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FigeA. UV-i spect of the solutions containing Ag nanocubes (in black, AgAu

core-shell nanocubes (in blue), pinholed AuAg nanoboxes (in green), single-walled AuAg
nanoboxes (in orange) and AuAg nanoframes (in red). Low magnification micrographs of the B.
Ag nanocubes, C. Ag@Au core-shell nanocubes, D. pinholed AuAg nanoboxes, E. single-walled

AuAg nanoboxes and F. AuAg nanoframes.

The shift of the plasmon resonances with the morphological modification is shown in Fig.
S1A via bulk UV-Vis spectra obtained from respective solutions containing about 10'* NPs/mL.
The concentration of Ag nanocubes and AuAg nanostructures are determined by measuring the
amount of Ag nanocubes via Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) and
considering the size distributions measured by TEM. Low magnification micrographs of the 5
different nanostructures are also shown in Fig. S1B-S1F. The straightforward shift in the

plasmon resonances of the Ag nanocubes, Ag@Au core-shell nanocubes, pinholed and single-



walled AuAg nanoboxes are observed in Fig. 1A. However, the UV-Vis spectrum of AuAg
nanoframes showed rather wide peaks due to the low fraction of the nanoframes (~50% as stated
in the Methods section and shown in Fig. 1F) in the solutions.
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Figure S2. Plasmonic properties of the Ag nanocube. A. HAADF STEM micrograph of a 55
nm Ag nanocube with rounded corners. B. Selected area EEL spectra of the upper left corner,
upper edge and bulk of the nanocube (areas are indicated in HAADF STEM micrograph, which
are 5 pixel by 5 pixel). C. Spectra and abundance maps of 7 components obtained by VCA

processing.



In Fig. S2A (also in Fig. 1B), an Ag nanocube (~55 nm in length) is shown. Zero-loss
peak (ZLP) subtracted local EEL spectra obtained from the corner, edge and center of the
nanocube are presented in Figure S2B, revealing the presence of several plasmon peaks located
at ~2.6 eV, ~3.1 eV, ~3.4 eV, ~3.5 eV and ~3.8 eV. VCA processing shown in Figure S2C
revealed the presence of 7 different components including the modes that can be related to the
LSPR modes generated from the corners, edges and the bulk of the nanocube. As seen in the
abundance maps of the corner modes (components #2, #4 and #5), the plasmon resonances are
not confined at the corners but diffused through the edges, which is due to the fact that the
nanocube has rounded corners, which surely affects the LSPR properties.'” This issue is further
discussed on the basis of BEM simulations and presented in the supporting information section

(see Fig. S3-S6).



o
=
&

—=Comer
———Genter
—Edge

e
=
@

Loss Energy (eV-1)

=]
=
5
—.
1

001 ¢

3
B Loss Energy (eV)
2.99 eV 3.07 e¥

v 9
&t 2

3.17 eV

¥ [nm)

y [nm)

o

x {nm)

3.7eV

i—

¥ (nm)

Figure S3. BEM simulated plasmonic properties of a 50 nm Ag nanocube standing in
vacuum. A. Simulated selected area EEL spectra of the upper left corner, upper edge and bulk of
the nanocube. B. Simulated plasmon distribution maps of 6 different modes located at 2.99 eV,

3.07eV,3.17eV,3.40¢eV, 3.70 ¢V and 3.80 eV.

Figure 3 shows the BEM simulated plasmonic properties of a 50 nm Ag nanocube with
sharp corners standing in vacuum. As discussed in the manuscript, plasmon resonances of the
experimentally investigated Ag nanocube are not well confined at the corners and/or edges due

to the fact that it has rounded corners. Ideal case with a perfect nanocube standing in vacuum



would generate plasmon resonances confined at the corners, edges end/or faces of the nanocube

as shown in Fig. S3B.
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Figure S4. BEM simulated plasmonic properties of a 50 nm Ag nanocube standing on a 15
nm SizN, substrate. A. Simulated selected area EEL spectra of the upper left corner, upper edge
and bulk of the nanocube. B. Simulated plasmon distribution maps (induced electric field

intensity) of 10 different modes.

Another difference between the experimentally obtained Fig. S2 and simulated Fig. S3 is
the presence of a substrate which also affects the plasmonic properties.”™* Figure S4 shows the
simulated plasmonic properties of a 50 nm Ag nanocube standing on a 15 nm Si3N4 substrate,
which reveals the excitation of at least 4 additional plasmon modes compared to those excited
from Ag nanocube standing in vacuum (Fig. S3). As the plasmon resonances of the nanocube
interact with the substrate and hybridize’ various proximal (in contact with the substrate) and
distal (not in contact with the substrate) modes are generated. In order to reveal the proximal and
distal LSPR modes better, we have simulated the plasmon distribution maps, i.e., the induced

electric field intensity, in 3D (Fig. S4B). It is also worth noting that plasmon resonances shifted



to lower energies and/or lower energy proximal modes are generated after the interaction with

the substrate.
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Figure S5. Effects of corner rounding on the plasmonic properties of Ag nanocubes. BEM
simulated selected area EEL spectra of the corner (in blue), edge (in red) and bulk (in green) of

Ag nanocubes (in vacuum) with perfect corners and corners rounded by 2 nm, 5 nm and 10 nm.

