Universita degli Studi di Napoli Federico Il

DOTTORATO DI RICERCA IN FISICA

Ciclo XXXVI

Coordinatore: prof. Vincenzo Canale

Anisotropic Nanoparticles for
Enhanced Plasmonic Effects

Settore Scientifico Disciplinare FIS/07

Dottorando Tutor
Adriano ACUNZO Prof. Raffaele VELOTTA

Anni 2021/2024






Contents

Introduction

Chapters

1. Selected Topics from Plasmonics
1.1 What s a Plasmon
1.1.1 The Collective Description of the Interacting Electron Gas
1.2 Localized Surface Plasmons (LSPs) in Classical Optics
1.2.1 Quasi—static Approximation of Mie Theory
1.2.2 Elements of the Full (Electrodynamic) Mie Theory
1.3 Nanophotonic Simulations
1.3.1 Simulations of EF,
1.3.2 Simulations of 04ps, Osca, Oext
1.3.3 Lumerical: High-performance Simulation Software
1.3.4 Modelling of a Fe304@Au CSMP
2. Nanofabrication
2.1 Turkevich’s Inherent Seed—mediated Growth Dynamics
2.2 Isotropic and Anisotropic AuNPs via Seed—mediated Methods
2.2.1 Synthesis of CPC—capped Gold Seeds
2.2.2 Synthesis of Gold Nanospheres (AuNSs)
2.2.2.1 Morphological and Optical Analysis of AuNSs140
2.2.3 Synthesis of Gold Nanocubes (AuNCs)
2.2.3.1 Morphological and Optical Analysis of AUNCs60
2.3 Electrostatic Self-assembly of AuUNPs on Glass
2.3.1 Case 1: SAMs of Negatively Charged AuNPs
2.3.1.1 Morphological and Optical Analysis
2.3.2 Case 2: SAMs of Positively Charged AuNSs and AuNCs

3



2.3.2.1 Morphological and Optical Analysis of AuNSs140 and AuNCs60 Arrays

2.3.2.2 Investigation of Unusual Collective Plasmon Phenomena

3. Metal-enhanced Fluorescence (MEF)
3.1 Enhancement of the Optical Absorption
3.2 Enhancement of the Optical Emission

3.3 Enhancement of the Photoluminescence

free =1

rad

3.4 The Special Case of n
3.4 Symmetry Breaking: Towards Anisotropic Nanoparticles
4. A Comparative Study on Nanostructures MEF performance with dsDNA as Spacers
4.1 Preliminaries: dsDNA Spacer and High Quality Fluorophore
4.2 Spectral Matchings: Plasmons vs Fluorophore vs Filters bandpass
4.3 Experimental Results
4.4 Discussion and Analysis
4.4.1 Low Concentration Regime: 1 nM HS dsDNAs
4.4.2 Low Concentration Regime: 2.5 nM HS dsDNAs

4.4.3 High Concentration Regime: 500 nM HS dsDNAs

Conclusions

Appendices

Appendix A. Seed—-mediated Growth Synthesis
A.1 Initial CTAB-capped Gold Seeds
A.2 Gold Nanorods (AuNRs)
A.3 Final CPC-capped Gold Seeds (From AuNRs Dissolution)
A.4 Gold Concave Rhombic Dodecahedra (CRD)
A.5 Gold Nanospheres (AuNSs) (From CRD Dissolution)

A.6 Gold Nanocubes (AuNCs)



Appendix B. Fabrication of Electrostatic SAMs of AuUNPs on Glass
B.1 SAM of Negatively Charged (Turkevich’s) AuUNPs on Glass
B.2 SAM of Positively Charged AuNSs and AuNCs on Glass
Appendix C. Morphological Analysis
C.1 General Processing of SEM/STEM Micrographs
C.2 Coding of the Simulation Model
Case 1: SAM of spheroidal/spherical AuNPs
Case 2: SAM of AuNCs
C.3 Iridium Sputtering Layer
Appendix D. dsDNA Sequences
Appendix E. Procedures for MEF Experiments
E.1 Use and Quantification of dsDNAs
E.2 Samples Preparation
E.3 Instrumentation for Fluorescence Imaging
Appendix F. Supplementary Material
F.1 Dissolution of CRD200 at Low Concentration (0.1 uM) of HAuCl,
F.2 Simulated Spectra for AuNS140 at Increasing CTAB Content
F.3 AuNSs140 at low concentration of CTAB, Exp. Vs Sim.
F.4 Length and Width Distributions of AUNCs60
F.5 AuNSs140 at 0.8 uM CTAB vs single AuNS140 on glass in water
F.6 A gpg for a 120 nm AuNSs random array at varying NND
F.7 Supplementary EF, ,,, Field Profiles
F.7.1 Single AuNS140 and AuNC60 on Glass in Water

F.7.2 Selected ROIs from AuNSs140 and AuNCs60 Arrays in Water

References



Introduction

Single—molecule detection is a current challenge in biosensing, posed by the great concern for
ultra—sensitivity in biomedical analyses, especially in the wake of the COVID-19 pandemic. Many
pathogenic and non—pathogenic diseases present chemical and biological markers in clinical
samples at trace concentrations as low as attomolar (aM) levels. Early diagnostics often requires
detecting such low analyte concentrations. Additionally, single—molecule detection is also needed
when only a minimum volume of sample (few uL) is available, or when multiplexed analysis of
many target analytes is demanded simultaneously.

Research in single—molecule bioanalytical technologies has primarily focused on optical detection
techniques. These techniques generally exploits high—quality photodetection methods or optical
enhancement mechanisms, or both, in order to increase the sensitivity and selectivity towards
target analytes. For instance, waveguide interferometric biosensors, which employ bimodal
nanowaveguide interferometers, are a relevant example of the former technology. Instead, the
latter employs enhancement mechanisms provided by plasmonic structures and nanostructures
upon optical excitation of surface plasmons (SP) and localized surface plasmons (LSP), respectively.
SPs and LSPs lead to the enhancement of the external optical perturbation within a subwavelength
volume surrounding the plasmonic structure/nanostructure, reaching a maximum at the SP
resonance (SPR) or LSP resonance (LSPR) wavelength. In this thesis, we will deal with the plasmon-
enhanced effects offered by simple plasmonic nanostructures made by arrays of both isotropic and
anisotropic gold nanoparticles (AuNPs).

A large class of optical nanoplasmonic biosensors directly exploits the aforementioned inherent
plasmon—enhanced phenomena and, hence, are often termed “LSPR—based” biosensors. Typical
sensing parameters are related to the extinction spectrum of the nanostructured transducers, such
as shifts of the LSPR wavelength or variations of the LSPR peak intensity, both due to variations of
the local refractive index contingent to analyte detection. Therefore, LSPR—based biosensors offer
label-free detection and can also provide real-time responses to the variations of the local
refractive index. However, this class of biosensors typically reaches limits of detections (LODs) in
the range nM—pM, which are sufficient in many cases, but still far from the aM level (typically
assumed as synonymous with single—-molecule level).

Among the plasmon—enhanced optical techniques capable of single—-molecule detection, those
relying on the amplification of an external signal (not inherent to the transducer), such as surface—
enhanced Raman spectroscopy (SERS), surface—enhanced infrared absorption (SEIRA), and
surface—enhanced fluorescence are the most studied. The latter is usually referred to as plasmon—
enhanced fluorescence (PEF) or metal-enhanced fluorescence (MEF) depending on which aspect,
the physical principle, or the material, is given priority. We will treat them as synonymous and use
the MEF acronym.

We will thoroughly investigate the MEF technique, covering all the main steps involved in
developing and testing simple nanostructures which could be employed in the future as
transducers for MEF-based biosensors. These steps include formulating basic concepts, designing
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the experiment, simulating the devices, fabricating them, conducting experimental measurements,
and finally, comparing the results with computational outputs. Our primary focus will be thus on
methodology. Indeed, despite MEF has a long scientific history, its applications are still in its
infancy because of complex underlying physicochemical phenomena which are not yet fully
understood. As a consequence, there are no general practical instructions on the choice of proper
fluorophores, spectral matchings, excitation wavelengths, etc. We will provide our guidelines based
on our understanding, or interpretation, of MEF. We believe that our holistic and meticulous
approach to this subject can be of practical utility in developing MEF—based biosensors or, at least,
in increasing awareness of the challenges involved and how to address them.

We will apply our methodology for determining the extent to which the MEF performance of
simple nanostructures, such as random arrays of AuNPs, can be improved by the adoption of
anisotropic AuNPs instead of isotropic ones (nanospheres). With state—of-the—art seed—mediated
growth methods, various types of high—quality anisotropic NPs can now be synthesized with
exceptional vyield and monodispersion. MEF mechanisms benefit from the enhanced
electromagnetic field offered by sharp features, enabling enhancements of photoluminescence by
sharp anisotropic polyhedral NPs alone, while leaving the rest unmodified. Even relatively small
improvements in fluorescence intensity, such as a factor of 1-10, can substantially lower the LODs
by orders of magnitude, possibly reaching fM—aM levels, i.e., single-molecule detection.

The thesis has been organised to gradually introduce the reader to plasmonics, AuNPs synthesis,
AuNPs array fabrication, and finally, our MEF study. Chapter 1 includes a selection of topics from
Plasmonics. The concept of volume plasmons as excited collective oscillations of an interacting
electron gas (due to the long—-range part of the Coulomb potential) is first introduced in a classical
hamiltonian formalism, and then discussed in both the first and second quantization formalisms.
The possibility to excite plasmons in metal nanoparticles by optical radiation marks the transition
to the classical Mie theory. The two main predictions of the quasi—static approximation of Mie
theory are then pragmatically discussed by using nanophotonic simulations. The simulation
software and the simulation workspaces used throughout this work are presented and discussed in
detail. Finally, a selection of simulations from our recent works are presented to highlight the
essential role played by simulations in plasmonics.

Chapter 2 is devoted to nanofabrication. Both isotropic (spherical) and anisotropic (cubic) gold
nanoparticles were synthesized combining seed—mediated methods with Liz-Marzan’s dissolution
reaction, embracing Mirkin’s renewed attention to seeds quality. Meticulous morphological
characterizations and analysis of the nanoparticles products are presented, particularly for
nanocubes. All interesting experimental results are corroborated by FDTD simulations run by Ansys
Lumerical software. In this case, they were paramount for the modelling of nanocubes as
“rounded” nanocubes. Finally, electrostatic self-assembly technique was used for the fabrication
of random arrays of nanospheres and nanocubes on glass substrate. Collective plasmon
phenomena were observed and then deeply investigated by FDTD simulations.

Chapter 3 starts with the analytical treatment of the metal-enhanced fluorescence (MEF)
developed by Khurgin and Sun (et al.). Both absorption and emission of molecules placed close to a
metal nanosphere are described as two-step processes in the presence of the plasmon modes
supported by the sphere. A clear understanding of what is and what is not possible to achieve by
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MEF is provided. In particular, the role played by the total absorption cross section of the
molecules in limiting the absorption enhancement is unveiled. The negative impact of the higher—
order modes of a sphere on the emission enhancement is highlighted. Then, the special case of
fluorophores with high original quantum yield is presented through the classical works of Anger,
Bharadwaj, and Novotny. Especially for these fluorophores, whose quantum vyield can only
diminish during MEF processes, the breaking of the spherical symmetry is advised as a route to
limit the quenching. Anisotropic nanoparticles are thus introduced as a natural way to address the
issue, as well as to further increase the absorption enhancement thanks to higher electric fields
produced by their sharp features.

Chapter 4 presents our comparative study of the distance-dependent MEF performance on two of
the fabricated nanostructures: an array of nanospheres serving as a reference and an array of
nanocubes. We provide and thoroughly discuss our guidelines for a MEF experiment (see above).
In particular, we consider the choice of a high-quality fluorophore over a low-quality one as the
most suitable for future biosensing applications, as the fluorescence intensity is the actual sensing
parameter to be maximized rather than its enhancement. Additionally, double-strand DNAs
(dsDNAs) were employed as nanometric spacers, which are highly appealing from a biosensing
perspective. We analyse and discuss the experimental results one by one with the help of
simulated electromagnetic field profiles of target nanoparticles from the arrays. Few results could
not be fully explained by MEF mechanisms and may be attributed to the complexity of dsDNA. In
particular, we speculate about a novel effect.

After a brief conclusion, the last part of the manuscript includes supplementary, but relevant,
material such as: nanofabrication protocols and procedures (Appendix A and B); technical details
about the morphological analysis of electron micrographs by Imagel software (Appendix C); dsDNA
sequences (Appendix D); MEF experiments procedures (Appendix E); and supplementary data,
analysis, and simulations (Appendix F). The list of references finally closes this manuscript.



Chapter 1. Selected Topics on Plasmonics

1.1 What is a Plasmon

Plasmons are the quanta quasi—particles (bosons) describing the excited collective oscillations of
the valence electrons of a metal.’2 These collective oscillations can be excited either by inelastic
scattering of fast electrons, acting as longitudinal probes, or by scattering of high—energy
electromagnetic (EM) radiations, acting as transverse probes. The former method results in
electron energy loss spectra (EELS), and is more suitable for the excitation of plasmons in the high-
energy region (= 15 eV), whereas optical experiments excite plasmons in the low—energy region.?
Plasmons can be excited in the interior volume of bulk metals (volume plasmons, VP), at the
metal/dielectric interface of bulk metals or metal films (surface plasmons, SP), or at the
metal/dielectric interface of metal nanoparticles (NPs) or nanostructures (localized surface
plasmons, LSP). 173 It is easy to understand that the energy required to excite VPs, SPs, and LSPs are
generally ordered as E[VPs] > E[SPs] > E[LSPs] since the number of electrons moving together
in a coherent fashion decreases with dimensionality. This is the fundamental reason why VPs are
more easily excited by fast electrons (keV). Instead, SPs and LSPs can be easily excited even by
optical frequencies (1.5 — 3 eV) (SPs need momentum matching by gratings and prisms; LSPs can
be excited in NPs even in vacuum thanks to the small size).?

1.1.1 The Collective Description of the Interacting Electron Gas

In this section, we will follow the works by Pines! and Madelung? to illustrate how plasmons
emerge in an attempt to circumvent the divergences which affects any perturbative treatment of
the Coulomb interaction. The Coulomb interaction (equation (1.0)) cannot be rigorously treated
by perturbation techniques beyond the first order, as the contributions of second and higher
orders diverge. These divergences arise from the long—range part of the Coulomb interaction.
Various many-body approximations have been developed to circumvent this difficulty, e.g.,
Hartree and Hartree-Fock approximations. The method we illustrate here circumvents the
divergences by splitting the Coulomb interaction into two parts, a short-range and a long-range
interaction. The long—-range part, which is firstly neglected, is reintroduced in the description in the
form of additional collective oscillations of the electron gas, termed (volume) plasmons.

Let us consider an electron gas with a uniformly distributed charge density. If we now introduce an
additional negative charge at a point r (roughly resembling an EELS experiment), the uniform
negative charge distribution is broken, and electrons are driven away from r (where the probe
charge is placed) by Coulomb repulsions. On account of the long-range part of the Coulomb
potential, the rearrangement will initially extend too far, and the electrons will possibly start to
flow back and forward seeking a new equilibrium: collective longitudinal oscillations/waves in the
electron gas charge density (plasma oscillations or plasmons) possibly appear. At the end of this
dynamical process, the system reaches a final equilibrium state. On account of the short-range
part of the Coulomb potential, the electrons rearrangement entails a positive charge—cloud around
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the probe electron in r compared to the average charge density of the electron gas. This in turn
means a screening of the charge of the probe electron inr.

According to the above—mentioned picture, screening of the Coulomb interaction of individual
charges and collective oscillations result from the short-range and long-range parts of the
Coulomb potential, respectively. Therefore, this treatment starts with the Coulomb potential U and

its rewriting as a Fourier series, indexed by k. A specific K. (to be determined) realizes the division
into the short-range (k > k) and long-range (0 < k < k.) parts, see Figure 1.1

In formulae:

ek (ri— r])

i#j] k#0

(1.0)
1k(r1 r])]
e l\ ¥
lil k>kC 0<k<kc

where Vg is the volume of the electron gas and g, the dielectric constant of the vacuum. The term

associated with k = 0 was neglected as it yields the mean value of the Coulomb potential, i.e., a
finite constant value which can be set to zero.

It is also worth to write down the usual Hamiltonian for the interacting electron gas

pil?
H= m +U (1.1)

Coulomb potential
........... Short—range part
i = « = «—— Long-—range part

\ —— —— —— Exponentially screened
lIl Coulomb potential
"

¥

\

\

Components of Coulomb potential

Reduced coordinate kcr

Figure 1.1 The Coulomb potential (solid line) and its division into a short-range component (k > k.) (dotted line) and
a long-range component (0 < k < k.) (dash dotted line). (From Madelung?)

An interacting electron gas is a gas of electrons interacting with the (electrostatic) Coulomb field

which they themselves produce. Generally, the Hamiltonian for electrons in interaction with an
electromagnetic field can be written as:
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H=

+ He.m. free (1-2)

Z (pi +2erfr\1(ri))2 B z e (r)

1

where we recall that A = (P, A), B=VXA, E=-V® —Z—? being ® the scalar potential, A

the vector potential, B the magnetic field and E the electric field. Instead, Heyy free iS the
Hamiltonian of the “free” electromagnetic field.

In our case:
{ B=0 ) 1 k "
= VXA=0 > A= Z—le i (1.3)
B=VxA VVego g K

where the last implication results from a straightforward calculation, i.e., writing A(r) as the
Fourier series A(T) = Y0 Qxe'® " and requiring V X A = 0. In particular, it results Qi / k. The
factor 1/\/% is chosen for convenience. For the properties of Fourier series, k = (Zn/i/Vg)n
with n € Z3 — {0}. Since A is real, the Fourier coefficients are such that Qj = —Q_p.

Let us now choose the Weyl gauge (also known as temporal gauge). It follows:

gauge Weyl: N — _O_A - _ 1 1_( QpekTi = — 1 —p elki (1.4)
¢=0 ot \} VgEO k=0 k \} VgEO k=0 k

where we set Qk = Py. In fact, it can be shown that (Qy, P) are canonical conjugates variables.
Since E is real, it must be Py = —P_.

Formula (1.4) allows to calculate He 1y, free in Our case:

80 1 k " k’ o . A 1 %
Hem. free = ?flElde = oV Kk’ PPy, f el(k+k )i dv; = Ez PP, (1.5)
8 kkiz0 k=0
where we used the relations fei(k“")'r dV = Vg8 _yr and By = —P_y.

Therefore, the Hamiltonian (1.2) can be formally rewritten as:

2
= E P; fE e Qe —E kP -
Zm i Vgsok;tok 2

k+0

The fundamental idea by Pines® (and Bohm) was to write down a “hybrid” Hamiltonian of the kind
shown in (1.6), i.e., including both the old (p;, ;) and the new collective (Qy , P) variables rather
than only (Qx,Py). In fact, the only well-defined collective modes are the long—wavelength
plasmons associated to 0 < k < k., whichare N’ = kg’Vg/67t2 in number (ratio between a sphere

. . 4 . . .
of radius k., i.e., gﬂkc3, and the elementary volume associated to each K, i.e,, (2n)3/l/g). Since

only these N’ coordinates describe longitudinal collective modes, and since N' << N for
electrons in metals, it is not fruitful to attempt a complete redescription of the single—particle
motion by collective coordinates only.
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The additional N’ collective variables would raise the degrees of freedom of the system without N’
constraints connecting the two sets of coordinates. Maxwell’s equation V- E — p/e; = 0 provides
the necessary constraints. After expanding p(r) = e Y ; 8(r —rj) as a Fourier series, we will have
for each Fourier component:

constraints: elkTi =0, (1.7)

There is a constraint for each new pair (Qy , Px). The number of degrees of freedom is preserved.

It is also worthwhile to note that the constraints (1.7) allows the following rewriting of the
expression (1.5) previously found for Heg 1y free:

lk (ri— rj)
Hem. free = 5 zpk k_ZV zz
k=0 k¢0 ij
(1.8)
2V g€0 £ kz'

in other words, Hea 1y free iS the Coulomb potential plus the self-energy contributions, which we
need to subtract “by hand” from equation (1.6) for physical consistency.

Considering eq. (1.8), we can rewrite the Hamiltonian (1.6) in a specific “hybrid” manner, with the
long—range terms (0 < k < k.) expressed as functions of (only) the new collective coordinates
(Qx , By) and the short-range terms (k > k) as functions of (only) the old coordinates (p;, 17): 2

2

1 z N e kQ ey |4
=5 Pi Z T ke
2m i /Vggo = k

0<k<k,
P Ry S
k'k = 5yr -~
- 2Vgeg - k2 (1.9
0<k<k, 0<k<k,
ik (ri— r,) NeZ2 1
+ Z 2% PN=
2V,e ZVgEO - k
1<>1<C k>Kk

The first line accounts for the kinetic contributions from all the individual electrons as well as for
“mixed” terms (to be better interpreted), i.e., terms exhibiting products of old and new variables.
Since there are only N’ collective variables Qy, associated to 0 < k < k_, the original sum over all
k # 0 reported in equation (1.6) reduces to the sum over the ksuch that 0 < k < k..

The second line accounts for the long-range part of the Coulomb potential, entirely expressed in
terms of the new collective variables. The third line accounts for the short-range parts of the
Coulomb potential, entirely expressed in terms of the old variables. Note that the self-energy
contribution can be re-absorbed into the main sum over i, j as soon as one further imposes i # j.
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The Hamiltonian (1.9) is equivalent to the (1.6), which is equivalent to the (1.1), once the
constraints (1.7) are fulfilled. We are just describing the same system differently.

Computing the square and reorganizing the addenda, we obtain:

b Ipll Z z el (i r,)
2V 2€0

1:#] k>kc
Z (P Pe + 02QLQ mw") +
)
kT Pp kel (1.10)
o<k<kC
pl ik- k " kl (k+k’) i
Z Z —Q e ——— ; Qka'ECI i
m,/V €0 2Vggom & kk i
0<k<kc k' #—k

Kk’ <k
wheren = N/V, and w,, = ne? is called “plasma frequency”
= g P = \meg P q y~

The first line is the Hamiltonian of an electron gas with screened Coulomb interaction (k > k).

The second line is a sum over Hamiltonians of independent harmonic oscillators of frequency w,
(less the self-energy), and describes the well-defined, long-range (0 <k <k.) collective
oscillations of the electron gas (plasma oscillations).

The third line is the interaction Hamiltonian between screened electrons and plasmons. The
interactions follow from the products between the new collective coordinates Qg and the old
individual coordinates p; and r;.

The above treatment was entirely classical. Let us now move to the quantum description.
Assuming the usual commutation relations between canonical variables, we have:

[riec» Pjp] = 178358 . .
= [pi, e*71] = (2p; — 7ik) e*Ti . (1.11)

[Q P ] = ih8yye

The quantum Hamiltonian is:

o |p1|2 eike(ri— r])
2V soz Z

1:#] k>kc
2

1 . 9 mwy
+ E Z Py Pk + prka - 7 +
K
0<k<k,
N e Z Q k Z( hk) ilery (1.12)
— —_— 2 —— e 1
0<k<ke
e? kK o
_ZV o K — QQy’ Z e1(k+k )i
kl

-k i
kk'<kc
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The interpretation for the various terms is the same for the classical case. Let us just stress that the
second line is the Hamiltonian (less the self-energy) of non-interacting quantum harmonic
oscillators. These are the quanta of the collective oscillations of the electron gas.

To better interpret the interaction terms and to gain a deeper insight, we can eventually rewrite
the Hamiltonian (1.12) according to the second quantization formalism. Let us then consider the

creation and annihilation operators for bosons and fermions, denoted by a,t,ak and c,t, Ck
respectively, satisfying the algebras [ay, af] = 8 and {cg, cf} = 8- Electrons are fermions
while plasmons are bosons (as they are described by harmonic oscillators). It easily follows that
Qr = /2w, (ar + al,). Considering a basis of plane waves labelled by k;, each of the addenda
of the Hamiltonian (1.12) can be manipulated, obtaining the representation in Fock space:?

H = Hel,l + Hel,z + le + Hel—pl,l + Hel—pl,z =

hk? .
= %ckck+
k

2
e 1 ot
T Woa L k2 Ly Charrk kel
I kSke Ky Ky

+ Z h ( i +1) may +
w, |apa, +=)—
ANV 2 (1.13)

0<k<k

+ Nk kg + k) (auch suci, + atich i) +
4 8 V,eom2k? 4 A AkChy+kChy T Ak Ch, +kCk)
0<k<kc A

2 !
e k-k
E (akakr + aikaik, + aikakr + akaik,)c

-I.
— — c
2V, ggm ki’ Ktk +hy “Ka

e k! <k

k'#-k
The first line in Equation (1.13), Hg 1, is the Hamiltonian of the non-interacting electron gas.
The second line, Hg),, represents the screened Coulomb interaction, which is described by
individual interaction processes in which the momentum k is transferred from the u—th electron to
the A-th electron (annihilation of two electrons with momenta k,, k, and creation of two
electrons with momenta k; + k and k,, — k).
The third line, Hp,, is the Hamiltonian (less self-energy) of a gas of non-interacting bosons: these
are the volume plasmons, i.e., quanta of collective oscillations of the electron gas volume.
The fourth line, Hej_py 1, represents an electron—plasmon interaction, described by processes in
which a momentum K is transferred to an electron either because it absorbs a plasmon k (first
term) or it emits a plasmon —K (second term).
The fifth line, Hej_pj 4, represents an electron—plasmon interaction of the second-order, i.e., in
which two plasmons are involved simultaneously. This term describes processes in which a

momentum (K + K') is transferred to the A-th electron through the simultaneous absorption of
14



two plasmons K, K, or simultaneous emission of two plasmons —Kk,—K’, or simultaneous
absorption and emission of plasmons +Kk.

Two final technical notes. In equation (1.13), k defines a state with spin, hence the sums over k
imply sums over spin as well. Moreover, in our case, A = (P, A) = (0, A;(r),A,(r),f(A1,AL)),
since we used the Weyl gauge ® = 0, and 0 = B = V X A is a constraint on A which allows one of
its components to be expressed in terms of the other two. Therefore, A has only two independent
components, which warrants a proper quantization of the electromagnetic field (electrostatic, in
our case), in particular, with no longitudinal states nor ghost states

We conclude this section with the estimation of k.2

MAX
Epair
for an electron-hole pair of a non—interacting electron gas. If one sees an excited state of a non-
interacting electron gas as an electron-hole pair, then, for a given k,

k. is often estimated by comparing the energy E,,; of a plasmon with the maximum energy

2,2

2m

MAX _
pair —

[(K + kF)Z - kF?] = + hKVF

2
2m
where v = hkp/m is the velocity of an electron on the Fermi sphere (the electron to be excited).

Instead, the energy of the first excited plasmon state of a non—interacting plasmon gas is simply

Epl = hop. An electron can thus excite (or decay into) a plasmon whenever Ej,; < ENA:
hZKZ
plasmon excited if By, < ENSY © o, < S T AKVE .

Let us call k, the value of k such that Ej,; = Eg'a‘?z(. It follows that:

2,2
def hek MAX

P
K=k, < Ep=hw,= m + hky Vg = Epair
K<k, = Ey>E}GY (noplasmons excited)
K>k, = Ey<EjiY (plasmons excited)

Therefore, k,, serves as a natural threshold for plasmon excitations, and one usually sets k. = k.
From the definition of k,, and the assumption k. = k,, it follows

)
k. = 2 (for small k)
Vr

Note that k. depends through w, and v on the density n of the electron gas.

For our interesting case of k < k., plasmons can neither be excited by individual pair excitations of
the electron gas, nor can they decay into them, since E,; > ngﬁf. The fact that it is impossible to
excite plasmons by particle excitations of the gas itself in the stable region xk < k., means that

plasmon effects can mostly be ignored in an unperturbed system. Pictorially, we could say that
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plasmons cannot be excited “from inside”. Plasmon effects do become important when sufficient
energy is supplied from outside, e.g., by the transit of fast electrons (keV) through a solid. Fast
electrons suffer characteristic energy losses in solids due to plasmon excitation, see Figure 1.2.

GaP

}» Interband

Plasmon

j [arb. units]
2 Plasmons

Electron energy loss [eV] ———

Figure 1.2. EELS spectrum of GaP (a semiconductor) showing characteristic features due to interband transitions, core
levels transitions, and the typical resonances due to the excitation of individual plasmons as well as the simultaneous
excitation of two plasmons.

We conclude this section by stressing that (volume) plasmons can be excited by electromagnetic
radiation, too. A fundamental question arises: how can a longitudinal mode (plasma oscillations)
be excited by a transverse mode (electromagnetic waves)? This question is ambiguous, as
electromagnetic waves are exclusively transverse in vacuum, but can have longitudinal
components when traveling through a material medium.
Indeed, Maxwell’s Equations

V-D=p V-B=0, VXE=-0/B, VXH=]J, +9dD,

ext ’

can be combined (the curl equations) to obtain the wave equations for the propagation of
electromagnetic field inside a linear, isotropic, and nonmagnetic medium (D = €,¢E, B = poH).
In absence of external charges and currents sources, (Pext = 0 and Joxt = 0):

62D Fourier 2 (DZ

VXVXE =
Whenever g(k, ) = 0, entirely longitudinal electromagnetic waves (E « K), which have the
potential to excite and sustain plasmon modes, are permitted. Specifically, longitudinal
electromagnetic waves can excite (volume) plasmons at frequencies w such that e(w) = 0.

Therefore, (volume) plasmons in a metal can be excited by electromagnetic radiation through a
suitable metal/dielectric interface. However, since the required energies are usually very high (tens
of eV, see Figure 1.2), the excitation by fast electrons (keV) is much easier and convenient.
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1.2 Localized Surface Plasmons (LSPs) in Classical Optics

Plasmons can also occur within a narrow surface layer of a solid. According to the electron gas
model, we could just think to these plasmons as electron collective oscillations localized at the
surface of the gas rather than involving the entire volume gas.»? In the case of an extended (flat)
surface, e.g., a (flat) metal or semiconductor film, such plasmons are localized in the direction
normal to the surface but extended parallel to the surface (surface plasmons, SP). In the case of a
non—extended surface, i.e., a small, closed, and curved (3D) surface of a metal NP, such plasmons
are essentially localized in all directions (localized surface plasmons, LSP). Since the number of
electrons (coherently moving) decreases with dimensionality, SPs and LSPs generally requires less
energy than volume plasmons to be excited (few eV). Remarkably, this energy can often be
provided by optical radiation (1.5 - 3 eV), eliminating the need for fast electrons (keV).

The excitation of SPs by electromagnetic radiation is contingent to a metal/dielectric interface for
reasons analogous to those discussed at the end of the previous section (the need for longitudinal
electromagnetic modes). In particular, specific configurations, e.g., Otto and Kretschmann
configurations are employed for the momentum matching.? Instead, LSPs in metal NPs do not
suffer the “momentum matching” issue and can be excited by direct illumination, even in vacuum.
This inherent feature of NPs is due to their small sizes or, equivalently, to their small, closed, and
curved 3D surface. This point will be clearer later. Therefore, the optical features of LSPs arise from
the scattering problem of a (metal) NP with an external electromagnetic field (Mie scattering
problem).* We will limit ourselves to the quasi-static (or dipolar) approximation of Mie problem.

1.2.1 Quasi-static Approximation of Mie Theory

In order to understand the colours of colloidal gold nanoparticles (AuNPs) in solution, Mie in 1908
developed a complete theory of the scattering and absorption of electromagnetic radiation by a
sphere.* We are going to illustrate its quasi—static approximation. This approximation assumes that
the phase of the oscillating external field is constant over the entire volume of the sphere.
Therefore, it is strictly valid only for vanishingly small spheres, i.e., with radius a << A, with 4 the
wavelength of the external radiation. For instance, spherical AuNPs with diameters of 10-100 nm
have LSPs resonances in the range 500-600 nm in water, hence the quasi—static approximation is
valid for diameters up to 50 nm. In practice, the quasi—static approximation provides reliable
results for metal nanospheres up to 100 nm.3* For larger nanospheres, the phase of the electric
field significantly varies over the sphere volume, and the full electrodynamic approach is required.

