and silver nanoparti-
cles on PDMS has been reported, but the resulting bulk sen-
sitivities (of up to 70 nm RIU−1) may still be improved. The
authors report that few simple modifications to the general
preparation of these composites (AuNPs@PDMS) can result
in substantial improvements of the optical features. A two-
steps growth of AuNPs@PDMS is found to be particularly
effective. It includes chemical treatment of the PDMS surface
before the formation of well-exposed and densely-packed 3D
conglomerates of gold spheroids with enhanced bulk sensitiv-
ity. Differently from available approaches, the structures ob-
tained by this method display sensitivity to refractive index
change of about 250 nm per RIU. This is 3.5 times higher than
spherical nanoparticles prepared by similar protocols and is
near the optical performance of anisotropic NPs. Due to the
strong 3D character of the structures, excellent plasmon cou-
pling is realized on PDMS surface. The authors also show that
these nanocomposite substrates can be subjected to external
stimuli and then exhibit red shifts or blue shifts typical of
induced plasmon coupling and uncoupling. Hence, the meth-
od represents a major step forward in terms of high-

performance composite plasmonic nanomaterials for use in
biosensing.

Keywords Localized surface plasmon resonance . Optical
transducers . Polydimethylsiloxane . Biosensing .

Nanostructures . Plasmon coupling . Bulk sensitivity

Introduction

The fabrication of plasmonic composite substrates for LSPR-
based (bio)sensing has recently gained great attention, and
cheap and versatile polymeric substrates such as polydimeth-
ylsiloxane (PDMS) for the in-situ growth of metal nanoparti-
cles (mNPs) has been reported. These can be obtained by the
spontaneous reduction of Au(III) or Ag(I) ions by simple im-
mersion of cured PDMS films/blocks into metal salt solutions
[1–6], without the need of additional reducing/capping agents.
The formation of NPs at PDMS surface (hereafter
NPs@PDMS) is attributed to residual curing agent present
in the PDMS matrix after polymerization [4, 6, 7]. Gold and
silver NPs formed at PDMS surface are generally spherical,
with size and surface distribution depending on PDMS prep-
aration (base monomer/curing agent ratio, η), Au(III) concen-
tration ([Au]), and growth time. Afterward, cost and time con-
suming post-processing treatments such as thermal annealing
and/or swelling/shrinking cycles are required to obtain final
moderate refractive index sensitivity (RIS, ~70 nm RIU−1).
Until now, AuNPs@PDMS have been exploited for tradition-
al LSPR biosensing, in which mNPs are further modified with
bioreceptors (antibodies, nucleic acids etc.) targeting specific
analytes [1–6], as well as for their direct testing upon external
chemical/physical stimuli [8, 9]. The optical behavior of these
substrates lead to the recording of red shifts of the NPs max-
imum wavelength (λmax) and/or the absorbance intensity,
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proportional to the concentration of the bound analyte and
dielectric constant change at the near field [10]. The LSPR
signal is hence the exclusive consequence of the NPs near
field perturbation due to the biorecognition event occurring
within its depth (in the order of few tens of nm). In fact, mean
distances among NPs obtained by basic protocols exclude the
contribution of inter-particle plasmon coupling. This phenom-
enon occurs only when mNPs are separated by short distances
(from 1 to 2.5 folds their diameter), through the overlapping of
their localized fields along dimer axis [11–14]. The over-
lapped near fields are characterized by extremely enhanced
intensity, with obvious applicative advantages [15]. Under
these conditions, the progressive shift of λmax and/or band
intensity is observed in a distance-dependent manner.
Decrease of inter-particle separation leads to red shifts and
enhanced intensity, whereas if NPs are pushed apart, a blue
shift is recorded with loss in extinction peak intensity [16–19].
Therefore, the optical behavior can be directly related to
mNPs distances in their environment. This band shift in the
LSPR of coupled NPs found its nicest expression in the so-
called plasmon rulers (PRs). This fascinating and emerging
class of nanometrology devices is based on the exquisite,
atomic-bond-length sensitivity to distance and their transduc-
tion of signal as a simple spectrophotometric measurement
[19–22].

