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ABSTRACT

The interaction of incident light with noble metal nanoparticles engenders a
fascinating phenomenon known as localized surface plasmon resonance (LSPR). This
results in the presence of single or multiple intense absorption bands in the visible to
near-infrared spectral range whose position is affected by the refractive index of the
surrounding medium. In this comprehensive study, we thoroughly investigated the
experimental parameters governing the size, aspect ratio, and optical properties of
hollow gold nanoshells (hAuNS) synthesized through galvanic exchange of cobalt-
based nanospheres. Subsequently, we rigorously determined both the empirical and
theoretical refractive index sensitivity (RIS) and figure of merit (FOM) of these
engineered nanostructures. Notably, hAuNS with an external diameter of 98 nm and a
shell thickness of 13 nm demonstrated a noteworthy RIS of 360 nm/RIU and a FoM
of 2.0 in solution. In contrast, solid gold nanospheres (SAUNS) of a similar diameter
exhibited a significantly lower RIS of 136 nm/RIU. Following the transfer of both
these nanostructures onto glass slides for the development of LSPR sensors, it was
intriguing to note that the RIS and FoM remained largely unaffected. These findings

underscore the potential of these plasmonic nanoparticles as promising candidates for

the design of sensitive solid-phase LSPR sensing devices.
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INTRODUCTION

Noble metal nanoparticles currently undergo extensive developments in
biochemical sensing owing to their plasmonic properties." These unique optical
features originate from the localized surface plasmon resonance (LSPR), a
phenomenon by which conductive band electrons exhibit collective oscillations upon
excitation by incident light.® These properties give rise to single or multiple resonance
bands’® in the visible to the near IR spectral region whose position depends on the
composition,® shape,® and size'* of the plasmonic nanostructures. For a given
nanostructure, the position of the LSPR band also depends on the local dielectric
environment.? As a consequence, changes of the local refractive index (RI) result in
measurable shifts of the LSPR band position, which forms the basis of LSPR

refractometric sensors.’**°

In this line, plasmonic nanoparticles are typically
characterized by the so-called refractive index sensitivity (RIS) corresponding to the
band shift per RI unit. Another meaningful factor is the figure-of-merit (FoM),
defined as the ratio of RIS to full wavelength at half maximum (FWHM). Taking the
width of the LSPR band into account is particularly pertinent regarding large
nanoparticles, whose RIS tends to be higher, but whose plasmon band is also
broadened by multipolar excitations and radiative damping, which makes the band
position difficult to define with high accuracy. Both the RIS and the FoM should be
maximized in order to improve the analytical performances of LSPR sensors.

One major strategy to enhance the refractometric sensitivity of LSPR sensors is
to tune the shape of nanoparticles to optimize their RIS and FoM. In particular,
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anisotropic nanoparticles such as nanorods, nanocubes,*® nanoprisms,*™
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nanostars,” nanotriangles?* are known to display higher RIS than their spherical



counterparts®. Nanostructures with sharp features also exhibit strong electromagnetic
field enhancement and a higher sensitivity to local RI changes.?

Plasmonic nanoparticles prepared by wet chemistry are usually dispersed in a
solvent and stabilized by ligands or surfactants. They can be used as such to design
solution-phase optical sensors. However, immobilizing nanostructures on a
transparent planar substrate offers practical benefits for LSPR sensing. Among other
advantages, it prevents nanoparticles agglomeration, facilitates further
functionalization, allows sensor chip regeneration, enables integration within
microfluidic systems, and provides portability for commercial use. Unfortunately,
immobilization of anisotropic nanoparticles on planar substrates generally induces a
decrease of their RIS,"**?® whose magnitude is directly correlated to the fraction of
the nanoparticle surface in contact with the underlying solid support®. As a
consequence, gain in RIS brought by anisotropic nanoparticles (e.g., rods, cubes, and
plates) with respect to spherical ones is partially lost upon their immobilization.

In contrast, spheres naturally display a low contact area when immobilized on
planar surfaces. In this context, hollow Au nanoshells (hAuNS), composed of a
solvent-filled core and a metallic gold shell may appear as an attractive alternative to
anisotropic nanostructures to build up sensitive LSPR sensors.?’ Their core-shell
structure affords attractive features such as double interface, spherical shape, and
lower gold content. The coupling of external and internal surfaces enhances the
plasmonic field®® and provides more contact area with the surrounding medium?.
Using a simple model, it was shown that plasmonic coupling between the two
surfaces is stronger upon reduction of the shell thickness, making the LSPR band
position highly tunable (up to the NIR) and enhancing the RIS.* Indeed, in a seminal

work by Sun and Xia, hollow gold nanoshells were shown to display a 7-fold higher



RIS than solid Au nanospheres (SAUNS) of the same diameter.®* A recent single-
particle study also demonstrated a remarkable improvement of RIS when solid gold
nanospheres (SAUNS) were replaced by hAuNS of similar size.* Despite their
outstanding optical properties, hAuNS have seldom been used to build up

3334 or colorimetric biosensors®*. To effectively apply hAuNS in

refractometric
substrate-based LSPR sensing, their geometric parameters first ought to be optimized
to obtain nanostructures exhibiting both high RIS and FoM. Furthermore, engineering
a straightforward LSPR sensor chip utilizing hAuNS is still to be done to demonstrate
their superior refractometric sensing properties compared to SAUNS and anisotropic
gold nanoparticles.