It is worth noting that the quasi—static approximation consists in considering an electric field with
no spatial dependence, of the type E(t) = Eoe_i“’t with E the electrostatic part. This field has no
momentum (it does not travel through space), hence g(k, w) = 0, which implies that the field is
longitudinal and can always excite and sustain plasmons. Therefore, we readily see that in the
guasi-static approximation plasmons can always be excited by direct illumination, even in vacuum.
Since the approximation holds when a <« 4, we conclude that nanoparticles LSPs can be excited by
direct illumination as their nanoscale size intrinsically facilitates the momentum matching.

The quasi—static approximation provides analytical solutions for many interesting quantities when
considering a homogeneous and isotropic metal nanosphere of radius a << A (described by a
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complex dielectric function &, (w)) embedded in a homogeneous, isotropic, and non—absorbing
medium (real dielectric constant &,), interacting with an external time—harmonic electromagnetic
field. The phase of the harmonically oscillating electromagnetic field is nearly constant over the
particle volume, so that one can calculate the spatial field distribution by assuming the simplified
problem of a sphere in an electrostatic field E = E, Z. The harmonic time dependence can then be
added to the solutions once the spatial field distributions are known. Figure 1.3 sketches the
problem in spherical coordinates. We will follow the work by Maier? in the following.

&

Figure 1.3. Homogeneous and isotropic metal nanosphere placed into an electrostatic field.

Given the azimuthal symmetry of the system, the general solution of the Laplace equation A® = 0
for the electrostatic potential ® s>

[0e]

d(r,0) = Z[Alrl + By~ V)P (cos 0) (1.14)
=0

where P;(cos®) are the Legendre polynomials of order [ and 6 the angle between r and the z-axis.

After imposing that ® remains finite at the origin, the solution (1.14) can be separated into the
contributions inside ®;,, and outside @, the nanosphere:

dDin(r, 9) = ZAITIPI(COS 9) (1153)
1=0
Doue(1,0) = Z[Blrl + Cr~ V)P (cos 6) (1.15b)
1=0

Note that the coefficient relative to 7~(*1 in the (1.15a) is lacking as it must be zero to keep finite
®;, at the origin (centre of the sphere).

The coefficients A4;, B; and C; are determined from the boundary conditions at infinite (r — o0) and
at the sphere surface (r = a). At r - oo, it must be ®,,; @ —Eyz = —E,r cos 8, which demands
B; = —E, and B; = 0 for [ # 1. At the metal/dielectric interface r = a, the continuity of the
tangential components of E and of the normal components of D = ¢y,¢E demand that

1 aq)m _ 1 aq)out
a 06 l,., a 90 |, (1.16a)
acI)in acI)out
- = — 1.16b
€0&1 ar |._, Eo&2 ar |, ( )




By inserting the expressions of the potential (1.15) into the previous conditions (1.16), it follows
A; = C; = 0forl # 1, and the only nonzero coefficients are
382 & — & 4

Ay =———=_E, (1.17a) Gy

= E 1.17b
g+ 2¢, & + 2¢, 0 ( )

Therefore, the solutions inside ®;, and outside @, the nanosphere are:

3e,
cDin(T', 9) = —mEOT cos @ (1183)
& — & 5 C0s 6
@i (r,8) = —Eyrcos6 + —81 T 7s, Eya —7 (1.18b)

The solution (1.18b) for @, has a simple physical interpretation: it is the superposition of the
external electrostatic field and the field produced by an electric dipole located at the origin of the
reference system (at the sphere centre). ®,, can be rewritten in terms of the dipole moment p:

_ p-r
cDout = —EOT' cosO + W (1198)
& — &
= 41eyE a3— .
P 0€2 e + 26, 0 (1.19b)

Therefore, the applied external (electrostatic) field induces a dipole moment p < E; inside the
sphere. The nanosphere can be then modelled as a single electric dipole in the quasi—static
approximation, which is also called dipolar approximation. If we imagine for a moment (as it will be
done explicitly later) to introduce the time—harmonic dependency, the nanosphere will behave as
a single oscillating electric dipole of moment p(t) o« E(t). From this perspective, we do not have a
gas of electrons but just two point charges (located at the origin) coherently oscillating at the
frequency w of the external radiation along the direction of the external electrostatic field itself
(longitudinal oscillation), by definition of oscillating dipole. There is no need for momentum
matching since the quasi—static electric field is already longitudinal. According to the quasi—static
approximation (quasi—static electric field, or vanishingly small sphere), LSPs can be excited by
direct illumination, even in vacuum (where electromagnetic radiation is strictly transverse)

The dipole moment (1.19b) can be rewritten as p = gy&,aE( with a the polarizability of the sphere

3 gl(w) - 82

a = 4na® ————
m & (w) + 2¢,

(1.20)

Equation (1.20) is the central result of this section, the (complex) polarizability of a small sphere of
sub-wavelength diameter in the electrostatic approximation. It is complex because the dielectric
function &; (w) describing the metal NP is complex.

The polarizability (1.20) experiences a resonant enhancement at the minimum of |&; (w) + 2¢&,]. In
the case of a small or slowly-varying Im{e, (w)} around the resonance frequency , the minimum of
le;(w) + 2¢,|, hence the maximum of «, is provided by the condition

Frohlich condition: Re{e;(w)} = —2e, = ais maximum (1.21)
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The relation is called Frohlich condition, and the associated resonant mode (in an oscillating field)
is called the dipole localized surface plasmon resonance (dipole LSPR) mode of the metal
nanoparticle.3” Frohlich condition further expresses the strong dependence of the resonance on
the local dielectric environment: the LSPR wavelength red-shifts as the dielectric constant &, is
increased. Metal NPs are ideal platforms for optical sensing of changes in (local) refractive index.%’

It is also worth to notice that the magnitude of the polarizability a at resonance frequency w is
limited by the incomplete vanishing of its denominator, due to Im{e; (w)} # 0. 3°

The distribution of the electric field inside and outside the sphere follows from E = —V®:

E = 3¢e, E
= e (W) + 2, ° (1.22a)
3n(n-p)—p 1

Eout = Eo + (1.22b)

4Ttege, 13

where n = 7, i.e., the unit vector in the direction of a point P in space. Note that a resonance in
polarizability a (when w is such that Re{e, (w)} = —2¢,) entails a resonant enhancement of both
the internal E;;, and dipolar E,; fields (p is resonantly enhanced). This field enhancement at the
plasmon resonance is one the most relevant features exhibited by NPs. Note that not only E; is
enhanced, but it is also highly confined in the NP surroundings (« 1/73). In fact, the characteristic
decay length [, of the LSP near-field is much shorter (approximately 5-10 nm)®° when compared
to SPs (typically 0.1-1 um).1® Many of the prominent applications of metal nanoparticles in optical
devices and sensors rely on such effects of field enhancement and confined. &7

Let us now “switch on” the time—harmonic dependence of the external electromagnetic electric
field, i.e., a plane wave E(r,t) = Eo(r)e”'®t. This external perturbation now excites the
nanosphere inducing a coherent oscillating electric dipole p(t) = gye,aEqe™“t, with negligible
spatial retardation effects over the NP volume thanks to the quasi—static regime (a < A).

The excited oscillating electric dipole (modelling the optical response of the NP) radiates an
electromagnetic field that leads to the scattering of the external plane wave by the NP.

The total electric and magnetic fields emitted by the oscillating dipole are3!?

Ckz ikr 1 ]
H(T,t) ZH(DXP) " (1_lk_T'> g ot (1.23a)
E(r,t) = k?*(n x p) x eikr+[3 (n-p) ](1 ik) tkr L @=iwt  (1.23b)
T, = Tmees, nxp)xn " n(n-p)—p e e e )

where k = 2w /A and n = 7 is the unit vector in the direction of the point P of interest.

In the near—field region (kr < 1), Equations (1.23) become3!
lw 1 —iwt
H(r,t) = = (n X p)r—ze (1.24a)

3 ‘p)-p 1 .
E(r,t) = M — e twt (1.24b)
4Ttege, 13
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i.e., in the near—field region, the electrostatic result (1.22b) is recovered for the electric field, apart
from the time—harmonic dependency. In this zone, the electric field dominates over the magnetic
field. In particular, for static fields (kr — 0), the magnetic field vanishes.

In the radiation zone (kr > 1), the dipole fields propagate as spherical-waves>'!

Ckz ikr ]
H(r,t) = e (n X p)Te““’t ) (1.25a)
Ho —iwt
E(’l", t) = ;H Xne . (1.25b)
0c2

From the viewpoint of optics, it is much more interesting to note that another consequence of the
resonantly enhanced polarization a is a concomitant enhancement in the efficiency with which a
metal nanoparticle scatters and absorbs light. In fact, in the quasi-static approximation, the
scattering and absorption cross sections result:3>

k* 8t e () — & |
Gsca:_lalz =—k*a® L 2. )
6T 3 & (w) + 2¢, (1.26a)
g (w) — &
=kl =4 3 Im |————=|. 1.26b
Oaps = k Im[a] mka mlgl(w) n 282] ( )

For small particles with a <« A, the absorption, proportional to a3, dominates over the scattering,
which scales with a®. However, the rapid scaling of scattering makes it the dominant contribution
for larger particles. It is worth to recall that the colours of NPs colloids (including AuNPs) are
determined by their ability to absorb and scatter light, measured by o5, and g,s.

The extinction cross section, defined as Geyxt = Oaps + Ogca , 153

w Im[e, (w)] &

¢ {Re[e; (0)] + 26,32 + {Im[g; (w)]}?

Oext =9V (1.27)

with V denoting the volume of the sphere.

Egs. (1.26) and (1.27) are valid for both metals and dielectric media. In the case of metal NPs, in
the quasi—static approximation, both absorption and scattering — and thus extinction — are
resonantly enhanced at the dipole LSPR frequency w;spr entailed by the Fréhlich condition (1.21).

For a metal nanosphere of given radius modelled as a free electron gas (Drude model), at optical
frequencies the Fréhlich condition is fulfilled by:312

w

WLSPR = ———— (1.28a) Treoe = 1 |2n2 +1 (1.28b)
/282 +1 LSPR 9] 2

where n, = +/g, is the refractive index of the surrounding medium and Ap = 2mc/wy, is the
wavelength corresponding to the plasma frequency w, of the bulk metal. Equations (1.28) shows
that the dipole LSPR strongly depends on the local dielectric environment, in particular the A;spr
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red—shifts as the dielectric constant of the medium increases.>'? Such a dependence turns out to
be approximately linear over small variations of the refractive index at optical frequencies.!?

1.2.2 Elements of the Full (Electrodynamic) Mie Theory

It is understood that the full (electrodynamic) Mie theory includes all multipolar terms. A brief
treatment of the complete theory can be found in the book by Triigler'3, from which Figure 1.4 was
also taken. It shows the g4 spectra of a gold (Figure 1.4a) and a silver (Figure 1.4b) nanosphere of
diameter 150 nm calculated by the full Mie theory, and decomposed into contributions from
absorption A, and scattering S, electric modes with n = 1,2, 3,4 (dipole, quadrupole, hexapole,
and octupole modes). For simplicity, magnetic modes were omitted but also give important
contributions.!® Johnson and Christy'# datasets for the dielectric functions of gold and silver were
used for these calculations.

The diameter of 150 nm is beyond the practical limit of validity of the quasi—static approximation
(100 nm) and, in fact, the higher—order modes are essential to accurately describe the gy spectra
of Figure 1.4. For instance, features like the secondary resonances in the gy Spectra at shorter
wavelengths are entirely due to the higher—order (non—dipolar) modes.

Let us limit our attention to the dipole modes A; and Si, which obviously provide the main
contributions to the g.y Spectra. We note that the S; mode is greatly redshifted compared to the
A1 mode. As a trivial consequence, the dipole absorption A;spr and the dipole scattering A; spr of
such big NPs do not coincide but are (very) different. This feature is in sharp contrast with the
results of the quasi—static approximation, according to which o,,s and oy, have local maxima at
the same A;gspr. Therefore, the quasi-static approximation of Mie theory cannot be strictly
considered as the first—order (dipolar) approximation of the full theory, as it is even weaker than
that (due to the hypothesis a < A).
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Figure 1.41. Extinction (solid blue line), absorption (solid red line), and scattering (solid pink line) cross sections
calculated for (a) gold and (b) silver sphere of 150 nm diameter. The spectra are decomposed into contributions from
absorption and scattering electric modes for dipole (A1 and S1), quadrupole (A2 and S2), hexapole (As and Ss), and
octupole (As and Sa) electric mode, respectively. (From Ref. 13).
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1.3 Nanophotonic Simulations

The previous sections highlighted two main features of the optical response of metal NPs: the
enhancement (and confinement) of an external radiation in their near—field zone; and the
enhancement of the efficiency with which they absorb and scatter light. Both these properties are
due to the excitation of LSPs. For small NPs (a « A), all quantities are maxima at a specific
frequency, wispr (or, A.spr), Which depends on the refractive index of the surrounding dielectric
medium. In the general case, there are various frequencies maximizing the various quantities.

1.3.1 Simulations of EF, ,,,

The former property can be “visualized” by simulations of the electromagnetic near—field intensity
of metal NPs. Figure 1.5 shows two such examples for AuNPs with diameter D = 50 nm, run by
the finite—difference time—domain (FDTD) solver toolbox of Ansys Lumerical software (which solves
the full Maxwell equations). Figure 1.5a displays the case of a single AuNP in vacuum while Figure
1.5b displays the case of three AuNPs aligned on a glass substrate (in vacuum) with interparticle
gap of 20 nm. In the former case, we are visualizing the near—field intensity in the quasi—static
approximation (we consider D = 50 nm as small). Instead, the latter case provides an example of
plasmon coupling among AuNPs (on a substrate). For both simulations, the external incident
radiation is a x—polarized plane wave and the xz—monitors intersect the AuNPs through the centre.
Johnson and Christy!* experimental dataset was chosen for the dielectric function of gold.
According to this specific dataset, the extinction A;spr (the wavelength at which gy is maximum)
was found to be 515 nm for a 50 nm AuNP in vacuum, and the intensity profile of Figure 1.5a refers
to this specific wavelength. Instead, for the simulation of Figure 1.5b, we considered the
wavelength (560 nm) at which the intensity was found to be maximum.

In both cases, we clearly see the strong enhancement (and confinement) of the electromagnetic
field, contingent to the excitation of LSPs. Since the result are plotted in term of |E/E,|?, with
|Eo|? the intensity of the external incident radiation, we are already visualizing the
electromagnetic enhancement factor EF,,, = |E/Ey|?. In the case of the single AUNP, we can
note the typical shape of the near—field of an oscillating dipole (Figure 1.5a). Here, the max
EF.m = 17 onto the NP surface (x=25, z=0) rapidly decays and reduces to EF.,, = 5 at 10 nm far
from the NP surface (along z=0). Instead, the three aligned AuNPs (Figure 1.5b) are close enough to
allow their LSPs to couple. As a result, the EF. ;,, are even higher, with a max EF,,, = 45 onto the

E/E,|?
E/EP |E/E,[*
vacuum j K 15 (b) 50
Ik
10 —~
£,
5 N vacuum
glass A =560 nm
A =515nm 1 -100 -50 0 50 100
50 25 0 25 50 X (nm)

X (nm)

Figure 1.5 FDTD simulations of the near—field EF.,, (a) a single spherical AuNP with D = 50 nm in vacuum and (b)
three spherical AUNPs with D = 50 nm aligned on a glass substrate, in vacuum. The incident radiation is x—polarized.
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surface of the central AuNP (x=25, z=0) and EF.,, = 20 in the middle of the gap (x=35, z=0), i.e.,
10 nm far from both NPs. Note that it is 4 times higher than the single particle case (“hot spot”)

It is worth noting that regions with EF.,, < 1 are also present, due to energy conservation. They
are localized inside the NPs, above and below the NPs, and also at the sides (beyond the frame
shown). These regions are stressed by a dark blue pattern in Figure 1.5. Therefore, this type of
simulations let us to visualize the interplay between the NP and the external radiation. In
particular, how a NP absorbs energy from the external radiation, and how it “stores” a fraction of
this energy in its near—field (before it is finally absorbed/lost inside the NP, or flow to the far field).
The excitation of LSPs underlies these processes, as a fraction of the energy provided by the
external radiation is absorbed by LSPs (excite the LSPs) and “stored” in the various LSPs modes.

1.3.2 Simulations of 6 ¢, 0.0, Oext

The properties of absorption and scattering of light directly determine the colour of colloidal
solutions of NPs. As mentioned above, Mie actually developed his theory to explain the changes in
colours exhibited by colloidal solution of AuNPs of different sizes (Figure 1.6).

10 nm —— nanoparticle diameter — 100 nm

Figure 1.6 Colloidal solutions of spheroidal AuNPs with diameters in the range 10-100 nm, at increments of 10 nm.

Simulations are a powerful tool for calculating the spectra of g5, 0sca, and geyt. FOr instance, in a
recent work (Shafiga et al., 2018),> the authors investigated for the first time how both o, and
Osca Of single spherical AuNPs (in water) with diameters in the range 20-100 nm are affected by
the excitation of LSPs. The authors utilized a MATLAB Toolbox called MNPBEM (metal nanoparticle
boundary element method), available online. Full BEM simulation solver (BEMret) was chosen as it
solves the simulations based on the full Maxwell equations, which works perfectly for all AuNPs
dimensions. The dielectric function of gold was taken from the experimental datasets of Johnson
and Christy.** The results are shown in Figure 1.7.

»

) 4 (b) 5 () 7
> g, — 0. 20 nm 0,
8 abzs —_— gg :: 5’ —SC: =30 nm 3 6 exzt
o 3{ Ma —— 40 nm 5 41 ma ——40nm g a
§> 0 ——50 nm 'S 97
= ——60 nm =

GC) o 3 ——70nm O 44
S 2 = / 80 nm s
= £ / 9o 3.
a T 21 / ——90 nm 3
o = =100 Nm (=
fQ 14 © = 24
8 ” 1’#/& i

0- : == 0-

400 450 500 550 600 650 700 750 800 400 450 500 550 600 650 700 750 800 400 450 500 550 600 650 700 750 800

wavelength (nm) wavelength (nm) wavelength (nm)

Figure 1.7. (a) Absorption, (b) scattering, and (c) extinction efficiencies of spherical AuNPs in water. (From Ref.)
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The graphs are highly informative. Let us start with two general observations.

Experimentally, spectrophotometers are routinely employed to measure NPs transmittance
spectrum T, connected to the extinction spectrum E through the Beer-Lambert law E = —In (T).

i N . _—
E and 0.y are proportional: E = g,,¢lcy, Where &q,¢ Eﬁaext is the molar extinction

coefficient, [ is the optical path, ¢y the sample molarity, and N, Avogadro’s number. Analogous
relations hold for the absorption A and the scattering S. Therefore, for the “transmitted colours”
of spherical AuNPs one must consider the 7.4 Spectra showed in Figure 1.7c. Instead, for the
“scattered colours” (at some angle other than 0°) one must refer to the spectra 7n4.; showed in
Figure 1.7b. All spectra of all AuNPs exhibit a “resonant zone” (LSPR) at optical frequencies, due to
the excitation of LSPs. All LSPRs monotonically redshift for increasing NP size, explaining the
changes in colours exhibited by colloidal solution of AuNPs of increasing sizes (Figure 1.5)

Secondly, we note (again) that the maxima of 1,,s and 15, spectra for a given AuNP size are
associated to two different values of A;spgr, except for the smallest AuNPs with diameters of 20 and
30 nm (whose scattering is, however, negligible). The discrepancies between the absorption A;spr
and the scattering A;gpr can be considered small up to 50 nm, which can be assumed as the
threshold above which the quasi—static approximation does not work anymore for AuNPs.

It is now worth mentioning that all results in Figure 1.6 are presented in terms of efficiencies,
instead of cross sectional area. The absorption, scattering, and extinction efficiencies are:

Oabs _ Osca _ Oext

Nabs = Ta? Nsca = Ta? Next = Tta?

i.e., pure numbers describing the ratios between optical and geometric cross sections of a
spherical NP. 1455, Nsca, and Next allow to quantify the enhancements of 0, Osca, aNd Gyt due to
plasmon effects. In a loose sense, 17,,s = 1 means that the sphere is absorbing light “as expected”
by a sphere of that specific geometric cross section; instead, for n,,s < 1 and ng,s > 1, it is
absorbing less and more than expected, respectively. Similar considerations apply to 1gc, and Next-
The above interpretation has to be meant in a loose sense. For instance, AuNPs with diameters
< 40- 50 nm exhibit a negligible ns., and mainly absorb light. We could say they scatter less than
expected, but actually there is not a general reference. Even for these sizes with low scattering, we
can note a resonance due to LSPs. Obviously, for a non—absorbing dielectric material there is no
sense to introduce 71,55 and 1Next Since, by definition, its g, is always zero.

In terms of Ngps, Msca, and 7ext, We can better formalize the optical consequences of LSPs
excitation on the optical cross sections of NPs. The excitation of LSPs entail significant
enhancements of the absorption and scattering efficiencies of the AuNPs, allowing them to
absorb/scatter light significantly more than what “expected” from their geometric cross section.

Finally, the main result of the presented paper.l®> Considering the absolute maxima of 1,5, Nsca,
and 1.y for each AuNP size, it can be noted that the maxima of 7.y and ns., monotonically
increase with the size of the AuNPs. Instead, the maxima of 7, first monotonically increases with
the size, then reaches a maximum for the AuNP of 70 nm, and then monotonically decrease. In
other words, the AuNP of 70 nm has the highest absorption efficiency.
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1.3.3 Lumerical: High-performance Simulation Software

The next chapters of this thesis include several simulations of both EF., profiles and o,4s, Osca,
Oext Of single AUNPs and AuNPs arrays. These simulations served multiple purposes. Firstly, they
theoretically corroborated the experimental characterizations, such as extinction spectra and
electron micrographs. For anisotropic (cubic) AuNPs colloids, they were essential for developing
optical models of the “true” NPs. Secondly, simulations were useful for investigating and explaining
unusual plasmonic properties exhibited by the fabricated AuNPs arrays. Lastly, simulations helped
in designing a metal-enhanced fluorescence (MEF) experiment, and analyse and discuss its results.

All our simulations, like those shown in Figure 1.5, were run by the FDTD solver toolbox
implemented in the Ansys Lumerical software. Depending on the specific kind of simulation, we
utilized two different workspaces, schematized in Figure 1.8.

PML BCs (b)

- Monitor Box

Figure 1.8. Schematic representations of the workspaces utilized for the simulation of the optical responses of (a) non
extended targets (single or few NPs) and (b) extended NPs arrays (nanostructures). (From Ref.'® and Ref.?)

Figure 1.8a represents the so—called “Mie scattering workspace” recommended for nanophotonic
simulations of non—extended scatterers (in this case, a model for a Fe304@Au core@satellite NP,°
see next section). Instead, Figure 1.8b represents the setup we utilized for extended structures, like
“infinite” NPs arrays. The Mie scattering setup was used, e.g., for the simulations of the extinction
spectra of the AuNPs synthesized in Chapter 2. Instead, the extended setup was used, e.g., for the
extinction spectra of the AuNPs arrays fabricated in Chapter 2. Simulations of the EF. , profile of
single scatterers or few scatterers (like those of Figure 1.5, or Appendix F.7.1) were run by the Mie
scattering workspace, while the EF, ,,, profiles of AuNPs arrays (like those in Chapter 3 or Appendix
F.7.2) were run by the extended object workspace.

Both workspaces are delimited (at least in one direction) by perfect matched layer (PML) boundary
conditions (BCs). PML BCs serve two purposes: they act as walls delimiting the discretized region of
space within which the full Maxwell equations are solved; and they act as absorbers for the
radiation hitting them, thereby simulating radiation flowing outward the workspace. In practice,
PML BCs are not perfect absorbers but cause back-reflections. Therefore, it is important to place
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both sources and monitors at a suitable distance from PML BCs to avoid artifacts. In the Mie
scattering workspace (Figure 1.8a), PML BCs are imposed in all directions. Instead, in the extended
structures workspace, they are imposed only in the z—direction (parallel to the incident radiation
and normal to the NP array), while periodic BCs are imposed along the other two directions to
simulate an infinite array. Since the latter setup is used for nanophotonic simulations of infinite
objects, at least the plane wave source (located at the top of Figure 1.8b) must also be an infinite
object. In practice, this is achieved by extending the source (as well as a transmittance PD monitor
of interest) beyond the walls onto which periodic BCs are imposed.

The fundamental difference between the two setups of Figure 1.8 is the source. The extended
structures workspace of Figure 1.8b employs an infinite plane-wave source; instead, the Mie
scattering setup of Figure 1.8a employs the so—called total-field scattered—field (TFSF) source. TFSF
source is also referred to as “TFSF region” because it is, in fact, a closed box within which the non-
extended scatterer must be placed. One of the facets of the TFSF region (the bottom one in the
case of Figure 1.8a) serves as source of a non—extended plane wave (having the dimensions of that
facet). All TFSF facets, including the one serving as source, act as electromagnetic filters and allows
only the radiation scattered by the non—extended object to flow outward. For this reason, a set of
monitors realizing a closed box enclosing the TFSF region will record (only) the scattered power
and can be used to calculate g,.,. Instead, a closed monitor box placed inside the TFSF region and
enclosing the scatterer allows for the calculation of g,ps. It follows Geyt = Ogps + Oscq- It is also
worth mentioning that the scatterer must be placed at a suitable distance from the walls of the
TFSF region to avoid that it absorbs energy from outside the TFSF, which leads to artifacts and
wrong values for 6,4y, Oscqr Oext-

The two workspaces shown in Figure 1.8 are not rigid; in particular, the monitor boxes used in the
former workspace can be used (and were) also in the latter; vice versa, photodetector (PD)
monitors used in the latter can be used (and were) in the former. For example, the absorbance 4,
the scattering S, and the extinction E can be indirectly retrieved even for extended objects by using
a slight modification of the basic workspace shown in Figure 1.8b. In fact, one can enclose the
extended object into a monitor box (like the one in Figure 1.8a) and then move the side monitors
to infinity, extending the top and bottom monitors of the monitor box beyond the side walls with
periodic BCs. Doing so, the monitor box degenerates into just two infinite monitors, one below and
one above the extended object. The difference between the powers recorded by these two
monitors is equal to the absorbance A of the extended object. On the other hand, the
transmittance PD monitor (at the bottom of Figure 1.8b) allows to record the transmittance T and,
hence, to calculate the extinction E = —In (T). The scattering S can be obtained as S = E — A.
This modified workspace helped us in designing the MEF experiment presented in Chapter 3.

1.3.4 Modelling of a Fes0.@Au CSMP

In this section we show how nanophotonic simulations (by Ansys Lumerical) are a powerful tool

both for modelling even complex NPs and for providing theoretical basis to experimentally

observed phenomena. The presented material was selected from previous works by our group,

Campanile et al.’®, and Marra et al. (submitted). Both works deal with biosensors benefiting from

the multiple properties offered by FesOs@Au core@satellite (para)magnetic nanoparticles (CSMP),
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in particular: the surface chemistry of gold, immuno—functionalized by the well-established
photochemical immobilization technique (PIT) developed by our group;'® the paramagnetic
properties of FesO4 composite particles (MCPs); the plasmonic properties of AuNPs.

In both works, we employed Fes;0.@Au CSMPs made by PEGylated FesOs paramagnetic MCPs
(core) housing spheroidal AuNPs onto its surface (satellites). Each MCP is a cluster of small
individual FesO4 crystals (diameters: 5 to 15 nm) embedded in a dextran matrix, further modified
by PEG 300. Such PEGylated Fe3sOs MCPs were purchased from Micromod (product name:
nanomag-D; product code: 09-54-252; hydrodynamic diameter: 250 nm) while spheroidal AuNPs
were grafted onto the MCPs surfaces via modifications of the protocol by M. Silva et al.'® Figure
1.9a shows TEM micrographs of the as—purchased MCPs (top panel), and CSMPs (bottom panel)
synthesized according to our (first) modified protocol.'® We can note large MCPs (measured
hydrodynamic diameter of = 250 nm) having highly irregular shapes, a feature quite common for
this kind of composite particles.?%?! The CSMPs exhibit small AuNPs with diameters of 15-20 nm
(determined by an analysis of the micrograph). The presence of Au crystalline phase was ultimately
demonstrated by X-ray diffraction (XRD) spectra of the CSMPs. However, it is also manifest in the
extinction spectrum, displayed in Figure 1.9b: while the spectrum of the MCPs (solid black line)
does not exhibit any peak, the CSMPs spectrum (solid red line) has a resonance at 567 nm
ascribable to the excitation of LSPs of the AuNPs.

In order to corroborate the experimental results, we simulated the optical response of CSMPs in
water employing the Mie scattering (Lumerical) workspace shown in Figure 1.8a. It is understood
that these simulations were contingent to the modelling of both MCPs and CSMPs. The irregular
shape of MCPs was modelled as a prolate spheroid with axes of 250 nm x 130 nm x 130 nm, and
was optimized by simulations themselves against the MCP experimental extinction spectrum.
Specifically, we kept the major axis fixed at 250 nm (the nominal value of the seller company,
confirmed by DLS measurements) and varied the lengths of the other axes. The full optimization
procedure and the dependence of the extinction spectra on the spheroid dimensions are discussed
in the Supporting Information of our work.'® It is worth noticing that the extinction spectrum of
the model MCP was found to be quite sensitive to the model geometry; for instance, spheres of
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Figure 1.9. (a) TEM micrographs of bare MCPs and CSMPs at different magnifications. AuNPs are highlighted in red

dashed circle. (a) Experimental (solid lines) and simulated (dashed lines) extinction spectra of MCPs and CSMPs,
respectively. The extinction peak at 567 nm is due to LSPs of the AuNPs grafted onto the MCP. (From Ref.26)
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comparable diameters yielded significantly different spectra, confirming that an anisotropic shape
was indeed necessary for modelling the MCP. Figure 1.9 shows the (unpolarized and orientation
averaged) simulated extinction spectrum of the optimized model MCP as a dashed black line. The
agreement with the experimental spectrum is very good, and the residual discrepancies (“wavy”
features) are ascribed to interband transitions of the bulky FesOs ellipsoid. It is likely that these
discrepancies further reduce whenever an ellipsoid constituted by small FesOs nanospheres is
considered, so to better simulate the real substructure of MCPs. However, since the result was
already satisfying, such a complex model was not investigated. For MCP simulations we chose the
Fes04 dielectric function from Querry,?? and a mesh size of 2 nm.

The model CSMP was then obtained by placing spherical AuNPs with diameter of 15 nm (suggested
by the analysis of the TEM micrographs) randomly onto the surface of the model MCP, in such a
way that their centre-to-centre distances were at least 15 nm (we used a Python code). Johnson
and Christy'* dataset for gold dielectric function was used, and a 2 nm mesh. The excellent
agreement shown in Figure 1.9b (dashed black line) was achieved with a degree of covering of 85%
(260 AuNPs). This final CSMP model is the scatterer depicted in Figure 1.8a. This result
corroborated the claim that our CSMPs are made of MCPs coated by AuNPs with a high degree of
covering, an ideal target for the magnetoresistive biosensor proposed by Campanile et al.®

In a subsequent work by Marra et al. (submitted) the CSMP synthesis protocol has been further
modified to obtain sharper extinction LSPRs, making the CSMPs more suitable for applications in
colorimetric biosensing. Figure 1.10a shows TEM micrographs of the as—synthesized CSMPs, whose
meticulous analysis revealed bigger spheroidal AuNPs with normally distributed diameters D =
28 + 4 nm. As a consequence, the normalized experimental extinction spectrum (solid black line in
Figure 1.10b) exhibited a significantly sharper LSPR, and slightly redshifted at 572 nm. The LSPR
peak is higher than the extinction at 400 nm, whereas in the previous case it was the opposite.