A two-steps growth of AuNPs@PDMS is here optimized,
evidencing that PDMS surface chemical cleaning before the
second growth is the key step in driving the formation of well-
exposed and densely-packed 3D conglomerates of spheroids
at the PDMS surface. These structures achieve sensitivity to
refractive index change of about 250 nm RIU−1. This value
results about 360% higher than spherical nanoparticles pre-
pared with similar protocols, and near the optical perfor-
mances of anisotropic NPs. Due to the strong 3D character
and near field intensity of the structures, the establishment of
plasmon coupling effects among AuNPs is supposed. To con-
firm this assumption, plasmonically coupled or not
AuNPs@PDMS substrates have been directly compared in
their optical response through a classic immuno-based assay
as reference approach. In fact, such a design performed on
non-coupled AuNPs@PDMS leads only to red-shifted spec-
tra. The local RI increment elicited by biomolecule binding at
AuNPs surface is in fact the sole event occurring at the nano-
scale. Conversely, coupled NPs subjected to the same bio-
modification react as plasmon rulers after protein absorption.
As a consequence, the biofilm formed at the resonant nano-
structured surface induces plasmon uncoupling. Typically,
blue-shifted spectra and band intensity decrease are observed
in this case.

The results here reported represent a step forward in under-
standing and controlling mNPs optical properties during their
in-situ synthesis @PDMS surface, and represent a valid alter-
native to time and cost expensive existing approaches. A

variety of applications from (bio)sensing to nanometrology
can be envisaged, accounting for the design of new smart
and cheap composite materials for nanophotonics. The whole
AuNPs@PDMS fabrication process has been developed by
modifying disposable UV-Vis cuvettes with PDMS films
and then performing Au(III) reduction to NPs directly in-situ
with the unique advantage of having a cheap, simple and
highly stable composite substrates that can be interrogated
by conventional spectrophotometry or portable spectrometers
(Fig. 1).

Experimental section

Preparation of ‘plasmonic’ cuvettes

PDMS base monomer and curing agent (SYLGARD184
Silicone Elastomer kit, Dow Corning, Midland, MI, USA,
https://www.dowcorning.com) were carefully weighted and
thoroughly mixed in a weight proportion of 10:1, then
degassed under vacuum for 20 min to eliminate air bubbles.
Modification of UV-Vis cuvettes (Sigma-Aldrich, Milan,
Italy, https://www.sigmaaldrich.com/italy.html) with PDMS
was hence carried out as represented in Fig. S1A: a PDMS
layer of 400 ± 20 μm was obtained keeping the cuvette lying
on one of the two transparent sides and by casting known
weight (35 mg) of the polymer on it. Borders were delimited
by paper tape to confine the polymer into the cuvette. After
deposition, the cuvette was placed in oven at 80 °C for 20min.
The procedure was repeated to modify the second transparent
side of the cuvette. After PDMS coating, cuvettes were
subjected to the in-situ growth of AuNPs@PDMS by incuba-
tion of aqueous HAuCl4 (Sigma-Aldrich, Milan, Italy, https://
www.sigmaaldrich.com/italy.html) at different concentrations
for 96 h, sealed and in the dark at room temperature. To stop
the AuNPs growth, Au(III) solutions were removed and
cuvettes were washed three times with MilliQ water.

AuNPs@PDMS obtained from the first growth were sub-
jected to a second growth with Au(III) solution to obtain
plasmonically coupled nanostructures. To this aim, before
the second growth, cuvettes are repeatedly washed with 96%
ethanol. This treatment displayed the ability to tune the growth
of plasmonically coupled AuNPs on the polymer surface dur-
ing the second growth step. Substrates not subjected to ethanol
washings were also prepared for comparison. Finally, cuvettes
were dried under nitrogen flow and stored at 4 °C until use.
Figure 1b reports the image of frontal and side view of the
cuvettes.

Optical measurements

Extinction spectra of AuNPs@PDMS were recorded by a
Perkin-Elmer Lambda 900 spectrophotometer. Refractive
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index sensitivity (RIS) of substrates was tested in water-
glycerol solutions by increasing the glycerol percentage from
0% to 70%with 10% steps. Non-modified cuvettes filled with
the same solutions were tested to assess possible bulk contri-
butions and baselines subtracted accordingly, if necessary.
Before measurements, the modified cuvettes were treated sev-
eral times by alternating ethanol/water washings, until stabili-
zation of the plasmon band.