In a recent work by Zhang et al. a robust and reliable method allowing the
synthesis of hAUNS with tunable thickness and diameter was established and the
mechanism has been fully characterized. In this study, we build up on this strategy to
thoroughly investigate hollow gold nanoshells (hAuNS) produced through galvanic
exchange of cobalt-based templates. We engineer and characterize hAuNS with a
large range of different diameters (in the range 18 to 106 nm) and shell thicknesses
(from 3 t013 nm) then determine their experimental RIS and FoM. We investigate the
influence of the size and thickness on the optical properties of hAuNS to achieve the
optimal performances for refractometric biosensors. Discrete dipole approximation
(DDA) calculations are also performed to further understand the effect of geometric
parameters on their optical properties. In a second part, the potential of the hAuNS
nanostructures exhibiting the highest FoM as solid-phase LSPR sensing devices is
compared to that of SAUNS of similar size. To that end, both hollow and solid

nanostructures are immobilized on chemically functionalized glass slides and the RIS

and FoM of the resulting sensor chips are estimated theoretically and experimentally.



EXPERIMENTAL SECTION

Materials. Cobalt chloride hexahydrate (CoCl,-6H,0), trisodium citrate
(NazCgHs07-2H,0), sodium borohydride (NaBH,), chloroauric acid trihydrate
(HAuUCIl,4-3H20), sulfuric acid (98%), (3-aminopropyl)triethoxysilane (APTES),
toluene, sucrose (99%), hydroquinone (HQ), Tween 20 were bought from Sigma
Aldrich. Deionized (DI) water (18.2 MQ cm) was collected from a MilliQ device.

Synthesis of hAuNS. Hollow Au nanoshells were synthesized by the previously
reported galvanic replacement method® with slight modifications. Briefly, to produce
hAuNS colloids, two stock solutions were prepared: cobalt-based nanoparticle (Co;B)
scaffolds and aqueous HAuCl,. For Co,B, a 100 mL aqueous solution of 0.4 mM
CoCl,-6H,0 and 4.0 mM NazCgHs07-2H,0 was prepared in a double-neck flask. This
solution was bubbled with nitrogen for 1 h to exclude oxygen from the solution and
the flask. 1.0 M NaBH, aqueous solution was prepared in advance and allowed to
fully hydrolyze to B(OH),. Then, a given volume of 1.0 M B(OH), solution (0 —
180 pL) was mixed with 120 pL of freshly prepared 1.0 M NaBH, solution and
rapidly injected into the deaerated cobalt salt solution under vigorous stirring and
nitrogen. After a period of time (ranging from a few seconds to 20 minutes, depending
on the amount of B(OH),), the solution changed from colorless to either brown or
grey, indicating the formation of the Co-based NPs. The Co,B solution was kept for
1 h under nitrogen flow to ensure complete hydrolysis of NaBH,. In another flask, a
volume of 0.1 M HAUCI,; (40—-160 uL, depending on the targeted thickness) was
added to 100 mL of DI water deaerated by nitrogen bubbling for 1 h. Then, 100 mL
Co,B  NPs solution was quickly poured into the HAuCl, solution under vigorous

stirring and nitrogen bubbling. After 5 min, the nitrogen flow was stopped, and the



solution was exposed to air under stirring. The remaining cobalt cores were gradually
oxidized by oxygen to Co®" and dissolved in the bulk solution. Once the oxidation
was complete, the color of the hAuNS solution changed to pink, purple, blue, or
green, depending on the diameter and shell thickness of the nanostructures.

Synthesis of SAUNS. 107-nm solid Au nanospheres were synthesized using the
seed-growth method®*3 with slight changes. Briefly, Au seeds were prepared by
adding 900 pL of 34 mM NazCsHs07:2H,0 to 30 mL of 290 uM HAuCl, in boiling
water. Heating was stopped after 10 min and the solution allowed to cool down to
room temperature. Then, 250 uL of 29 mM HAUCI, and 200 uL seed solution were
added to 100 mL of DI water. The growth of Au seeds was initiated by adding 50 pL
of 34 mM trisodium citrate and 250 pL of 0.03 M HQ under vigorous stirring at room
temperature. The final solution was kept in the refrigerator until use.