In order to corroborate the experimental results, we simulated the optical response of the new
CSMPs. Spherical AuNPs were now placed onto the model MCP surface according to the
experimental Gaussian distribution of diameters (D = 28 + 4 nm). Instead, the centre-to—centre
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Figure 1.10. (a) TEM micrographs of CSMPs (optimized protocol) at different magnifications. (b) Experimental (solid
black) and simulated (dashed blue) normalized extinction spectra of CSMPs (optimized protocol), respectively.
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distances between AuNPs were optimized against the experimental spectrum, resulting in an
optimal mean value of 29 nm. The degree of covering associated with all these parameters was
approximately 100% (105 AuNPs), consistent with the high degree of covering shown by the TEM
micrographs. It is worth noting that these parameters allowed to reproduce the observed overlap
among AuNPs in the TEM micrographs, a feature resulting from the in—situ growth of pre—grafted
gold seeds. The model CSMP used for these simulation is shown in Figure 1.12a (top—left).

These optimized CSMPs, functionalized by PIT,'® served as active element of a colorimetric
immunosensor for the rapid and sensitive detection of gliadin in gluten flour—based food products.
The biosensor exhibited a high sensitivity in the range 5-50 ppm reaching a limit of detection
(LOD) of 10 ppm for gliadin, which is below the legal threshold for labelling a product as gluten-
free (20 ppm). Remarkably, the gliadin extraction protocol utilizes a non-toxic ethanol-water
mixture, does not require trained personnel, and lasts only 20 min (total assay time: 30 min).

A peculiar feature of the proposed colorimetric biosensor is its disaggregation—based sensing
scheme, rather than the usual aggregation—based scheme.® We found that a suitable concentration
of the surfactant Tween-20 leads to the spontaneous formation of uniformly sized, stable, and
weakly—bound clusters?®>?* of functionalized CSMPs (f-CSMP). The corresponding extinction
spectrum is shown as a solid black line in Figure 1.11a (control experiment). This colloid, rich in
surfactant—induced f-CSMP clusters, is responsive (exclusively) to gliadin, as a monotonic increase
in the extinction is observed for increasing concentrations of gliadin (Figure 1.11a). When the
extinction spectra are normalized with respect to the maxima, a monotonically decreasing trend is
observed at long wavelengths for increasing gliadin concentrations, see Figure 1.11b. Therefore,
the analysis of these two trends suggests that the monotonic increase of extinction for increasing
gliadin concentration (Figure 1.11a) is due to the fragmentation of the initial surfactant-induced
f-CSMP clusters (Figure 1.11b).
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Figure 1.11. (a) Extinction spectra relative to gliadin detection, exhibiting a monotonically increasing trend for
increasing gliadin concentrations and (b) corresponding normalized spectra, exhibiting a monotonically decreasing
trend for increasing gliadin concentrations at long wavelengths. The two graphs suggested a mechanism of
disaggregation of CSMP clusters due to gliadin detection.

In order to provide a theoretical support to our hypothesis, we investigated the optical response of
CSMP clusters. To ensure manageable simulation times, we limited ourselves to consider only the
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'reasonable' clusters shown in Figure 1.12a when their longitudinal axes were parallel to the
external light polarization. For these simulations we used the Mie scattering workspace shown in
Figure 1.8, and a mesh size of 2 nm.

The results are presented as the ratios:
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between the g, of a CSMP cluster and the .4 of one of the species potentially resulting from its
complete fragmentation. Here, n just indicates the number of identical sub-species resulting from
the complete fragmentation of the considered cluster. For instance, a 4-mer can be splitinton = 2
dimer or n = 4 monomers. It is readily seen that R < 1 indicates that the fragmentation of the
cluster results in the increase in extinction, while R > 1 a decrease in extinction.

We can see from Figure 1.12b that the complete fragmentation of a 2-mer of CSMPs into two
single CSMPs (dashed black line) increases the extinction only in the range 400-600 nm, whereas
the experimental spectra of Figure 1.11a show that the extinction increases across the entire
optical range (compared to the control experiment). However, when a 4—mer of CSMPs splits into 2
2-mers (dotted magenta), or when an 8—mers is fragmented into 2 4—mers (solid red), 4 2—-mers
(solid green), and even 8 single CSMPs (solid blue), the extinction increases (as R < 1).

Therefore, these latter simulations theoretically supported the proposed mechanism. The effect is
due to a decreased scattering contribution of a CSMP cluster compared to the sum of the
scattering contributions of the corresponding sub-species, as clusters have inner surfaces shielded
from the external electromagnetic radiation.
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Figure 1.12. (a) Models of CSMP and CSMP clusters used for simulations: 1-mer (CSMP), 2-mer, 4-mer and 8-mer. (b)
Ratios R between the simulated extinctions of 2-mer (black dashed), 4-mer (dotted), 8-mer (solid) and corresponding
subspecies possibly resulting from their disaggregation. Since R < 1 indicates an increase of extinction due to cluster
disaggregation, the proposed mechanism is theoretically supported.
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Chapter 2. Nanofabrication

2.1 Turkevich’s Inherent Seed-mediated Growth Dynamics

The most commonly used method for synthesizing colloidal AuNPs in aqueous solution is the
reduction of tetrachloroauric acid (HAuCls) with trisodium citrate (NasCt). The citrate method was
first described in the textbook “Experiments in Colloid Chemistry” by Ernst A. Hauser and J.
Edward Lynn, published in 1940.2> However, it gained interest after Turkevich et al.?® modified and
deeply investigated the synthesis in 1951. Nowadays, “Turkevich’s methods” has become a
synonymous for citrate method. Sometimes it is called “Turkevich—-Frens method”, as Frens?’ (in
1973) provided specific NasCt concentrations for synthesizing AuNPs with sizes up to 150 nm.

The protocol consists in adding NasCt to an aqueous solution of HAuCl, at or near the boiling point,
and waiting for a few minutes for NPs formation. This simplicity of the protocol actually hides a
complex dynamics. Turkevich himself identified at least two stages: a first stage, which he called
“nucleation”; and a second stage of growth. Remarkably, these two stages were found to be
distinct. During the “nucleation” stage, small AuNPs with mean diameters D = 6 nm and D,;;;, = 3
nm form (as confirmed by subsequent studies?®). These particles, technically, are not “nuclei”, a
term which refers to the first thermodynamically stable clusters made of only few tens of atoms.
Instead, they must be termed as seeds (made by 10%- 103 atoms). Therefore, during the first
stage, and only during this stage, gold seeds are formed (see Figure 2.0.1); subsequently, this fixed
amount of seeds grow. For this reason, Turkevich’s synthesis is actually characterized by an
inherent seed—mediated growth dynamics.

Turkevich’s seed mediated growth mechanism is a lucky coincidence created by a favourable
interplay of different chemical processes. Figure 2.0.1 and 2.0.2, taken from Wuithschick et al.,®
summarize the complex dynamics of a “standard” synthesis.?® Before mixing, the HAuCl, solution
contains a certain amount of [AuCl,]™ ions (pH 3.3). Upon addition of NasCt, the buffer effect of
NasCt increases almost immediately (~1 s) the pH to ~6.5, and this new pH condition transforms
the reactive [AuCl,]~ species into less reactive hydrolysed [AuCl;_,(OH), .| species (see Figure
2.0.1). However, this fast process (~1 s) lasts enough to trigger the fast generation of a small but
sufficient amount of Au® monomers from the reduction of [AuCl,]~. Au® monomers then form few
(trillions of) small, stable seed particles (diameter D > 3 nm). The transformation of the reactive
[AuCl,]” into the less reactive [AuCl;_(OH),,]~ also blocks a further supply of Au® monomers
in solution which could form more seeds or grow onto already existing seeds in uncontrolled way.

citrate
addition
pH ~ 6.5

Ct"/HCt
x% AuClI,
y% AuCI,OH

x% AuClI,
y% AuCl,OH

no further seed
particle formation

Figure 2.0.1. (c) Sketch of chemical processes during seed particle formation. See the text for details. (From Ref.?®)
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The shift of the gold complexes equilibrium from [AuCl,]™ to [AuCl;_,(OH),,,]™ terminates the
seed particle formation stage (~1 s after NasCt addition), left panel of Figure 2.0.2. The resulting
number of seeds is fixed (will not increase in later times, corresponds to the final AuNPs number).

It is worth mentioning that the kinetics of the hydrolysation of [AuCl,]™ into [AuCl;_y(OH) 14,1~
and the kinetics of the reduction of [AuCl,]™ to Au® determine the amount of Au® monomers
available for the seed particles formation. Both kinetics depend (non—trivially) on temperature and
reagents concentrations. Seeds size defines how many seeds can be formed from the available
[AuCl,]™ ions (< 5% of HAuCl, is reduced to Au®). The resulting number of seeds determines the
final size of the AuNPs: in fact, the residual gold (= 95%), which is constituted by
[AuCl;_4(OH)1,,]~ species not reactive enough to be reduced to seeds, are attracted by the
seeds, enrich the seed electronic double layer, and are reduced exclusively onto the seed surfaces,
which then grow (right panel of Figure 2.0.2). Thus, more seeds means smaller AuNPs.
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Figure 2.0.2. Summary of growth process and the underlying chemical processes of Turkevich synthesis. (From Ref.2®)

To be pragmatic, here follows the standard synthesis studied by Wuithschick et al.:?® 199 mL of a
0.25 mM HAuCls solution is warmed at specific temperatures under reflux for 15 min. Then, 1 mL
of a 500 mM freshly prepared NasCt solution is added quickly (final concentration [NasCt] = 2.5
mM). The solution is refluxed until ruby red. Figure 2.0.3 illustrate part of the study.
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Figure 2.0.3. Results of temperature variation study. (a) Mean radii (polydispersity = 25% at 20 °C, 20% at 30 °C, rest
10%). (b) Overall synthesis time versus temperature determined by observing the color change of the reaction solution
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From this perspective, the modern seed—-mediated growth methods have rationalized the two
fundamental stages (seed formation and seed growth), splitting them in separated reactions
thanks to chemicals serving for each specific task.

2.2 Isotropic and Anisotropic AuNPs via Seed—mediated Methods

This section covers the synthesis and characterization of both isotropic (nanospheres) and
anisotropic AuNPs obtained through seed—mediated growth methods. We embraced Mirkin’s
philosophy of renewed attention towards the quality of the NPs reactants (“seeds”) to achieve
unprecedented yields (> 95%) and uniformity of the NPs products, all from a single source of
monocrystalline seeds.?’ According to the method, single—crystal seeds are refined through a
cyclical process of reductive growth and oxidative dissolution, which together narrow seeds size
and shape distributions at each cycle, and soon yield spherical and monodisperse seeds, see Figure
2.1a. The dissolution step is at the core of Mirkin’s method as it “chemically polishes” the seeds
through the following redox reaction, first reported by Liz-Marzéan:3°

AuCl,” +2Au® +2Cl~ 5 3 AuCl,”.

AuCl,” and CI™ result from the salt precursor HAuCl, in water, and Au® are metal atoms of a
AuUNP. This reaction has equilibrium constant K = 1.9 x 1078, i.e., it is highly unfavourable and the
oxidation of AuNPs by gold chloride negligible. However, K increases by a factor > 107 in presence
of the cationic surfactant cetyltrimethylammonium bromide (CTAB). Above the critical micelle
concentration of ~ 0.9 mM,3! CTAB forms micelles, and both AuCl,” and AuCl, " electrostatically
adsorb onto them creating AuCl, /CTAB and AuCl, /CTAB complexes. These complexations
drastically change the reduction potential of gold chloride, allowing the oxidation process.

Oxidative dissolution was found to be irrespective of AUNPs shape while occurring preferentially at
NP surface sites with lower radius of curvatures,® as in Figure 2.1b. However, the demand for large
amounts of single-crystalline seeds led to the choice of gold nanorods (NRs) as the starting NP to
be iteratively refined. AuNRs are indeed monocrystalline and can be synthesized in high vyield
(>95%), t0o.32 Few iterations of reductive growth and oxidative dissolution over a batch of AuNRs
result in the desired monocrystalline and monodisperse spherical seeds, as depicted in Figure 2.1a.
Iterations were even unnecessary in our case, and the final seeds were obtained through just one
dissolution step over the AuNRs, saving time and reagents.

The seeds produced through AuNRs refinement are capped by CTAB. However, the seed-mediated
growth methods used for the synthesis of anisotropic NPs require the cationic surfactant
cetylpyridinium chloride (CPC) both as capping agent of the single-crystalline seeds and for the
growth solutions.3® A surfactant exchange is therefore accomplished by multiple rounds of
centrifugations and resuspensions by concentrated CPC solution. This step is paramount to avoid
undesired dissolutions of the NPs products due to trace residues of gold and CTAB.

CPC properties as surfactant are finally used to synthesize anisotropic AuNPs. For our scopes, we
limited to concave rhombic dodecahedra (CRD) and nanocubes (AuNCs), according to Niu’s
protocols with slight modifications.?®33 Despite a little debate about the “true” geometry,33-3¢ CPC
certainly stabilizes energetically unfavoured crystallographic facets of gold. It is worth recalling that
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the surface energy of the primary low-index crystallographic facets of gold increase in the order
E{111} < E{100} < E{110}, meaning that {110} facets are the most energetically unstable. In the
case CRD were perfect rhombic dodecahedra,?? they would be bound by 12 rhombic {110} facets,
indicating that CPC does adsorb to such facets, reduces their energy, and stabilize them. If CRD
were trisoctahedra,3® they would be bound by high-index facets {211}, and CPC action would hold
a fortiori. According to his experiments, Niu3? concluded that CPC alters the surface energy of the
low-index gold facets ordering them as E{111} < E{110} < E{100}, as gold nanocrystals
bounded by {100} facets were not observed at all in the presence of CPC alone. Only when KBr was
included in the growth solution were NCs (ideally bound by 6 {100} facets) synthesized, as the
cooperative work of CPC and bromide ions actually serves to stabilize the {100} facets.

This is quite a general thing. Cationic surfactants based on quaternary ammonium cations do not
adsorb directly onto a gold surface, rather via their halide counterions.3”:38 In principle, a bare gold
surface can only have Au atoms from its crystal lattice, therefore it would be positively charged due
to unsaturated sites occupied by Aut and Au3*. As a consequence, a cationic specie cannot
electrostatically adsorb onto gold directly and an anionic layer is necessary as mediator. For CTAB-
capped AuNRs, the anionic layer includes at least the counterion bromide Br~ of CTAB and, likely,
other anions present in the growth solution,3® and the CTA* cations electrostatically adsorb onto
the AuNRs via this anionic layer. For CPC—capped seeds, the anionic layer is provided by its chloride
counterions. In our case, CTAB—capped seeds are converted in CPC-capped seeds by a surfactant
exchange, which then serve to exchange both the mediator anion layers, Br~ with Cl~, and the
surfactants, CTAT with CP*.33 Finally, in the synthesis of AUNCs from (CP*/Cl™)-capped seeds, the
addition of KBr to the growth solution realizes the exchange of CI~ with Br™ since Br™ has a higher
affinity for gold than CI™.33 In a solution—phase synthesis, all adsorbates can interact selectively
with the crystal facets changing their energies, thus determining the faith of the synthesis.>3

Many researchers actually focused on reaction conditions (e.g., presence of trace metals, ligand
affinity) to control “what happens on the gold surface”. However, this is not sufficient to have full
control over the NP products because the specific type of seeds is paramount, too. Niu’s study of
NCs provides a good example of this:33 even using exactly the same reaction conditions, different
types of seeds yielded different results, and AuNCs were effectively synthesized only when
relatively big, monocrystalline, and (CP*/Br~)-capped seeds were used. This stress once more the
importance of seeds quality and refinement, i.e., the philosophy we embraced.
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Figure 2.1. (a) Schematics of the process of reductive growth and oxidative dissolution used to refine the seeds. Single
crystalline AuNRs are first etched into spheroidal seeds, then grown into CRD, and again etched into spherical seeds.
The latter two steps can be reiterated to improve seed quality and, consequently, the quality of the AuNPs products
(e.g., NCs). (b) Conceptualization of the oxidative dissolution process: CTAB micelles first carry AuCl,~ (Au3* in figure)
towards a AuNP site with low radius of curvature (a sharp tip, in this case) and then sequester the oxidation product
AuCl,~ (Au® in figure) from it, resulting in an overall smoothing of that NP site. (From Mirkin?°)
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2.2.1 Synthesis of CPC-capped Gold Seeds

The initial CTAB-capped gold seeds and the AuNRs were obtained as detailed in Appendix A.1 and
A.2, respectively, and their typical UV-Vis spectra are displayed in Figure 2.2a and b. A comparison
with Mirkin’s?®> NRs revealed that ours had the same transverse LSPR at =512 nm but a significantly
blueshifted longitudinal LSPR (I-LSPR), at =700 nm rather than =760 nm. This indicates that our NRs
had a lower aspect ratio (AR). As shown by El-Sayed,3?> AuNRs AR can be tuned depending on the
AgNOs content, therefore a first possibility is that we used (freshly prepared) AgNOs of a different
purity grade. Alternatively, AR can be controlled by the amount of seed solution added. Even using
the same volumes, minor variations in seeds size and/or concentration may still alter the molar
ratio between seeds and other reagents (e.g., AgNO3s) of the growth solution. Therefore, a second
possibility is that our CTAB-capped seeds differed from Mirkin’s, either due to the quality of NaBH4
(reducing agent for the seeds) or a different way of preparing it (see Appendix A.1). However, the
discrepancy between ours and Mirkin’s AuNRs resulted to be advantageous, and merely demanded
a study to figure out the proper concentration of gold to be used for their dissolution.

Small-volume test batches (0.5 mL AuNRs at OD 2) were then etched by a final HAuCls
concentration ranging over 60-95 uM, under gentle stirring for 4 h at 40°C. The resulting NPs
exhibited the spectra displayed in Figure 2.2c. As gold concentration is increased, the aspect ratio
of the AuNRs decreases until a spherelike geometry is reached. This is indicated by the transition
from two well-separated LSPRs to only one at lower wavelengths (black to green lines). Slightly
higher concentrations of gold further refine the spheroidal NPs into nearly spherical NPs, and both
a further blueshift of the LSPR and a narrowing of the FWHM is observed (blue and orange lines).
The optimal gold concentration is reached just before the FWHM starts to increase and the LSPR
red-shift again.?® Indeed, above the optimal gold concentration, the oxidative dissolution process
competes with the reduction of liberated gold and results in a greater NPs size variation. In our
case, no further LSPR blueshift nor its narrowing were observed at 90-95 uM HAuCls (orange and
magenta lines), whereas a lower yield was observed at 95 uM HAuCls. Therefore, we concluded
that the optimal concentration for dissolution was 90 uM HAuCls in our case, as in Mirkin’s case.

The final CPC—capped gold seeds were then obtained by dissolution of AuNRs at 90 uM HAuCl4 as
detailed in Appendix A.3, and the typical UV-Vis spectrum of the colloid is displayed in Figure 2.2d.
It is worth mentioning that Mirkin’s procedure?® prescribes at least one additional refinement of
these seeds to improve their quality, e.g., to reduce polydispersion and increase circularity. The
procedure would first let the seed growth to small CRD (“CRD6000” according to our terminology,
see Appendix A.4) and then etch them back to spherical seeds. However, no improvements were
observed after the additional refinement, as the UV-Vis spectrum of the refined seeds was
perfectly overlapped to the spectrum of the starting seeds (Figure 2.2d). Remarkably, the lack of
improvements could not be ascribed to a wrong implementation of the procedure, rather to the
already higher quality of our seeds, as confirmed by a comparison of ours and Mirkin’s seeds at the
same stage (i.e., before the first refinement). We believe that our seeds had higher quality because
our AuNRs were smaller than Mirkin’s, therefore the (first) dissolution process was more effective
in our case. Since the major improvements in seed quality occur after the first cycle of
refinement,?® we considered the NPs reported in Figure 2.2d as the final CPC—capped seeds.

The CPC—capped seeds could be used to synthesize many kinds of polyhedral NPs.?® For our MEF
study, we considered nanospheres (NSs) (obtained from the dissolution of concave rhombic
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dodecahedra, CRD); and nanocubes (NCs). NSs will serve as reference; instead, the anisotropic
cubic shape was chosen for the simultaneous abundance of sharp features entailing high field
enhancements, and large flat facets for a strong and stable binding onto solid substrates.
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Figure 2.2. (a) Typical extinction spectrum of the initial CTAB—capped seeds for AuNRs synthesis. (b) Typical extinction
spectrum of AuNRs at OD2 in 50 mM CTAB prior to the oxidative dissolution step. (c) Dissolution of AuNRs at various
final concentrations of HAuCls. The optimal one was found to be 90 uM (orange line) since no further LSPR blueshift
nor FWHM narrowing were observed at higher concentrations. (d) Final CPC—capped seeds at OD 1 in 100 mM CPC.

2.2.2 Synthesis of Gold Nanospheres (AuNSs)

Large (=100 nm) AuNSs were obtained after a methodical study of both CRD growth and
dissolution. In fact, according to the method,?° the maximum dimension of the etched NP cannot
exceed, roughly, the minimum dimension of the NP undergoing dissolution. Therefore, both steps
must be performed and considered alongside each other.

CRD were synthesized as detailed in Appendix A.4, spanning from CRD500, i.e., CRD obtained from
the growth of 500 uL of final seeds (at OD1 in 100 mM CPC), down to CRD100. Preliminary
dissolutions identified the CRD200-CRD100 range as the interesting interval. Figure 2.3a displays
the normalized extinction spectra of CRD200 (black), CRD180 (red), CRD140 (green), and CRD100
(blue). It is worth noting how the mean sizes could be finely tuned (increased) by slight variations
(decreasing) in the amount of seeds, as indicated by their LSPR wavelengths: 630 nm for CRD200;
637 nm for CRD 180; 647 nm for CRD140; and 658 nm for CRD100. In order to determine the
optimal dissolution conditions for such CRD, small-volume test batches of CRD200 were
independently etched at final HAuCls concentrations ranging from 0.1 to 100 uM, following the
general procedure detailed in Appendix A.5. Figure 2.3b shows the relevant normalized extinction
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spectra of the etched CRD200. A significant blueshift of = 50 nm (w.r.t. CRD200) already occurred at
the relatively low gold concentration (in the final volume) of 0.1 uM (red line), demonstrating that
even trace amounts of gold can initiate the dissolution process of large NPs (whenever CTAB
concentration is 50 mM). As mentioned earlier, this underscores the necessity for meticulous
removal of excess reagents (especially CTAB and gold) through resuspension steps. A subsequent
major blueshift of = 17 nm (w.r.t. 0.1 uM) was then observed at 1 uM HAuCls (green line), followed
by minor relative blueshifts as the gold content was increased from 10 to 100 uM (cyan to black).
The overall progression of the LSPR wavelengths was as follows: 630 nm for CRD200 before
dissolution (black dotted); 581 nm at 0.1 uM HAuCls (red); 564 nm at 1 uM (green); 561 nm at 10
UM and 20 uM (cyan and blue); 557 nm at 40 uM (orange); 555 nm at 100 uM (black solid). Since
no changes were observed from 10 uM to 20 uM HAuUCls, and further alterations were noted only
after doubling this concentration, we concluded that 20 uM HAuCls was an optimal choice for the
dissolution of CRD200. Furthermore, according to Mirkin,?° larger CRD generally require lower
concentration for dissolutions. As a consequence, 20 uM was employed to etch all CRD, from
CRD200 to CRD100, according to the protocol outlined in Appendix A.5. The corresponding
normalized extinction spectra are displayed in Figure 2.3c. The concentration of surfactant CTAB is
50 mM for all. These NPs were termed as NSs200 (black), NSs180 (red), NSs140 (green), and
NSs100 (blue) since electron micrographs did confirm their spherical shape. The corresponding
LSPR wavelengths were: 560 nm for NSs200, 567 nm for NSs180, 581 nm for NSs140, and 584 nm
for NSs100, respectively, confirming that virtually any size of NSs can be obtained by this method.
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Figure 2.3. (a) Typical normalized extinction spectra of CRD200 (black), CRD180 (red), CRD140 (green), and CRD100
(blue). (b) Dissolution of CRD200 (dashed black) at HAuCls concentrations ranging over 0.1—100 uM. The optimal
concentration was considered to be 20 uM (blue). (c) AuNSs200 (black), AuNSs180 (red), AuNSs140 (green), and
AuNSs100 (blue) obtained, respectively, from dissolution of CRD200, CRD180, CRD140, and CRD100 at 20 pM HAuCla.
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For our MEF studies, our focus was on AuNSs140, which served as reference.

2.2.2.1 Morphological and Optical Analysis of AuNSs140

AuNSs140 were morphologically characterized by FEI Magellan scanning transmission electron
microscopy (STEM) after immobilization onto a glass substrate (discussed in section 2.3). Prior to
imaging, the samples underwent iridium sputtering (60 s, 25 mA). This sputtering produced an
iridium layer with a nominal thickness of 6 nm, confirmed experimentally once and for all by a
focused ion beam (FIB) cut shown in Appendix C.3. The analysis did consider this layer.

Figures 2.4a and b display typical top—view and tilted STEM micrographs at high magnification
(250’000x) of AuNSs140, respectively. At first glance, they show large NPs (=100 nm) with a
spherical shape and no residual features of CRD. This demonstrates that the concentration of 20
UM HAuCls chosen for the dissolution step guarantees a complete dissolution of the CRD140. In
contrast, when HAuCIls; concentration was too low, NPs did exhibit residual features of CRDs, as
shown in Appendix F.1.

The quantitative analysis of shape and size was conducted on a top—view STEM micrograph at
lower magnification (the one from Figure 2.15a of Section 2.3.2) to consider a sample of more than
550 NPs. Figure 2.4c and d show the corresponding distributions of aspect ratio (AR) and
circularity (C), obtained directly by “Analyze particle” tool implemented in Imagel (see Appendix
C.1 for further details). Both distributions confirm the exceptional sphericity of the NPs, being the
mean values AR = 1.05 + 0.03 and C = 0.94 + 0.02, respectively. We can then classify the AuNSs140
as spherical NPs and consider their diameter distribution. In this case, since diameter is crucial for
simulations, we did consider the sputtering layer. The particles visible in the micrographs are, in
fact, enclosed in a 6 nm thick iridium shell from the sputtering. Therefore, we first calculated the

diameters D* = 2\/5/_71 for the circular objects visible in the micrograph, where § is the area of
each object as provided by the “Analize particle” tool. Subsequently, we determined the AuNSs140
diameters as D = D* — 12 nm. The resulting distribution is presented in Figure 2.4e and is well-
fitted by a Gaussian with mean diameter D = 104 nm and a remarkably narrow standard deviation
o = 2 nm. AuNSs140 are single-crystalline, spherical and monodisperse NPs.

These features are particularly suitable for simulations, as the simulated spectrum of a single
nanosphere actually serves as a theoretical prediction for a perfectly monodisperse colloid (up to a
normalization factor). Consequently, the extinction spectrum of a single gold sphere with diameter
104 nm was simulated and compared with the experimental spectrum of the AuNSs140 colloid. To
closely mimic the real scenario, a series of technical adjustments were implemented. First, Olmon’s
dataset for single—crystalline gold was utilized,*® our AuNSs being monocrystalline as per the
synthesis method. Secondly, the AuNS was enclosed in a 3 nm thick CTAB shell of refractive index
n = 1.4350,*3 replicating the well-known capping by a CTAB bilayer. The entire object was
enclosed in a 0.8 nm mesh box. Finally, the background refractive index was set to n = 1.3478 to
match the refractive index of a saturated CTAB solution,** as the experimental spectrum refers to a
colloid at high CTAB concentration (50 mM). Together, these three adjustments resulted in a
simulated spectrum that almost perfectly overlapped with the experimental one across the entire
Vis range, as shown in Figure 2.5. Remarkably, when using other gold datasets such as Johnson and
Christy!* and CRC*, the simulated spectra exhibited more pronounced discrepancies compared to
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the experimental one. Furthermore, the simulated spectra exhibited LSPRs blueshifted up to 7 nm
compared to the experimental one at 581 nm whenever the CTAB shell was not used, and the
background index set to 1.333 (water). These additional simulations can be found in Appendix F.2.
In particular, the spectrum of a AuNSs140 colloid at very low CTAB concentration (0.8 uM) was
perfectly reproduced by a CTAB—capped 104 nm AuNS in pure water (see Appendix F.3). Therefore,
our technical adjustments were effective in mimicking all the real scenarios. The excellent
agreements also provide theoretical confirmation for the sputtering layer thickness being 6 nm (a
sphere larger than 104 nm by 12 nm would have resulted in a redshifted spectrum, at least).
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Figure 2.4. Morphological characterization of AuNSs140. (a) Top-view and (b) 52° tilted STEM micrographs at high
magnification of AuNSs140 immobilized onto a glass substrate. (c) Histogram of AuNSs140 aspect ratio, with the inset
representing the major (dark blue) and minor (red) axis of an idealized ellipsoidal nanoparticle. (d) Histogram of
AuNSs140 circularity, with the inset showing an idealized ellipsoidal nanoparticle decomposed in perimeter (black line)
and area (yellow filling). (e) Histogram of AuNSs140 diameter distribution and its Gaussian fit.
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Figure 2.5. Experimental (black solid) and simulated (dashed blue) normalized extinction spectra for AuNSs140 colloid
at 50 mM CTAB. A 104 nm AuNS with a 3 nm CTAB shell in a saturated CTAB solution was used for the simulation.
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2.2.3 Synthesis of Gold Nanocubes (AuNCs60)

AuNCs were synthesized as detailed in Appendix A.6, spanning from NCs150, i.e., NCs obtained
from the growth of 150 puL of final seeds (at OD1 and 100 mM CPC), down to NCs50. Figure 2.6
displays the normalized extinction spectra of NCs150 (black), NCs125 (red), NCs100 (green), NCs75
(blue), NCs60 (orange), NCs50 (dark yellow). The concentration of surfactant CPC is 1 mM for all.
The mean NCs sizes could be finely tuned (increased) by slight variations (lowering) in the amount
of seeds, as indicated by their LSPR wavelengths: 560 nm for NCs150; 566 nm for NCs125; 569 nm
for NCs100; 580 nm for NCs75; 590 nm for NCs60; and 594 nm for NCs50.
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Figure 2.6. Normalized extinction spectra of AUNCs150 (black), AuNCs125 (red), AuNCs100 (green), AuNCs75 (blue),
AuNCs60 (orange), AuNCs50 (dark yellow).

It is worth mentioning that the synthesis of AUNCs100—-AuNCs50 typically resulted in bad-looking
greyish solutions with extinction spectra exhibiting an almost horizontal line modulated by two
short and wide plasmon peaks. Such peaks usually denote clusters of NPs, which in this context
gradually formed in the late stages of the growth process because of the onset of surfactant—
induced depletion forces.*¢*8 However, such clusters were fully reversible and disrupted as soon as
the CPC content was lowered at = 1 mM after the first round of centrifugation and resuspension.
Figure 2.7 displays this interesting phenomenon for a batch of AUNCs50.
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Figure 2.7. (a) Batch of AUNCs50 before and after the first resuspension. Greyish colour is due to (reversible) clusters of
NCs fully disrupted after resuspension. (b) Associated extinction spectra before (black) and after (brown) resuspension.
The two short peaks due to clusters disappear after resuspension, leaving a spectrum with a single peak at =590 nm.
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For our MEF study, our focus was on AuNCs60, whose thorough characterization follows.

2.2.3.1 Morphological and Optical Analysis of AuNCs60

AuNCs60 were morphologically characterized by FEI Magellan STEM after immobilization onto a
glass substrate (discussed in section 2.3). The samples were imaged after iridium sputtering (60 s,
25 mA) and the nominal 6 nm iridium layer (confirmed experimentally, see Appendix C.3) was
considered in the analysis, as specified below.