Extinction spectra were collected in the range 300–700 nm,
with 1 nm resolution. RIS values were inferred from maxi-
mum wavelength shift (Sλ, nm RIU−1) and/or absorbance in-
tensity chance at fixed λ (SAbs, a.u. RIU

−1), against refractive
index unit change (RIU). Δλmax is the difference of the max-
imum absorbance wavelength (nm) recorded in glycerol solu-
tions and water;ΔAbs is the difference of the absolute absor-
bance intensity (a.u.) at λmax recorded under the same condi-
tions. Δn is the corresponding variation of refractive index,
i.e. nglycerol(%)– nwater. RI of deionized water was taken as
1.333.

Morphological analysis

The morphology of the substrates were investigated by
Scanning electron microscopy (SEM). Images of PDMS
layers modified with AuNPs were acquired by a FEI
Quanta-200 ESEM at 25 kV. Mean size of AuNPs@PDMS
surface were estimated by digital image analysis of SEM
micrographies by ImageJ software (https://imagej.net/).

Bio-analytical assays

The optical behavior of the substrates was tested by an
immuno-based assay. Chicken ovalbumin (100 μg mL−1

OVA, Sigma-Aldrich, Italy, https://www.sigmaaldrich.com/
italy.html) was immobilized on AuNPs via spontaneous
adsorption in saline phosphate buffer (0.1 M PBS, 0.1 M
NaCl), and incubated 1 h at room temperature, then
throughly washed with the same buffer prior recording
spectral responses. To assess the saturation of AuNPs after
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Fig. 1 a Sketched representation of ‘photonic’ cuvettes preparation. The
transparent walls of disposable UV-Vis cuvettes (1) are coated with a
PDMS layer (400 μm) in two steps (2–3). Then are filled with aqueous
Au(III) solution at different concentrations and incubated for 96 h. Once
the gold solution is removed, bright pale red color due to AuNPs

formation is clearly evident by naked eye (4). b Optical interrogation of
‘photonic’ cuvettes is finally performed by classic spectrophotometry for
LSPR measurements. The two modified walls both contribute to the
LSPR reading as shown in the figure
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OVA immobilization, 400 μg mL−1 casein was subsequently
incubated. Afterward, the binding of the specific antibody, i.e.
anti-OVA IgG (Rockland Immunochemicals Inc., Tebu-bio,
Milan, Italy, www.tebu-bio.com), was performed in cuvettes
for 30 min, then the spectral variations were recorded in PBS.
Regeneration of substrates was performed by short (2 min)
washes of cuvettes with 10 mM NaOH. The regeneration
step allowed the recovery of the initial λmax and confirms
the reversibility of the specific biorecognition.

Results and discussion.

Effect of [au(III)] on AuNPs@PDMS bulk sensitivity

The in-situ reduction of Au(III) on PDMS generally leads to
spherical NPs of different size, distribution, and penetration
depth as function of the curing agent to monomer ratio (η)
[1–6]. In particular, Zhang et al. [6] investigated the influence
of different η values at constant Au(III) concentration
(25 mM). They found that the increase of curing agent
(η > 0.1) leads to the formation of bigger particles well-
exposed on the surface of the polymer. However, η = 0.1 is
generally reported in literature, with [Au(III)] varying only
between 0.5% and 2% (25–100 mM). Under these conditions,
the obtained NPs display negligible RIS. Therefore, cost and
time consuming post-processing treatments such as thermal
annealing and/or swelling/shrinking cycles are required.
Final substrates reach however only moderate RIS around
70 nm RIU−1, likely ascribed to the growth of partially em-
bedded AuNPs within the polymer bulk. Starting from these
findings, we explored suitable modifications of the growth
strategy to enhance the bulk sensitivity of these nanocompos-
ites. To this aim, we tuned the formation of well-exposed
AuNPs displaying plasmon coupling effects at the polymer
surface. This in turn allows to enhance the RIS of the sub-
strate. Differently from literature, for all the PDMS prepara-
tions, here the Au(III) concentration was changed keeping
constant the η value (η = 0.1). The curing agent/[Au(III)] ratio
(η’, w mM−1) was thus increased from 0.02 (1:50, 50 mM) up
to 1 (1:1, 1 mM). Within the explored range, the substrates
displayed a progressive change in color, gradually shifting
from pale to purple red (Fig. 2a). Direct comparison of extinc-
tion spectra from the highest (50 mM, ‘Type I’) and the lowest
(1 mM, ‘Type II’) Au(III) concentration shows a well defined
peak centered at 537.5 ± 1.2 nm (n = 6, CV% 0.2) for Type I.
This confirms fast reduction kinetics at high [Au(III)]
(Fig. 2b). Contrarily, Type II is characterized by a broader
a n d a s ymm e t r i c e x t i n c t i o n s p e c t r u m w i t h
λmax = 565.6 ± 1.5 nm (n = 6, CV% 0.3). This is compatible
with a slower growth rate which favors the formation of larger
particles. SEM images support spectra behaviors and show
that substrates differ for AuNPs density on PDMS surfaces.

