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In this work, the use of gold and silver nanoshells was evaluated as a starting point for the establishment of colori-
metric sensor platforms. The sensitivity and linearity of the nanoplatforms (SiO; core-metallic shell nanoparticles)
were assessed under the influence of the nanoshell configuration, color space, and light source illuminant. A com-
putational procedure for selecting high-performance plasmonic colorimetric sensor platforms is described. The
evaluation methodology involves considering five different color spaces and 15 different color components. By
exploring crucial figures of merit for sensing, the performance of the plasmonic nanoplatforms was evaluated,
exploring Mie theory. We determined that gold nanoshells are highly efficient on colorimetric sensing, while silver
nanoshells are a better choice for spectroscopic sensors. Plasmonic nanoplatforms based on nanoshells with 10 nm
SiO; core radii and 5 nm thick Au shells presented sensitivity values up to 4.70 RIU™!, considering the hue angle
of the HSV color space. Color variation of up to 40% was observed, due to the adsorption of a 10 nm thick molecu-
lar layer on the gold nanoshell surface. In the search for advances in colorimetric biosensors, the optimization

approach used in this work can be extended to different nanostructures.
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1. INTRODUCTION

Metallic nanostructures are important starting points for the
development of optical sensor platforms. The interaction of
light with metallic nanostrucutres may lead to a phenomenon
known as localized surface plasmon resonance (LSPR), gov-
erned by the collective coherent oscillations of free electrons.
The LSPR spectrum is reliant on shape, size, material of the
nanoparticle (NP), and the surrounding dielectric medium
refractive index (RI) [1].

In principle, LSPR can be achieved in any metal by fulfilling
the Frohlich condition: €, = —2¢,, [2], where €, and €,, are the
real part of the NP and its surrounding non-absorbing medium,
respectively. In particular, gold (Au) and silver (Ag) are the most
used metals, with negative real dielectric values, on LSPR appli-
cations [3].

Plasmonic sensors are found in a wide variety of medi-
cal, biological, and chemical applications. In general, LSPR
sensors stand on the identification of spectroscopic changes
of plasmonic platform optical properties (transmittance or
reflectance), which are induced by modification of the environ-
ment RI or immobilization of target molecules onto the sensor
surface.

Plasmonic sensor behavior is highly dependent on
the particle size and shape. Recently, Farooq et a/. estab-
lished a comprehensive approach to identify/optimize NP
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configurations for high-performance RI and molecular
sensing [3].

The quantification of LSPR sensor performance is most com-
monly described in terms of bulk sensitivity (17;), defined as the
variation in the LSPR peak wavelength as a function of the RI of
the medium, as [3]

_ AALsPR )
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where AApspr is the wavelength shift of the LSPR peak, and
An,, is the change in the Rl of the surrounding medium.

The identification of the resonance peak shift can be masked
by abroad LSPR spectrum. Therefore, the figure of merit (FoM)
is defined as the ratio of bulk sensitivity to the full width at half-
maximum (FWHM) [3]:

Mo )

FoM = .
FWHM

For molecular sensing, the immobilization of a target
molecule on the NP surface can lead to the formation of a
self-assembled monolayer (SAM) [4], which is characterized by
an effective RI, given by [5]

Neff = (Tads — Mm) |:1 - z’(zifd)} ; 3)
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where 7,4, and 7, are the refractive indices of the adsorbed
layer and surrounding medium, respectively. In Eq. (3), dyqs is
the thickness of the adsorbed layer, and /; is the decay length
of the LSPR enhanced electromagnetic field. The identification
of the effective RI allows to infer the wavelength shift of the
sensing platform LSPR peak.