Figures 2.8a and b display typical top-view STEM micrographs at high magnification (100’000 x and
250°000x, respectively). Together, they show large NPs with cubic or parallelepipedal shapes with
seemingly flat facets. NPs having other shapes, e.g., circular/spherical, are almost absent and can
be counted by eye. The shape yield was indeed found to be > 95% in all the micrographs, as
expected from the synthesis methods we used.

The quantitative analysis of the rectangular shape and size was conducted on the top-view STEM
of Figure 2.8a and another one at the same magnification, to consider a relatively large sample of
200 NPs without compromising the image resolution. The “Oriented Bounding Box” tool from
“Morpholibl” plugin was employed to retrieve the lengths of both sides of the visible NPs. As
detailed in Appendix C.2, this tool considers as “Length” and “Width” the major and minor sides of
the oriented rectangle bounding a NP, respectively. Since this rectangle bounds an object from the
outside, its dimensions are slight overestimations of the actual dimensions of the visible object.
The overestimation was manually checked to be within 3 nm for the micrographs we considered
(see Appendix C.2 for further details), and this value sums to the 6 + 6 = 12 nm associated to the
iridium sputtering. Therefore, we determined the actual NP Length (L) and Width (W) as L = L* —
(3+12) nm and W =W* — (34 12) nm, respectively, where L* and W* are the corresponding
values as provided by the ImagelJ plugin. The two resulting distributions can be found in Appendix
F.4, while the corresponding AR distribution is displayed in Figure 2.8c. It has a mean value AR =
1.12 + 0.10, hence the majority of AUNCs60 are cubes or parallelepipeds slightly deviating from
the cubic shape. Finally, Figure 2.8d displays the overall histogram of the AuNCs60 edges (no
distinctions between L and W). A long but low tail can be noted on the right side, which is
associated with a population of overgrown edges. Therefore, we fitted the histogram by two
Gaussian curves, one for the edges grown in an ordinary way (solid green line) and the other for
the overgrown edges (solid red line). Both the individual and cumulative bi-Gaussian (dashed black
line) curves fit very well the histogram, with mean values E; =74+ 5 nm and E, =92+ 7 nm,
respectively. The population of overgrown edges should not be attributed to our shorter seed
refinement process (one cycle instead of the recommended two) but is rather typical. Indeed, not
only the spectrum of our CPC—capped seeds but also the size dispersity and AR distributions of our
NCs align with Mirkin’s NCs. Therefore, the quality of our NCs is typical of Mirkin’s double
refinement process but, notably, resulting from a single iteration. While further refinements could
have further improved the seed quality and, consequently, NCs quality, the results were already
highly satisfying. We chose to adopt a simpler and shorter procedure rather than a longer, more
tedious one, which would have resulted in only minor improvements.
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Figure 2.8. Morphological characterization of AuNCs60. (a)-(b) Top-view STEM micrographs at high magnification of
AuNCs60 immobilized onto a glass substrate. (c) Histogram of AUNCs60 aspect ratio, with the inset representing major
and minor edges of the visible face of an idealized parallelepiped. (d) Histogram of AuNCs60 visible edges with
Gaussian Fits for fractions of ordinarily grown edges (green), overgrown edges (red) and entire sample (black dashed).
Histograms refer to a sample of NCs from micrograph (a) and another at the same magnification.

Furthermore, 52° tilted STEM micrographs, as in Figure 2.9b, offered a 3D perspective of the NCs
showcasing their entire crystallographic profile, i.e., flat {100} facets delimited by rounded {110}
edges and truncated {111} vertices, as reported in literature.*®> While the perfect cubic shape is
simply impossible to achieve, it is of paramount importance to quantify the actual sharpness of
edges and vertices, as the plasmonic properties of any nanoparticle are drastically different
whether it has sharp features or not.

Therefore, a careful analysis was conducted by Imagel to estimate the mean radius of curvature
Ry, for the visible corners of AuNCs60. The top-view STEM micrograph at high magnification
(250’000x) of Figure 2.9c was analyzed at this scope, counting a sample of 68 corners from 19 NCs
(few corners are outside the image). The “Curvature” plugin was employed to list the radius of
curvature R, (x,y) of each point (x,y) from the NPs outlines, with each local minimum
corresponding to a corner. All points in the neighbourhood of a local minimum were considered fill
a discontinuity = 5 nm in R, was encountered (excluding such discontinuous points). For each
corner, the selected range was averaged, obtaining the mean radius of curvature R,,,,' of that
specific corner. Finally, we assumed all the corners as independent, and obtained R, = 12 nm
with standard deviation ¢ = 2 nm. Figure 2.9d displays a graphical representation of the raw data
provided by the “Curvature” plugin. The graph is superimposed to the corresponding micrograph
of Figure 2.9c and, for a better readability, points with R.,,», > 16 nm are not represented (they
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mostly lie beyond the corner regions). It can be noted that the dominating colours at the corners
are green and yellow, corresponding to points with R_,,,, from 8 to 16 nm.

It is worth to stress that R, = 12 + 2 nm refers to visible edges strictly, as a top-view micrograph
cannot give information about the 3D curvature of vertices (which are truncated). However, since
our analysis attributes the same R_,,,, to each of the three independent pairs of edges associated
to a vertex, it seems reasonable assuming R, as the radius of curvature of the entire corner, at least
as a first approximation. The result R, = 12 + 2 nm indicates that the corners of our AUNCs60 are
sharp, even though not super sharp. In fact, radius of curvatures as small as 8.27 + 0.39 were
estimated (by Imagel) from TEM micrographs of 72 nm AuNCs synthesized by a different protocol
with optimized bromide concentration,*® even though the authors do not describe how.

(a)

Figure 2.9. Characterization and analysis of AuNCs60 edges curvatures. (a) Top-view STEM micrograph at high
magnification (500’000x) showing one NC. The orange circle has a radius of 10 nm, as resulting from the analysis of this
specific corner. (b) 52° tilted STEM micrograph at high magnification of AuNCs60 on glass substrate, showcasing flat
{100} facets, rounded {110} edges, and truncated {111} vertices. (c)-(d) Top-view STEM micrograph at high
magnification (250°000) of immobilized AuNCs60 together with the graphical representation of NCs edges R.,,,,. The
graph is superimposed on the micrograph. For better readability, only coloured dots corresponding to R.,,,, in the
range ]0, 16[ (blue to yellow) are displayed. Points with higher R, mostly lie beyond the corner regions.

The morphological analysis conducted so far enables the modelling of the average AuNC60 as a
74 + 5 nm nanocube with all edges and vertices rounded by R, = 12 + 2 nm. To theoretically
validate this model, its extinction spectrum was simulated and compared to the experimental
spectrum of the AuNCs60 colloid. The “all rounded quadrilateral” from Lumerical’s object library —
a parallelepiped with all edges and corners rounded by suitable cylinders and spheres, respectively
— was found to precisely match with our model and was adopted as the final geometry for
simulations. To mimic the real scenario, the rounded nanocube was enclosed in a 3 nm thick
dielectric shell, replicating the CPC bilayer capping,”® and embedded in a dielectric medium to
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replicate a saturated CPC aqueous solution. Reliable values for the associated refractive indexes
were not found in literature, and we adopted the same values as those for CTAB (n = 1.4350 4143
for the dielectric shell and n = 1.3478 #* for the background medium). While the actual parameters
for CPC may differ from those of CTAB, our assumptions at least account for an organic layer
capping a NP that is further embedded in a highly concentrated surfactant solution (1 mM, as the
colloid). Finally, Olmon’s dataset for single crystalline gold was utilized,*® our AuNCs being
monocrystalline as per the synthesis methods. When using other gold datasets (such as Johnson
and Christy'* CRC*), discrepancies were observed in the shape of the simulated spectrum when
compared to the experimental one. The entire object was enclosed in a 0.5 nm mesh box for a
precise and accurate discretization of the rounded edges and vertices.

We run simulations with the wave vector of the incident light being orthogonal to a NC facet, and
the polarization parallel to an edge. Such simulations already provided the unpolarized optical
response of that specific nanocube orientation, thanks to the invariance of a square under 90°
rotations. For simplicity, further orientations were not considered. They would contribute in a
negligible way thanks to the cube invariance under any (3D) rotation by 90°. We constrained the
rounded nanocube edges to be 74 nm but varied R_,,,, (the same for both edges and vertices) in
the range 0—37 nm, i.e., covering the entire transition from a perfect cube to a perfect sphere.
Ry Significantly influenced the LSPR wavelength, blue-shifting from A;5pr = 650 nm for R, =
0 (perfect cube) to A, gpr = 550 nm for R.,,-, = 37 nm (perfect sphere). The satisfactory agreement
with the experimental spectrum shown in Figure 2.10 was achieved with R.,,, = 14 nm, a value
consistent with our morphological analysis. The narrower FWHM compared to the experimental
spectrum can be safely ascribed to the perfect monodispersion of the simulated object (a single
particle) versus the polydispersion of the AuNCs60 colloid (mean edge 74 + 5 nm).

We conclude that a 74 nm NC with all edges and vertices rounded by cylinders and spheres with
radii 14 nm is an accurate model for the average AuNC60, both experimentally and theoretically.
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Figure 2.10. (a) Experimental (black solid) and simulated (blue dotted) normalized extinction spectra for AuNCs60
colloid at high concentration of CPC (as synthesized nanoparticles). (b) Model geometry used for simulations as from
Lumerical workspace, i.e., a 74 nm nanocube with all edges and vertices rounded by cylinders and spheres of radii 14
nm, respectively. The object is enclosed in a 3 nm thick dielectric shell, replicating the surfactant bilayer.
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2.3 Electrostatic Self-assembly of AUNPs on Glass

The electrostatic self-assembly technique allows the fabrication of 2D self-assembled monolayers
(SAMs) of NPs randomly distributed over a substrate. This method relies on the spontaneous
adsorption of pre-made NPs onto a substrate, driven by electrostatic interactions. The successful
implementation of this process necessitates opposite charges on substrate and NPs. Therefore, the
technique is not suitable for systems that do not possess significant (opposite) surface charges as
the stability and reproducibility of the resulting nanostructure would not be guaranteed. The
formation of the SAM is also influenced and limited by the physicochemical properties of the NP
colloid, e.g., pH and solvent compatibility, as well as the physicochemical and mechanical
properties of the substrate. Furthermore, the technique cannot realize ordered arrays by concept.
Many of these issues can be overcome, for example, by colloidal lithography (CL), which offers a
high level of stability and reproducibility when compared to just NPs deposition and, at the same
time, the possibility to fabricate ordered arrays.> However, in CL, the array shapes are constrained
to those complementary to the mask (a SAM of polystyrene nanospheres), such as triangular NPs,
dots, holes, disks, bowls, cups, hollow sphere/shell, with more unusual shapes obtained only in
combination with other techniques (etching, photolithography). In contrast, once electrostatics is
well-suited, the electrostatic self-assembly technique gives the freedom to fabricate random
arrays of pre-made NPs of any shape. In fact, the aforementioned issues can be partially or totally
overcome. Chemical modifications are routinely applied to the substrate interfaces to suit the NPs
electric charges, overcoming the limited material compatibility. Even the NPs themselves can be
modified by ligand exchanges processes which, however, demand meticulous attention to prevent
irreversible NPs aggregations.>? Furthermore, oxygen plasma treatments can be used to improve
the array stability if necessary.”® The conceptual simplicity, versatility, scalability over large areas
(dm?), and minimal equipment requirements make electrostatic self-assembly technique ideal for
practical applications. We focused on such nanofabrication technique in our endeavours.

The substrates used thorough this work were borosilicate glass of hydrolytic class 1. Type 1 glasses
are made of 65-72% SiO,, therefore their interfaces are rich in silanol (Si-OH) bonds which are
negatively charged as long as they are in contact with electrolyte solutions at pH = 4.* As the
electrolyte pH increases, the interface becomes more and more negatively charged,®* and this is
why glass is highly hydrophilic. A common practice is to expose the pristine glass to a low—pressure
oxygen plasma to fully oxidize the SiO; at the interface, thereby increasing the number of silanol
bonds. This treatment, known as "activation", enhances the surface charge of the pristine glass (at
a given pH of the electrolyte solution) and ensures a uniform charge distribution.

At this stage, the activated glass substrate can be chemically modified to suit the physicochemical
properties of both NPs and buffer/electrolyte solution; or, vice versa, the physicochemical
properties of NPs and buffer/electrolyte solution can be modified to suit the properties of the
substrate. We are going to show both the cases, focusing on the latter.

2.3.1 Case 1: SAMs of Negatively Charged AuNPs

Turkevich’s AuNPs are citrate-capped NPs stabilized in aqueous Trisodium citrate buffer.2® This
buffer solution is generally alkaline (pH > 7), and the NPs carry a negative charge. Given that type
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1 glass interfaces retain a negative charge at pH=4 conditions, Turkevich’s AUNPs are consequently
repelled by pristine glass and cannot undergo electrostatic adsorption. Therefore, a chemical
modification of either the glass interface or the AuNPs is essential.

Glass substrates were subjected to a silanization process using the amino-terminated silane 3-
aminopropyltriethoxysilane (APTES) to impart the desired positive charge. In presence of water
molecules, APTES is first hydrolysed and then binds covalently to the glass as its organosilyl
terminations react with glass silanols bonds forming —Si—-O-Si— bonds.>> In this bond, one Si atom
is sourced from the glass, and the other comes from an APTES molecule. APTES amino
terminations are easily protonated to —NHs* in aqueous solution. Consequently, APTES-
functionalized substrates carry a positive charge if put in contact with our AuNPs colloids,
maintaining the positive charge over a broad pH range.>* The electrostatic SAM of Turkevich’s
AuNPs onto APTES-functionalized glass interfaces can thus occur. The AuNPs surface density can be
easily tuned, for instance, by changing the AuNPs concentration and the incubation time.

It is worthwhile to mention that APTES is prone to polymerization leading to multilayers formation
and to a non-homogeneous coating of the substrate, generally. The deviations from the ideal
APTES monolayer give rise to regions (from nm? up to pm?) with a higher local density of amino
terminations. Once in contact with aqueous solutions, these regions locally carry a higher positive
charge density that may trigger aggregations and/or formation of clusters of negatively charged
NPs. In order to achieve the ideal APTES monolayer, vapour phase deposition and specific curing
steps are often employed;>® however, this demands specific equipment (e.g., a glovebox) and
trained personnel as well as up to overnight ageing or thermal annealing. Furthermore, the APTES
monolayer is not essential in many applications like ours, where a sufficiently homogeneous
coating, capable of preventing substantial AuNPs aggregations, is satisfactory. For these reasons,
we chose the simpler aqueous solution—phase deposition, a method frequently employed in
literature with great success especially when APTES was used in relatively low concentrations.>®>7
We followed one of such silanization protocols®” together with a final oxygen plasma cleaning
(Figure 2.11e) to remove all residue of APTES which could have degraded during later times
affecting the array stability. The employed method guaranteed good stability and reproducibility, as
the oxygen plasma cleaning leaves bare AuNPs strongly bound to glass.>3

Nanostructure fabrication generally counted five steps, detailed in Appendix B.1, and schematically
shown in Figure 2.11: a) glass substrate cleaning; b) substrate activation by low-pressure oxygen
plasma; c) silanization by APTES (aqueous solution—phase deposition); d) immobilization of
Turkevich’s AuNPs; e) final cleaning by low-pressure oxygen plasma.

(a) (b)

\

Figure 2.11. Fabrication of 2D SAM of randomly positioned AuNPs on glass through electrostatic self-assembly
technique. (a) Substrate cleaning. (b) Surface activation by oxygen plasma. (c) Surface silanization by APTES. (d) Citrate-
capped AuNPs immobilization. (e) Citrate and silane layer etching by oxygen plasma.

(d) (e)
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2.3.1.1 Morphological and Optical Characterizations

The as-fabricated nanostructures were morphologically characterized by FEI Nova NanoSEM 450
scanning electron microscopy (SEM) after gold/palladium sputtering (30 s, 25 mA). A typical
micrograph at low magnification shows spheroidal NPs randomly distributed over the substrate as
both single NPs and clusters (Figure 2.12a), the latter ascribed to APTES multilayer spots formed
during silanization. However, AuNP clusters are not an issue, and the SAM is quite homogeneous,
indicating that the specific aqueous solution-phase deposition method we adopted for silanization
resulted in a nearly homogeneous APTES coating. Appendices C.1 and C.2 report the detailed
analysis of the SEM micrograph by Imagel software. Thanks to our optimized protocol, a high
AuNPs surface density of = 380 AuNPs/um? was reached, which is suitable for biosensing
applications demanding for abundancy of binding sites for bioreceptors. Figure 2.12b and ¢ show
the aspect ratio (AR) and circularity (C) distributions of the AuNPs, respectively. The mean values
AR =1.25+0.19 and C = 0.82 + 0.06 convey a relatively high regularity in nanoparticle roundness
and also reflect their spheroidal (rather than perfectly spherical) shape, as expected from
Turkevich’s synthesis. However, such spheroidal AuNPs can be considered as spheres in a first
approximation, and a gaussian distribution for their diameters with mean value D =30 nm and ¢ =
5 nm (Figure 2.12d) is readily obtained. Finally, Figure 2.12e shows the histogram of the nearest-
neighbour centre-to-centre distances (NND) whose distribution has mean value NND = 35 nm and
o = 9 nm. On the one hand, NND = 35 nm is very close to D = 30 nm, indicating a high surface
density of AuNPs; on the other hand, the broader standard deviation (9 nm) simply reflects that
the AuNPs are randomly distributed over the glass, a consequence of the electrostatic self-
assembly technique.

The nanostructures were optically characterized through UV-Vis spectroscopy by measuring the
extinction spectrum. Figure 2.13a shows the experimental extinction spectrum of the array (solid
black line), showing a plasmon resonance at 526 nm and a “shoulder” in the range 600-800 nm.
The former is associated both to single AuNPs that are far enough from their nearest neighbours
(NND>3/2 D)8 to be considered as isolated, and AuNPs that are close enough (NND<3/2 D) to
interact to each other. Instead, the shoulder is associated with AuNPs in close proximity, forming
clusters that interact with longer wavelengths because of their huge overall size.*®

A 500 nm x 500 nm ROI (Figure 2.13b) was selected from the top-left quarter of the SEM
micrograph of Figure 2.12a and used for running FDTD simulations by Lumerical software (see
Appendix C.2 for details on the modelling). This specific ROl was chosen in an “educated” manner
to include clusters manageable by Imagel. More intricate clusters cannot be properly processed
(segmented) by Imagel) and, therefore, cannot be imported into the simulation software. The
simulated extinction spectrum associated with the selected ROI (solid blue line in Figure 2.13a)
agreed well to the experimental extinction spectrum (solid black line) as soon as the Johnson and
Christy!4 dataset was chosen for gold. Remarkably, not only was the plasmon resonance at 526 nm
recovered, but the shoulder associated with AuNPs clusters was also accurately reproduced.
Consequently, the selected sub-micrometric ROl serves as representative morphology at the
macroscopic level too (the experimental extinction spectrum is relative to =7 mm? of
nanostructure). In other words, the morphology holding at both the sub-micrometric scale and the
macroscopic scale are highly consistent, which conveys the uniformity of the nanostructures
(visible to the naked eye through its uniform light pink colour).
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Figure 2.12. Morphological characterization of the nanostructured substrate. (a) Top view SEM micrograph of the 2D
SAM of AuNPs. (b) Histogram of AuNPs aspect ratio, with the inset representing the major (dark blue) and minor (red)
axis of an idealized ellipsoidal nanoparticle. (c) Histogram of AuNPs circularity, with the inset showing an idealized
ellipsoidal nanoparticle decomposed in perimeter (black line) and area (yellow filling). (d) Nanoparticle diameter
distribution. (e) Nearest neighbour Centre-to centre distance (NND) distribution.
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Figure 2.13. (a) Experimental (black) and simulated (blue) extinction spectra of the array. (b) Top-left quarter of the
SEM micrograph of Figure 2.12a including the 500 nm ROI (highlighted in dark yellow) chosen to run the simulation.
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2.3.2 Case 2: SAMs of Positively Charged AuNSs and AuNCs

The seed—-mediated methods described in Section 2.2 were used to synthesize CTAB—capped
AuNSs (stabilized in CTAB buffer) and CPC—capped AuNCs (stabilized in CPC buffer). These aqueous
buffer solutions were found to be mildly acidic or alkaline according to the specific concentration
of surfactant. For instance, a pH of 5.4 was measured for CPC solutions at 2100 uM (in ultrapure
water), and a pH of 7.4 was measured for a 1 uM CPC solution, 7.4 being the pH of the ultrapure
water, too. Nearly the same values were measured for the pH of corresponding CTAB solutions, in
accordance with literature. % Therefore, CTAB and CPC aqueous solutions generally have a pH=4, a
condition at which type 1 glass interfaces retain a negative charge. On the other hand, both CTAB
and CPC are cationic surfactants which make the AuNSs and AuNCs positively charged. These
circumstances pave the way to the exciting possibility of an electrostatic self-assembly of AuNPs
with no need for chemical modifications of either the substrate or the NPs, since both would
already have the right electric charges. However, this scenario is slightly oversimplified, as
surfactants like CTAB or CPC can themselves adsorb electrostatically onto negatively charged
(hydrophilic) surfaces, given their cationic nature.®* This phenomenon gradually shifts the charge
of the negatively charged substrate towards positive values, hindering the electrostatic adsorption
of positively charged AuNPs.

According to this reasoning, our glass substrate would retain sufficient negative charge for the
adsorption of CTAB—stabilized or CPC—stabilized AuNPs only when a negligible adsorption of CTAB
or CPC molecules occur during the incubation with the colloids. As a matter of fact, no NP
adsorption was observed for those colloids with surfactant concentrations in the range = 100 mM
(as—synthesized AuNPs) to = 1 uM.

However, the process was successful as soon as the surfactant concentration was reduced to <
1 uM, with the concentration of 0.25 uM serving as lower threshold: below this concentration,
irreversible NP aggregations spoiled the colloids, likely caused by an insufficient number of ligands
around the NPs. The electrostatic adsorption of AuNPs was then successful only at very low
concentrations of surfactants, and within a range as narrow as 0.25-1 pM. This range of
concentrations was notably 5 orders of magnitude lower than the concentrations of surfactants
used for the synthesis, i.e., 50 mM CTAB for the AuNSs and 100 mM CPC for the AuNCs. A
minimum of 3 rounds of centrifugations and resuspensions were necessary to bridge this
significant gap, and the exact number depended also upon the specific instrument used
(Eppendorf MiniSpin® or Heraeus Megafuge 1.0 R). It was paramount to centrifuge and resuspend
the NPs colloids each time using solutions at known concentrations of CTAB or CPC, since the
working range as narrow as 0.25-1 uM demanded a very strict and meticulous control over the
concentrations of surfactants.

The synthesis methods we adopted allowed for the fine tuning of AuNPs sizes. AuNSs140 and
AuNSs180 as well as AuNCs60 and AuNCs125 were used to fabricate electrostatic SAMs over glass
substrates. The fabrication generally counted six steps, detailed in Appendix B.2, and here
summarized: a) preliminary preparation of AuNPs at OD 5 and 0.8 uM CTAB (AuNSs) or 0.5 uM CPC
(AuNCs); b) glass substrate cleaning; c) glass activation by low—pressure oxygen plasma; d)
immobilization of AuNPs; e) nanostructure rinsing by ultrapure water, solvent exchange, and
drying; f) final cleaning by a low—pressure oxygen plasma.
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The as-fabricated nanostructures exhibited an exceptional uniformity at the naked eye already, as
conveyed by their bright colours (in air), see Figure 2.14.

AuNSs180 AuNSs140 AuNCs60 AuNCs125

Figure 2.14. Top-view picture of few as-fabricated nanostructures on a white background.

m
—

/’

We primarily worked with AuNSs140 and AuNCs60 nanostructures in the upcoming MEF study.
Therefore, we focus here on these two types of nanostructures.

2.3.2.1 Morphological and Optical Analysis of AuNSs140 and AuNCs60 Arrays

The nanostructures were morphologically characterized by STEM after iridium sputtering (60 s, 25
mA). An iridium layer with a nominal thickness of 6 nm was considered for the analysis, as
previously done. Figures 2.15a and b, and 2.16a and b, display typical top-view and tilted STEM
micrographs at low magnifications for AuNS140 and AuNCs60, respectively. In both cases, the NPs
are randomly distributed over the substrate as individual NPs, exhibiting exceptional uniformity
over large areas (30 um?). Almost no clusters were observed. We were looking forward to these
features, which were expected from both the uniform plasma activation of the glass substrate and,
more importantly, the absence of its chemical modification. As discussed in a previous section, an
intermediate, potentially non-uniform layer (e.g., APTES) can be a source of NPs aggregation. In
contrast, in our case, clusters may only arise from either pre-existing NP aggregates in the colloids
(due to the low concentration of surfactants) or the drying process (due to capillary forces). Our
nanofabrication methods successfully avoided or mitigated all these issues.

In the case of AuNSs140 nanostructures, it is noteworthy that small areas (= 1 um?) occasionally

exhibited a quasi-hexagonal lattice, i.e., the maximum packing configuration for spheres. This

feature arose from the relatively high surface density £; ~ 19 NSs/um? achieved for AuNSs140 of

diameter as large as 104 + 2 nm (see Figure 2.15c). The NND histogram in Figure 2.15d reinforces

this evidence of high coverage. Excluding the first two bins related to a few clusters, the Gaussian

fit yielded a NND = 192 nm with o = 22 nm, which implies that each NS has at least one
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neighbour approximatively 88 + 22 nm far from it (interparticle gap). Consequently, there is often
insufficient space for another NS to be positioned in between.

The same does not apply to the AuNCs60 nanostructures. The NND histogram in Figure 2.16d has
NND = 223 nm and o = 33 nm, while E =74 + 5 nm (excluding the small population of
overgrown edges, see Figure 2.16c). It follows that there is typically enough space for another NC
to be situated in between two neighbouring NCs. This NND distribution is a result of a lower
surface density, which for AUNCs60 nanostructure is £, ~ 14 NCs/um?2,

A geometric parameter relevant to the upcoming MEF study is the “3D effective surface” of
nanostructure per unit substrate, Z,rr, representing the 3D array surface exposed to the local
environment per unit substrate. For simplicity, we modelled the AuNSs as perfect spheres with D =
104 nm, and the AuNCs60 as perfect cubes with E = 74 nm, respectively. According to this
modelling, the entire surface of a sphere is exposed to the local environment while only 5/6 of the
total cube surface is exposed (one face is entirely in contact with the substrate). It easily follows
that Z.rf = 4n(D/2)*%; = 0.64 pm*/pm? for AuNSs140 nanostructures, while £,¢f = S5E23, =
0.38 pm?/um? for AuNCs60 nanostructures. These parameters will serve as geometrical
renormalization factors for the fluorescence intensities attained by these arrays in the context of a
MEF study, cancelling the differences in both the single particle surfaces and their densities over
the substrate. In other words, the renormalized fluorescence intensities will roughly refer to the
same 3D effective surface of both arrays, and can be compared.
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Figure 2.15. Morphological characterization of AuNSs140 nanostructures. (a) Top-view and (b) 52° tilted STEM
micrographs at low magnifications of the SAM. (c) Diameter and (d) NND distributions as resulting from analysis of (a).
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Figure 2.16. Morphological characterization of AuNCs60 nanostructures. (a) Top-view and (b) 52° tilted STEM
micrographs at low magnifications of the SAM. (c) Diameter distribution (already shown in Figure 2.8a) and (d) NND
distributions as resulting from analysis of (a).

The nanostructures were optically characterized through UV-Vis spectroscopy by measuring their
extinction spectrum both in dry (air) and wet (water) conditions. The experimental spectra are
shown as solid black lines in Figure 2.17: in particular, Figure 2.17a and b refer to the AuNSs140
array in air and water, respectively; analogously, Figure 2.17c and d refer to the AuNCs60 array in
air and water, respectively.

The experimental extinction spectrum of the AuNSs140 nanostructure in air (solid black line in
Figure 2.17a) exhibits a LSPR peak at 515 nm with FWHM of 35 nm, and no secondary LSPRs nor
shoulders at longer wavelengths. This would suggest that the NSs140 constituting the array do not
interact with each other and can be considered as isolated, consistently with the condition NND >
3/2 D holding for such array.®® In contrast, simulations of a single 104 nm AuNS over glass in air
showed that a single—particle model is not sufficient to optically describe the nanostructure, as its
extinction spectrum (dashed green line in Figure 2.17a) exhibits mismatches throughout the Vis
range, notably, a redshifted LSPR peaked at 524 nm with a wider FWHM of 43 nm. Typically, LSPRs
undergo redshift and broadening when NPs couple with each other; instead, our simulations
yielded the opposite result, i.e., the NSs140 constituting the array are interacting in such a way
that the LSPR of the nanoparticle ensemble is both blueshifted and narrower compared to an
isolated AuNS140 on glass. Remarkably, the same circumstance was found in water, even more
pronounced, as well as in the case of AUNCs60 array. The redundancy of such result led us to
hypothesize the rise of unusual collective plasmon phenomena, which we now investigate deeper
by simulations along with the optical characterizations.
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Figure 2.17. (a) Experimental (solid black) and simulated (dashed blue) extinction spectra of the AuNSs140
nanostructure in air. The simulated extinction spectrum of a single AuNS140 on glass in air is reported as dashed green
line. (b) Corresponding spectra in water. (c) Experimental (black solid) and simulated (dashed blue) extinction spectra
of the NCs60 nanostructure in air. The simulated extinction spectrum of a single AuUNC60 on glass in air is reported as
dashed green line. (d) Corresponding spectra in water. Due to long-range dipolar coupling among the NP constituting
the arrays, the LSPR of the arrays is both blueshifted and narrower than the LSPR of the single particle on glass.

2.3.2.2 Investigation of Unusual Collective Plasmon Phenomena

To investigate the hypothesis of an unusual collective plasmon phenomenon, a many-body
simulation was set up for the AuNS140 array. In particular, we simulated the unpolarized extinction
spectrum of the STEM micrograph of Figure 2.4a, after processing and importing its morphology in
Lumerical workspace (considering the 6 nm sputtering layer). That micrograph covers an area of =
1 um? counting 20 AuNSs140 with diameters ranging between 101 and 108 nm and a mean
diameter 104 + 1 nm . It is important to note that the experimental spectrum is associated to = 7
mm? of nanostructure, which is essentially infinite in the context of nanophotonic simulations. To
mimic the extended nature of the nanostructure, periodic boundary conditions were applied along
the x and y axes of the simulation workspace. Consequently, we simulated the unpolarized
extinction spectrum of an infinite array, with the chosen STEM micrograph serving as the unit cell.
Similar to the simulations of colloids, we adopted Olmon’s dataset for single-crystalline gold,*® but
no CTAB capping was added to NSs, as it should be negligible after the final oxygen plasma
cleaning. We set ng;q5; = 1.52, the background index to 1 (vacuum), and a 2 nm mesh overriding
the NSs to run the simulation within a reasonable time. Given that NSs140 have diameters of =
100 nm, a 2 nm mesh is already considered highly accurate. The as—simulated (normalized and
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unpolarized) extinction spectrum is depicted as a dotted blue line in Figure 2.17a and, notably, it
perfectly aligns with the experimental one. Therefore, the above-mentioned hypothesis of an
unusual collective plasmon phenomenon seems to be confirmed. Moreover, the perfect
agreement theoretically demonstrates that the nanostructure is uniform over macroscopic scales
(at least cm?), while being locally described by the STEM micrograph of Figure 2.4a.