Therefore, gold concentration drives AuNPs growth both in
terms of average particle size and distribution on the polymer
surface.

Effect of PDMS thickness on AuNPs growth

PDMS thickness is also a key parameter to be taken into
account: when lowered down to ~100 μm, the correlation
between [Au(III)] and tunability of NPs is lost, and similar
behaviors are obtained, despite from the initial [Au(III)].
This effect is likely related to the scarce availability of the
reducing agent on the PDMS surface, which limits AuNPs
growth. Spectra obtained from thin PDMS layers are charac-
terized by a high and broad extinction band linearly increasing
from red to blue wavelengths (Fig. S2). This is probably re-
lated to the observed partial loss of transparency of the mod-
ified PDMS. This additional finding indicates an important
role of PDMS thickness in AuNPs@PDMS preparation.

Refractive index sensitivity after the first growth

The evaluation of refractive index sensitivity (RIS) is a com-
mon and informative way to estimate the susceptibility of
localized plasmons toward refractive index changes in the
surrounding medium [10]. Cuvettes modified with
AuNPs@PDMS were therefore tested in water at increasing
glycerol content (0–70%). Type I AuNPs@PDMS displayed a
marked response of absorbance intensity change at fixed λ
(SAbs = 0.3170 ± 0.0007 a.u. RIU−1), associated to the negli-
gible presence of wavelength shift (Sλ < 10 nm RIU−1)
(Fig. S3). This behavior is sustained by the need of post-
processing treatments of pristine AuNPs@PDMS (thermal
annealing, plasma etching, swelling/shrinkage treatments,
etc.) to enhance bulk sensitivity before their use for sensing
purposes, as reported in literature [2–4, 6].

In fact, metallic NPs supported on solid substrates (e.g.
glass or polymers) show a decrease of Sλ which is proportion-
al to the NPs fraction volume in contact with the surface [23,
24]. Therefore, since PDMS surface is susceptible to local
deformation of the polymeric network during AuNPs growth,
the observed scarce Sλ bulk sensitivity of Type I indicates that
NPs can be partially embedded into the polymer. Moreover,
Au nanostructures densely distributed on solid substrates dis-
play a progressive disappearance of Sλ bulk sensitivity in fa-
vor of SAbs. These kind of AuNPs thus express RIS prevalent-
ly by plasmon band intensity change rather than wavelength
shift [25]. This is thus compatible with our morphological
evaluation of Type I substrates.

On the contrary, Type II showed both absorbance intensity
and maximum wavelength change. The absolute absorbance
intensity of the peak at λmax displayed a progressive change,
well-described by an exponential fit (Fig. S4), corresponding
to SAbs of 0.2671 ± 0.0011 a.u. RIU−1. The associatedΔλmax
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was 12 ± 1 nm within the whole RI interval, corresponding to
S = 126 ± 10 nmRIU−1, with a linear correlation up to 1.40 RI
(Fig. 3). This value is significantly higher than those reported
in literature for similar composites (< 70 nm RIU−1). The
achievement is probably due to the combination of the high
η’ value used (η’ = 1, i.e. curing agent:Au(III) ratio (w/mM))
respect to other approaches [3], and a longer growth time
(96 h). The lat ter results indicate therefore that
AuNPs@PDMS of Type II samples are well exposed over
the PDMS surface and suitable for (bio)sensing applications.

In both the cases, the observed trend of absorbance intensity
change is negative in terms of absolute change, but corresponds
to the increase of the relative plasmon peak height, as expected as
consequence of the refractive index increase (Fig. S5).