Several examples of plasmonic sensors and biosensors have
been described in the literature, revealing that spherical NP-
based platforms show high bulk sensitivity [6]. By exploring Ag
nanospheres adhered on a glass slide and functionalized with
monoclonal anti-Candida antibodies, Farooq ez 4/. demon-
strated the identification of a Candida albicans antigen [7].
LSPR molecular sensing based on Au nanospheres was also
studied for dengue diagnosis in the acute phase of infection
[8,9]. Based on the identification of 1, FoM, and 7., Farooq
et al. determined that a nanoshell (NS) composed of a SiO,
core radius of 40 nm and a Au shell of 5 nm presents a high
performance for biosensing purposes [3]. SiO,/Au core—shell
nanoplatforms can reach sensitivity values about 4x higher
than massive Au nanospheres. Furthermore, a LSPR peak of
AuNSs can be tunable from red to infrared by changing the shell
thickness or radius, while AgNSs allow the establishment of
plasmonic peaks at the visible spectrum. Complex nanostru-
cutures, such as nanocones or nanodimers [10], could also be
explored as nanoplatforms for sensors. However, their manu-
facturing/assembling methods may limit the production of
nanoplatformsand their widespread use.

The spectral analysis of LSPR nanoplatforms requires the
use of instrumentation resources, such as spectrometers, which
may restrain the use of plasmonic sensors in low-resource envi-
ronments. However, plasmonic sensing platforms can also be
developed to be explored with a naked-eye approach, in which
LSPR peak variation allows visual identification of RI changes
or molecular binding events. For instance, Khani ¢z /. demon-
strated a simple and sensitive colorimetric assay for naked-eye
detection of mercury ions in water based on AuNP-catalyzed
clock reaction [11]. Bastami ez al. reported a novel and facile col-
orimetric assay based on Ag citrate-coated NPs as a chemosensor
for the naked-eye detection of morphine. The developed optical
sensing approach relied on the aggregation of Au-Ag NPs upon
exposure to morphine, which led to an evident color variation
from light yellow to brown [12]. Bakhori ¢t al. presented an
approach for ultrasensitive and affordable naked-eye detection
and diagnosis of tuberculosis by utilizing a plasmonic enzyme-
linked immunosorbent assay (ELISA) via antibody—antigen
interaction [13]. More recently, Moitra et 4/. reported the devel-
opment of a colorimetric assay based on AuNDPs that could be
used for diagnosing positive COVID-19 cases within 10 min
from isolated RNA samples. AuNPs agglomerate selectively in
the presence of the target RNA sequence of SARS-CoV-2 and
demonstrate a change in surface plasmon resonance, resulting
in a visual naked-eye detection of COVID-19 causative virus,
SARS-CoV-2, without the requirement of any sophisticated
instrumental techniques [14].

LSPR  colorimetric sensors may exploit “aggregation”
or “non-aggregation” detection strategies [15]. In general,
solution-based platforms that use a NP aggregation approach
show high sensitivity for chemical or molecular identification.
NP aggregation induces significant shifts in the LSPR peak
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of the colloidal platform, which can be cleatly identified by
the naked eye. However, colloidal NP stabilicy may restrict
the use of solution-based platforms. Alternatively, the use of
surface-based platforms, exploring a non-aggregation strategy,
is considered as a robust approach for the development of LSPR
sensors [15].

Notwithstanding the fact that the high subjectivity inherent
to naked-eye analysis limits the reliability, repeatability, and sen-
sitivity of the method, this approach is still of great importance
and well described in the literature [16—18]. Nonetheless, apply-
ing imaging acquisition and processing introduces robustness
to colorimetric evaluations. For instance, Wang ez /. demon-
strated a colorimetric biochemical sensor based on the use of
plasmonic nanoarrays and a smartphone [19]. The colorimetric
system evaluated the green component intensity of the image
(in RGB color space) to measure protein concentration in urine
samples. Toma and Tawa explored a colorimetric plasmonic
platform to identify DNA hybridization by measuring hue angle
changes in HSV color space [20].

Recently, Reinhard e a/. described a methodology for opti-
mizing nanosphere sizes for colorimetric sensors [21]. For
that, colorimetric sensitivity, 7., was defined as the ratio of the
color space coordinate changes as a function of the medium RI
variation. Therefore, 1, is given by

_ 4y
a An,’

Me (4)
where Ay is the intensity variation of a given color component,
y,induced by a medium RI change, A#,,. Inaddition, in [21],a
detailed comparative analysis of the designed nanoplatform col-
orimetric sensitivity in five different color spaces was performed.
It was found that Au nanospheres could lead to 7, values up to
1.4 RIU™!, based on variation of hue angle values in HSV color
space caused by the medium RI change. However, some funda-
mental aspects of plasmonic colorimetry were not fully explored
in [21], such as the influence of the light source and shape of the
nanostructure.