Immobilization of Au nanoparticles on glass surfaces. A microscope cover
glass (60 x 25 mm) was cut into 60 x 8 mm pieces and extensively washed before
functionalization. Glass spectrophotometer cuvettes were used as containers for all the
functionalization steps in order to enable the adsorption of Au nanoparticles onto both
sides of the glass slides. First, the glass slides were dipped into H,SO,4 and shaken for
1 h. After washing, glass slides were immersed in a cuvette filled by boiling DI water
for 30 min and dried with nitrogen flow. Dry slides were then dipped into cuvettes
containing 3.5 mL of APTES solution (0.5 % v/v) in toluene at 90°C for 60 min. After
sonication in toluene for 5 min, silanized glass slides were heated to 120°C for 1 h in
an oven. Finally, glass slides were cooled to room temperature and immersed in
colloidal solutions of SAUNS or hAuNS for 2 h. Upon immobilization of Au
nanoparticles, sensor chips were extensively washed with DI water and stored in a

dark place.



Measurement of refractive index sensitivity and figure of merit. Extinction
spectra were measured using a Cary 50 spectrophotometer (Varian). To adjust the
surrounding RI of Au nanoparticles, aqueous solutions containing varying sucrose
concentrations (0 to 40 wt%) were used. Colloidal suspensions of hAUNS were
centrifuged at 500 to 15000 rcf, according to the particle size. Tween 20 was added to
the solid gold nanospheres SAUNS to a final concentration of 0.025 wt% to avoid their
aggregation during centrifugation. Then they were centrifuged at 500 rcf and
redispersed in DI water to remove excess Tween 20. To adjust the surrounding RI of
the gold nanostructures, supernatants were removed and the precipitate redispersed in
the sucrose solutions. Alternatively, the sensor chips were immersed in a cuvette filled
with sucrose solutions. UV-Vis spectra were recorded and the LSPR band maximum
measured. The LSPR band position was plotted against the Rl of sucrose solution.
Linear regression analysis of the data gave the RIS as the slope of the fit. The FOM is
defined as the RIS divided by the FWHM of the plasmon band measured on the
extinction spectra.

Electron microscopy. Transmission electron microscopy (TEM) images of the
nanoparticles were obtained using a JEOL JEM 1011 microscope operating at an
accelerating voltage of 100 kV. Samples were prepared by depositing a drop of
particle suspension onto a carbon-coated copper grid and drying the grid at room
temperature before imaging. Size distribution, diameter and thickness were
established by counting a minimum of 200 particles and 200 shells using Image J
software. High resolution transmission electron microscopy (HRTEM) was carried
out using a JEOL 2100 Plus UHR microscope operating at 200 kV. Scanning
transmission electron microscopy (STEM) images using a high-angle annular dark-

field (HAADF) detector were also acquired. The image contrast in this mode is



strongly correlated to the atomic number: heavier elements contribute to brighter
contrast (Z-contrast). Analytic investigations were performed with an energy
dispersive X-ray (EDX, Oxford Instruments X-Max 80 SDD) spectrometer attached
to the microscope column. Scanning electron microscopy (SEM) imaging was
performed with a Hitachi SU-70 FESEM (Field Emission SEM) operating at low
accelerating voltages (1 to 5 kV range) and adapted setup in order to overcome the
insulating properties of the glass slides and observe the particles without a coating
step that may provide biased information.

Simulation of optical properties of hAUNS. DDA calculations were performed
by discrete dipole scattering (DDSCAT) 7.3 software.* Simulation for hAuNS
samples used the geometric parameters measured from TEM images. The surrounding
medium was set to sucrose solutions used experimentally. The dielectric function of
gold was referenced in Johnson and Christy’s work.* For the convenience of
calculation, the interior of hAuNS models was set to vacuum. The LSPR band
position was plotted as a function of RI. Linear regression analysis of the data gave
the RIS as the slope of the fit. The FoM was the RIS divided by the FWHM of the

plasmon band taken from the extinction spectra.



RESULTS AND DISCUSSION

The step-by-step workflow used in the project is depicted in Figure 1. The first
part is devoted to the engineering and in-depth characterization of several hollow gold
nanostructures (hAuNS) having different geometrical features. Both experimental
(UV-Vis and TEM) and theoretical (DDA) investigations are performed. Once the
structures exhibiting the best optical responses determined, their transfer to planar
surfaces to generate 2D-LSPR sensor chips is investigated and finally the optical
responses of the resulting layer thoroughly estimated both theoretically and

experimentally.

Synthesis of hAuNS
HAUCI,-3H,0
CoCl,6H,0 NaBH, (deaerated)
+ _— >

Na,C H,0,2H,0 B(OH),”

(deaerated)

Co-based NP Co@AuNP hAuNS
Fabrication of LSPR sensor chip
 —  — R — —
o~ = b
Gl cover H,SO, APTES hAuNS colloid LSPR sensor chip

glass

Detection of bulk RI change

Sucrose solution

Detector

PC

Light source

Figure 1: Principle of the bottom-up strategy to prepare substrate-based LSPR sensors and refractometric
sensing principle. First, colloidal hAuNS were synthesized through a galvanic replacement reaction using
Co,B nanoparticles as sacrificial templates. Then, dispersed hAuNS were immobilized onto a functionalized
glass slide as a simple LSPR sensor chip. At last, the refractive index sensitivity of the sensor chip was
determined from the shift of the plasmon band measured with a spectrophotometer

10



Synthesis and Characterization of hAuNS.