The outcome of any simulation may be affected by artifacts, and the simulated spectrum (dashed
green line) of Figure 2.17a can, in principle, suffer this issue. Therefore, the aforementioned study
was replicated under wet conditions (AuNS140 array in contact with water) to double check the
physical nature of the phenomenon. On one hand, the presence of a dielectric medium (water) is
expected to enhance plasmon phenomena. On the other hand, the nanostructure spectrum
(ensemble spectrum) in water could be directly compared with the experimental spectrum of the
AuNSs140 colloid (single—particle spectrum), whenever a AuNS140 in colloidal solution was
optically equivalent to a single AuNS140 on glass in water.

Figure 2.17b displays the experimental extinction spectrum of the NSs140 nanostructure in water
(solid black line), obtained by placing a small slice of nanostructure in a cuvette subsequently filled
by ultrapure water. The spectrum exhibits a LSPR peaked at 542 nm with a FWHM of 49 nm, and
no secondary LSPRs nor shoulders at longer wavelengths. The many—body simulation (dotted blue
line) perfectly aligns with the experimental spectrum, while the single—particle simulation (dashed
green line) once again produced a significantly redshifted and broader LSPR, peaked at 572 nm
with a FWHM of 87 nm. Both simulations were run as in the previous case, but with background
refractive index adjusted to 1.333 (water). Note that a single AuNS140 over glass in water resemble
a colloidal AuNS140, as the local dielectric environments are roughly the same in both cases.
Consequently, the reliability of the simulated spectrum (dashed green line) is confirmed by its
nearly—perfect agreement with the experimental extinction spectrum of the AuNSs140 colloid at
low CTAB concentration (as shown in Appendix F.5). Vice versa, it demonstrates that a AuNS140 in
colloidal solution is optically equivalent to a single AuNS140 over glass in water. Consequently, it is
legitimate to directly compare the experimental spectra of nanostructure and colloid, leading to
the conclusion that the LSPR of our array of AuNSs140 is (significantly) blueshifted and narrower
than the LSPR of the AuNSs140 colloid due to unusual collective plasmon phenomena.

Similar phenomena were observed in a situation entirely comparable to ours by Jenkins et al.,®?
who demonstrated (through simulations) that these effects arise from far—field dipolar interactions
among large neighbouring NPs whose centre-to-centre NND distances are larger than their (large)
diameter. In other words, the dipolar components of the scattering of our large AuNSs140
coherently interacts in the far—field zone, and both a blueshift and a narrowing of the LSPR of the
nanoparticle array result from such long—range interactions. The calculated NND distance—
dependence of the LSPR wavelength for Jenkins’ 120 nm AuNS array (comparable to our
AuNSs140) is reported in Appendix F.6. Interestingly, the curve has a local minimum, and the
following picture holds: when the NPs constituting the (random) array are very far from each other
(e.g., 10 times their diameter), the LSPR of the array coincides with the single—particle LSPR; as the
NND distance decreases, the nanostructure LSPR blueshifts until reaching a local minimum; finally,
for smaller NND distances, the array LSPR starts redshift. For a 120 nm AuNS, the local minimum is
at NND ~ 180 nm. Since our AuNS140 have a comparable D = 104 + 2 nm, and a NND = 192 +
22 nm, the blueshift and narrowing of the LSPR of our AuNSs140 array would be nearly maximal.
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Indeed, in water, we observed a substantial blueshift of 30 nm and a narrowing of the LSPR
linewidth by 38 nm compared to a single AuNS140 on glass (in water).

The blueshift and narrowing of the LSPR were also observed for the AuNCs60 nanostructures.
Figure 2.17c shows the experimental extinction spectra of the array in air (solid black line), the
simulated extinction spectrum of a single AUNC60 (the model AuNC60 discussed in section 2.2.3.1)
(dashed green lines), and the simulated extinction spectrum of a periodic array having the STEM
micrograph of Figure 2.9c as the unit cell. Figure 2.17d shows the corresponding spectra in water.
The single—particle simulations were run by using a 0.5 nm mesh overriding the NC for optimal
fidelity of vertices and edges curvatures; while for the many—body simulations it was set to 1.5 nm
according to our computational resources. Moreover, since the chosen STEM micrograph exhibited
3 overgrown AuNCs60 over a sample of 17 AuNCs60 (which is more than the fraction of overgrown
edges in the much larger sample previously analyzed, see Figure 2.8d), we replaced them with our
model AuNC60. The resulting many—body simulations perfectly match the experimental extinction
spectra of the nanostructures in both air and water. In contrast, the single—particle simulations
exhibited a significant LSPR redshifted and broadening. In air, the array LSPR is peaked at 541 nm
with a FWHM of 48 nm, while a single AUNC60 over glass has a (simulated) LSPR peaked at 552 nm
with FWHM of 50 nm. In water, the array LSPR is peaked at 571 nm with a FWHM of 60 nm, while a
single AuUNC60 over glass has a (simulated) LSPR peaked at 595 nm with FWHM of 79 nm. It is
worth noting that these LSPR blueshifts and broadening are smaller than the case of AuNSs140
array, compatibly with the larger centre-to-centre NND distance of AuNCs60 array compared to
AuNSs60 array. However, the phenomenon was clearly observed, therefore we can affirm that the
AuNSs60 constituting the array do interact with each other via the aforementioned far—field
dipolar interactions among neighbouring NCs.

It is worth noting that the presence of a dielectric medium (water) greatly enhanced the physical
phenomenon discussed so far. In fact, the LSPRs of the arrays in water are as pronounced as the
LSPRs of the corresponding single particle on glass (solid black and dashed green lines in Figures
2.17b and d); and, at the same time, much narrower, almost like the LSPRs of the arrays in air. Note
that sharp resonances are usually observed in ordered lattices fabricated by more sophisticated
techniques.’” In contrast, we obtained sharp resonances from random arrays of NPs fabricated by
the simple self-assembly technique as a result of unexpected far—field dipolar coupling between
large NPs. Furthermore, the LSPRs can be finely tuned over a wide spectral range by varying the
surface density of the same kind of (large) NP, which can be easily achieved, e.g., by changing the
concentration of the NPs used for the incubation step. Simplicity, versatility, and sharp, tuneable
LSPRs are highly desirable features in many kinds of applications. In particular, we studied the
distance—dependent metal enhanced fluorescence (MEF) performance of our arrays for a future
application as MEF-based optical biosensor.
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Chapter 3. Metal-enhanced Fluorescence (MEF)

This chapter follows the analytical treatments reported in the series of papers®3-¢, and papers®’-,

3.1 Enhancement of the Optical Absorption

The optical absorption of N, molecules having absorption cross section g, placed close to a
(Drude) metal nanosphere of radius a embedded in a dielectric medium &, can be described as a
two-step process in the presence of the LSPs modes supported by the sphere. The process is
schematically shown in Figure 3.1. In the specific case of a sphere, because of the spherical
symmetry, the higher—order LSPs modes ([ = 2) have a zero dipole moment p; = 0, hence they
cannot couple with the incident light (nonradiative modes). Therefore, the energy from free—space
modes contained (within the far—field solid angle £2) in the external radiation of frequency w,,
gets coupled exclusively into the dipole LSP mode (I = 1, resonant frequency w; = wgy,), with an
in—coupling coefficient Ki‘fl. Subsequently, the energy “stored” in the dipole mode gets absorbed
at the rate y,ps by the N, molecules with absorption cross section (probability) o, located at
distance d from the sphere.

Optical
excitation

ex

Drude
Metal Radiation
nanosphere /
/_\/-__"
——
yabs yrad
Molecule €p

Figure 3.1. Process of enhancement of the optical absorption of a molecule placed at distance d from a metal
sphere of radius a. The NP dipole is assumed to be parallel to the external radiation. (From Ref.®3)

The nonradiative decay rate y ;s Of the sphere dipole mode due to absorption by molecules, is

6

1 1 ¢ Ngo, 1 \°
free a%a
- - , 3.1
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. . . ree
which is enhanced compared to the case of molecules in “free space” (y({bs

= iNaO'a) thanks to
the Forster resonance energy transfer (FRET) from the NP dipole LSP mode towards the molecules.
Here, c is speed of light in vacuum and n, is the refractive index of the dielectric medium in which
molecules (and sphere) are embedded. Instead, Ve 4y, is the effective volume of the sphere dipole
mode (I = 1). Generally, Ve, is a parameter introduced by Khurgin and Sun® to describe the

“effective volume” containing the energy U, of [-th mode of the sphere:
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Note that we are referring to the subscript [ = 1 for the dipole mode as ‘dp”.

The molecules absorption enhancement factor EF,; is defined as the ratio of the absorption rate
of the dipole energy By, = YapsUap (the power absorbed by molecules in presence of the metal
nanosphere) to their rate of absorption By, of the incident light in absence of the metal sphere
(molecules “free space”, or natural, absorption). Assuming pay, // Eex
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and the molecules absorption enhancement factor EF,p,¢(w,y) is:%
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Here, yqp is the total decay rate of the sphere dipole mode, which is the sum over the three
contributions of radiative decay y,,q, nonradiative decay ¥,,qq due to metal losses, and
nonradiative decay y,,s due to energy transfer to the molecules. The parameter §,, is the
normalized excitation detuning, which accounts for mismatches between the frequency of the
external excitation radiation and the dipole mode frequency. Finally, Q,,4 is a Q factor for the
radiative decay y,.44 Of the dipole mode; y is a normalized NP radius; Q44 is @ Q factor for the
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nonradiative decay y,,qq Of the dipole mode due to metal losses (Vpnrqqa = ¥ for a Drude metal
described by the dielectric function e(w) =1 — cu,%/(a)2 + iyw)); Qqps is @ Q factor for the
nonradiative decay of the dipole mode due to absorption by molecules.

The equation for EF,;,s(w,,) can be optimized in many ways. For instance, at W,y = wq, and
Nyo, = 0 (i.e., 8, = 0 and Q7 =~ 0), the max EF,; at a given NP-molecules distance d is:

Wex = Wap ) 3 1
9/4 ¢ Aap\t/ d %
{ R e T R <—2"”’> (=) e
NaO'a ~ 0 (1 + Xa Qnrad " nrad

While optimization at resonance w,, = wgy, for small d ~ 0 but arbitrary N, g, gives:

-2

1 1
Weyxy = Wap 9¢,. 02 2 6
pQnrad 3mepN,0, 3mepN,0,
{ = EFCIL\%‘;X = % ZQnrad <Taa) +1 at Ymax = <Taa
d=0 dp dp

(3.8)

Whenever Nyo, = 15,/(12 mepQh,44), the total absorption of the molecules N, 0, starts to play
a significant role in determining the upper limit of EFC%‘;‘X. For the Ag/GaN system of Khurgin and
Sun®, constituted by a Ag nanosphere embedded in GaN (Awg, = 2.35, &5, = 5.8), it follows that
Noo, = 25,/(12 mepQh.0q) = 7 nm?, and above this threshold the EF,;4* experimented by the
molecules is limited by their own presence. For instance, fluorescent molecules (fluorophores)
usually have g, < 0.1 nm? (being 0.1 nm? the o, of the large Rhodamine 6G®3). It follows that a

small number of fluorophores (few tens) play no role in determining the upper limit of EF(%,‘?X; but

a hundred of fluorophores do limit EFC%‘;’X since the surplus of energy provided by NP has to be

divided among many molecules, hence each of them has less energy at his disposal.

In the case of the Ag/GaN system of Khurgin and Sun,®3 some overall trends can be visualized in
Figure 3.2. In Figure 3.2a the significant impact of the absorbing molecules on EF,, is evident: for
instance, EF,; decreases from ~ 34 to = 8.5 when N, 0, increases from 1 nm? to 100 nm?, for
a=15nm(d = 5nm, wex = Wgp). It is also worthwhile to note that the local maximum in EF
is due to the opposite trend of Q. ; o a® (or, equivalently, ¥,qq < a3) and Q. x a3 (or,
equivalently, y4ps & a~3) with increasing AgNP radius (Q, /44 is constant). When the AgNP is too
large, most of the energy stored into the dipole mode is radiated to the far—field and, therefore,
little energy can be transferred non-radiatively (by FRET) to the molecules. Consequently, EF,
decreases. Conversely, if a is too small, FRET mechanism is inefficient, and the molecules scarcely
absorb. Figure 3.2b shows a 2D plot of EF%‘;‘X at resonance as a function of (d, N,0,), and in
which it is maximized with respect to the AgNP radius a. Along each line, the AgNP radius a varies
to maximize EF,,s(d, N,0,). The optimized EFMAX clearly indicate that the strongest EF,; is
attainable for a small number of weakly absorbing molecules placed close to the Ag nanosphere,
while for a large number of strong absorbers the EF,;, is considerably lower if present at all.

We conclude that metal nanospheres can dramatically improve the performance of optical sensors
in which the analyte molecules are few and their original absorption is low. At the same time,
when the original absorption is already significant, the enhancement is weak or non—existent.
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Figure 3.2. EF,;,; for the Ag/GaN system of Khurgin and Sun.® (a) EF, at the dipole resonance wg, as a function of
the Ag nanosphere radius a at various values of the total absorption cross section N,g, of absorbing molecules placed
at d =5 nm from the Ag sphere. (b) EFM4X for optimized sphere radii at wgp for absorbing molecules with total
absorption cross section N0, placed at distance d from the Ag nanosphere. (Adapted from Ref.®3)

3.2 Enhancement of the Optical Emission

The electroluminescence emission by an excited molecule can be treated as a two-step process, as
shown in Figure 3.3. First, the electrically excited molecule with original radiative decay rate rr"ald
relaxes by emitting energy of frequency w,,, into all LSP modes associated with the metal
nanosphere at the rate of Fp_lr;(}d for the [-th mode, enhanced by the Purcell factor F, ;. In the
specific case of a sphere, because of the spherical symmetry, only the dipole LSP mode [ = 1 has a
non-zero dipole moment and will subsequently couple—out to external radiation by decaying
radiatively at the rate y,44 (it will also decay nonradiatively at the rate y,,;q44)- All higher—order
LSP modes [ > 2, having p; = 0, do not couple with the external radiation and will exclusively
dissipate nonradiatively into the metal at the rate y,,,44- Simultaneously, the molecule itself also
internally relaxes nonradiatively at its original nonradiative rate 7,,,.

Non-radiative states

Radiation
‘v\ "
T——
Weyp +——~—— Metal loss I
— ~— -
Yrad X ’

-1
Fp.lTrad

Electrically
excited
molecule

Metal nanosphere

Figure 3.3. Process of enhancement of the electroluminescence emission by a molecule placed at distance d from a
metal sphere of radius a. The NP dipole is assumed to be parallel to the external radiation (From Ref.%3)
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The Purcell factor F,; can be estimated as a ratio of the effective density of the [-th mode
P1(wem, d) to the effective density of the radiation continuum p,,4(wem) associated with an
electroluminescence emission wavelength A,,, in the dielectric whose polarization is lined up with
the LSP dipole. Therefore, being:

_ Ll(wem) ( d) 2t
p1(Wem, d) = Vew: 1+- (3.9)
1 /2m\° 1
= 3.10
Prad (wem) 3772 (Aem> Wem ( )

with L;(w) is the normalized Lorentzian linewidth factor of the [-th mode,

Yraa + Ynraar =1
V1 = (3.112)
Ynrad » =2

vi/2m

L - )
(@) (W — wp)? + V12/4‘

the Purcell Factor is:

(3.12)

p1(Wem, d)  3mepWemLi(Wem) 21+ 1)(1 + 1)2 1 .
Fp,l((‘-’em) = = ( )

prad(wem) B 8Xgm ) (l + 1) +1 1+ d/a

where Yom = 21a /Ao,

Let us discuss the Purcell factors at resonance we;,m = wgp, i.€., when the molecules emit energy
resonantly with the dipole mode frequency. The Purcell factors at wepy, = wgp, i.e., Fp,l(wdp),
clearly demonstrate the physical origin of luminescence quenching (see Figure 3.4): as the
separation d decreases, progressively larger fraction of energy stored in the excited molecule gets
coupled into the higher—order modes (L = 2), where it gets subsequently dissipated into the metal
(the higher—order modes decay only nonradiatively in the case of a sphere). Figure 3.4 showcases
Fp,l(a)dp) at few distances d from a Au nanosphere of radius a = 30 nm in GaN dielectric.

300 ¢
Au/GaN Wem™= WDdp
. )
S 200!
3
e
= 1007 . 4=51m
O | a2
1 10 100
Mode ¢

Figure 3.4. Purcell factors at the dipole resonance wg, associated with various LSP modes for a molecule placed at d =
2,5,10 nm from a Au nanosphere of radius a = 30 nm embedded in GaN dielectric. (Adapted from Ref.%%)
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This phenomenon is better illustrated through the cumulative effect of the higher—order modes,
known as “luminescence quenching ratio” f, and defined as:

(Exa;t) (o) = 2020 Fpi(wap) i YapLi(@wap) 2ep + 1) (21 + 1) (L + 1)
Quenchin dp) = - - 3.13
i g Jairer Fa(og) & 240 +d/@?7  gU+n+l (313

An analytical estimation of f, (wdp) can be obtained using some average mode frequency w;s, of
the nonradiative modes in the Lorentzian Ll(a)dp) and also assuming 2ep > 1:

f ((1) ) ~ Vdp Ynrad (21 + 1)(l + 1) -
Approximated T T2 (B2 — Wap)? + Virgald L (1+ d/a)?l-2
Quenching - (3.14)
Ratio 1 1 a3
~=(1 B3y~ (=
6( +Qnrad)()1+61222(d)

where the average detuning §;s, is defined as

2(@122 ~ wap) _ 2(@1zz ~ wap) (3.15)
Ynrad YDrude .

O1>2

The d~3 dependence of Eq. (3.14) is the same luminescence—quenching dependence that can be
obtained using the simple model of a dipole close to a flat metal surface by the method of image
charges; but here this rate also shows a strong frequency dependence due to 61222 (which, in turn,
strongly depends on the metal).

Figure 3.5 compares the exact and approximated results for ﬁl(wdp) for a Au nanosphere of
radius 30 nm embedded in GaN (e, = 5.8). In a Drude model, the Au/GaN system parameters are:
hwgp = 1.97 eV; hwe, = 2.26 eV; A(@12; — wgp) = 0.28 €V; hyYpryge = 0.2 €V; Qurgq = 1.55;
8,5, = 2.82. The d~3 approximation is accurate for d < 5 but significantly underestimates the
guenching effect of the high—order modes for d = 10 nm. Considering a 10 — 20% of quenching
as negligible, then a molecule should be placed at d = 50 nm = 2a far from the AuNP (of radius
a = 30 nm) in order to have a negligible quenching of its emission.

’E 103§ Au/GaN

3 : a=30nm
. 10% Do = W
Sy em— Wdp
g 1013

[}
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£

S 104

o

3 107 d~3 dependence
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Figure 3.5. Quenching ratios at wy, obtained exactly by Eq. (3.13) and approximately by Eq. (3.14) as a function of the
molecule distance d from an Au sphere of radius a = 30 nm embedded in GaN (6,5, = 2.82). (Adapted from Ref.%4)
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Generally, considering a 10 — 20% of quenching as negligible, the approximate d~3 dependence
would suggest placing a molecule at a minimum distance

1

3
(3.16)

a .
1+ 62,

d~3 approximation = d =dy;, ~ [(1+ Quraq ¥3)

For the considered Au/GaN system (see relevant parameters above) the approximate d~3
dependence would suggest d,;;;» ® 15 nm, which is significantly underestimated (see Figure 3.5).

For the Ag/GaN system, instead, the approximate d~3 dependence would suggest d i = 5 nm
which is sufficiently small to match with the exact prediction. Therefore, the quenching effect of
the higher—order modes is negligible for an emitter placed at d = 5 nm far from a Ag nanosphere
of radius a = 30 nm embedded in GaN. Recall that at these small separation distances EFy is
close to its maximum, hence the high gain in absorption is, at least, not quenched off. The relevant
parameters for the Ag/GaN system (in a Drude model) are: Awg, = 2.35 eV; hw, = 3.19 eV;
(@52 — Wap) = 0.8 V; hypryge = 0.067 eV; Qnrqq = 5.54; 615, = 23.88.

It is worth noting that the 6,5, value for the Ag/GaN system is 8.5 times higher than Au/GaN. Such
a huge difference is due to both the higher average energy detuning of the AgNP dipole mode with
respect to the higher—order modes (A(®;>; — wgp) = 0.8 eV for the Ag/GaN versus 0.28 eV for
the Au/GaN) and the lower metal losses (AYp,uqe = 0.067 eV for Ag/GaN versus 0.2 for Au/GaN).
In other words, the energy emitted by a molecule gets efficiently coupled to the higher—order
modes of the AuNP since their energies are similar to the energy of the dipole mode, an energy
subsequently lost in the metal. Conversely, the energy emitted by a molecule gets inefficiently
coupled to the higher—order modes of the AgNP as the average energy difference between the
dipole mode and the higher—order modes is significant, hence a much smaller fraction of the
emitted energy can be lost in the metal. This concept is well quantified by A(ws — wgp), Which is
equal to 0.29 eV for the Au/GaN system and 0.84 eV for the Ag/GaN system.

Let us now continue from Eq. (3.12). We consider again a generic wep,.
Let us explicitly write Fy, ; (Wer):

6

98D wem) Xg + Qﬁrlad 1
Fy 1 (0om) = ( d ( ) (3.17)
P 203 \Wap ) 82m + (3 + Qnfan)? \1 + d/a

where 8¢ = (1 + 2€p)|Wem — Wap|/wap. Let us remember that the excited molecule relaxes its
energy into all nanosphere electromagnetic modes and only the dipole mode couples—out to the
external radiation. Therefore, this Purcell factor Fp,l(wem) is the one that directly contributes to
the enhancement of the optical emission of the excited molecule, while all the other Purcell
factors boost the losses. As shown in Figure 3.6 at the dipole resonance for Ag/GaN, F, ; exhibits a
strong dependence on both the molecule distance and the NP size: F, ; diminishes very quickly
with the separation distance d between NP and emitter; for a fixed d, it rapidly increases with the
sphere size a, reaches a local maximum, and then decreases in a relatively mild way as the
normalized sphere volume 3 increases.
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Figure 3.6. Purcell factor Fp,l(wdp) of Ag/GaN system as a function of the sphere radius a for NP-molecule
separation d = 5,10, 20,30 nm. The exact positions of the maxima are not relevant. (From Ref.%3)

However, the trend for F}, ; is not relevant per se, as the radiative emission gain introduced by Fj, ;
is partially or totally attenuated by the nonradiative emission gains introduced by all the other
F,,1=2, since in the case of a sphere all the higher—order modes do not couple to external radiation.
fg;e of the molecule together
with its corresponding radiative efficiency in the presence of the metal nanosphere n%d:

Let us then introduce the original, “free space” radiative efficiency n

-1

nfree — Trad
T T T+ Trad (3.18)
r]M _ T;ald + Fp,lt;ald frad,l _ Tr_ald + frad,l Fp,l‘[r_ald (3 19)
d = "_ — — = — — .
e Trald + Z;x;l Fp.l Trald + anlad Trald(l + Fp.l + Fp.l fq) + anlad
where
_ Vrad,l Qnrad)(s
$rady = = (3.20)

yrad,l + Vnrad,l 1+ Qnrad)(s

is the radiative coupling efficiency of the nanosphere dipole mode into the radiation continuum.
Note that ¢,44 1 is higher for larger NPs (Qnraax® > 1), while for smaller NPs the nonradiative
decay of the dipole mode dominates (Qn-qqx> < 1). Recall that, for a nanosphere, the dipole
mode is the only one decaying both radiatively and nonradiatively, i.e., Y1 = Yap = Vraa + Vnrad-
We also used formulae (3.6).

It follows that the molecule emission efficiency enhancement factor EFy is the ratio:

M 1+ F
EF,y = n;fje = Sraaz Fpa o (3.21)
Nrad 1+ Fp.l(l + fq Nrad

where the subscript “QY” stands for “quantum yield”, a synonymous for emission efficiency. We
clearly see the presence of the quenching ratio f; at the denominator, meaning that the effect of
the higher—order electromagnetic modes of a sphere on the molecule emission is a quenching

effect. In order to have EF,y > 1, it must be &4, > (1 + f;) nlree

+aq -+ 1-€., the radiative coupling
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efficiency of the nanosphere dipole mode into the radiation continuum must be greater than the

free space radiative efficiency of the molecule for a factor (1 + fq) depending on the quenching. It

free

is evident that when 7,

free
rad

K 1 is very easy to have EFyy > 1, while it is progressively harder

whenn — 1. Even for the ideal case f; = 0, it must be &1 > nfgse to have EFyy > 1.
To analyse EFyy, let us first consider the ideal case f, = 0 of negligible quenching.

This ideal case is very pregnant, since it clearly shows that the emission enhancement is the

highest for very low—quality emitters (7/7%° « 1). In fact, at resonance:
=0
féee 1 = EFpy~1+&qqiFpi=1+ 90 Qnraa ( ! )6 (3.22)
771'ad_ < QY rad,1"p1 2(1 + Qnrad)(3)2 1+ d/a .
Wem = Wqp

As we saw in Figure 3.6, F, ; is greatly enhanced for small nanospheres at small distances, whereas
¢raa1 decreases for small nanospheres. Therefore, in this case we easily predict a sharp local
maximum for relatively small NPs and small separation distances. In fact, in the case of a molecule
with original radiative efficiency nfgge « 1, the matter of most concern is the transfer of energy
from the excited molecule into the nanosphere dipole mode before the molecule “wastes” its
energy via internal nonradiative decay (being 7]5:23 =~ 1). The energy transfer to the nanosphere
dipole mode depends on F, ;, and favours small nanoparticle size (see Figure 3.6) for its small
effective mode volume; on the other hand, a small volume also leads to small radiative coupling
efficiency ¢,44,1 Of the dipole mode into the radiation continuum. As a result, the increase of EFyy

with the reduction of the nanoparticle volume quickly saturates when n{;;e < 1.

When f, ~ 0 but /7% is finite,

fa=0
1+ F
— EF e frad,l p,1 (3.23)
free ¢ . Q 1+F free
Nyaq fiNite p1 Mraa
free

i.e., EFyy is still higher for smaller n,.,,~ but now the dependence on the nanosphere size is more
complicated since the size dependence appears also at the denominator through F, ;.

The Ag/GaN system well represents the ideal case f; = 0 whenever the emitter is placed at
distances d > d,;, & 5 nm, as previously showed. Figure 3.7a shows the EFjy for such a system

as a function of the Ag nanosphere radius for emitters of various nfgse placed at d = 10 nm,
where f, = 0. We can see that EFj,, exhibits strong dependence upon the nanosphere
dimensions with the peak occurring when the radius is small enough to yield smaller effective
mode volume for an enhanced Purcell factor F, 4, yet is still sufficiently large to assure strong
radiative coupling of the dipole mode ¢,,41. As expected, the higher the original radiative

efficiency n,’fgge, the less critical becomes the concern of transferring energy from the emitter into
the dipole mode, and, accordingly, the more important becomes the concern for the efficient
energy transfer from the dipole mode into free—space radiation modes. This situation favours
larger nanoparticles that can emit the dipole mode energy into the free space modes before it get
lost in the metal. Finally, Figure 3.7b shows the maximum EF,y attainable by Ag spheres whose

size is optimized for each molecule position d and original radiative efficiency nzge. It is evident
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that as /7% increases (in particular, when 7/’

= 0.05) all the EF,y rapidly decreases and point
to 1, as the emission of a molecule with 7/7¢° ~ 1 cannot be further enhanced by definition.

Considering both the graphs, it can be concluded that the EF,y is higher for those molecules with

smaller original radiative efficiency 7/7%° and gets reduced rather quickly as 7/7%° — 1 as well as
it is placed further away from the metal nanoparticle. For distances d < d,;,;, ® 5 nm, quenching
effects always dominates and yield significant reduction of the emission (for this reason they were
omitted from Figure 3.7b)

To conclude the discussion of the simplest, ideal case fq =~ 0, let us also consider the final emission

efficiencies in the presence of a metal, ni%,. From Figure 3.7a we see that when nfgfle = 0.001,

EFg/* ~ 20, implying that 144 ~ 0.02 at max; when nfgge = 0.01, EF)"* ~ 15, implying that
nM4 ~ 0.15 at max; when 1/7%° = 0.1, EF}i#¥ ~ 5, implying that n,, = 0.5. Therefore, the
emission efficiency of low—quality fluorophores can be sensibly increased but not so much to
surpass the emission of already high—quality emitters. For applications requiring high emissions,
like optical biosensing, it is more convenient using higher quality fluorophores (whose emission
cannot be further enhanced) rather than lower quality fluorophores (whose emission can be

enhanced but cannot surpass the emission of the higher quality ones).
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Figure 3.7. (a) EF,y at resonance attainable by an Ag nanosphere embedded in GaN as a function of sphere radius a
for few original 77{;;8 of molecules placed at d = 10 nm (f; is negligible at such distance).(b) Maximum EF,y

attainable by size-optimized Ag nanosphere embedded in GaN as a function of the n{;fle of molecules at distance d

from the metal sphere (f is negligible at such distances). Along each line the AgNP size varies. (Adapted from Ref.%3)
Let us now discuss the case of non—negligible f;.

The Au/GaN system provides a good example since f, cannot be neglected neither for small nor
for large molecule—AuNP separation distances (see Figure 3.5).

Figure 3.8a shows the calculated 2D plot for the EF,y of the Au/GaN system as a function of both
the Au nanosphere radius and the molecule-sphere distance for a molecule with original nfgse =
0.01. As in the ideal case of no quenching, the optimal nanosphere size a,,; is some radius which
is small enough to yield small effective mode volume for an enhanced Purcell factor F, ;, yet is still
sufficiently large to assure strong radiative out—coupling .44, of the dipole mode. However, in
contrast to the ideal case —where is always better to have molecules positioned as close as

possible to the metal sphere in order to take advantage of the large Purcell factor of the dipole
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mode F, ;— in this case EF,y has a local maximum at some intermediate value of d = d,;. In
fact, the energy of the excited molecules placed too close to the metal sphere gets coupled into
the higher—order, nonradiative (or “dark”) modes, and dissipates as metal loss. As a result, the
optimized separation d,,; is the one allowing for significant coupling into the dipole mode while
adequately attenuating the luminescence quenching due to the high—order modes. In the specific

Yot FJi#* ~ 4 when placed

case considered, the molecule with original n = 0.01 experiments an E
at dyp; & 10 nm far from a Au nanosphere of a,,; ~ 25 nm embedded in GaN. This EF(%,AX is~ 3

times lower than the one obtained in the Ag/GaN system (green line in Figure 3.7a) with the same
parameters (a,p,; ~ 25 nm, d = 10 nm, /7% = 0.01).

.. MAX . .. .. . . . free .
The optimized EF,y"" for a wide range of original radiative efficiencies 7,,, obtained at the

corresponding @,p,; and d,y,; is shown in Fig. 3.8b.

For molecules with low n/%° the matter of most concern is to compete with their own high

nonradiative decay rate r;rlad by transferring energy into the dipole mode even at the expense of
simultaneous coupling into high—order modes. This case favours small NPs and small d.

For higher nfgge, the concern of energy transfer from the molecule to the dipole mode becomes
less critical; rather, acquire importance both the energy transfer from the dipole mode to free-
space radiation and the energy loss in the metal caused by coupling into the higher-order modes.
Obviously, this situation prefers larger nanospheres, as they are characterized by higher ¥,q44
(hence higher ¢,44 1), and larger separations distances, which reduce the energy coupling into the
high—order modes (i.e., reduce fg, see blue line in Figure 3.5).