Inducing plasmon coupling by second growth

AuNPs are plasmonically coupled only if the inter-particle
distance is comparable to their diameters [11–14]. Therefore,
we attempted the tuning of AuNPs@PDMS to obtain the for-
mation of proximal nanostructures to enhance the bulk sensi-
tivity and to evidence plasmon coupling. To achieve the pur-
pose, a second growth step on both Type I and II substrates
(hereafter Type I2 and Type II2) was carried out. Cuvettes were
subjected to ethanol washings before the addition of new
Au(III) solution and its subsequent incubation. The target of
ethanol treatment is the removal of residual surface curing/
reducing agent after the first growth. This step is effective in
obtaining different distributions of the nanostructures at

PDMS surface. In case of ethanol treatment, the second
growth of AuNPs is limited by the scarce availability of the
reducing agent at the surface. Therefore, substrates subjected
to ethanol treatment between growths show large particles at
low density (Fig. S6). Contrarily, if ethanol treatment is
avoided, particles appear smaller and more homogeneously-
distributed over the polymer surface. Spectra of Type I2 sam-
ples (Fig. S7) confirm SEM images. In absence of ethanol
treatment the plasmon peak results significantly higher and
narrow, with λmax = 535.3 ± 1.1 nm. On the contrary, when
the treatment is performed the peak is lower, broad, and red-
shifted to 542 nm (Fig. S7). This trend is more evident in case
of Type II2 substrate. The relative spectrum is well-compatible
with NPs clustering, since a large red shift from 565.6 ± 1.5 to
648.3 ± 8.4 nm along with a marked absorbance intensity
enhancement is observed (Fig. S8). The averaged dimensions
of Au clusters have been evaluated from SEM micrographs,
and image analysis supports the spectral behaviors. In partic-
ular, the estimated average size of nanostructures resulted
around 120 nm and 200 nm for Type I2 and Type II2 respec-
tively (Fig. S9). The substrates differ also for AuNPs density
on PDMS surface and size distribution. In case of Type II2 the
analysis shows a wider dispersion of particle size, in accord to
the prevalence of metallic clusters at the surface.

The morphological differentiation is particularly evident on
Type II substrates, displaying densely-packed sub-micrometer
conglomerates after ethanol treatment. This morphology is
likely the result of a fine interplay between kinetics and ther-
modynamics of underlying nucleation and growth on the first

50 mM Au(III)

2.0 µm

1 mM Au(III)

2.0 µm

50 mM 25 mM 12.5 mM 5 mM 1 mMa

b

Fig. 2 a digital images of color
change of AuNPs@PDMS by
decreasing [Au(III)] from 50 mM
to 1 mM. b extinction spectra and
SEM images of AuNP@PDMS
substrates relative to AuNPs
prepared from 50 mM and 1 mM
Au(III) for 96 h, hereafter named
Type I and II
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AuNPs generation. However, as it can be observed by Fig. 4a,
NPs composing the conglomerates have roughly comparable
size and shape. Therefore, we can hypothesize that the large
red-shift and intensity increase observed for Type II2 can be
prevalently ascribed to plasmon coupling effects among prox-
imal NPs on the surface. This is in agreement not only with
NPs densely packed and well exposed toward the bulk [25],
but also with the enhancing effect elicited by the near field
overlapping. The RIS of both substrates has been evaluated.
Type I2 samples did not display RIS increase in terms of Sλ
(Fig. S10), but only in terms of SAbs, from 0.3170 to
0.3725 ± 0.0017 a.u. RIU−1. Contrarily, the Sλ of Type II2

resulted greatly improved compared to the first growth
(Fig. 4b-d), whereas the associated SAbs increased only from
0.2671 to 0.2887 ± 0.0032 a.u. RIU−1.

In particular, within the RI change associated to the binding
of the biomolecules on mNPs, NPs are characterized by an
enhancement of more than 200% the initial sensitivity, i.e.
254 ± 11 nm RIU−1 (Δn = 1.3448–1.3330, Fig. 4d). The
obtained sensitivity is also noticeably higher than those ob-
tained by classic spherical NPs supported on solid/polymeric
surfaces (~70 nm RIU−1). In particular, it results similar to
sensitivities of pre-formed nanostars immobilized on PDMS
via silanization [26]. Attempts in obtaining in-situ growth of
non-spherical AuNPs@PDMS are still limited [27] and de-
serve to be improved. Therefore, these results represent a step
forward in fabricating sensitive plasmonic nanostructures
without the need of post-processing treatments.