Two important parameters need to be considered for hollow nanostructures,
namely the outer diameter and the shell thickness, both correlated to the inner
diameter. Herein, hollow nanostructures, hAuNS, were synthesized by galvanic
exchange from cobalt-based nanoparticles as sacrificial templates, according to the
procedure introduced by Zhang.*” This procedure is based on the synthesis of Co,B
NP intermediates whose size and dispersity can be tightly controlled using B(OH), as
growth agent. As depicted in Figure 1, the synthesis of hAuNS consists of three main
steps: (1) Co,B NPs preparation under inert atmosphere by reaction between CoCl,
and NaBHj, in the presence of sodium citrate as capping agent and B(OH),™ (resulting
from the complete hydrolysis of NaBH,) as growth agent to adjust the NP size; (2)
Galvanic exchange by addition of HAuCl, in anaerobic conditions, during which the
Au*" ions are reduced to metallic gold by cobalt to form shells of controlled thickness
and rugosity; (3) Oxidation in air and dissolution of the remaining cobalt-based cores
to Co?", leaving a cavity of the same size.

Seven hAuUNS samples were prepared by varying the amounts of B(OH), and
HAUCI,. To allow for a better visualization of the different hollow Au nanoshells
prepared here, a size-to-scale representation of each sample is reported in Figure 2
together with the experimentally measured relevant characteristics of the
corresponding hAuNS. In a first set of experiments, the Au-to-Co ratio was kept
constant, set to 0.1, and the volume of B(OH), was increased: 0, 60, 120, and 180 uL
to progressively increase the size of sacrificial cobalt-based template, the resulting

hAUNS are labeled (i), (ii), (iii) and (iv). In the second set of experiments, the volume
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of B(OH), was kept at 180 uL while the Au-to-Co ratio was increased in the range

0.1,0.2, 0.3, and 0.4 (hAUNSs labeled (iv), (v), (vi), and (vii)).

Au/Co (at.%) 0.1 0.1 01 0.1 0.2 0.3 0.4
1M B(OH)," (uL) 0 60 120 180 180 180 180
¢ ¢ iii iv ' vi vii
Outer diameter (nm) 18%4 2815 6218 83+11 106+15 98+10 8216
Shell thickness (nm) 3.3%0.7 4.9%1.0 6.6%1.2 7 11%2 13%£3 1242
Aspect ratio (d/t) 5.5 5.7 9.5 11.9 9.6 7.5 6.8
LSPR wavelength (nm) 562 609 766 829 818 719 645
FWHM (nm) 190 165 194 284 299 182 156

Figure 2: Summary of synthetic, geometric, and optical parameters of colloidal hAuNS samples. The size-to-
scale presentation is drawn according to the average diameter and shell thickness of the corresponding
sample measured from TEM images

The extinction spectra and the TEM images of the resulting hAuNS are shown in
Figure 3. Additional TEM images are shown in Figure S1 together with size
distribution curves. The average outer and inner diameters of the first series, hAuNS
(1), (i), (iii), and (iv), almost linearly increased with the amount of B(OH),™ (Figure 2
and Figure S2-a). In the absence of B(OH),, sample (i), small hAuNS were
synthesized (outer diameter 18 nm), while when more B(OH), was used, the average
size, inner and outer diameter of hAUNS increased up to 83 nm, demonstrating the
role of B(OH), as a growth agent (Figure S2(a)). Moreover, obvious core-shell
structures were observed for all the samples on TEM images (Figure 3). The aspect
ratio (AR) was calculated as the external diameter-to-shell thickness ratio. These
values, shown in Figure 2, increased with B(OH),” amount and range from 5.5 to 11.2
from (i) to (iv).

In the second set of experiments, the volume of B(OH), was kept constant at

180 pL while the amount of HAuCl, was increased to lead to higher Au-to-Co ratios
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ranging from 0.1 to 0.4 for samples (iv), (v), (vi) and (vii), vs. 0.1 used in the previous

series (Figure 2).

(@) (@) (i) (iv)
L

V) vi) (vii

-, f _', '

Normalized extinction
Normalized extinction

T T T T T T T T T T T T
400 500 600 700 800 900 1000 1100 400 500 600 700 800 900 1000 1100
Wavelength (nm) Wavelength (nm)

Figure 3: Structural and optical characterization of colloidal hAuNS. TEM images, photos, and extinction
spectra of hAuNS (i-vii). The scale bar in all TEM images is 50 nm.