As a general conclusion, EF,y can be quite strong for weak emitters, even with metal nanospheres

with high losses (as gold). Instead, for efficient emitters (r}free > 0.05), EFyy is much limited, even

for metal nanospheres with low losses (as silver).
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Figure 3.8. (a) EF,y at resonance attainable by Au nanospheres embedded in GaN as a function of both the AuNP

radius and the molecule-sphere distance for a molecule with original n{l;;e = 0.01. (b) Optimized EF,y, Au

nanosphere radius, and molecule-sphere separation over a range of original radiative efficiency. (Adapted from Ref.%*)
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3.3 Enhancement of the Photoluminescence

Figure 3.9 illustrates the enhancement of the complete photoluminescence process, which is the
combination of optical absorption and optical emission processes illustrated in Figs. 3.1 and 3.3
respectively. Optical excitation at the frequency of w,, is focused into the region where a metal
nanosphere and a molecule separated by distance d are located. The excitation beam couples only
into the dipole mode confined around the metal sphere with an in-coupling coefficient Kiﬁ. Energy
stored into the sphere dipole mode is then absorbed at the rate y,; by the active molecules with
total absorption cross section N,o,. This absorption process competes with radiative and
nonradiative decays of the dipole mode with decay rates of y,-44 and Virad = Yprude, respectively.
The optically excited molecule with the original radiative decay rate 7,..; subsequently relaxes by
emitting energy at the frequency w,,, into all the LSP modes associated with the metal
nanosphere at the rate of Fp,lrr";d for the [-th mode, enhanced by the Purcell factor F,,;. All the
energy stored in the higher—order modes (Il = 2) is subsequently lost in the metal nanosphere at
the rate y,,,-44- The energy emitted by the molecule at the frequency w,,, into the dipole mode at
the rate of Fp,lrr_ald is, instead, partially available for out—coupling. Simultaneously, the molecule
itself also internally relaxes nonradiatively at its original nonradiative rate 7;,,,,.

The observed final photoluminescence power depends on the out—coupling efficiency &,.44 1 Of the
dipole mode into the free space external radiation modes. In the ideal case, it is clear that strong
photoluminescence enhancement occurs when the frequencies of both optical excitation and
emission are close to the dipole mode resonance wgy,.

non-radiative states
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Figure 3.9. Enhancement of a photoluminescence process by the in—coupling of the external optical excitation into the
dipole mode surrounding a metal nanosphere and by the out—coupling of the dipole mode into the radiative modes.
(Adapted from Ref.%3)

Combining the two sequential enhancement processes given by Egs. (3.5) and (3.21) we arrive at
the total photoluminescence (PL) enhancement factor:

EFp;(Wex) Wem) = EFgps(Wey) EFQY(wem) (3.24)

that exhibits a complicated dependence on the size of the nanosphere (the only adjustable
parameter for a sphere). This dependence can be ascribed to the fact that NPs play two mutually
exclusive roles, i.e., that of antenna for efficient in— and out—coupling of energy; and that of a

68



nanocavity for energy concentration. An efficient antenna requires a large dipole, while a high

concentration of energy calls for a small nanocavity. Therefore, for each combination of d, N,a,,

nfgse there exists an optimum nanosphere radius a that maximizes EFp; .

The largest EFp;, is achieved by a small number of molecules with small absorption cross section,

Qaps > Qnraa, having a small original quantum yield, nfgse « 1, placed close to the metal sphere,

a > d = dyin, When both excitation and emission frequencies are close to the dipole resonance,
Wex, Wem = Wqp- It is understood that the theoretical maximum is achieved by a single molecule
(0, < 1 nm? for fluorophores).

In the ideal case f; ~ 0, under the above-mentioned ideal conditions, EFpy""*° ~ 103 Qi qq
for a small nanosphere Q44 X3 < 1 (the small size is the optimum for the ideal case fq = 0). For

the Ag/GaN system EFMAX ~ 3 x 10°. This huge enhancement is in line with what has been

observed in SERS,®® which is actually a photoluminescence process with both aa,nfgge — 0 (for

this reason, the EFgqmqn are usually significantly larger than EFp;, being EFpgman~ EF}%AX'theO).
free

On the other hand, for molecules with finite N,0, and ..,

EFp; is much less significant.

Let us consider once again the Ag/GaN system, which approximates well the ideal case f; =~ 0 of

no quenching for d = 5 nm. Figure 3.10a compares the three enhancements factors for molecules

with Nyo, = 1 nm? and original /7% = 0.01 placed at d =5 nm from an Ag nanosphere

embedded in GaN, at the resonant condition w,y, Wem = Wgp. With this specific kind of molecules
(weak absorber and inefficient emitter), the two contributions EF,;,s and EF,y are of the same
order of magnitude and the EFp; = EFyp,sEFyy shows a maximum value of =~ 800 for a = 17 nm.

Note that such value is much lower than the above theoretical maximum (= 3 X 10°) because

N,o,, nfgze, Ynraa, fq (@nd so on) are small but not infinitesimal. Figure 3.10b shows the

optimized PL enhancement factor (AgNP radius optimized) as a function of the detuning of optical
excitation w,, and emission w,,;, frequencies to that of LSP dipole mode wgyfor the same
example. It clearly indicates that it is critical to have wey, Wem = wg, in the ideal case.
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Figure 3.10. (a) EF,y,s , EFgy , and EFp attainable by an Ag nanosphere embedded in GaN as a function of AgNP

radius for a molecule with Ny, = 1 nm? and original nfgge = 0.01 placed at d = 5 nm from the AgNP, at w,y, Wem =

wWgp- (b) 2D plot of the EF}4X attainable by the same system at optimized radius of the AgNP as a function of the
frequency detuning ratios of optical absorption w,/wg;, and emission Wy, /wg4,. (Adapted from Ref.%)
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Therefore, the frequency relationship wey = Wgap = Wem (0 Ay < Agp < Aepy) is the optimum for

PL measurements in the ideal conditions f;, N,ag, U:;;e:)/nrad ~ 0.

For metals with not negligible losses (f, # 0), like Au, it was demonstrated that EFp;, could be
maximized for a A,, red-detuned from the LSP dipole mode, i.e., for A4, < 4.,.°” Figure 3.11a

shows this case by comparing the calculated spectral dependences of the EFygr of a single

fluorophore with nfgge = 1 placed at a distance z = 10 nm from a Ag nanosphere (blue line) and

a Au nanosphere (red line) of diameters D = 80 nm in vacuum. For the calculations, it was
assumed Ag;y = Ao = A. While in the Ag/vacuum system EFf#Y is reached at 1., ~ A4, =~ 360
nm, in the Au/vacuum system EF}2X is reached when the ideal fluorophore is excited at A, =
650 nm, being 44, = 520 nm. The increase in EFygp is significant as EFygr(Aqp) = 2 while
EFyer(Aex) = 3.5. This circumstance was attributed to metal losses: in fact, the inspection of the
imaginary part of the dielectric function of gold Im{e,,} as reported by Johnson and Christy!*
reveals that Im{e,, } monotonically decreases from Im{e,,} = 2.58 at 1 = 520 nm to Im{e,, } =
1.03 at A = 650, which is actually a local minimum for Im{e,,, }.Therefore, the metal (Ohmic) loss,
encoded into the non-radiative decay rate y,,q4q4, are significantly higher at A = 520 nm than at
A = 650 nm. Recall that y,,,44 appears both in EF,;,s and EFyy, with the latter crucially depending
ON Ynraa Via the Purcell factors (which contain the Lorentzian linewidth): an increase in Yprqa
entails an increase in the quenching ratio f,. Therefore, in the Au/vacuum system, the decreases
in EFqps and EFj,y associated to the red-detuning is surpassed by the more significant increase
due to the reduction in ¥,;-qq- Figure 3.11b also shows the distance-dependent EFyzr at Aoy =
Aem = 488 nm for both systems. Not only this wavelength is blueshifted from the AuNP resonance
but Im{e,, } is now even higher (= 4.1) and the losses are so significant that EF, gy is either lower
than 1 (PL quenching) or barely higher than 1 for the Au nanosphere.
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Figure 3.11. (a) Calculated spectral dependence for EF) s of a single, ideal fluorophore (ngze = 1) placed at a
distance z = 10 nm from a Au nanosphere (solid red) and a Ag nanosphere (solid blue) of diameter D = 80 nm. The
dashed vertical line marks the resonant wavelength A,, ~ 520 nm for the AuNP (in vacuum), which is blueshifted with

respect to A4, ® 650 nm. The corresponding resonance for the AgNP is at = 360 nm. (b) Calculated distance—
dependent EFygr at Ag = Agp = 488 nm. (Adapted from Ref.®7)
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The key conclusion is that photoluminescence enhancement effect is significant only for small
guantities of molecules having both an originally low absorption cross section (weak absorbers)
and an originally low emission efficiency (weak emitters), and that are placed in close proximity to
the metal nanoparticles. While for metals with low losses the effect is maximized when 1., <
Adap < Aem), for metal with losses it could be maximized for A4, < Aex < Aepy, i.€., when A,y is
red—detuned from the LSP dipole mode.

free -1

rad

3.4 The Special Case of n

The examples shown in Figure 3.11 dealt with the special case of a single, ideal fluorophore, i.e.,
fre

mde = 1. This special case is not purely theoretical, but many high—quality

fluorophores having n{;;e

fluorophores. For many applications in biosensing where the fluorescence intensity is the sensing
parameter, such high—quality (high original QY) fluorophores are preferred for their higher
brightness (implying higher fluorescence signals). Therefore, this case deserves special attention.

one having 1

=~ 1 are actually available nowadays, e.g., Alexa Fluor or ATTO series

Since the energy emitted by a molecule couples with all modes of a sphere, and all the energy
transferred to the higher modes is lost in the metal, it is readily seen that EF,y can only be

EF,y < 1 whenever nfgge = 1. For this reason, the EF),zr of high—-quality fluorophores essentially

loses one factor, becoming EFygr < EF,;,s, implying significant lower enhancements with respect

free

to the case ;.4

K 1, but still significantly higher fluorescence intensities

Figure 3.12a shows the calculated distance-dependent EF,,s (solid red) and EFyy (solid blue) for
free

rad
with A, = Agr = 650 nm. 9768 The calculations were performed by the multiple multipole

method (MMP) (solid lines) or an approximation (dashed lines), and A.,, = A., was set for
simplicity.
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Figure 3.12. (a) Calculated EFg;,¢ (red) and EFyy (blue) for a single, ideal fluorophore of original ngge = 1 excited at
Aex = dmax = 650 nm as a function of the distance from a 60 nm Au nanosphere in vacuum. (b) Corresponding
EFygr- (c) Calculated EFygr in the same conditions for Au nanospheres with diameters of 20, 60, 80, and 100 nm. All
solid curves are exact results based on the MMP method, dashed curves are approximations. (Adapted from Refs.57:68)
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While the trend for EF is the usual one already seen for N,a, — 0 in Figure 3.2b, the trend for

EF,y does not show any local maximum as it did when 7/7%° « 1 (see Figure 3.8a): it

monotonically decreases for decreasing fluorophore—NP distances. This trend is general, and holds

true for any metal nanosphere whenever the molecule has nfgge = 1. The corresponding EFygr is

reported in Figure 3.12b. It can be noted a charactheristic shape with a local maximum due to the
two competing effects of enhancement of the absorption and quenching of the emission. For this
specific system, the (calculated) local maximum is EFY4X ~ 2.2 at d ~ 13 nm. Finally, Figure
3.12c shows the calculated distance-dependent EFygr in the same conditions (in particular,
Aexy = 650 nm) for Au nanospheres with diameters of 20, 60, 80, and 100 nm. The PL of a single,
ideal fluorophore is everywhere quenched in the case of the smallest 20 nm Au nanospheres. The
first significant enhancement (a factor of 2) begins only with the 60 nm Au nanosphere. Note that
EFyr monotonically increases with the size of the Au nanospheres, and the EFy4% are always
reached when d € [10,15] nm. The increase in EFyzr With the NP size can be attributed to the
corresponding increase of the dipole mode, which entails an increase of both y,,4 and y4ps, With a

consequent increase of both EF,ps and EFy.

The prediction showed in Figures 3.12 and 3.11 were tested experimentally in the case of 80 nm
Ag and Au nanospheres, with results shown in Figure 3.13a and b respectively. In the former case,

a single Alexa488 fluorophore (exc./em. 499/520 nm, nfgze = 0.92 in H,0) was excited by a 80 nm

Ag nanosphere irradiated with A,, = 488 nm; in the latter case, a single Nile Blue fluorophore
(exc./em. 631/660 nm, n/"%¢ = 0.27 in EtOH) was excited by a 80 nm Au nanosphere irradiated

rad
with 1., = 637 nm. The single fluorophores samples were prepared by spincoating the molecules
on a glass coverslip and then again spincoating a thin layer (< 5 nm) of polymer (PMMA, np =
1.49) on top. The NP were raster—scanned over the polymer surface at variable heights z, and the
results are shown in Figure 3.13a and b, respectively. It is worth noting that the local dielectric
environment “seen” by the NPs is not everywhere air (like in the previous calculations) as the
fluorophores are embedded in the polymer. Therefore, the nanospheres are actually placed at the

interface air/PMMA. The presence of dielectric increases the plasmon activity and, as a result, the
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Figure 3.13. (a) Experimental distance-dependent EFyrr for a single Alexa488 fluorophore (7,,, = 0.92 in H20)
excited by a 80 nm Ag nanosphere irradiated with A,, = 488 nm. (b) Experimental distance-dependent EFy g for a
single Nile Blue fluorophore (nfgze = 0.27 in EtOH) excited by a 80 nm Au nanosphere irradiated with 4., = 637 nm.
Both curves show a decrease at short distances due to fluorescence quenching, which is not total at z=0 since the

fluorophores are spin—coated by a PMMA layer (of thickness < 5 nm). (Adapted from Ref.%’)
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measured values are 2-3 times higher than those predicted in vacuum (compare with Figures
3.11b and 3.12c). However, once the calculation takes into account the actual local environment,
theory and experiments match (graph shown in Ref.?®). Furthermore, the presence of the
dielectric entails a redshift of the A4,. In the case of an Ag nanosphere fully embedded into
PMMA, A4, = 500 nm, hence the choice of Alexa488 and the excitation at 488 nm are optimal. In
the case of an Au nanosphere fully embedded into PMMA, A4, = 580 nm: since g, < Ajpax =
650 nm, it is still convenient irradiating the Au nanosphere at 650 nm to have lower losses. Finally,
because of the thickness (<5 nm) of the PMMA layer, z =0 do not correspond to a zero
fluorophore—NP distance, but it is still ® 5 nm. For this reason, the experimental curves do not fall
to 0 for z = 0, and the total quenching of fluorescence could not be observed. However, both
curves exhibits the predicted local maximum and the decreasing trend on its left due to
guenching. Taking into account the actual “horizontal offset” the local maximum is located at an
actual fluorophore—NP distance of at least 5 nm, as also confirmed by the similar graph reported
by in Ref.68

3.5 Symmetry Breaking: Towards Anisotropic Nanoparticles
All that has been said so far holds for a single metal nanosphere.

In the specific case of single sphere, we saw that there is an upper limit to the energy that can be
transferred by FRET to a nearby molecule, i.e., only the energy “stored” into the dipole mode of
the sphere. Analogously, there is an upper limit to the energy that can be actually emitted to the
far—field, i.e., only the energy transferred by the molecule to the dipole mode of the sphere.

Both the limitations are due to the fact that the higher—order LSPs modes (I = 2) of a sphere have
a zero dipole moment p; = 0 and, hence, they cannot in—couple or out—couple radiatively with the
external radiation. The higher—order modes of a sphere only decay nonradiatively into the sphere
(e.g., into phonons, electron pairs, etc), so that the energy “stored” into the higher—order modes
of a sphere are absorbed by the sphere, giving rise to Ohmic loss.

Ultimately, p; = 0 VI = 2 in the case of a sphere because of the spherical symmetry itself, namely,
the spherical symmetry of the Legendre polynomials describing the electromagnetic modes of a
sphere (solutions of the Laplace equation V2® = 0, with ® the electric potential).

Whenever the spherical symmetry is lost, the higher—order electromagnetic modes can acquire a
dipole moment p; > 0 and then contribute positively to the PL process. One could ideally write

Spherical
Symmetry = pi>0Vl = ¥i=Yiraa + Vinraa V0
Breaking

which implies that not only the LSP dipole mode [ = 1 but also the LSP higher—order modes [ > 2
can in—couple and out-couple radiatively with the external radiation, at least partially. As a
consequence, both EF,;,s and EF,y (hence EFp.), could be higher compared to the case of
spherical symmetry.

The spherical symmetry can be broken in many ways. For instance, it is sufficient to place two
nanospheres close to each other, forming a dimer, as in this way the system acquires a preferential
direction given by the dimer axis. In fact, it was demonstrated that an emitter placed in the gap of
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a nanosphere dimer undergoes a reduced quenching effect, which becomes significant only very
close to the metal surface (< 2 nm).”%72 Figure 3.14 shows the different behaviour of EF,y

calculated for a single, ideal fluorophore (original nfgse = 1) in presence of a single 90 nm Ag
nanosphere (black curve), the corresponding dimer configuration (blue curve), and a linear chain
(red curve). In both cases, the spherical symmetry is broken because of a preferential direction was
introduced (dimer axis or chain axis, respectively). As a consequence of the symmetry breaking,
the molecule emission is quenched less than the single particle case.

0 5 10 15 20 25 30
separation distance (nm)

free

Figure 3.14. Calculated EF 4y of a single, ideal fluorophore (1,,, = 1) emitting at 480 nm near a single 90 nm Ag
nanosphere (black curve), in the gap of two Ag nanospheres (blue curve), and in the middle of an AgNP chain (red
curve) as a function of the separation distance from the nanoparticle surface. (From Ref. 7%)

It is worth noting that, in the case of a dimer, or a chain, the coupling among the LSPs also entails
an enhancement of the local electromagnetic field in the gap (where the molecule is placed), as
showed in the previous Figure 1.5 in chapter 1. Consequently, EF ;¢ increases, too. Therefore, in
the above mentioned cases of dimer and linear chain, both EF,;,s and EFyy, hence EFygp, are
higher if compared to the single particle case of a nanosphere.

A direct way to break the spherical symmetry is considering nanoparticles with non-spherical
shapes. On the one hand, the non—spherical metal NPs could offer reduced degrees of quenching
(then, higher EF,y); on the other hand, they could offer stronger local electromagnetic fields near
some sharp corner, edge, or tip than a uniformly curved sphere (then, higher EF,;,). This
consideration introduce our experimental study of the distance—dependent EF,rr on both large
Au nanosphere (which offer higher performance than smaller one) and, more importantly, large
anisotropic nanoparticles like Au nanocubes.
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Chapter 4. A Comparative Study on Nanostructures
MEF performance with dsDNA as Spacers

4.1 Preliminaries: dsDNA Spacer and High Quality Fluorophore

The study of distance—dependent metal enhanced fluorescence (MEF) by AuNSs140 and AuNCs60
nanostructures was approached from a biosensing perspective. This viewpoint guided our specific
choices regarding both the dielectric material serving as nanometric “spacer” and the fluorescent
dye label. A variety of spacers have been reported to date, both inorganic (e.g., silica) and organic
(e.g., polyelectrolytes);’® however, neither the former nor the latter is superior, as each has its pros
and cons.”* Similarly, many fluorophores are available nowadays. In this case, the choice of the
fluorescent molecule has a direct impact on the MEF enhancement factor (EFygp), which is
fluorophore—dependent even for fluorophores with identical spectral features due to different
guantum yields (QY).

In our study, we utilized (di-thiolated) double strand DNAs (dsDNA) as spacers. DNA length can be
finely tuned with sub—nanometric resolution (3 bp = 1 nm) by simply changing the sequence.
Within the range 0—50 nm (or 0—150 bp), DNA can be considered as a stiff rod, given its
persistence length = 50 nm in typical ionic strength conditions.”> Additionally, DNA can be
covalently tethered to gold through thiol groups. Drawbacks are the strict experimental conditions.
In particular, parameters including buffer ionic strength, (oligonucleotide) concentration,
(oligonucleotide) length, and substrate curvature, can affect the surface density of end—tethered
oligonucleotides as well as their actual tilt angle from the surface normal. 777° For instance, the
latter implies that the actual height of the distal label from the surface is lower than the linear
length of the dsDNA.”®77 Considering these potential issues, a preparatory distance—dependent
MEF study of our nanostructures using dsDNA spacers is relevant for their future utilization as
transducers in a MEF-based optical biosensor® for nucleic acids detection.

It is important to stress that the typical sensing parameter of a MEF-based optical biosensor is
fluorescence intensity, which is thus the actual quantity to be maximized rather than EFygg. Since
EFuer = EFaps * EFqy, MEF may result in very high EFygr (> 103) whenever low—quality
fluorophores (QY < 0.1) are used.®® Nevertheless, the resulting (enhanced) fluorescence
intensity might be still surpassed by the “free-space” (not enhanced) fluorescence intensity of a
fluorophore with sufficiently higher QY and equal absorption cross section. Hence, from a
biosensing perspective, opting for a high—quality fluorophore with superior QY and brightness
seems more appropriate than using one with lower QY to be hopefully enhanced via MEF. New
generations of fluorophores with very high QY and brightness are currently available (even to label
nucleic acids), and a current challenge in MEF is the enhancement of such high—quality
fluorophores.8 Compatibly with dsDNA, we selected a fluorophore from the ATTO series having
superior QY, which we anticipate being 0.9 in PBS 1X (pH 7.4), as later detailed.

Both the QY and exc./em. spectra of any fluorophore depend on the buffer solution, and can
dramatically vary upon buffer variations. To maintain the nominal specifications of the fluorophore,
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we opted not to alter its natural environment. This choice involved working under wet conditions,
meaning that at every stage of MEF experiment, the fluorophores were kept in their buffer
solution (PBS). Consequently, the nanostructures were always kept in the same buffer, and their
spectra in water were considered for spectral matching with the fluorophores exc./em.
(nanostructures extinction spectra exhibited no variations in PBS 1X compared to water)

4.2 Spectral Matchings: Plasmons vs Fluorophore vs Filters Bandpass

The choice of a fluorophore with a QY = 0.9 simplified the spectral matching between
nanostructure and fluorophore spectra. Since QY cannot exceed 1, the enhancement of a QY of 0.9
by Purcell effect is indeed negligible, making the FRET mechanism the primary consideration in our
case. According to Li,®* FRET occurs when the excitation spectrum of the fluorophore matches well
with the absorption LSPR (LSPRabs). Consequently, it is crucial to decompose the extinction spectra
of our nanostructures (in water or, equivalently, PBS 1X) in the absorption and scattering
components in view of the final choice of the specific fluorophore.

Absorption and scattering contributions were obtained by simulations. We limited ourselves to run
again the same simulations used for the extinction spectra (Figure 4.1a and Figure 4.2a) after
enclosing the arrays in a transmission box, whose direct outcome is the array absorbance. The
scattering contribution was obtained by subtracting the absorbance from the extinction. These
simulated spectra are reported in Figure 4.1b for the AuNSs140 array and Figure 4.2b for the
AuNCs60 array. In both cases, absorption (red line) and scattering (grey line) spectra are
blueshifted and redshifted, respectively, compared to the extinction spectrum (blue line). For the
array of AuNSs140 (Figure 4.1b), the (simulated) LSPR s is peaked at 534 nm with FWHM of 50
nm, scattering LSPR (LSPRg,t) at 546 nm with FWHM of 56 nm, and extinction LSPR (LSPR.y;) at
544 nm with FWHM of 54 nm. Absorption and scattering contributions to the LSPR,,; peak are
38% and 62%, respectively, indicating that the two contributions are comparable, but the
scattering contributes more. In fact, the entire LSPRoy; (range: 472-600 nm) resembles much
more the LSPRg.,; than LSPR,,s; therefore, scattering provides the main contribution to the
simulated (and to the experimental) extinction spectrum in the relevant range.

Similar considerations hold for the array of AuNCs60 (Figure 4.2b): LSPR ;s is peaked at 572 nm,
LSPRgcat at 578 nm, LSPRqy at 576 nm, all with a FWHM of 65 nm. However, in this case,
absorption contribution is higher than scattering over the entire Vis range, in particular its
contribution to the LSPRy peak is 54% against the 46% of scattering. It can be noted that the
LSPR,,s of AuNCs60 array is sharper than the LSPR,,s of AuNSs140 array, while LSPRg,; is less
pronounced. Moreover, both LSPR.,: and LSPR 4,5 are sharp and almost equally contribute to the
sharp LSPR.:. The differences in absorption and scattering spectra between the two arrays can be
attributed to their geometry. In fact, AuNSs140 are larger than AuNCs60 (104 nm against 74 nm, on
average) as well as more packed (NND is 192 nm for the NS array while 223 nm for the NCs array,
on average). Larger NPs generally scatter more, and a higher surface density sustain the long—range
(scattering) dipolar coupling better, as discussed in the previous chapter.

It is worth noting that, as the LSPRg.,: of both arrays are pronounced and sharp (especially for
AuNSs140 array), the emission of a fluorophore with very low QY could be highly enhanced
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through Purcell effect upon matching its emission spectrum with the LSPRg,. In other words, our
arrays are good candidates for reaching high EFygr (= 103). However, our biosensing viewpoint
led us to prefer a high—quality fluorophore (QY = 0.9) whose emission efficiency is already at its
maximum, eliminating the need for further enhancement. In this way, one of the two tasks of MEF,
i.e., fluorophore emission efficiency enhancement, was accomplished through the choice of a
high—quality fluorophore. Only the fluorophore excitation rate needs for enhancements. As
mentioned earlier, this can be obtained by FRET upon matching fluorophore’s excitation spectrum
with the LSPR,,s. The above analysis showed that both nanostructures exhibit prominent
LSPR,ps, comparable with the LSPR,.,. Consequently, a high EF,,s is expected. In particular, we
expect the AuNCs60 array to provide a higher EF,,s than the AuNSs140 array as its LSPR ¢
contributes more to the extinction if compared to AuNSs140 array (54% against 38%) and is
sharper.

For simplicity, we opted for a single type of fluorophore to be used with both nanostructures.
Optimal matching of the same fluorophore with the two arrays was challenging as their LSPR ¢
had maxima separated by 40 nm. We prioritized the matching with the AuNCs60 nanostructure as
it is our interesting case. The quality of matching will be considered and discussed during the result
analysis. Eventually, ATTO 565 fluorophore was selected for the fine matching of its excitation
spectrum with AuNCs60 array LSPR,,s as well as a satisfying matching with the AuNSs140 array
LSPR,}s, as shown in Figures 4.1c and 4.2c (dotted green line). In particular, it has exc./em.
maxima at 563/589 nm, QY = 0.9, molar extinction coefficient € = 1.2-10> M~*cm™! and
brightness B = - QY = 108 x 10* M~1cm™? (data available on ATTO-TEC website). Its excitation
spectrum matches with the right portion of LSPR ;¢ of AuNSs140 array, but its maximum does not
overlap with LSPR,,s peak; instead, its excitation spectrum perfectly aligns with AuNCs60 array
LSPR,,s peak, slightly to its left. Figures 4.1d and 4.2d also display the matching of ATTO565
spectra (magenta/purple) with the scattering spectra (grey) of the two arrays. Both excitation and
emission of ATTO 565 are very well matched with the LSPR.,; of the AuNCs60 array, while only
the excitation is well matched with the LSPR.,; of AuNSs140 array. However, the quality of these
matchings is not relevant since ATTO 565 has QY of 90%, therefore its emission efficiency cannot
be further enhanced by Purcell effect upon spectral matching with LSPR,;.

The above discussion is still uncomplete, as the excitation and emission bandpass filters play a
pivotal role as well. In absence of the plasmonic nanostructure, fluorophores have to be properly
excited, and their emission properly collected. Therefore, exc./em. bandpass filters have to match
the fluorophores exc./em. spectra to guarantee high fluorescence signal collection. When a
plasmonic nanostructures is introduced, particularly the exc. bandpass (or the excitation light,
generally) has to further match with the nanostructure LSPR,,¢ to guarantee a proper excitation
of plasmons. Figures 4.1c and d, and Figure 4.2c and d display the ex./em. bandpass in our specific
case. In particular, the exc. bandpass (green band) is 538-563 nm, or 550 + 12.5 nm namely; while
the em. bandpass (orange-red band) is 570—-640 nm, or 605 * 35 nm namely. ATTO 565 excitation
ranges from 40% to 100% within the excitation bandpass, with a 30% of overall spectral overlap.
The spectral overlap of ATTO 565 emission with the emission bandpass is 76%. The excitation
bandpass matches well the LSPR s of both the arrays. Therefore, ATTO 565 is properly excited,
and its emission properly collected. On the other hand, plasmons are effectively excited for both
the arrays, and are expected to enhance the absorption rate of ATTO 565.
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Figure 4.1. (a)-(b) Decomposition of the simulated extinction spectrum of AuNSs140 nanostructure (dashed blue) into
absorption (red) and scattering (grey) contributions. (c)-(d) Overlap of absorption and scattering contributions with
excitation (dotted green) and emission (filled purple) spectra of ATTO565 fluorophore as well as excitation (green
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Figure 4.2. (a)-(b) Decomposition of the simulated extinction spectrum of AuNCs60 nanostructure (dashed blue) into
absorption (red) and scattering (grey) contributions. (c)-(d) Overlap of absorption and scattering contributions with
excitation (dotted green) and emission (filled purple) spectra of ATTO565 fluorophore as well as excitation (green
band) and emission (orange band) bandpass filters.
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4.3 Experimental Results

Three dsDNAs, i.e., a 21-mer (dsDNA21), a 50-mer (dsDNA50), and a 100-mer (dsDNA100), were
selected for the distance—dependent MEF study by AuNSs140 and AuNCs60 arrays. Since 3 bp =
1 nm, the corresponding linear lengths are 7, 17, and 33 nm, respectively, covering a range
relevant for aptasensing as well as immunosensing based on the “sandwich” working-scheme.
Duplex sequences and experimental procedures are detailed in Appendix D and E, respectively.

In our group, electrochemical electrodes are routinely functionalized by single strand DNAs
(ssDNAs) at concentrations of 50-5000 nM in buffers at high ionic strength, i.e., high salt content.
Therefore, we first conducted experiments at the intermediate/high concentration of 500 nM
dsDNA-ATTO565 in PBS 1X at both low salt (LS) and high salt (HS) content. In the former case, PBS
1X was used with no further addition of salts; in the latter case, PBS 1X was brought to final
concentrations of 1 M NaCl and 1 mM MgCl,. As expected, the HS conditions generally resulted in
higher fluorescence intensities (= 4 times), hence all the subsequent experiments at lower
concentrations of dsDNAs always employed PBS 1X HS as buffer. In particular, the experiments at
2.5 nM and 1 nM dsDNAs in PBS 1X HS resulted in fluorescent signals slightly above the control
experiment signals, representing a low—concentration regime.

All fluorescent images (at any concentration of any dsDNA) showcased a strikingly uniform signal
all over the samples, not only when using the Zeiss Plan-Apochromat 10x/0.45 Phl M27 (FWD =
2.1 mm) objective, but also at higher magnifications. This evidence is compatible, and confirms
once more, the extraordinary uniformity of the nanostructures. Examples of processed
fluorescence images attained by AuNSs140 and AuNCs60 arrays at relevant concentrations of
dsDNA21-ATTO565 (in PBS 1X HS) are reported in Figure 4.3a and b, respectively. Showing ROls
with scratches, and/or ROIs acquired at the sample boundary, is an intentional choice aiming at
displaying images with “defects”. Obviously, the images considered for the analysis did not contain
such defects but are homogenous images (except for, e.g., grains of dust) with varying intensities.

(a)
) . ‘ "
| - - -

Figure 4.3. Examples of fluorescence images at relevant concentrations of dsDNA21-ATTO565 at HS conditions attained
by (a) AuNSs140 array and (b) AuNCs60 array. Scratches are intentional. The images at 500 nM were recorded towards
nanostructures edges. For graphical purposes, black pixel intensity was set to 0 while white (magenta) to 5000, and for
this reason the images at 500 nM look saturated.
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It is worth mentioning that the images displayed in Figure 4.3 were processed (by Imagel) for
graphical purposes. Indeed, the pco.edge 5.5 sCMOS photodetector mounted on our microscope
provides black/white 16—-bit images. Therefore, white was changed to magenta to roughly match
the emission colour of the dye; and the intensities of black and white (magenta) were everywhere
set to 0 and 5000, respectively, to better visualize the images at low concentration. Consequently,
the images at 500 nM look saturated as the pixel max intensity of the raw image is ®15000.