In this work, we extend the colorimetric sensor design meth-
odology, exploiting different light sources. Moreover, SiO,
core—metallic shell NPs are explored as a starting point for the
establishment of an optical sensor platform. In addition, the
evaluation methodology considers five different color spaces
and 15 different color components, and the influence of NS
geometric properties, material (Au and Ag), and light sources
on sensor linearity and sensitivity. The robust analysis leads
to the identification of optimized NSs for colorimetric sensor
platforms.

2. METHODOLOGY

Here, NSs are considered to have a dielectric (SiO,) core cov-
ered by a thin metallic (Au or Ag) layer. The strong coupling
between charges in the inner and outer regions of the noble shell
is responsible for the observed enhancement of the NP optical
extinction. Combined with their outstanding optoelectronic
properties, Au or Ag NSs exhibit excellent electrochemical
properties, high electrical conductivity, and stability [22].

In this work, the absorption, scattering, and extinction cross
sections (Byps, Oscas and Oy, respectively) of NSs were obtained



C42 Vol. 40, No. 4 / April 2023 / Journal of the Optical Society of America B

Research Article

using the computational package PyMieScatt [23]. Considering
nanostructures that are feasible to manufacture and with LSPR
peaks in the visible spectrum, the NS core radius was varied from
10 to 50 nm and the shell thickness from 5 to 35 nm, for both
spectroscopic and colorimetric analysis. The permissiveness
values of Ag and Au were obtained from Johnson and Christy
reported results [24]. The computational procedure was val-
idated by comparing its findings with the NS spectroscopic
results described in the literature.

The colorimetric evaluation considers that light is trans-
mitted through a NS-based platform, with the absorbance
peak normalized to 0.4 for all NS configurations, as in [21].
Exploring the Beer—Lambert law, the platform transmission
spectrum was scaled by the standard color matching functions
(CIEx, CIEx, CIEz), defined by the International Commission
on Illumination (CIE) [25], and integrated across the visible
wavelength range (360-830 nm). The obtained values were
then normalized to the unattenuated CIE Y value, leading to
CIEX,Y, and Z tristimulus values, described as [21]

X = 386300 CIEx()A) x illuminant(X) x 10~4Mdx
386300 CIEy(A) x illuminant(A) dx
Y= 386500 CIEj(A) x illuminant(A) x 10~4®dx

386300 CIEy (1) X illuminant()) dA

7 ;6300 CIEz(A) x illuminant(1) x 10~4®dx 5
- 386300 CIEy(A) x illuminant(A) dA ’

where illuminant(}) is the light source spectrum, and A is the
sensor platform absorbance spectrum, which is proportional
10 Oy

The tristimulus values provide a standard reference that can
be used to define the coordinates in any other color spaces. In
this study, we compared the use of five different color spaces
(sRGB, rgb, CIELAB, HSV, and CIEXYZ) on nanosensor
sensitivity. Therefore, 15 color components (y) were evalu-
ated for each illuminant employed. As the color of an object
is highly dependent on the illuminant spectrum, the sensing
performance of the nanoplatform was evaluated exploring
typical indoor light sources (luorescent and white LED lamp)
as well as sunlight. These light sources are defined by CIE as the

standard illuminants: D65 (average daylight in the northern
hemisphere), FL2 (fluorescent lamp), and LED-B4 (white LED
lamp).

The colorimetric sensitivity was considered for each color
component, according Eq. (4). The defined variation range
of the medium RI varied from 1.33 to 1.43. The optimization
procedure for colorimetric nanosensors used in this work is
adaptable to any Rl range of interest.

The linearity behavior of the colorimetric sensitivity was also
considered, by weighting the R-squared (R?) of each color space
component in respect to the surrounding medium RI changes.
Here, only nanoplatforms with R? > 0.96 were considered suit-
able for sensing purposes.