Increasing the Au/Co ratio did not induce dramatic changes in the overall size of
the nanoparticles (Figure 2, Figure 3, and Figure S2-b) but led to slightly thicker
shells. Consequently, the AR, i.e. the external diameter-to-shell thickness, decreased
from 11.2 to 6.7 (Figure 3). However, it is observed that inner and outer diameter and
shell thickness changes related to the Au/Co ratio, did not follow any particular trend
(Figure S2-b). In addition, the surface of hAuNS with higher Au/Co ratio, i.e. (v),

(vi), and (vii), characterized by TEM, appears bumpier than that of previous samples
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prepared from an Au/Co ratio of 0.1 (see TEM images in Figure 3 and Figure S1).
The enlargement of outer diameter and the difference in surface morphology in the
presence of high concentrations of Au®* were also reported in the literature®. The
mechanism of galvanic replacement is still not fully understood and difficult to study
because of its extremely fast reaction rate. One possible explanation to these
differences is that the high concentrations of HAuCl, used to synthesize hAuNS (v-
vii) possibly lead, during the galvanic exchange, to a substantial amount of Au atoms
unevenly nucleated outside the surface of Co-based NP rather than occupying the
position of cobalt, thus increasing the outer diameter and roughening the surface of
the resulting hAuNS. Consequently, the outer diameter of the hAuNS is determined
by both the Au** concentration and not solely by the size of the Co-based NPs.
Notably, 98- and 106-nm diameter hAuNS were prepared using a large amount of
HAUCI, (Au/Co at% = 20 and 30%, respectively). Of note, these amounts are larger
than those previously used by Zhang et al. (Au/Co at% = 3-17%), showing the
versatility of this strategy for the synthesis of hAuNS.*’

As shown in Figure 3, the hAuNS colloids exhibit pink, blue, or green color
depending on their LSPR wavelength. The LSPR band position of samples (i) to (iv)
was redshifted from 562 to 829 nm as the diameter increased and the bandwidth
progressively increased to 284 nm (Figure 2). For the second series, hAuNS (iv) to
(vii), a blueshift in LSPR wavelength was observed from 829 to 645 nm as the Au/Co
ratio was increased. Simultaneously, the LSPR bandwidth became progressively
narrower, as seen from the FWHM values in Figure 2. For the two series of the
samples prepared here, a linear relation between the LSPR band position and AR was

established (Figure S2-c) in agreement with previous observations.** Of note, samples
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(iv) and (vii) having the same diameter but respective AR of 11.2 and 6.7 showed a
difference of LSPR band position of 180 nm.

DDA calculations were performed by setting the outer diameter and the shell
thickness as the average values measured from TEM images. On the simulated spectra
shown in Figure S3, the position of the LSPR band is only slightly underestimated;
less than 7 % for all samples (Table S1). On the contrary, the theoretical FWHM
appeared underestimated for all samples especially for the smallest ones where the
deviation reaches 48 % (Table S1). This deviation can be explained by the fact that
DDA calculations were performed on a single bare nanoparticle without surfactant
nor solvent inside the shell. In addition, for samples (iv-vii), ‘‘shoulders’ were
present in their simulated LSPR spectra (Figure S3), but not in the experimental ones.
This is probably due to the multipolar mode of large nanoparticles considered by the

software. "%

RIS and FoM of hAuUNS. The RIS of the hAuNS was measured in solution from
colloidal suspensions of samples (i) — (vii). hAuNS were dispersed in aqueous
solutions containing between 0 and 40 wt % sucrose as a simple mean to change the
RI of the surrounding medium and relying on the known colloidal stability of
plasmonic nanostructures in these media.?**® hAuNS solutions were analyzed by UV-
Vis spectroscopy and the position of the LSPR band was plotted versus the RI of the
corresponding solvent, as depicted in Figure S4. The RIS was determined from the
linear regression of the data. The FoM was then calculated by dividing the RIS by the
FWHM. Figure S3 shows the results obtained from DDA calculations performed to

determine the theoretical RIS and FoM. The RI of the surrounding medium was the
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same as the experimental values (1.333 to 1.400) to estimate the theoretical RIS. The

summary of the resulting experimental and theoretical data is shown in Figure 4.
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Figure 4: Refractometric sensing properties of colloidal hAuNS samples and their dependency to geometric
parameters. (a) Refractive index sensitivity (RIS) and figure-of-merit (FoM) of hAuNS (i-vii). (b) RIS and
FoM as a function of outer diameter and (c) RIS and FoM as a function of aspect ratio

For all the nanostructures, the RIS values obtained experimentally are very
consistent with the theoretical ones (Figure 4 and Table S2). On the contrary,
experimental and simulated FOM values show a noticeable deviation, as expected
from the difference in the FWHM discussed above. Nevertheless, the trends of
calculated and experimental FOM are consistent (Figure 4-a). In what follows, and due
to the discrepancy between experimental and theoretical FWHM, we will not rely on

the computational data regarding FoM but rather on the theoretical RIS values.
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By increasing the B(OH), concentration, i.e. the sacrificial template size, the
experimental and theoretical RIS of the nanostructures (i-iv) increased from 98 to
415 nm/RIU. hAuNS nanostructures (i) to (iv) show a clear linear correlation between
the RIS and diameter (Figure 4-b). The same correlation is observed when plotting
RIS as a function of aspect ratio.