Each ~ 0.5 x 0.5 cm? sample was entirely mapped as 9 not—overlapping 1664 X 1404 um? ROIls
(typically). ImagelJ function “RawlIntDen” was utilized to retrieve the overall intensity (sum of the
intensities of all the pixels constituting the image) of each ROI, whose average provided the mean
RawlIntDen [; associated to each sample. At each dsDNA concentration, 4 independent replicates
were considered, obtaining [(dsDNA) = mean(l, ..., I;) together with the associated standard
deviation (of the mean). When applied to the control experiments, i.e., nanostructures incubated
by PBS 1X LS or HS, I(control) = (1.745 4 0.011) x 10° was obtained for AuNSs140 array and
I(control) = (1.662 + 0.004) x 10° for AuNCs60 array. Finally, the renormalized total
fluorescence intensity, I,..,,, was calculated as:

I en (dsDNA) = [I(dsDNA) — I(control)] / Zef,

where Z.rr is the geometric parameter introduced in Section 2.3.2 accounting for the “3D
effective surface” of nanostructure per unit substrate. X.¢r = 0.64 for AuNSs140 array and X5 =
0.38 for AuNCs60 array. After renormalization, the fluorescent intensities attained by the two

arrays can be compared as associated to the same 3D effective array surface.

Table 1 summarizes the I,..,, for the relevant cases of 500 nM dsDNAs in PBS 1X LS (top-left) and HS
(top-right), 2.5 nM dsDNAs in PBS 1X HS (bottom-left), and 1 nM dsDNAs in PBS 1X HS (bottom-
right), together with the relative distance-dependent EFygp calculated as EFygp(ds21) =
Len(ds21) /I, (ds100) and EFygr(ds21) = I,,,(ds50)/I,.,(ds100). The last column reports
G = INCS/1NSs \which is the gain of the AUNCs60 array compared to the AuNSs140 array. Note that
the renormalization affects the gains G but not the relative distance-dependent EFyg.

Table 1. Summary of the Results

500 nM dsDNA-ATTO565, Low Salt 500 nM dsDNA-ATTO565, High Salt
AuNSs140 AuNCs60 AuNSs140 AuNCs60
G G
Iyen/10° (&EF) | Ly /10° (&EF) Iyen/10° (&EF) | I, /10° (&EF)
ds21 |33.5+ 0.4 (0.9) 7442  (2)| 22 ds21 [111.4+02 (1) | 227+2 (1.8) 2
ds50 |34.1+ 0.1 (0.9) | 42.1+0.2(1.1) | 1.2 ds50 | 110+1 (1)| 144+2 (1.2)| 1.3
ds100 | 368+ 0.5 (1) | 37.5+ 0.6 (1) 1 ds100 | 111+1 (1)| 124+1 (1)| 1.1
2.5 nM dsDNA-ATTO565, High Salt 1 nM dsDNA-ATTO565, High Salt
AuNSs140 AuNCs60 AuNSs140 AuNCs60
G G
Len/10° (&EF) | I,.,/10° (&EF) Len/10° (&EF) | IL.4,/10° (&EF)
ds21 52404 (33) |173+13 (7) | 33+0.4 ds21 1.04 + 0.03 3.42 + 0.04 (20)| 3.3
ds50 | 0.50+0.05 (3) | 42+03 (1.7) | 8+ ds50 | 0.00 +0.01 0.63 +0.04 (3.7)| n.a.
ds100 | 0.16 +0.01 (1) | 25402 (1) | 16+2 ds100 | —0.07 + 0.01 0.17+0.01 (1) | n.a.
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The same results for I,..,, are also graphically represented in Figure 4.4 as a function of the linear
length of the three dsDNAs, red squares for data attained byAuNSs140 array and blue circles for
those attained by AuNCs60 array. Error bars are generally too small to be visualized. Datapoints
were connected by exponential fit curves for a better readability.
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Figure 4.4. Graphical representation of the results from Table 1, attained by AuNSs140 array (red squares) and AuNCs60
array (blue circles) at (a) 500 nM dsDNA-ATTO565 in PBS 1X LS and HS, (b) 2.5 nM dsDNA-ATTO565 in PBS 1X HS, and (c) 1
nM dsDNA-ATTO565 in PBS 1X HS. Each dataset of 3 points is connected by exponential curves for readability.

At the relatively high concentration of 500 nM dsDNA, the use of PBS 1X HS generally entailed a =
4—fold increase of I,.,,, compared to the LS condition. The significant increase in I,..,, is ascribed to
the improved screening of the dsDNA negative charges generally occurring at higher ionic strength,
which allowed a higher number of dsDNA to surpass the potential barrier and tether onto NPs
surfaces. The general nature of this effect is confirmed by the fact that the 4—fold improvement
was observed for all three dsDNAs on both arrays. As a further general consideration, it can be
noted that the exponential curves connecting each dataset, see Figure 4.4a, point towards the
same asymptotic value, and in LS conditions the values of I,..,(ds100) for both arrays already
coincide. Such shared asymptotic values of I,., could represent the natural (free-space)
fluorescence intensity resulting from the same number of fluorophores. Indeed, fluorophores 33
nm far from the NPs surfaces would experience a relatively small plasmonic enhancement (see
below); on the other hand, the nanostructures would be fully saturated by fluorophores at the
high concentration of 500 nM and, At saturation, the total number of fluorophores would depend
only on the 3D effective surface, which was effectively equalized by X, .

Apart these general considerations, the distance-dependent EFygr (of each array separately) as
well as the fluorescence intensity gain factor G of the AuNCs60array vs AuNSs140 array agree at
500 nM dsDNA in both HS and LS conditions. While no relative EFygr was observed for AuNSs140
array, a relative EFygr up to 2 was observed for the AuNCs60 array in the case of the shortest
dsDNA21. The same can be said about G. Therefore, at high dsDNA concentrations, AuNCs60 array
generally offered both higher EFygr and higher fluorescence intensities I,..,, compared to the
AuNSs140 array. However, the obtained EFygr are unexpectedly low, and no distance-dependent
EFygr at all was observed for AuNSs140 array.

At low dsDNA concentrations (HS condition), the scenario drastically changed. At 2.5 nM, the
EFygr are much higher and, surprisingly, the EFygr of AuNSs140 array are higher than AuNCs60
array, in contrast to the previous case. Furthermore, the EFygr of AuNSs140 array increases at a
much faster rate than AuNCs60 array, being EFygr(ds50) =3 and EFygp(ds21) = 33 for
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AuNSs140 array, while EFygr(ds50) = 1.7 and EFygp(ds50) = 7 for AuNCs60 array. As a
consequence, while AuNCs60 array continues to offer higher I,.,, than AuNSs140 array, now G is

highest for the longest dsDNA100 and progressively decreases for the shorter dsDNAs, being
G(ds100) =16 + 2, G(ds50) =8+ 1,and G(ds21) = 3.3 + 0.4.

Finally, at the lowest concentration of 1 nM dsDNA, the I, attained by AuNSs140 array was not
detectable (i.e., compatible with the control experiment signal) for both ds100 and ds50, and
measurable only for the shortest ds21. Therefore, no relative EFygr are available for AuNSs140
array. Instead, I,..,, was detectable for AUNCs60 array with all dsDNAs at 1 nM, with values very
close to those attained by AuNSs140 array at the higher concentration of 2.5 nM. This confirms its
superior performance at low concentrations, too. Interestingly, the relative EFygr of AuNCs60
array resulted to be significantly higher than those at 2.5 nM, being EFygr(ds50) = 3.7 and
EFygr(ds21) = 20. The only available gain G, G(ds21) = 3.3, is compatible with the
corresponding gain at 2.5 nM (the other G are virtually infinite)

We conclude that AuNCs60 array generally offered superior performance compared to AuNSs140
array, both at high and low concentrations. In particular, at the lowest concentration of 1 nM, no
fluorescence signal at all was attained by AuNS140 array when using ds50 and ds100, which
corresponds to an “infinite” gain. Instead, thanks to higher EFygg, fluorescence signals from all the
dsDNAs were attained by AuNCs60 array at 1 nM, with values comparable with those attained by
AuNS140array at the higher concentration of 2.5 nM. From a biosensing perspective, this would
allow AuNCs60 array to reach lower LODs than AuNS140 array. Note that the highest measurable
gains (at the same concentration) were found at 2.5 nM: up to 3.3 times in the case of the 7 nm
long dsDNA21; up to 8 times in the case of the 17 nm long dsDNA50; and up to 16 times in the
case of the 33 nm long dsDNA100. This unexpected trend, which increases with increasing dsDNA
lengths, suggests that the use of AuNCs60 array (rather than AuNS140) is particularly convenient
for the detection of long oligonucleotides at low concentrations, as lower LODs could be reached
as a result of much higher (at least 1 order of magnitude higher) fluorescent signals.

The above mentioned trend for the gains G at 2.5 nM was unexpected, as well as the abrupt
increase from EFygr(ds50) =3 to EFygp(ds21) = 33 for AuNS140 array. Moreover, if we
consider the three trends for EFygr attained by AuNCs60 array at high and low concentrations, as
well as the two available trends for EFygr attained by AuNSs140, we can note that they do not
agree with each other. Rather, it seems that the low concentration regime unlocked the actual MEF
potentialities of the arrays, which were hidden/damped at high concentration. In fact, MEF seems
to be totally absent for AuNSs140 array, and very limited (EFygr < 2) for AuNCs60 array, at high
concentrations.

In an effort to assess these open issues, here follows a theoretical interpretation of the results,
based on simulations and few reports available in literature.

4.4 Discussion and Analysis

To gain a deeper insight into the experimental findings, we simulated the electromagnetic EF
EF. .. = |[E/Eo|? in the surroundings of a target AuNS140 and AuNC60. The simulations used for
the extinction spectra (with the morphology of the STEM micrographs of Figure 2.4a and 2.9c,
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respectively) were rerun after introducing frequency—domain field profile monitors in sub-ROls
with a NS140 or a NC60 at the centre, surrounded by all its first neighbours. Therefore, these
target NPs effectively represent a generic NS140 or a generic NC60 within the array.

Two main considerations follow, regarding the excitation wavelength A,,. and the position of the
monitors, as both highly impact the results of any EF, ,, profile.

Firstly, according to our simulations, the max EF.,, monotonically increase until a local maximum
at Agxc > 570 nm for both arrays. However, the excitation filter of our microscope has exc. bp
limited to the range 538-563 nm, and beyond this range plasmons could not be excited by our
equipment. Therefore, we considered the EF.,, profiles at the maximum excitation wavelength
Aexe = 563 nm allowed by our filter.

Secondly, as shown by the EF, ,, xz-profile of a single 104 nm AuNS on glass displayed in Figure
F.7a in Appendix F.7, the spatial distribution of EF, ,,, is not purely dipolar for our large AuNSs140
at 563 nm. The electric field E “wraps” around the NS according to the direction of the incident
light: if the (plane wave) source is located below the NS and the incident light hits the NS “from the
bottom” (the case shown), then E “wraps” around the NS slightly above the equator; conversely,
if the source is located above the NS and the incident light hits the NS “from the top”, then E
“wraps” around the NS slightly below the equator. Similar considerations apply to the AuNCs60, as
shown by the EF. ,, xz-profile of a single AUNC60 on glass displayed in Figure F.7b in Appendix F.7.
Here, the xz-monitor intersects the NC60 at the corner region, where the EF., is at its maximum.
EF.,, is more intense at the top facet corners when external radiation hits the cube from the
bottom, and, vice versa, at the bottom facet corners when external radiation hits the cube from
the top. The configuration we considered in our simulations is with light incident “from the
bottom”, as the microscope we used is an inverted microscope. The frequency—domain field profile
monitors were placed in suitable positions accommodating the actual spatial EF.,, profiles;
essentially, where EF, ,, is maximized.

The (unpolarized) EF, , profiles at A,,. = 563 nm of the entire sub-ROIs (at specific xy-monitor
heights) with light incident “from the bottom” are displayed in Figure F.8 in Appendix F.7. Instead,
Figure 4.5 shows the (unpolarized) EF, ,, profile of the target AuNS140 (D = 103 nm) along a xy-
plane located 10 nm above the equatorial plane (Figure 4.5a); and the (unpolarized) EF. ,, profile
of the target AUNC60 (edge lengths E = 72 nm) along a xy-plane located 5 nm below its top facet
(Figure 4.5b), both with A,,. = 563 nm incident “from the bottom”. For a better visualization of
the decaying fields, thresholds for EF,,, were set at 30 and 100 for the AuNS140 and the AuNC60,
respectively, and points with higher EF.,, values are all represented as white. In the case of
AuNS140, where a 1 nm mesh was set, the threshold at 30 stress some (mesh) artifacts at the
gold/water boundary. Instead, for the AuNC60, the threshold highlights relatively large regions
around the corners (up to 5 nm far from the corner) with EF.,, = 100. Values up to 170 were
recorded at the (top-right) corner surface (partially due to mesh artifacts). However, since our
shortest dsDNA21 has linear length of 7 nm, we are interested in the EF, ,, from points =5 nm far
from the NPs surfaces. Both meshes are fine enough to avoid artifacts in the interesting regions.
Note that the EF,,, profiles around both NPs are not symmetric due to plasmonic coupling with
the neighbours NPs (beyond the frames shown here, but shown in Figure F.8 in Appendix F.7).
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Figure 4.5. Unpolarized EF, ,, profiles at 563 nm for (a) AuNS140 and (b) AuNC60. For graphical purposes, points with
EFem = 30 and EF,,, = 100 for AuNS140 and AuNC60, respectively, are all indicated as white. Dotted and dashed
black lines include directions along which EF, ,, was recorded and analyzed (not all directions shown for AuNCs60).

The EF,, for the target AuNS140 were recorded (and averaged) along the four directions denoted
by dotted black lines in Figure 4.5a. Analogously, the EF, ,, for the target AuNC60 were recorded
(and averaged) along the x- and y-directions at each corner (dotted black lines in Figure 4.5b) as
well as along the normal to each edge midpoint (dashed black lines in Figure 4.5b). For graphical
purposes, Figure 4.5b displays the considered direction only for one corner and two edges.

Table 2 summarizes the simulated distance-dependent mean EF.,, profiles resulting from our
analysis, together with the corresponding relative EF,,, profiles calculated with respect to the 33
nm long dsDNA100 (in round brackets).

Table 2. Summary of the simulated EF, ,, profiles for the target AuNS140 and AuNC60 along with the relative EF,
(assuming the 33 nm long dsDNA100 as reference).

Distance Target AuNS Distance Targc?:nAel::lC, E;Z;gs:i:;cl::ﬁ:cs
(nm) (nm)

EF. ., (&EF) EF.,, (&EF) | EF,,, (&EF)

15.8 (7.5) 5 65 (25) 14  (7.8)

13 (6.2) 43 (16.5) 11  (6.1)

10 9.9 (4.7) 10 26 (10) 84 (4.7

15 6.7 (3.2 15 12.5 (4.8) 5.5 (3)

17 57 (2.7) 17 10 (3.8) 48  (2.7)

20 47 (2.2) 20 7 (2.7) 3.8 (2.1)

25 3.4 (1.6) 25 45 (1.7) 27  (1.5)

30 25 (1.2) 30 3 (1.2) 2 (11)

33 21 (1) 33 2.6 (1) 1.8 (1)
35 1.9 35 2.3 1.6
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The values of the relative EF, ,, shown in round brackets, are the ones to be compared with the
experimental EFygr reported in Table 1, since both are calculated taking the longest (33 nm long)
dsDNA100 as reference.

4.4.1 Low Concentration Regime: 1 nM HS dsDNAs

We can readily see that the relative (mean) EF., around the AuNC60 top facet corners totally
agree with the experimental relative EFygr found for the AuNC60 array at the lowest
concentration of 1 nM (bottom-right panel of Table 1). Indeed, at 1 nM, EFygr(ds50) = 3.7 and
EFygr(ds21) = 20, which have to be compared with the simulated relative EF, ,, (17 nm) = 3.8
and EF. , (7 nm) = 16.5, respectively. The former perfectly matches the experimental result, and
the latter is in well agreement with the corresponding experimental result. Note that
EF.,, (5nm) = 25, and the average between EF.,,(7nm) and EF.,(5nm) is = 21.
Considering the EF, ,, (5 nm) is reasonable since dsDNA can have some minor tilt from the normal
to the surface.”” Therefore, the simulated EF,. ,, profiles for the AuNC60 (top facet) corners totally
align with the experimental result at 1 nM. Remarkably, this circumstance suggests that dsDNAs
preferentially bind to the AuNCs60 (top facet) corners at the lowest concentration of 1 nM.

A comparison between the experimental EFygr at 1 nM and simulated EF,,, cannot be done for
the AuNS140 array, as no experimental EFygfr are available at 1 nM (the fluorescence signal for
ds100 and ds50 are, essentially, zero).

Finally, at 1 nM, we can discuss about the fluorescence gain G of the AuNC60 array versus the
AuNS140 array for the dsDNA21. It is worth recalling that G = INSS/IN5S je., it is a ratio between
fluorescence intensities. Therefore, not only G depends on the enhancement factors but also on the
number of fluorophores bound to the arrays (but does not depend on the array surface, which is equalized
by the geometric parameter Zeff). Let us assume that the same number of fluorophores are bound to
AuNS140 and AuNC60 array. Furthermore, let us assume that the fluorophores are preferentially located at
the NCs corners (as suggested by the previous analysis) and at the north NSs hemisphere (where the
monitor is placed). Under these two assumptions, the experimental G would now reduce to the ratio
between the two experimental EFygr offered by the arrays, and can be compared with the
corresponding ratio of the simulated (absolute) EF, ;. Since EF., (7 nm) = 43 for the AuNC60
corner and EF.,, (7 nm) = 13 for AuNS140, their ratio 43/13 = 3.3 would be the theoretical
prediction for G under the above-mentioned assumptions. Remarkably, this theoretical prediction
is equal to the experimental gain. This circumstance supports our assumptions, i.e., that an equal
number of fluorophores are bound to AuNSs140 and AuNCs60 array at 1 nM; and that, in the case
of AuNCs60, they are concentrated towards the four top facet corners, while they are evenly
distributed over the entire north hemisphere of the AuNSs140. It is worth stressing that this gain
would be purely plasmonic, and due to the sharp AUNC60 corners, which exhibits a 3.3 times more
intense E than AuNS140 (at a distance of 7 nm).
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4.4.2 Low Concentration Regime: 2.5 nM HS dsDNAs

The experimental relative EFygr for the AuNC60 array are EFygp(ds50) =1.7 and
EFygr(ds21) = 7, see Table 1 (bottom-left panel). A satisfying agreement was found with the
simulated EF,,, profile along directions orthogonal to the top facet edge midpoints (see Figure
XX), being the corresponding relative EF, , (17 nm) = 2.7 and EF, ,, (7 nm) = 6.1. Note that the
relative EF, ,, (5 nm) = 7.8, and the average between EF, ,, (7 nm) and EF, ,, (5 nm) is exactly
equal to 7, i.e., the experimental value for ds21. Instead, EF.,, (17 nm) = 2.7 is higher than 1.7
and there is no reasonable way to better match this simulated value (along the normal to the top
edge midpoints) with the experimental value.

However, the following picture easily emerge. At 2.5 nM, the four top corners have not enough
space to house all the dsDNAs, therefore the “surplus” of dsDNA (compared to 1 nM) start to bind
along the edges, at least. The shortest dsDNA21 would follow this dynamics strictly; instead, the
longer dsDNA50 could have access not only to the top corners and edges, but also to the side
facets and edges. In fact, the longer dsDNA5O carries a negative charge higher than dsDNA21,
consequently it would naturally spread over a surface more than the shorter dsDNA21 to minimize
repulsions. Since the EF.,, profiles of the side facets and edges are less intense than the top
edges, a fraction of dsDNA50 would experience a EF, ,, lower than 2.7 at a distance of 17 nm from
the surface, and the mean EF,,, would eventually match the experimental value of 1.7.

The experimental relative EFygp for the AuNS140 array at 2.5 nM dsDNA are EFygp(ds50) = 3
and EFygr(ds21) = 33, see Table 1 (bottom-left panel). Considering a minor tilt of the dsDNA, the
simulated values to be considered are, respectively, the relative EF.,, (17 nm) = 2.7 and the
relative EF., (15 nm) = 3.2, whose mean is 3; and the relative EF.,, (7 nm) = 6.2 and the
relative EF. ., (5 nm) = 7.5, whose mean is 6.8. While the theoretical prediction of 3 totally
agrees with the experimental result for the dsDNAS5O, there is a huge discrepancy between
simulation and experiment in the case of dsDNA21, as the experimental EFygr(ds21) is 5 times
higher than the theoretical prediction of 6.8.

It is worth noting that EF, ,, profile displayed in Table 1 is already maximal, since the frequency-
domain field profile monitor is already placed at an optimized height (10 nm above the equatorial
plane) at the optimized A,,. = 563 (the max excitation wavelength allowed by our experimental
equipment). Therefore, the plasmonic enhancement alone cannot explain the experimental result,
and the missing factor has to be attributed to non-plasmonic effects. The most obvious effect to
take into consideration is the steric effect. In fact, an intrinsic variable of our experiment is
represented by the linear lengths of the dsDNAs, i.e., 7 nm for the 21-mer, 17 nm for the 50-mer,
and 33 nm for the 100-mer). Notably, the ratio between the number of base pairs of the 100-mer
and the 21-mer is exactly the missing factor of 5. Therefore, we hypothesize that the number of
dsDNA21 binding to the AuNS140 array is 5 times higher than the number of dsDNA100 at 2.5 nM
due to steric effects (while no steric effects would take place in the case of dsDNA50, which is
“just” 2 times longer than dsDNA100). This would mean that, at low concentrations, the surface
density of dsDNA on AuNS140 strongly depends on the linear length of the dsDNAs themselves,
due to steric effect. The rapid decrease in surface coverage with increase in dsDNA length is
actually reported in literature. 7 Therefore, our hypothesis is legitimate.
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Finally, let us discuss the fluorescence intensity gains G of the AuNCs60 array compared to
AuNSs140 array. The experimental gains are G(ds21) =3.3+ 0.4, G(ds50) =8+ 1, and
G(ds100) = 16 + 2. The theoretical predictions for G, calculated as the ratio of the absolute
AuNC60 EF,,, along the normal to the edge midpoint and the corresponding absolute AuNS140
EF. ., are G <1 at any distance, surprisingly. The theoretical predictions would not agree with
the experimental trend even considering the absolute EF. ,, around the AuNCs60 corners, as the
theoretical gain would be 3.3 for the 7 nm long dsDNA21, 1.8 for the 17 nm long dsDNA50, and 1.2
for the 33 nm long dsDNA100. Therefore, our simulations cannot explain the experimental results.

Apart from the specific values, the experimental trend resembles an exponential growth, since
33~ 4=22% 8=22 and 16 = 2*. The only way to account for this experimental trend by
plasmonics would be a AuNC60 EF, ,, profile decaying (exponentially) much more slowly than the
exponential decay of AuNS140 EF, ,, i.e., constant compared to the AuNS140. At the same time,
this constant value should be very high. For instance, if the EF.,, of AUNC60 was 43 everywhere,
and the AuNS140 EF,,, was the one reported in Table 2, a fair agreement could be obtained. But
such a scenario is not physical, and would contradict not only our simulations for the AuNCs60 but
also the experimental EFygr for AuNCs60 (which matches very well with the simulated
EF. . profile along the normal to the edge midpoints). Therefore, plasmonics alone cannot explain
the observed experimental trend for G.

Instead, a combination of steric effect due to the increasing lengths of the dsDNA as well as
nanoparticle curvature effect could qualitatively account for the observed trend. As experimentally
demonstrated by Mirkin and coworkers, 7° smaller spherical AuNPs (smaller radius of curvature)
exhibits higher surface densities than larger NPs (higher radius of curvature) when saturated by
thiolated ssDNA with 25 bp. For smaller AuNPs (smaller radius of curvature), the deflection angle
between neighbour ssDNAs orthogonally attached to the AuNP surface increases, allowing each
ssDNA to stay more and more distant from its neighbours as moving radially out from the AuNP
surface. This curvature-related effect naturally decreases the steric interactions (electrostatic
repulsion) between the ssDNA, allowing more ssDNA to be attached to highly curved surfaces
(with smaller radius of curvature) than to the larger flatter surfaces. Defining the footprint as the
average area each ssDNA occupies on the nanoparticle, they found that the footprint of their
ssDNA (at saturation) was 4.9 nm? on a AuNP with diameter of 10 nm (calculated deflection angle
of 29°), 7 nm? on a 20 nm AuNP (deflection angle: 17°), 11 nm? on a 30 nm AuNP (deflection angle:
14°), 14 nm? for a 100 nm nanoparticle (deflection angle: 4.9°), and 18 nm? for planar gold
(deflection angle: 0°). In particular, the deflection angle exponentially decreases as a function of
the AuNP diameter. We cannot directly compare our results with Mirkin’s as we have dsDNAs
(rather than ssDNA) as well as we are in a low concentration regime (rather than at saturation),
and we did not find similar reports for dsDNA in literature. However, since dsDNA carries a double
negative charge compared to ssDNA, the curvature related effect on dsDNA should be even more
significant than the case of ssDNA. Furthermore, steric effect should be even greater at low
concentrations.

By analogy with the above-mentioned Mirkin’s findings, we speculate here that the AuNCs60 are
much more efficient than the (= 100 nm) AuNS140 in housing the longer dsDNAs thanks to their
rounded edges and corners, which have radius of curvature of 14 nm according to our modelling
(while 12 + 2 nm experimentally). Since the theoretical gain G < 1 at any distance, we speculate
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that the experimental gains are purely steric at least for ds50 and ds100, and that this steric gains
increase exponentially with the length of the dsDNA. For instance, the surface density of dsDNA
onto the AuNCs60 could mildly depend on the dsDNA length (since the highly curved edges and
corner well accommodate the dsDNAs) while the surface density of dsDNA onto the large AuNS140
could rapidly (exponentially) decrease with the length of the dsDNA, as it resembles the planar
gold case. 78 At the best of our knowledge, the dependence of dsDNA surface density on the length
of dsDNA at varying AuNPs size is not yet reported in literature.

4.4.3 High concentration Regime: 500 nM HS dsDNAs

Let us finally discuss the results at 500 nM HS. The LS case is analogous except for a 4-fold
decrease in I,.,, due to the different ionic strength of the buffer, as already mentioned.

The experimental relative EFygr for the AuNC60 array are EFygp(ds50) =1.1 and
EFyer(ds21) = 2, while EFygp(ds50) = EFygp(ds21) = 0.9 for the AuNS140 array, see Table 1
(top-left panel). In other words, EFygr showed only a 2—fold increase in the case of AUNC60 array,
while EFygr is nearly 1 (no enhancement) for AuNSs140 array. Not only these experimental results
totally disagree with any simulated EF, , , but also disagree with the experimental EFygr at low
concentrations. Moreover, the same trends were observed at LS conditions as well.

The redundancy of these experimental results led us to the hypothesis that MEF mechanisms itself
is operating differently at this high concentration regime. In fact, any EF., profile refers to the
local electromagnetic field E resulting from the interplay between the external source radiation
and the nanostructure, but it does not consider the interplay of the fluorescent molecules with the
nanostructure. In other words, any simulated EF, ,, profile strictly refers to the case of a negligible
number of fluorophores located in the neighbourhood of the plasmonic nanostructures, i.e., a low-
concentration regime. While EF.,, = EF,,s at low concentrations (as obtained at 1 nM for the
AuNCs60), EF. ,, > EF,s at high concentrations, where the interplay between fluorophores and
plasmons becomes relevant.

The work by Khurgin and Sun®? provides a theoretical support to our hypothesis. In the case of a
spherical NP, they obtained an analytical expression for EF,,s (see their formula 38) which also
contain a (N,0,)~! dependence, with N, the number of fluorophores, each having absorption
cross section g,. Therefore, MEF mechanisms and, in particular, EF,;s, crucially depend on the
total absorption cross sections N, g, of the fluorescent molecules located in the neighbourhood of
nanostructure. To be specific, N,0, becomes an important factor when it approaches the loss in
the metal.®® For instance, in Khurgin and Sun® specific case, the presence of 103 Rhodamine G
molecules (g, = 0.1 nm?) %3 with a total absorption cross section N g, = 100 nm? placed 5 nm far
from a 20 nm AgNP embedded in GaN was estimated to cause a decrease of EF,,5 of 3.5 times.

Obviously, our system is different from theirs. However, it is interesting to quantify the relevant
variables in our case. Using the previous work by Mirkin,”® we can easily estimate N,0,(ATTO565)
for our 104 nm AuNS140 saturated by dsDNA21 (whose length is comparable to the ssDNA used by
Mirkin). Assuming our dsDNA21 has double the footprint of Mirkin’s ssDNA on a 100 nm sphere,
i.e., 28 nm?, and considering that our 104 nm sphere has area A = 4mr? =~ 34 x 103 nm?, it
follows that = 1200 dsDNA21 could be tethered onto a AuNSs140 at saturation. Using the
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formula®® ¢ = £In(10) 103/N, =~ 3.82 ¢ X 10721 (in unity of cm?) with N, Avogadro’s number
and €=1.2-10°M"tecm™, it follows o(ATTO565) = 0.05 nm?2. Therefore, under our
assumptions, N,0,(ATTO565) = 60 nm? for a AuNS140 saturated by dsDNA21. According to
Khurgin and Sun,®3 this value is high enough to cause a drastic decrease of EF .

It is worth recalling that for AUNS140 (see Table 2) our simulations predicted relative EF, ,,, of 2.7
and 6.2 for ds50 and ds21, respectively, whereas experimentally EFygr(ds50) = EFygr(ds21) =
1. To match the experimental values, we need a length-dependent damping factor. The most
obvious length-dependent parameter are the following relative steric parameters

dsDNA(21) dsDNA(50) dsDNA(100)
21=—=1/5, E50=—=1/2' E100=—=
dsDNA(100) dsDNA(100) dsDNA(100)

i.e., the ratio between the number of base pairs of each dsDNA with respect to the longest
dsDNA100. Introducing the relative damped EFZ%™ as

EF%*™P = £ EF, |

em.

we readily obtain:

6.2 2.7 1
EF9™ (ds21) = = =124 EFZ%™P ((ds50) = — = 1.35 FamP (4s50) = — =

i.e., a nearly constant trend close to 1, which well matches with the experimental EFygg.
Moreover, as mentioned above, 78 the number of dsDNAs tethered onto a flat surface (and a 100

nm sphere is nearly flat) depends on the length of dsDNAs. Therefore, our length-dependent

EFdamp can be seen as a function of N,. In other words, the expected dependence on (N,0,) ! is

roughly retrieved.

The same principles can be applied to AuNC60, even though the geometry of such particle is more
complex. With the help of our nanoparticle model, i.e., a 74 nm nanocube with edges and corners
rounded by spheres and cylinders with radii of 14 nm, we can provide few numerical estimations.