LSPR molecular sensing considers the adsorption of a dielec-
tric monolayer on the surface of a metallic particle, embedded
in water. The RI index of the molecular layer around the NS
was considered to be 7,4, = 1.47, which represents a typical
biological RI. The formation of a SAM around the NS induces
changes in the effective R, Eq. (3), of the surrounding medium.

3. RESULTS AND DISCUSSION

For optimization of NS-based colorimetric sensors, it is essential
to describe the influence of NP geometric characteristics on
the LSPR spectrum behavior. As depicted in Fig. 1, the absorp-
tion, scattering, and extinction cross section spectra of the Au
and Ag NSs were identified. Figure 1(a) shows the extinction,
absorption, and scattering cross sections of the AuNS with a
10 nm radius and shell thickness of 5 nm, in water (RI = 1.33).
The Au nanostructure presents a LSPR peak at approximately
580 nm and a narrow extinction spectrum, which is mainly
governed by absorption. For plasmonic sensing purposes, the
narrow extinction spectrum of a plasmonic nanoplatform could
lead to a low FoM value [Eq. (2)]. Similarly, Fig. 1(b) shows the
optical cross sections for a AgNS with 30 nm radius and shell
thickness of 10 nm. A strong LSPR peak resonance is observed at
the visible spectrum at approximately 560 nm. Due to its larger
size compared with the AuNS, it presents a relatively broader
extinction spectrum that is governed by scattering.

The cross-section spectrum of the NS is strongly influenced
by the nanostructure core radius and shell thickness. Figure 2(a)
shows the mean values of the LSPR peak wavelength, consider-
ing the SiO; core radius and the Au shell thickness raging from
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Extinction, absorption, and scattering cross sections of (a) gold and (b) silver NSs in water.
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10 to 50 nm and 5 to 35 nm, respectively. The NPs were con-
sidered to be in water (RI = 1.33). AuNS with a dielectric core
radius smaller than 25 nm presents a LSPR peak at visible range,
enabling colorimetric sensing. Particles with larger core radii
(>30 nm) have LSPR peaks in the red—infrared spectral region,
between 650 and 950 nm, which is attractive for biological
applications in deep tissue regions.

The LSPR peak and FWHM were extracted from plasmonic
spectra, considering the surrounding medium RI ranging
from 1.33 to 1.43, which allows finding the bulk sensitivity
[Eq. (1)] and FoM [Eq. (2)] for each nanoplatform. The 1, and
FoM values of Au nanoplatforms are shown in Figs. 2(b) and
2(c), respectively. Figure 2(b) indicates that two NS configura-
tions stand out with high bulk sensitivity values: the NS with

LSPR peak wavelength
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50 nm core radius and 5 nm shell thickness and the NS with
50 nm radius and 35 nm shell thickness.

The NS with 50 nm SiO, radius/35 nm Au thickness had
the highest bulk sensitivity, 7, =450 nm/RIU. However,
its extinction spectrum is quite wide resulting in a low FoM,
FoM = 1.66 RIU™!. The AuNS with 50 nm SiO, radius/5 nm
Au thickness exhibited the best overall result, with n, =
450 nm/RIU and FoM =7.9 RIU™!. Considering a AuNS
sensor platform, Farooq et al. reported 1, =381 nm/RIU
and FoM = 5.4 RIU™! for AuNS with 40 nm radius and 5 nm
thickness [3].

In the case of AgNS, the LSPR peak is found in the visible
spectrum region, for nanostructures with metallic shells thicker
than 15 nm, as shown in Fig. 3(a). As depicted in Fig. 3(b), the
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highest bulk sensitivity value, 1, = 664 nm/RIU, was found
for the nanostructure (50 nm radius/35 nm shell thicknesses).
In general, NPs with large surface areas show high bulk sen-
sitivity values, but low FoM values. The AgNS with radius
of 10 nm and shell thickness of 5 nm had the highest FoM,
FoM = 12.6 RIU™!, as shown in Fig. 3(c).