For the second series, nanostructures (iv) to (vi), where the ratio Au/Co was
increased, no particular trend nor influence were observed for RIS or FoM, in
agreement with the little influence observed regarding the optical properties of these
hAuNS. The RIS values for hAuNS (v) — (vi) slightly decreased from 387 to
254 nm/RIU. When the LSPR band of hAuUNS is extremely broad, it becomes
challenging to determine the band position accurately. For samples (i) — (vii), the
FoM ranged from 0.52 to 1.98. The hAuNS (vi) exhibited the highest FOM thanks to
its relatively high RIS (360 nm/RIU) and moderate bandwidth (182 nm). Overall, a
roughly linear relationship was observed between the RIS and AR, for both series, as
shown in Figure 4-c. According to the definition of the AR (d/t) for hAuUNS,
increasing the diameter and/or reducing the shell thickness results in an increase of
the RIS, which is consistent with the literature.®**’

To better visualize the effect of geometric parameters on the optical properties of
hAuUNS, calculated by DDA, Figure S5 shows the 3D plots and projection maps
illustrating the effect of diameter and shell thickness on the LSPR wavelength and the
RIS. For modeling convenience, the results are not plotted as function of the aspect
ratio, i.e. the external diameter-to-shell thickness ratio, but as function of thickness to
outer radius (t/r). Both the LSPR band maximum and the RIS increase exponentially
with decreasing shell thickness. This can be attributed to the enhanced plasmonic

coupling between the inner and outer surfaces when the distance between them is
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shortened.*”®*® At identical aspect ratios, large hAuNS tend to show higher RIS due to
the increasing contribution from higher plasmon modes. A threshold is observed for
outer diameters of 40-50 nm.

The exponential increase of LSPR band position with reduced shell thickness is
also worthy of note. This trend means that the LSPR band position of hAuNS having
a thin shell is extremely sensitive to even small variations of shell thickness. As an
example, 80-nm diameter hAuNS in a medium of RI = 1.3 shows a LSPR band at 778
nm for t/r = 0.1 (AR = 20) or at 680 nm for t/r = 0.2 (AR = 10). The band position
shifts by 98 nm while the difference in shell thickness is only 4 nm. Experimentally,
this could significantly broaden the FWHM of ensemble LSPR bands. It can also
explain the large difference in the bandwidth of hAuNS (iv) and (vii) whose average
diameters are almost identical.

To sum up and based on the experimental and simulated results aforementioned,
hAuNS having a large diameter showed the highest RIS. The extremely broad
bandwidth observed at high diameters could be reversed by appropriately increasing
the shell thickness. From a synthetic standpoint, optimal conditions were reached by
adjusting the amount of HAuCl, on the basis of a large Co,B sacrificial templates. In
what follows, the hAuNS (vi) with a 98-nm diameter and 13-nm shell thickness (Amax
= 719 nm; FWHM = 182 nm) were selected as the optimal nanostructure for the

fabrication of LSPR sensor chips.
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Before transferring these nanostructures onto planar surfaces, we further

performed advanced characterization using HRTEM, STEM-HAADF and EDX
elemental mapping. . -

Figure 5 shows HRTEM images and STEM-HAADF image with the

corresponding EDX mapping of an individual hAuNS. Additional STEM-HAADF
images and STEM-HAADF EDX line scan of an individual hAuNS showing Au and
Co content are shown in the Sl section (Figure S6) together with STEM-EDX analysis

on different hAuNS showing the elemental composition (Table S5).

Figure 5: (a) HRTEM images. (b) STEM-HAADF image and corresponding EDX mapping of individual
hAUNS. The scale bar is (a) 10 nm and (b) 50 nm.
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The HRTEM images in

Figure 5, taken from the edge of an individual hAuNS, clearly highlight the
porosity of the nanostructures demonstrating their inner and outer accessibility for
sensing applications. This porosity is also clearly visible in HAADF imaging (darker
zones) in the Sl section (Figure S6), and reveals pores of varying sizes, measuring
approximately 10 nm. STEM-EDX analysis were performed to estimate the elemental
composition of the hAuNS. The elemental composition, measured on different points,
indicates an atomic composition of AugyCo; (Table S5). The starting Au-to-Co ratio
was 0.3, which means that, once the Co,B nanoparticles have fulfilled their mission as
sacrificial templates, the cobalt ions are almost entirely removed during the washing
steps. This result is different from that previously observed for hollow shells prepared
starting from silver sacrificial template, where the silver ions remain trapped within
the nanostructures despite extensive rinsing. 2" Interestingly, the remaining cobalt is
also confined inside the hollow nanosphere as can be seen on the line scan in Figure

S6.