Behavior of AuNPs@PDMS as plasmon rulers

To verify that Type II2 substrates support plasmon coupling
among AuNPs, we directly compared the optical behavior of
the two nanocomposites (Type I2 and Type II2) through a
classic immuno-based assay. As proof-of-principle test, we

used ovalbumin (OVA) as antigen and anti-ovalbumin anti-
body (anti-OVA) as specific antibody for its biorecognition.
This with perspective application of the approach to the iden-
tification of egg proteins on artwork surfaces by optical bio-
sensing, as recently reported [28]. The rationale is that such a
design performed by plasmonic substrates in which coupling
effects are negligible, i.e. Type I2 in this case, leads only to
red-shifted spectra. This effect is due to the local RI increment
elicited by biomolecule binding at AuNPs surface, that is the
sole event occurring at the nanoscale. Conversely, coupled
NPs subjected to the same biomodification may act as plas-
mon rulers [16–22] after protein absorption. This is due to the
formation of a biofilm at the nanostructured surface which
may cause steric hindrance, plasmon uncoupling, and related
blue-shifted spectra of lower intensity. Therefore, the adsorp-
tion of OVA (100 μg mL−1) on Types I2 and II2

AuNPs@PDMS followed by buffer washing to eliminate un-
bound protein is carried out. Accordingly to previous findings
and considerations on Type II2 substrate, a marked blue-shift
from 648 nm to 605 nm occurred, whereas Type I2 showed a
classical (from 543 to 547 nm) red shift (Fig. 5a).

These results confirm that, depending on their own fea-
tures, Type II2 AuNPs@PDMS may act as stimuli-
responsive nanomaterial. In particular, it can be assumed that
the protein diameter (5.4 nm) is small enough to penetrate in
interstitial spaces among AuNPs conglomerates and elicit
mesospacing variation, evidenced by the characteristic blue
shift, as sketched in Fig. 5a (right). Furthermore, the expected
decrease of extinction intensity (Fig. S11) sustains the plas-
mon ruler behavior and is associated to inter-particle distance
increase induced by protein binding. Contrarily, on Type I2

OVA adsorption induces a red shift, which is well-
compatible with a classical LSPR-based biosensing. This
can be accounted by the absence of plasmon coupling among
NPs at the surface (Fig. 5a).

a b

Fig. 3 a Transmission spectra recorded at different glycerol % in water
(0–70%). RI sensitivity of Type II AuNPs@PDMS is evidenced as
maximum wavelength red shift (Sλ), with an overall Δλmax = 12 nm. b

Plot of the linear correlation betweenΔλmax andΔn, where Sλ is obtained
as Δλmax/Δn ratio. Standard deviations are obtained from independent
measurements on the same cuvette (n = 3)
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To further sustain this assumption, anti-OVA (1 μg
mL−1) was incubated on the adsorbed OVA on both sub-
strates. After a saturation step with casein and washing
with buffer, the spectral response of the substrates was
compared. Interestingly, the binding of the antibody is able
to induce red-shifted spectra in both cases (Fig. 5b-c). In
particular, the marked red shift recorded on Type II2 (6 nm)
is strongly informative of a classic LSPR response. It clear-
ly indicates that the antibody prevalently binds the exposed
surface of the immobilized OVA, but it does not induce
further plasmon uncoupling among NPs. This finds further
confirmation in the opposite variation of absorbance inten-
sity, i.e. an intense (0.04 a.u.) increase instead of the de-
crease recorded during OVA immobilization (Fig. S12).
The result is coherent with data elsewhere reported for
bovine serum albumin binding by classic molecular

LSPR reading, in which antibody binding elicits the ex-
pected intensity increase [29, 30]. After anti-OVA binding,
a brief (2 min) treatment with 10 mM NaOH is able to
regenerate the biochip surface and to recover the starting
wavelength and intensity recorded before anti-OVA inter-
action (data not shown). As expected from data obtained
on its bulk sensitivity, Type I2 demonstrated scarce near-
field sensitivity to anti-OVA binding in terms of λmax. This
result supports that AuNPs@PDMS require dedicated
post-treatments to enhance the Sλ [2–4, 6].

As a whole, Type II2 substrates display not only excellent
bulk sensitivity (>250 nm RIU−1) respect to the available lit-
erature (~70 nm RIU−1), but also the specialized ability in
sensing mesospacing variation at the nanoscale upon external
stimulus. Moreover, the specific biorecognition of the
adsorbed protein can be further performed by classical

Type II

2.5 µma b

c d

2

Fig. 4 a SEM image of Type II2 AuNPs@PDMS when ethanol
treatment is performed between the two growths. The 3D sub-
micrometer AuNPs clusters are clearly visible at the polymer surface; b
transmission spectra of Type II2 showing λmax shift with RI increase (0–

70% glycerol); c comparison of λmax shifts obtained on Type II (red) and
Type II2 (blue) substrates; d Zoom in of the RIU range of interest for
biomolecular interaction studies
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LSPR, distinguishing the recognition step from the former by
the opposite blue/red spectral shift.