For colorimetric sensing purposes, the nanoplatform should
present LSPR peaks and high sensitivity and FoM values in the
visible spectrum range. Therefore, optimized nanoplatforms for
spectroscopic sensing may not be ideal for colorimetric technics.

As described in the methodology, the tristimulus values (X,
Y, and Z) of the CIE XYZ color space were obtained from the
extinction spectra of metallic NSs. From the tristimulus values,
12 other color parameters (R, G, and B; 1, g, and b; H, S, and V;
L, A, and B) from sRGB, rgb, HSV, and CIE LAB were obtained
considering three different illuminants (D65, FL2, and LED-
B4). Figure 4 shows the colorimetric sensitivity values [Eq. (4)]
of AuNS subjected to LED-B4 illuminant.

Likewise, the sensitivity and linearity of the colorimetric Au
nanoplatform were also studied considering FL.2 and D65 illu-
minants. Table 1 presents a summary of AuNS configurations
and color parameters with highest sensitivity and linearity values
with respect to each analyzed illuminant. For AuNS, the highest

Table 1. Identification of High Performance AuNS
Sensing Platform Configuration for Different llluminants
and Color Spaces

Color Radius Thickness N,

Illuminant  Parameter (nm) (nm) (RIUY) R?
D65 Saturation 20 15 1.89 0.99
FL2 Value 15 5 1.83 0.99
LED-B4 Hue 10 5 4.70 0.97

sensitivity values were identified at the hue color parameter of
HSV color space (7, = 4.70 RIU™"), found for NS with 10 nm
radius and 5 nm Au shell thickness subjected to LED-B4 illumi-
nant. Although NS with 5 nm Au thickness is not commercially
available, the nanostructure can be synthesized [26].

The colorimetric sensitivity analysis of AgNS subjected to the
FL2 illuminant is shown in Fig. 5. The highest sensitivity value
(1. =4.09 RIU™") was found for the AgNS with 30 nm radius
and 10 nm shell. In that case, the saturation color parameter of
HSV color space is to be considered for high-performance col-
orimetric sensing. Table 2 summarizes the highest colorimetric
sensitivity values found for the AgNS nanoplatform considering
the analyzed color parameters and illuminants.

The literature indicates colorimetric sensors base on complex
plasmonic structures, reaching sensitivity values lower than
the ones described in Tables 1 and 2. Kim ez a/. developed a
plasmonic nanohole array for biosensing applications that
achieved a normalized sensitivity of 7, = 0.5 RIU™!, analyzing
the CIE LAB color space [27]. Wang ez al. obtained a normal-
ized sensitivity of 1, =2.28 RIU™!
plasmonic sensor based on nano Lycurgus cup arrays, in RGB
color space [19]. Reinhard ez 4/. obtained a colorimetric sen-

with a nanostructured

sitivity of 7, = 1.4 RIU™! for bare nanospheres with radii of
approximately 91 nm (optimized structure), regarding a D65
illuminant and color component hue (HSV) [21]. Therefore,
an improvement of 335% on colorimetric sensitivity is achieved
by applying AuNS instead of nanospheres and by exploring the
appropriate illuminant.

Optical cross sections of the identified optimal nanoplat-
forms for colorimetric sensing (AuNS with 10 nm radius and
5 nm shell and AgNS with 30 nm radius and 10 nm shell) are
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Colorimetric sensitivity of AgNS with respect to radius and thickness variation, for the FL2 illuminantand RI range of 1.33 to 1.43.

Table 2. Identification of High Performance AgNS
Sensing Platform Configuration for Different llluminants
and Color Spaces

AuNS, the sensing platform based on AgNPs leads to better
linear performance.
The nanoplatforms were evaluated for molecular sensing.