Figure S5 shows the effects of corner rounding on the plasmonic properties of Ag
nanocubes (in vacuum), where BEM simulated local EEL spectra from the corner (in blue), edge

(in red) and bulk (in green) of Ag nanocubes with perfect corners and corners rounded by 2 nm,
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5 nm and 10 nm are presented. As the corner rounding increases, two main issues stand out: (i)
localized surface plasmon resonances shift to higher energies and (ii) corner modes merge with

edge modes and the edge modes merge with face modes.
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Figure S6. Comparison of plasmonic properties of Ag nanocubes with perfect and rounded
corners. BEM simulated selected area EEL spectra of the corner (in black), edge (in green) and
bulk (in red) of Ag nanocubes (on 15 nm thick Si3;Ny substrates) with perfect corners and corners

rounded by 15 nm.

With Figure S6, we summarize discussions on the effects of both the substrate and the

corner rounding on the plasmonic properties. From the HAADF STEM micrograph presented in



Fig. S2A, we have assumed that the experimentally investigated Ag nanocube has corners
rounded by about 15 nm. When we model such a nanocube on Si3;N4 substrate, we can see an
adequate qualitative agreement between the experimentally obtained EEL spectra (Fig. S2B) and
BEM simulated EEL spectra (Fig. S6) is obtained. The simulated spectra are convoluted with a
Gaussian profile, where each point is convolved with a Gaussian function having a full width at
half-maximum of 0.2 eV,’ in order to take into account the instrumental broadening and enable
comparison with experimental data.

Figure S7 shows the HAADF STEM micrograph of a 51 nm Ag core — Au shell (more
likely an AuAg alloy shell) core-shell nanocube and background subtracted local EEL spectra
from different locations. Presence of wide peaks with several maxima are observed in these
spectra, where it is noteworthy to point out that the EEL spectra obtained from the upper left
corner and upper right corner are different from one another, suggesting the presence of some
compositional differences between these corners. This issue is clearly revealed by the plasmon
distribution maps obtained by VCA processing (5 different components and their abundance
maps are shown in Fig. S7C) where the component #5 representing the bulk plasmon mode of
Ag reveals that galvanic replacement reactions are not 100% homogeneous. By interpreting this
plasmon map as an indication of Ag distribution, it can be seen that the upper right corner is
corroded more than the other corners, resulting the presence of plasmon resonances at relatively

lower energy of 2.3 eV which is confined mostly at the upper right corner.
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Figure S7. Plasmonic properties of the Ag-Au core-shell nanocube. A. HAADF STEM
micrograph of a 51 nm AgAu core-shell nanocube. B. Selected area EEL spectra of the upper left
and right corners, upper edge and bulk of the nanocube (areas are indicated in HAADF STEM
micrograph, which are 5 pixel by 5 pixel). C. Spectra and abundance maps of 5 components

obtained by VCA processing.
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Figure S8. Spectra and abundance maps of the VCA components related to the background

contribution and interband transitions for the pinholed AuAg nanobox.
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Figure S9. Distribution of plasmon intensities for the single-walled AuAg nanobox obtained

by spectral filtering with a window of 0.2 eV. Plasmon distribution maps between 1.6 — 1.8
eV,1.8-2.0eV,22-24¢eV,2.4-2.6eV and 2.6 — 2.8 eV are presented, which confirms the
homogeneous distribution of the plasmon resonances. Note that intensities of the plasmon maps

are normalized to maximum and minimum values among all 6 maps.
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Figure S10. BEM simulations of the single-walled AuAg nanobox with sharp corners. A.
Structural model used during simulations. B. Simulated local EEL spectra obtained from the
corner, edge and center of the nanobox. C. Simulated plasmon maps of 4 different LSPR modes
located at 1.94 eV, 2.16 eV, 2.44 eV and 2.62 eV along with their induced electric field intensity

distribution maps in 3D (lower row).
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Figure S11. Distribution of plasmon intensities for the AuAg nanoframe obtained by

spectral filtering with a window of 0.2 eV. Plasmon distribution maps between 1.4 — 1.6 eV,
1.6-1.8¢eV,1.8-2.0eV,2.2—-24¢V and2.4—2.6 eV are presented, confirming the
homogeneous distribution of the plasmon resonances and interaction of the inner and outer
resonances. Note that intensities of the plasmon maps are normalized to maximum and minimum

values among all 6 maps.
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Figure S12. BEM simulations of the AuAg nanoframe with perfect corners and walls. A.
Structural model used during simulations. B. Simulated local EEL spectra obtained from the
corner, edge and center of the nanoframe. C. Simulated plasmon maps of 4 different LSPR

modes located at 1.05 eV, 1.13 eV, 1.43 eV, and 1.83 eV

2.75 eV

Figure S13. BEM simulations of the AuAg nanoframe. Simulated plasmon maps of 3 different
LSPR modes located at 2.24 eV, 2.41 eV and 2.75 eV. These modes are higher energy modes of