Classical LSPR measurements on AuNPs immobilized on
glass after their modification with Bovine serum albumin
(BSA) at the same concentration give up to ~30 nm of λmax

shifts at the saturation point of the sensor [29]. Therefore, as
preliminary evaluation, the sensitivity of Type II2 results
roughly 2.5 folds higher in terms of λmax shift (80 ± 3 nm).
A remarkable gain of signal is also obtained in terms of ab-
sorbance intensity change (ΔAbs (10−2) = 4 a.u.). This varia-
tion is about one order of magnitude higher respect to the
response obtained through immuno-based albumin recogni-
tion by classical substrate preparation (pre-formed AuNPs
immobilized on glass) [30].

It should be noted that the structures used in these experi-
ments have not yet been optimized to obtain the lowest limits
of detection, but already demonstrate that these substrates can
display enhanced analytical performances. Moreover, they are
able to differentiate molecular interactions from bulk index
changes at the metallic surface.

Conclusions

Spherical AuNPs@PDMS obtained by available protocols
display intrinsic RI sensitivity below 70 nm RIU−1. This
limits their use in LSPR-based applications at the fore-
front of the research. Herein we investigated the
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Fig. 5 a Spectra of Type I2 and Type II2, in which the opposite behavior
of the two substrates is directly compared after ovalbumin (OVA) adsorp-
tion and casein saturation. Plasmonically coupled substrate, Type II2,
displays a marked blue shift whereas Type I2, in which this feature is
absent, shows the classical red shift. On the right, sketched

representations of the two different optical effects induced by OVA ad-
sorption. b, c) Red shifts induced by the specific binding of anti-OVA IgG
on Type I2 and Type II2, respectively. In this case both substrates react
with a red shift of the wavelength, marked for Type II2 as consequence of
plasmon coupling at the surface

3100 Microchim Acta (2017) 184:3093–3102



possibility to tune and enhance the optical performance of
AuNPs@PDMS composites. This goal has been pursued
by avoiding long and expensive post-processing treat-
ments, and by playing only on the synthetic route. We
showed that there is room for new approaches in control-
ling morphology and functioning of these smart and
promising stimuli-responsive materials. The intriguing
finding is that low Au(III) concentration (1 mM) coupled
to an extended growth time (96 h) is a key strategy to
favor the growth of large and well-exposed spherical
AuNPs with improved sensitivity (>120 nm RIU−1). The
use of high (50 mM) or low (1 mM) Au(III) concentration
deeply influences the RIS observed. In the first case, a
predominant absorbance-dominated RIS is obtained,
whereas low Au(III) availability produces larger nano-
structures dominated by scattering phenomena. The flexi-
bility and the partial permeability of PDMS to Au(III)
gold solution during NPs growth has to be taken into
account. In fact, high [Au(III)] induces the growth of
AuNPs with scarce RIS, as also reported by other authors.
The reproducibility and the stability of the substrates
strongly depend on their preparation, e.g. PDMS thick-
ness and batch-to-batch variation of Au(III) solutions.
The removal of the reducing agent at the PDMS surface
can strongly modulate the morphology of the new gener-
ation of AuNPs during a second growth step. In particular,
it triggers the appearance of well-exposed 3D conglomer-
ates characterized by a strong enhancement of the bulk
sensitivity (>250 nm RIU−1) due to plasmon coupling
effects at the surface. The molecular sensitivity of these
substrates results significantly enhanced compared to clas-
sical AuNPs immobilized on glass substrates, both in
terms of wavelength and absorbance shift.

These nanocomposite materials represent therefore a fruit-
ful direction accounting for the design of new smart substrates
to be applied to (bio)sensing. Further work can be done in the
direction of controlling morphology and function of these
promising stimuli-responsive materials, to obtain the con-
trolled in-situ growth of anisotropic NPs expressing different
spectral fingerprints to be used in microarray format. We fore-
see the rational use of these substrates as plasmon rulers for
nanometrology, an exciting and emerging topic of broad in-
terest in different fields. Plasmon rulers represent a challeng-
ing tool to achieve the precise measurement of distance vari-
ations, down to few tens of Ångstroms, by exploiting the
plasmon coupling/uncoupling dynamics.
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