Color  Radius Thickness 7, LSPR biosensors are based on the adsorption of a target mol-
[luminant  Parameter  (nm) (am) (RIU"Y) R? ecule on the surface of the metallic NB, changing the RI of the
D65 Hue 35 25 269 098 NP’S surroul.u.ling medium. For speciﬁ.c molecular identifica-
FL2 Saturation 30 10 409 0.99 tion, recognition elements such as antigens, DNA, enzymes,
LED-B4 Saturation 35 15 305 0.99 or aptamers (with 1 to 6 nm typical spherical diameters) are

shown in Fig. 1, with LSPR resonances at the visible electro-
magnetic spectral range. The optimized sensing platforms have
R? > 0.97, asindicated in Tables 1 and 2. The color component
variation with respect to surrounding medium RI variation
for the identified best performance nanoplatforms is shown
in Fig. 6, indicating the linear behavior of the nanosensor.
Although the obtained values for 7, are smaller for AgNS than

0.901

used [28-30]. Short ligands such as cysteine and cysteamine (2
to 4 nm length) are also explored binding the recognition ele-
ments to the metallic surface [31]. Therefore, LSPR biosensor
nanoplatforms have a recognition molecular monolayer with
approximately 10 nm thickness.

Figure 7(a) shows the NS LSPR spectral peak shift as a
function of the adsorbent molecular layer thickness. As AgNS
presents a larger surface than AuNS, longer LSPR shifts can
be induced on the AgNS spectrum, as compared to the AuNS
spectrum. Figure 7(b) depicts the behavior of the hue intensity

a slope = -4.70 . b slope = -4.09
i ( ) R2=0.97 0.45 ( ) R? =0.99
0.85
0.40
0.80 1
> 5. 0.35
£ 0.751 2
2 7 g 0.30
€ € 025
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s $ 0.20
T 0.601 T
0.15
0.55 1
0.10
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0.05{ , , ‘ ‘ ;
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Refractive index
Fig. 6.

Refractive index

Color component variation with respect to surrounding medium Rl variation for (a) AuNS with 10 nm radius and 5 nm shell illuminated

by LED-B4 and (b) AgNS with 30 nm radius and 10 nm shell illuminated by FL2.
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Molecular sensing analysis with the adsorbent layer thickness varying from 0.5 to 10 nm for (a) LSPR spectral shift and (b) color compo-

change for Au and Ag NSs. The adsorption of a 10 nm thick
monolayer on the NS induces significant changes in color
parameters (Ay = 38% for AgNS under FL2 illuminant and
Ay ~ 40% for AuNS under LED-B4 illuminant).

One strategy to enhance the performance of plasmonic
sensors is to explore surface-based platforms, where NPs are
deposited on dry surfaces [3]. In that case, the sensor reading is
done after drying the surface posterior to the establishment of
the molecular layer.

4. CONCLUSION

The search for low-cost, label-free molecular biosensors has
driven an increase in research in the field of plasmonics. The
analysis of performance parameters (sensitivity and FoM) is
imperative for the establishment of better nanosensors. The
obtained computational results show promising NS configu-
rations for spectroscopic sensors. The performance of NSs as
spectroscopic sensing platforms is highly dependent on the par-
ticle material and structure (radius and shell thickness). Sensor
platforms based on AgNS with 50 nm radius and 35 nm shell
thickness stand out, with 17, = 664 nm/RIU. To the best of our
knowledge, this is the highest bulk sensitivity value reported in
the literature for LSPR sensors based on spherical structures.
The spectroscopic analysis is independent of the illuminant due
to the nature of the spectroscopic analyses.

For colorimetric sensors, the illuminant spectrum should also
be considered. Moreover, different color spaces were explored
on evaluation of colorimetric platforms. On the identification
of high-performance NS colorimetric sensing platforms, the
sensitivity and linearity of the nanoplatform were assessed.
The AuNS with 10 nm radius and 5 nm shell thickness sub-
jected to LED-B4 illuminant exhibited the highest colorimetric
sensitivity (17, =4.70 RIU™!) for the hue color parameter.
The nonlinear behavior of the color parameters to medium RI
changes limits the performance of the sensing platform. Color
intensity (hue angle) variation of up to 40% was identified, due
to the adsorption of a 10 nm thick molecular layer on the AuNS
surface.

This work also reveals that optimized plasmonic platforms
for spectroscopic sensing are not necessarily adequate for high
performance colorimetric sensors. Moreover, the choice of

the metallic shell (Au or Ag) for colorimetric sensors should
consider the illuminant and the color space to be used.
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