LSPR Sensor Chips. Figure 1 illustrates the fabrication of an LSPR sensor chip
and detection of RI changes in the surrounding medium. The chip was prepared by
immobilizing hAUNS (vi) via electrostatic interaction between the negatively charged

citrate ligands coating the gold nanostructures and the positively charged homo-
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condensed network of silanes generated on the glass slides following their
functionalization with APTES.* In parallel, 107-nm diameter solid Au nanospheres
(SAUNS) coated by citrate ligands were also synthesized by the seed-growth method
and characterized by UV-Vis spectroscopy and TEM (Figure S7). The RIS and FoM
of the colloidal suspension of SAUNS was determined following the same procedure
as hAuNS. However, we experienced stability issues upon centrifugation of SAUNS
and the addition of Tween 20 as an additional capping ligand on top of citrate was
necessary to perform these experiments. The resulting RIS and FoM were equal to
136 nm/RIU and 1.0, respectively. The citrate-capped SAUNS were then immobilized
on APTES-modified glass slides. The photos, the extinction spectra and the scanning
electron microscopy images of the engineered LSPR-sensor chips from hAuNS and
SAUNS are displayed in Figure 6. Figure 6 also shows the RIS and FoOM of the chips

measured experimentally using sucrose solutions as described above.

21



0.16

(a)

0.14 4 Sensor chip

(hAuNS)

0.124

on

0.10 4

Extinct

0.08

0.06 4

0.04 T T T T T T
400 500 600 700 800 900 1000 1100

Wavelength (nm)

(c)

Sensor chip
(sAuNS)

Extinction

0.00 T T T T T T
400 500 600 700 800 900 1000 1100

Wavelength (nm)

100
. e Cluster LTI f 2 (20
R ) [l wl® BERS 0
o 80 Dimer WA F\WHM
z I |solated —&— FoM
® = 3004 F300
§ 601 = E
[e] E =
= 5 | =
2 40 o 200 z
o r [
@
£ 204 100
3
P4

0 0- Lo

hAuUNS SAUNS hAUNS SAUNS

Figure 6: Characterization and refractometric sensing properties of the LSPR sensor chips. Extinction
spectra and photos of the sensor chips made of (a) hAuNS and (c) SAuNS immersed in water. SEM images
of the immobilized (b) hAuNS and (d) sAUuNS on glass slides, scale bar in all SEM images is 1 pm. (e)
Distribution of immobilized nanoparticles on glass slides (f) Comparison of RIS, FWHM, and FoM of
hAUNS- and sAuNS-based sensor chips.

The successful immobilization of Au nanostructures at the glass surface was first
assessed by visual inspection of the slides that acquired a blue (hAuNS) or a red
(SAUNS) hue (insets in Figure 6-a and c). When dipped in pure water, the extinction
spectra of both sensor chips displayed a characteristic LSPR band with a maximum at
700 and 564 nm, for hAUNS and sAuNS, respectively. A blue shift of the LSPR band

from 719 to 700 and 568 to 564 nm, for hAuNS and sAuNS, respectively, was noticed
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upon their immobilization on the glass slides. This shift can be attributed to the long-
range dipole coupling of large-sized gold nanoparticles.”®* The FWHM of
immobilized hAuNS was not affected by the transfer to glass slides, 192 vs. 182 nm
(Figure 2 and Figure 6-f), i.e. less than 5 % increase. The same observation is done for
SAUNS, an FWHM comparable to the value measured in solution, 148 vs. 133 nm
(Figure S7). At the microscopic level, SEM images, shown in Figure 6-b and c,
confirm the effective deposition of hAuNS, with the Au nanoparticles randomly
distributed, clearly well dispersed on the glass substrate and covering around 3.5 % of
the surface area (= 5 NPs/um?). Notably, a very small number of clusters could be
observed (Figure 6-e), less than 10 % for both hAuNS and sAuUNS, demonstrating a
homogenous coating in line with the extremely low change noticeable in the FWHM
of the LSPR band, and more globally, in the entire extinction spectra. As calculated
from the plots in Figure S8, the RIS of the hAuNS sensor chip equaled 349 nm/RIU
with a FoM of 1.82 (Figure 6). These values are only slightly lower than those
measured for the colloidal suspension (RIS = 360 nm/RIU; FoM = 1.98). The SAUNS
sensor chip exhibited a RIS value of 159 nm/RIU with a FoM of 1.07. Surprisingly,
the RIS increased upon SAUNS immobilization since it was equal to 136 nm/RIU in
solution. The most plausible explanation for this unusual increase in the case of
SAUNS, is the interference of the capping ligands, since, as mentioned above, the
addition of Tween 20 was necessary to perform RIS measurements in the colloidal
solution to prevent nanoparticle aggregation caused by centrifugation. Indeed, the
presence of a surfactant layer at the surface of gold nanoparticles was previously
shown to reduce the RIS.* On the whole, the refractive index sensitivity and the
figure of merit of hAuNS are ca. twice higher than those of solid counterparts of the