the simulated AuAg nanoframe and are complementary to Fig. 6 of the main text.
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Figure S14. BEM simulated sensitivity of Au nanostructures. Sensitivity of spherical Au
nanoparticles, Au nanocubes, Au nanoboxes and Au nanoframes, against the change in the
surrounding medium. Blue spectra are in water with a refractive index n = 1.33, green spectra is
an environment with a refractive index of n = 1.39, red spectra are the case for the medium with

a refractive index of n = 1.45.
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As stated in the main text, label-free optical sensing with plasmonic nanoparticles is
based on the detection of adsorbate induced refractive index changes near or on the
nanoparticles, which change the dielectric constant of the surrounding medium. Adsorbate
induced shifts in LSPR can be expressed as Amay, Which is simply equals to:

Alinax = Amax < after > — hax < before >.
The sensitivity of plasmonic nanoparticles can be quantified by using the term sensitivity factor
(SF), which is defined as the nanometers of shift in the LSPR peak of the nanoparticle per the
refractive index unit (nm/RIU) of the surrounding medium.’” Thus, a higher SF depicts the
generalization of larger shifts in the LSPR peak of the nanoparticle with smaller changes in the
refractive index of the surrounding analytes.®

After experimentally obtaining an enhanced sensitivity with the hollow nanoboxes, we
present the comparison of the sensitivities of different Au nanostructures such as 50 nm spherical
Au nanoparticles, S0 nm Au nanocubes, 50 nm Au nanoboxes with 7 nm thick walls, 50 nm Au
nanoframes with 7 nm walls and a spherical void (R = 25 nm) in each face, by using BEM
simulations. It should be noted here that we have assumed rounded corners with a radii of 5 nm
for the cuboid nanostructures in order to make them more realistic, as discussed in the present
paper extensively. Sensitivity factors are highly dependent on the shape and composition of the
nanostructures,’ for this reason we have used pure Au for all the nanostructures in order to study
just the shape effects in sensitivity factors of different nanostructures. Figure S14 shows the
BEM simulated UV-Vis spectra of the Au nanostructures in 3 different media. Since we have
used nanoparticles in water to sense BSA conjugation events experimentally, we assumed a
water ambient with a refractive index of n = 1.33, which is also used as reference and shown in

blue lines. Then, we change the refractive index of the surrounding medium to keep track of the
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shifts of LSPR peaks, where UV-Vis spectra shown with green and red lines are obtained by
assuming media with refractive indexes of n = 1.39 and n = 1.45, respectively. In general, by just
looking at the Fig. S14, one can see that Au nanoframes have the highest sensitivity to the
changes in the environment whereas the spherical Au nanoparticles have the lowest among these
nanostructures. More accurately, one can express these changes with the sensitivity factor (SF).
BEM simulations revealed that Au spheres have a SF = 92 nm/RIU, Au nanocubes have a SF =
173 nm/RIU, Au nanoboxes have a SF = 204 nm/RIU and Au nanoframes have a SF = 495
nm/RIU. Higher sensitivity of the hollow nanostructures is not something unexpected as it is
reported in the literature™®’ and shown experimentally here. However, it should be underlined
here that the SF difference between Au nanocubes and Au nanoboxes, which have essentially the
same outer surface area, are a lot lower than the values reported experimentally in the literature.
For instance, Sun and Xia’ compared the sensitivity of Au nanospheres and nanoshells and
reported that a SF of 60 nm/RIU measured for the solid nanosphere becomes 409 nm/RIU for the
case of a hollow nanoshell of the same size, which corresponds to almost a 7 fold increase in the
SF. Similarly, in their review article, Mahmoud et al.® tabulated a 5 fold increased SF when
comparing Au nanocubes and hollow Au nanocages. Such a discrepancy can have two main
reasons, basically due to compositional and morphological differences. Firstly, the presence of
Ag in the so-called hollow Au nanostructures may increase the SF of experimentally investigated
hollow nanostructures since Ag is known to have better SF than Au.*’ To check the effect of
composition, we have simulated the response of 50 nm nanocubes composed of 60% Au and
40% Ag (similar to the composition of experimental nanoboxes) and obtained a SF of 181
nm/RIU, which is only 8 nm/RIU higher than the SF of pure Au nanocubes. We have also

simulated the sensitivity of the AuAg nanoboxes composed of 60% Au and 40% Ag and found
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that it is almost the same as the case of pure Au nanobox (SF= 204.2 nm/RIU). So, only the
compositional differences cannot be accounted for the higher SF of the experimental hollow
nanoparticles. Synthesized hollow nanoshells, nanoboxes or nanocages are known to have
multiple voids on the faces.*'*'" Yet, hollow nanoboxes are simulated as having intact walls.
The presence of voids along the nanostructures would increase the surface area of the
nanostructures and thereby increase the sensitivity, explaining the discrepancy shown before

between experimental and simulated results.
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