same size. We also explored the influence of hAuNS solution concentration on the
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coverage and optical properties of the resulting sensor chips. The results, in Figures
S9 and S10, show that the coverage increases with increasing hAuNSs concentrations
but without a significant input to the RIS. For the highest concentration tested, i.e. 5
times the one used in Figure 6, the RIS significantly decreased, possibly due to the
excessive blueshift. These findings suggest that the conditions selected here are
optimal for a good coverage/RIS balance. Note that, although these experiments were
carried out on a different batch of hAuNS, the RIS was highly reproducible for the
selected concentration, 347 vs. 349 nm/RIU, evidencing a good reproducibility of the
deposition procedure.

To better highlight the potential of these hAUNS in comparison with the existing
systems, we gathered in Table S3 the previously published RIS of spherical and
anisotropic Au or Ag nanoparticles in solution and once immobilized on a planar
substrate.”>?® From this table, it appears that, although the RIS of anisotropic
nanostructures in solution is higher than that of solid nanospheres, their transfer onto
planar surfaces leads to a significant decrease (up to 66 %) thus neutralizing the
benefit of using these nanostructures for sensing. Only the spherical nanoparticles
exhibit a low decline of RIS because of their minimal contact area with the underlying
surface. The hAuNs prepared here have the advantage of the spherical shape but with
a considerably higher sensitivity, twice higher than solid spheres. Their transfer to
planar surface barely affects their RIS (~3 % decrease) and the resulting sensor chips
exhibit the highest sensitivity to date, which makes them ideal systems for the

deployment of sensitive 2D plasmonic sensors.

CONCLUSIONS
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In this comprehensive study, we thoroughly investigated the experimental
parameters influencing the size, aspect ratio, and optical properties of hollow gold
nanoshells (hAuNS) produced through galvanic exchange using cobalt-based
nanoparticles. We have then experimentally and theoretically determined their
refractive index sensitivity (RIS) and figure of merit (FOM) and discussed their
correlation to the geometrical features to determine the optimal parameters favorable
for LSPR sensing. We found that both the diameter and shell thickness have a
significant effect on the RIS; hAuNS with large diameter or thin shell tend to show
high RIS. However, in practice, hAUNS with thin shell exhibit a broad LSPR band
because of the substantial effect of shell thickness on LSPR band wavelength. The
bandwidth can be narrowed by appropriately increasing the shell thickness and thus
enhancing the FOM. The RIS and FoM of the optimal hAuNS sample in colloidal
solution were found to be 360 nm/RIU and 1.98, respectively, foreshadowing an
immense potential as sensing platforms. Notably, upon transfer on planar surface to
engineer 2D-LSPR chip, these characteristics were barely modified, less than 3 %
decrease in RIS was measured a RIS of 349 nm/RIU and a FoM of 1.82. For
comparison, the RIS and FoM of the chip using 107-nm solid SAUNS were 159
nm/RIU and 1.07, respectively. On the one hand, hAuNS show a much higher RIS
than their solid counterparts (SAUNS). On the other hand, no obvious decrease in the
RIS of hAuNS was observed after they were immobilized on a planar surface.
Therefore, this piece of work demonstrates that hAuUNS possess distinctive optical
characteristics that set them apart from both solid spherical nanoparticles and
anisotropic nanoparticles, and make them highly attractive candidates to build up

sensitive substrate-based LSPR sensors.
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Supporting information:

TEM images, diameter and shell thickness distributions of colloidal hAuNS
samples; Experimental and theoretical effect of synthesis parameters on particle size;
Extinction spectra and RIS plots of colloidal hAuNS obtained by DDA simulation;
Experimental RIS plots of colloidal hAuNS; 3D plots and projection maps illustrating
the effect of diameter and shell thickness on the optical properties of hAuNS; STEM-
HAADF images and EDX line scan of hAuUNS; Characterizations and optical
properties of SAUNS; Experimental RIS plots of LSPR sensor chips using hAuNS or
SAUNS; Reproducibility experiments for hAuNS-coated glass slides; SEM images of
glass slides coated with hAuNS dipped into colloidal hAUNS with varying
concentrations; Summary of linear regressions of hAuNS samples determined from
DDA simulated and experimental spectra; Experimental and simulated RIS and FoOM
of hAuUNS and sAuNS; STEM-EDX analysis on different hAuNS showing the
elemental composition; Summary of changes in RIS for different nanoparticle shapes

between dispersed and immobilized states.
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