Neglecting the bottom cube facet together with its rounded corners and edged (not available to
dsDNA because bound to the glass), as well the top facet corners (for simplicity), then we can re-
think our NC60 as made by 4 rounded vertical edges, each described by a 1/4 slice of a 74 nm long
cylinder; 4 rounded edges connecting the previous vertical edges at the top facet, each described
by a 1/4 slice of 46 nm long cylinder; and 5 remaining rectangular flat facets of 46 nm.
Respectively, they have areas 6.5 x 103 nm?2, 8 x 103 nm?, and 10.6 X 103 nm?2. In particular, the
sum of the first two rounded areas is 10.5 X 103 nm? while the total flat area is 10.6 X 103 nm?,
i.e., they are essentially equal. Let us now recall that, according to Mirkin, the footprint of (its)
ssDNA over a planar gold was 18 nm? while on a 30 nm AuNP it was a 11 nm?2. The flat portion of
our cube are analogous to planar gold, and we can assume a footprint of 36 nm? for our dsDNA21.
The rounded portions of our cube have nearly the same radius of curvature of a 30 nm AuNP (the
radius of curvature of the rounded portions of our model is 14 nm), and we can assume a footprint
of 22 nm?. At saturation, N, = (10.6/36 + 10.5/22) x 103 ~ 800 and N,0,(ATT0565) = 40

nm2.

89



Therefore, nearly the same damping effect occurring for AuNS140 should be observed over a

AuNC60 at saturation, slightly less pronounced. In this case, an estimation of EFZam'Tlp is harder,
since a nanocube is highly anisotropic and different portions have different EF.,, profiles, as
shown in Table 2. However, if we use the relative EF, ,, profile normal to the edge midpoint (see
Table 2), we obtain

6.1 2.7 1
EF$9™ (ds21) = < =122, EFZ4™P (4550) = —- =135, EF9™ (g4s50) = - =1,

i.e., a constant trend; instead, if we use the relative EF, ,,, profile around the corner (see Table 2),
we obtain:

16.5 3.8 1
EF9™ (ds21) = —— =33, F9MP (4550) = —-=19, FLamP (4s50) =~ =1,

i.e., an increasing trend (as the experimental trend). Therefore, we expect that a proper volume
averaged EF,.,, could yield the observed experimental trend. For instance, if we simply average

the two previous results, we obtain EFS%"™ (ds21) = 2.26 and EF2%"™ (ds21) = 1.63 and the
former value, remarkably, matches with the corresponding experimental result.
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Conclusions

The use of seed—mediated methods embracing Mirkin’s meticulous attention to the quality of the
seeds allowed for the synthesis of high—quality AuNSs and AuNCs with exceptional yield (>95%).%°
Compared to Mirkin’s procedures, we found that the cyclical seed refinement was unnecessary in
our case. This allowed us to simplify the synthesis of the final CPC—capped seeds while maintaining
the same high quality. The improvement can be attributed to the higher yield in the initial
synthesis of CTAB—capped seeds, achieved thanks to a meticulous attention to subtle technical
details (see Appendix A.1). This higher yield resulted in AuNRs with lower AR, which facilitated
their dissolution to spherical seeds. Further optimization of CPC—capped seed fabrication could be
easily predicted by using larger amounts of initial CTAB—capped seeds for AuNRs synthesis. This
would lead to a greater number of AuNRs with even lower AR, thereby facilitating their dissolution
further. This, in turn, would optimize the subsequent synthesis of CRD, AuNSs, and AuNCs as the
seeds would be even more spherical.

As expected, AuNSs were found to be perfectly spherical in shape as a result of the CTAB—mediated
dissolution reaction first studied by Liz-Marzan.3° Instead, AuNCs are best described as cubes with
rounded edges and corners (R ,» = 14 nm), due to crystallographic limitations (energy of the
crystallographic facets). The understanding of “what happens on the gold surface” is paramount
for optimizing the synthesis protocols and achieving the sharpest features. In fact, the desired high
local electromagnetic fields facilitating the MEF phenomena largely depend on the sharpness. In
this regards, the MEF performance of the AuNCs60 array could be improved optimizing the AuNCs
protocols for bromide concentrations, e.g., adopting the optimized protocol found in Ref.*°, where
the authors obtained R, ® 8 nm for the corners of AuNCs of size comparable to our AuNCs60.

The actual, physically achievable sharpness of anisotropic NPs is a crucial consideration for any
plasmon-related phenomena. In these regards, FDTD as well as other type of simulations are
invaluable tools. They enable not only the study of the optical properties of NPs with ideal
geometry but also the determination of the best optical model to describe actual NP morphology.
Simulations based on these realistic models, rather than ideal ones, are key for designing
experiments, predicting outcomes, and guiding research effectively.

The synthesis of positively charged AuNPs (due to their natural cationic surfactant cappings)
allowed for their immobilization onto standard, pristine glass substrates with no need for chemical
modifications. A routinary plasma activation of the glass and a specific concentration of surfactant
in the colloids were the only necessary things. The absence of an intermediate and potentially non-
uniform layer (e.g., APTES) contributed to the extraordinary uniformity over macroscopic scale
(tens of cm?) of the fabricated nanostructures, which candidate them to large scale production.
Moreover, the very high uniformity of the nanostructures was also indirectly confirmed by the
fluorescence measurements, which are indeed affected by negligible errors. This high uniformity

could result in very accurate and reproducible results in a future biosensing application.
The large sizes of our AuNPs triggered unusual collective plasmon effects, reported by Jenkins,®?

due to long-range dipolar interactions. FDTD simulations were paramount to be aware of this
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effects, which entailed blueshifted, narrower, and sharper LSPR compared to the corresponding
colloidal NPs. Notably, sharp resonances are usually obtained in ordered lattices fabricated by
more sophisticated techniques.” In contrast, we obtained sharp resonances from random arrays
fabricated by the simple self-assembly technique. Furthermore, such LSPRs are tuneable over a
wide spectral range by varying the NND itself, which can be achieved by changing the
concentration of NPs used for the incubation, or by varying the NP size, which can be easily
achieved during synthesis.

Finally, our distance-dependent MEF study on AuNSs140 and AuNCs60 arrays exhibited an
unexpected EFygp trend at high concentration (500 nM dsDNA). In contrast to all our simulations,
no fluorescence enhancement at all was attained by the AuNSs140 array, and only a 2-fold
enhancement was attained by the AuNCs60 array. This experimental evidence was explained by an
inherent yet subtle MEF mechanism, described by Khurgin and Sun,® according to which the EF ;¢
does depend on the number of fluorophores placed in the nanostructure surroundings and can be
much limited whenever their total absorption cross section is too high, as seen in chapter 3. This is
the main reason why the highest EFygr reported in literature are always found in single-molecule
experiments. On the other hand, this also means that MEF is a technology intrinsically optimized
for single—molecule detection.

The comparative study on AuNSs140 and AuNCs60 arrays clearly showed that the latter generally
offer superior performance, especially in the low concentration regime. Therefore, the use of a
AuNCs60 nanostructure is generally recommended against the use of a AuNSs140 nanostructure in
view of its future application as transducer of a MEF—based biosensor. In fact, a gain up to 16 times
was observed at 2.5 nM of dsDNA100.

While the experimental results are clear, their explanation was not easy to address, and can be still
debatable. Our FDTD simulations suggested that the above—mentioned gain (as well as few others)
cannot be explained by plasmonics alone. According to another work by Mirkin and coworkers”®
(on the role radius of curvature plays in thiolated oligonucleotide loading on spheroidal AuNPs) as
well as a work by Huang’® (which also deals with the role the dsDNA length plays in thiolated
oligonucleotide loading onto a flat gold surface), we speculated that the observed gain has to be
attributed to the simultaneous dependence of dsDNA surface density on both the AuNPs local
curvature and the dsDNA linear length. At the best of our knowledge, such a simultaneous
dependence is not yet reported in literature and is, possibly, an original contribution of this work. If
we were right, this would mean that the AuNCs60 nanostructure, which always offers superior
performance when compared to the AuNS140 nanostructure, would offer the best performance
when detecting longer nucleic acids, since these would be better accommodated by the sharp
features of the cubes.

Finally, it is worthwhile to note that the nanostructure fabrication method we developed is based
on electrostatics, therefore it can be extended to any kind of positively charged NP and negatively
charged substrate. In fact, three different kinds of positively charged AuNPs (AuNSs, AuNCs, and
CRD, too) capped by two different types of cationic surfactants (CTAB and CPC) were effectively
immobilized onto the same type of glass substrate according to this method. The choice of glass
substrate was merely due to the past “history” of our group, and an exciting perspective would be
the application of the developed method for the fabrication of similar nanostructures on a
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polystyrene substrate, since petri dishes and multiwell microplates are made of polystyrene. This
would open up the panorama of high—throughput bioanalytical applications.
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Appendix A. Seed—-mediated Growth Synthesis

A.1 Initial CTAB-capped Gold Seeds

The initial CTAB-capped seeds for AuNRs were synthesized according to Mirkin’s paper?®, with
integrations from El-Sayed’s seminal paper.3? Firstly, 5 mL of 100 mM CTAB was warmed at 28°C
under gentle stirring till complete solubilization (solution colour: transparent), 100 mM being the
maximum solubility of CTAB in water at 20°C. Afterwards, 125 pL of 10 mM HAuCls - 3H.0 were
added and thoroughly mixed for 2 min under vigorous stirring. At this stage, the solution colour
turned from transparent to a characteristic dark yellow due to the AuCls~ adsorption to CTAB
micelles.3° Finally, 300 pL of freshly prepared ice-cold 10 mM NaBH4 was rapidly injected and
vigorously stirred for 2 min. Then, stirring was stopped, magnetic rod removed, and solution kept
at 25 °C (to avoid CTAB crystallization) until NRs synthesis. It is indeed recommended to age the
seed solution for 2-6 h prior to use to allow for complete hydrolysis of unreacted NaBH4.2® Seed
solution was not stored nor used beyond this time spot since it degrades during time: its initial
light yellow-brown colour slowly turned to light pink over a week, signalling the formation of larger
AuNPs. It is also worth stressing that NaBH4 powder should be freshly prepared for every synthesis,
dissolved in ice-cold ultrapure water (rather than in room-temperature water to be refrigerated
afterwards), and used as soon as possible. In fact, NaBHa separates into Na* and BHs~ once in
water, and BHa™ soon starts to hydrolyse (with release of H; pressurizing the vial). Since BH4™ is the
actual reducing specie for the seeds formation, its hydrolysis is un unwanted process to be limited
as mentioned above.

A.2 Gold Nanorods (AuNRs)

AuNRs were synthesized following Mirkin’s paper,?® with integrations from El-Sayed’s seminal
paper.3? Firstly, 130 mL of 100 mM CTAB was warmed at 28°C under gentle stirring till complete
solubilization. Afterwards, 6.5 mL of 10 mM HAuCls - 3H,0 were added and thoroughly mixed for 2
min under vigorous stirring. At this stage, the solution colour turned from transparent to a
characteristic dark yellow due to the AuCls~ adsorption to CTAB micelles.?° Then, 1.17 mL of freshly
prepared 10 mM AgNOs and 741 uL of freshly prepared 100 mM L-ascorbic acid were added in
succession and stirred for 2 min each. Addition of L-ascorbic acid changed the solution colour from
dark yellow to transparent, as Au3* is reduced to Au*. The as-obtained solution served as growth
solution for AuNRs. Indeed, 156 pL of freshly-prepared initial gold seeds (see previous protocol
above) were finally added to the growth solution (at 28 °C) and thoroughly mixed under vigorous
stirring for 2 min. Subsequently, stirring was stopped, magnetic rod removed, and the solution left
untouched in the 28°C water bath for 2 h (to let the AuNRs grow). At this time, AuNRs usually
exhibited OD 1.3 + 0.1 at the I-LSPR of 700 + 5 nm. Growth process was stopped, and excess of
reagents removed, by 2 rounds of centrifugations and resuspensions by 50 mM CTAB each time.
The parameters used for centrifugation were (4300 g, 15 min, RT) at Eppendorf MiniSpin® (max
rotor radius: 6 cm), or (6300 g, 30 min, RT) at Heraeus Megafuge 1.0 R (max rotor radius: 15.5 cm).
In view of the next step, AuNRs concentration was brought to OD 2 by adding 50 mM CTAB as well.
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A.3 Final CPC-capped Gold Seeds (From AuNRs Dissolution)

The final CPC-capped gold seeds were obtained from the AuNRs oxidative dissolution first reported
by Liz-Marzan.3° We followed both Liz-Marzan’s and Mirkin’s papers.?®>3® A desired amount of
AuNRs at OD 2 in 50 mM CTAB was brought to a final concentration of 90 uM HAuCls by adding a
suitable volume of 10 mM HAuCls - 3H,0, keeping the solution under gentle stirring for 4 h at 40°C.
At this point, the etched NPs usually exhibited OD 0.25 + 0.05 at the LSPR of 524+ 1 nm.
Dissolution process was stopped, and excess of reagents removed, by (at least) 3 rounds of
centrifugations and resuspensions by 100 mM CPC each time. This step was essential to remove
residues of CTAB and gold leading to unwanted dissolutions in the next steps. Roughly, CTAB
content was dropped down to nM level. The parameters used for centrifugation were (8100 g, 30
min, RT) at Eppendorf MiniSpin® (max rotor radius: 6 cm). In view of the next synthesis, the
concentration of the colloidal solution was brought to OD 1 by adding 100 mM CPC. The colloid
was stored at room temperature until use up to 4 weeks. No measurable changes in UV-Vis
spectrum were observed over this time period.

A.4 Gold Concave Rhombic Dodecahedra (CRD)

CRD were synthesized according to the works of Niu33 and Mirkin?°. 20 mL of 10 mM CPC was
warmed at 25°C under gentle stirring. Then, 350 pL of 10 mM HAuCl, - 3H,0 and 4.5 mL of freshly
prepared 100 mM L-ascorbic acid were added in succession and thoroughly stirred for 2 min each.
Addition of gold turned the solution colour from transparent to dark yellow while the subsequent
addition of L-ascorbic acid turned the colour back to transparent. The as-obtained solution served
as growth solution for the CRD. A desired amount of seeds adjusted to yield a desired CRD size
(typically, 100 - 200 pL of seeds at OD 1 and 100 mM CPC) was then injected in the growth solution
and thoroughly mixed under vigorous stirring for 1 min. Subsequently, stirring was stopped,
magnetic rod removed, and the solution left untouched in the 25°C water bath for 30 min (to let
the CRD grow). Growth process was stopped, and excess of reagents removed, by 3 rounds of
centrifugations and resuspensions. In particular, ultrapure water was used as buffer for the first
resuspension while 50 mM CTAB for each of the remaining two resuspensions. The initial use of
ultrapure pure (rather than CTAB) avoids undesired CRD dissolutions at this stage, due to residues
of unreacted gold in the growth solution (even <0.1 uM gold triggers dissolution in presence of 50
mM CTAB). The parameters used for centrifugations were (150 g, 15 min, RT) at Eppendorf
MiniSpin® (max rotor radius: 6 cm), or (500 g, 30 min, RT) at Heraeus Megafuge 1.0 R (max rotor
radius: 15.5 cm). In view of the subsequent dissolution to NSs, CRD concentration was brought to
OD 1 by adding 50 mM CTAB as well. The above protocol was found to be scalable up to a factor 10
in volume, at least. Many sizes of CRD were synthesized according to this protocol and termed as
the amount of seeds: for instance, CRD180 were obtained by addition of 180 pL of seeds (at OD 1
and 100 mM CPC) to the growth solution; CRD140 by 140 uL of seeds; and so on. The lower the
amount of seeds, the larger the size of CRD.
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A.5 Gold Nanospheres (AuNSs) (From CRD Dissolution)

AuNSs were obtained from oxidative dissolution of CRD.?>3° The desired amount of CRD at OD 1 in
50 mM CTAB was brought to a final concentration of 20 uM HAuCls by adding a suitable volume of
10 mM HAuCls - 3H20, keeping the solution under gentle stirring for 4 h at 40°C. Dissolution
process was stopped, and excess of reagents removed, by 2-3 rounds of centrifugations and
resuspensions by 0.5 mM CTAB each time. The parameters used for centrifugation were (150-250
g, 20 min, RT) at Eppendorf MiniSpin® (max rotor radius: 6 cm) and (500 g, 30 min, RT) at Heraeus
Megafuge 1.0 R (max rotor radius: 15.5 cm). It is worth noting that CTAB concentration of 0.5 mM
is lower than its critical micelle concentration of 0.9 mM,3! hence no further dissolutions may take
place during storing. Generally, AuNSs were termed according to the corresponding CRD:
AuNSs180 resulted from the dissolution of CRD180; AuNSs140 from the dissolution of CRD140, and
So on.

A.6 Gold Nanocubes (AuNCs)

Gold nanocubes (AuNCs) were synthesized according to the works of Niu3® and Mirkin.?®
5 mL of 100 mM CPC were warmed at 30°C under gentle stirring. Then, 500 pL of 100 mM KBr, 100
puL of 10 mM HAuCls-3H;0, and 150 pL of 100 mM L-ascorbic acid were added in succession and
thoroughly mixed under vigorous stirring for 1 min each. The as-obtained solution served as
growth solution for the NCs. A desired amount of seeds adjusted to yield a desired NCs size
(typically, 50 - 150 pL of seeds at OD 1 and 100 mM CPC) was then injected in the growth solution
and thoroughly mixed under vigorous stirring for 1 min. Subsequently, stirring was stopped,
magnetic rod removed, and the solution left untouched in the 30°C water bath for 1 h (to let the
AuNCs grow). Growth process was stopped, and excess of reagents removed, by 1-2 rounds of
centrifugations and resuspensions by 1 mM CPC. The parameters used for centrifugations were
(200-400 g, 15 min, RT) at Eppendorf MiniSpin® (max rotor radius: 6 cm), or (600-1000 g, 30 min,
RT) at Heraeus Megafuge 1.0 R (max rotor radius: 15.5 cm). The above protocol was found to be
scalable and reproducible up to a factor 20 in volume, at least. AuNCs were termed as the amount
of seeds: for instance, AuUNCs125 were obtained by addition of 125 pL of seeds (at OD 1 and 100
mM CPC) to the growth solution; AuNCs60 by 60 uL of seeds; and so on. The lower the amount of
seeds, the larger the size of the NCs. It is worth mentioning that surfactant-related depletion
forces*®* induced reversible aggregations of the AuNCs obtained by <100 plL seeds during the
synthesis itself. This process gradually turned the solution colour to grey during synthesis, with the
corresponding extinction spectrum exhibiting an almost horizontal line modulated by wide
plasmon peaks. However, the aggregates are reversible and fully disrupted as soon as the CPC
concentration was lowered at 1 mM after the first round of centrifugation and resuspension.
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Appendix B. Fabrication of Electrostatic SAMs of
AuNPs on Glass

B.1 SAM of Negatively Charged (Turkevich’s) AUNPs on Glass

This fabrication generally counted five steps:

a)

b)

c)

d)

24x60 mm type 1 glass coverslips (Knittel Glass, no.1) were cleaned in an ultrasonic bath for
5 min by pure 2-propanol and ultrapure water sequentially. Afterwards, the substrates were
extensively rinsed by ultrapure water and dried by a gentle stream of nitrogen.

The cleaned substrates were activated by a low-pressure oxygen plasma (1.4 mbar, 200 W,
2’) at Gambetti Colibri Multipurpose Plasma System, to increase the silanol bonds serving
as bonding sites for the APTES molecules.

The activated substrates were incubated by 0.5% APTES (v:v) in ultrapure water for 45 min
for the silanization process. Afterwards, they were extensively rinsed by ultrapure water to
remove unbound molecules and dried under a gentle stream of nitrogen.

The amino-functionalized substrates were incubated for 4 h at room temperature by 2 mL
of citrate-capped AuNPs at OD 2 (after a dilution by ultrapure water of AuNPs synthesized
by Pollitt’s modification®” of Turkevich’s method). Afterwards, the nanostructured
substrates were extensively rinsed by ultrapure water to remove the unbound AuNPs and
finally dried under a vigorous stream of nitrogen.

The nanostructured substrates were cleaned from citrate ligands and silane layer by a low-
pressure oxygen plasma treatment (0.8 mbar, 200 W, 30’) at Gambetti Colibri Multipurpose
Plasma System, leaving the bare AuNPs anchored to the bare glass substrate.
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B.2 SAM of Positively Charged AuNSs and AuNCs on Glass

This fabrication generally counted six steps:

a)

b)

d)

e)

f)

Freshly synthesized AuNSs (AuNSs140, AuNSs180) and AuNCs (AuNCs60, AuNCs125) were
centrifuged and resuspended at least three times using 0.8 uM CTAB and 0.5 uM CPC buffer
solutions, respectively. The colloids were then brought to a final OD 5 by further diluting
with the same buffers. For centrifugations at Eppendorf MiniSpin® (max rotor radius: 6 cm),
AuNSs were centrifuged by (=150 g, 15’, RT) while AuNCs by (=220 g, 15’, RT). At Heraeus
Megafuge 1.0 R (max rotor radius: 15.5 cm), both AuNSs and AuNCs (<20 mL in 50 mL
tubes) were centrifuged by (=700 g, 30’, 25°C).

24x60 mm or 24x32 mm type 1 glass coverslips (Menzel Glaser, no.1) were cleaned in an
ultrasonic bath for 5 min by pure 2-propanol and ultrapure water sequentially. Afterwards,
the substrates were rinsed by ultrapure water and dried by a gentle stream of nitrogen.

The cleaned substrates were activated by a low-pressure oxygen plasma (0.8 mbar, 200 W,
5’) at Diener Electronic PICO low-pressure plasma system, to increase the silanol bonds
serving as bonding sites for the CTAB-capped AuNSs or the CPC-capped AuNCs.

The activated substrates were incubated for 4 h at room temperature by 2 mL of AuNSs or
AuNCs at OD 5 and 0.8 uM CTAB or 0.5 pM CPC, respectively (prepared as in a)).
Specifically, AuNSs140, AuNSs180, AuNCs60 and AuNCs125 colloids were used.

After 4 h, ultrapure water was used to thoroughly rinse the substrate and remove unbound
NPs. The substrates were left in ultrapure water for a few minutes, then ultrapure water
was slowly exchanged by a 10% (v:v) 2-propanol aqueous solution. Finally, the samples
were rapidly dried by a vigorous stream of nitrogen (=3 bar). Solvent exchange and fast,
vigorous drying minimized capillary forces, preventing morphological changes in the arrays
(particle movements) during drying.

The nanostructured substrates were cleaned from CTAB or CPC ligands through a low-
pressure oxygen plasma treatment at Diener Electronic PICO low-pressure plasma system,
leaving the bare AuNPs anchored to the bare glass substrate. CTAB-capped AuNSs were
treated by (0.8 mbar, 200 W, 30’); instead, CPC-capped AuNCs by (0.8 mbar, 200 W, 3’) to
prevent plasma-induced modifications of the cubic shape.

98



Appendix C. Morphological Analysis

C.1 General Processing of SEM/STEM Micrographs

Both nanoparticles and nanostructures were morphologically characterized by Fei Nova NanoSEM
450 or by FEI Magellan STEM. Top-view SEM/STEM micrographs were processed by Image)
software to retrieve information about NPs shapes, sizes, and nearest-neighbour centre-to-centre
distances (NNDs). The process involved few common steps, depicted in Figure C.1 for a complex
SEM micrograph of a SAM of negatively charged AuNPs.

Initially, any raw image (Figure C.1a) was thresholded to isolate the NPs from the background and
binarized using the “Make Binary” command to create a mask template, in which the object pixel
value was set equal to 1 and the background to 0 (Figure C.1b). Subsequently, the “Watershed”
command was applied to segment adjacent objects, i.e., clusters of NPs (Figure C.1c). It is
noteworthy that the "Make Binary" tool may occasionally merge intricate NP clusters into a single
connected object and, as a consequence, the subsequent segmentation fails. This circumstance
mainly occurred in the case of SAMs of citrate-capped AuNP (due to both the exceptionally high
surface density and the silanization step).

Various NPs parameters including perimeter p, area S, centroid coordinates, and shape descriptors
(circularity C = 4nS/p? and aspect ratio AR = a/b, with a and b being the major and minor axes of
the ellipsoid best fitting an object) were obtained by the “Analyze Particles” tool. For spheroidal or

spherical NPs, the diameters were estimated as D = 2,/S/m. Instead, the edge lengths of AuNCs
were estimated by the “Oriented Bounding Box” tool included in the “Morpholibl” plugin.
Moreover, the mean curvatures of the AuNCs (rounded) corners were estimated by the
“Curvature” Plugin, which generally calculates the curvature of each point belonging to the
perimeter of an object. The NNDs were obtained using the ImageJ Plugin “Nnd”, which calculate
(for each NP) the distance between its centroid and the centroid of the nearest neighbour NP.

(b)

Figure C.1. Example of micrograph processing. (a) Top-view (raw) SEM micrograph at high magnification. (b) Corresponding
thresholded and binarized image. (c) Thresholded, binarized, and segmented image.
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C.2 Coding of the Simulation Model

Extinction spectra and electromagnetic EF profiles of the actual nanostructures morphologies were
simulated after processing, modelling, and importing micrometric regions of SEM/STEM
micrographs in Lumerical workspace. For clarity, SAMs of spheroidal/spherical and cuboidal/cubic
AuNPs are treated separately.

Case 1: SAM of spheroidal/spherical AuNPs

After the initial binarization and segmentation, the “Analyze Particles” command was used to
extract centroid coordinates (X, ., ¥, ) and the area §,, of each n-th NP within the chosen ROI.
Each NP was then modelled as a perfect sphere of radius r;, =/S,, /7. Finally, the Z, . coordinate of
each centroid was calculated as Z,, . = 7;, + h with respect to the substrate level h set as h =
—max (1y, ..., Ty, ... ). The vectors V,, = (X, ¢, Yy ¢, Zn o, Ty) associated to each NP of the ROI were
sufficient to model its morphology and could be imported in Lumerical workspace via a script.
Figure C.2b shows the top-view of the model corresponding to the processed ROI of Figure C.2a.
The actual ROl morphology is reproduced with exceptional precision (Figure C.2c).

(b)

Figure C.2. Processing and modelling of a SEM micrograph of a SAM of spheroidal AuNPs. (a) Processed SEM
micrograph at high magnification. (b) Corresponding model in Lumerical workspace, where AuNPs are modelled as
perfect spheres (yellow) over a glass substrate (light blue). (c) Overlap of (a) and (b), to emphasize the faithful
reproduction of the actual ROl morphology by the model. All three images are 500 nm x 500 nm squares.

Case 2: SAM of AuNCs

After the initial binarization and segmentation, the “Oriented Bounding Box” tool from
“Morpholib)” plugin was used to extract centre coordinates (X, ., Y, ), length L,, width Wy, and
orientation an of the box bounding each n-th NP within the chosen ROI. By default, L, always
represents the longest side of the box, that is L, > W, and the box orientation a, is the angle
between x-axis and L,,. Regarding the third dimension, i.e., the heights H,, they are unknown due
to the 2D nature of STEM/SEM micrographs. However, tilted STEM micrographs showed AuNCs
having randomly distributed heights (as expected) rather than being at the same level. To capture
this general feature, we set the heights as H, = (L,, + W,)/2. The Z, . coordinate of each box
centre was then calculated as Z,, . = H, /2 + h with respect to the substrate level h set as h =
—max (H,/2, ..., H,/2,...). It is worth to note that our AuNCs are not ideal cubes/parallelepipeds;
rather, their edges and corners have a mean radius of curvature R = 12 + 2 nm. Therefore, each
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AuNC was modelled as the “all-rounded quadrilateral” object from Lumerical’s object library — a
parallelepiped with all edges and corners rounded by suitable cylinders and spheres, respectively.
The vectors V,, = (Xn,c, Yoo Zncr Ly Wy, Hy, an,R) associated to each NP of the ROl were
sufficient to model its morphology and could be imported in Lumerical workspace via a script.
Figure C.3b displays the top-view of the model corresponding to the already processed ROI of
Figure C.3a, except for the radii of curvatures, which are not considered for simplicity. The actual
ROI morphology is reproduced with exceptional precision (Figure C.3c). It is worth mentioning that
the “oriented bounding box” outcomes L, W,, are slight overestimations of length and width of a
rectangular object. In fact, the bounding box includes all the pixels of an object; in particular, it
includes all the pixels along the object outline, which is typically not entirely smooth because of,
e.g., finite resolution of a micrograph, processing steps, etc. . It follows that L,,, W}, are upper limits
for length and width of an object. The overestimation can be easily evaluated (and corrected) after
comparison with “manual” measurements. In the case of the STEM of Figure C.3a (magnification:
250°000x, 0.865 pixel/nm), the overestimation of L, W}, was found to be within 3 nm (1-3 pixels).

(b) (c)

200 nm ®

Figure C.3. Processing and modelling of a STEM micrograph of a SAM of AuNCs60. (a) Processed STEM micrograph at high
magnification. Each NP is enclosed into an oriented bounding box as a result of the “oriented bounding box” plugin. (b) Top-
view of the corresponding model in Lumerical workspace. For mere graphical reasons, AuNCs are modelled as ideal
parallelepipeds rather than all-rounded parallelepipeds (yellow) over a glass substrate (light blue). (c) Overlap of (a) and (b), to
emphasize the faithful reproduction of the actual ROl morphology by the modelling.

C.3 Iridium Sputtering Layer

(a) (b)

Figure C.4. STEM micrographs of a Focused lon Beam (FIB) cut of a NCs array on glass, showing one NC and the iridium
sputtering layer resulting from the (60 s, 25 mA) sputtering process. (a) Overall image, exhibiting a uniform iridium
layer. (b) Right side of the previous image, reporting the measurement of the iridium layer thickness by ImageJ.
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Appendix D. dsDNA Sequences

Three (modified) dsDNAs were purchased from Integrated DNA Technologies (IDT), already
purified (HPLC purification), and annealed. The 5—ends carried a dithiol group (indicated as
“S5DTPA”), and an ATTO™ 565 (NHS Ester) fluorophore (indicated as “5ATTO565N”), respectively.
Here are the sequences:

dsDNA2177

5'- /SDTPA/GAA TTC GAG CTC GGT ACC CGG -3' (Sense)

5'- /SATTO565N/CCG GGT ACC GAG CTC GAA TTC -3' (Antisense)

dsDNA5077

5'- /SDTPA/GAA TTC GAG CTC GGT ACC CGG GGA TCC TCT AGA GTC GAC CTG CAG GCA TG -3'

5'- /SATTO565N/CAT GCC TGC AGG TCG ACT CTA GAG GAT CCC CGG GTA CCG AGC TCG AAT TC -3
dsDNA10088

5'- /SDTPA/CCA CCA AAC GTT TCG GCG AGA AGC AGG CCA TTA TCG CCG GCA TGG CGG CCG ACG
CGC TGG GCT ACG TCT TGC TGG CGT TCG CGA CGC GAG GCT GGATGG T -3'

5'- /5ATTO565N/ACC ATC CAG CCT CGC GTC GCG AAC GCC AGC AAG ACG TAG CCC AGC GCG TCG
GCC GCC ATG CCG GCG ATA ATG GCCTGC TTC TCG CCG AAACGT TTG GTG G -3'
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Appendix E. Procedures for MEF Experiments

E.1 Use and Quantification of dsDNAs

Lyophilized dsDNAs (from IDT) were initially resuspended in PBS1X pH 7.4 (Gibco) making 5 pL
aliquots at high concentration (87 uM dsDNA21, 140 uM dsDNA50, and 83 uM dsDNA100), stored
at -20 °C until use (within 4 weeks). The PBS 1X pH 7.4 (Gibco) will be now referred to as PBS 1X LS
(as done in the main), to stress that no salts were added to it.

For use, a starting (5 ulL) aliquot was pre-diluted at 20 pL by adding PBS 1X LS. This 20 uL dsDNA
aliquot (in PBS 1X LS) was mixed with 20 pL of freshly prepared TCEP (in ultrapure water) according
to a molar ratio dsDNA: TCEP = 1:500, for the activation of dithiol groups. After 1 h, the
activated dsDNA solution (40 pL) was brought to a (known) concentration of = 1 uM by adding PBS
1X LS or PBS1X HS (i.e., PBS 1X at 1M NaCl and 1 mM MgCl;). The concentration of = 1 uM is
associated to an extinction (at 260 nm) which is still clearly measurable. The final (activated)
dsDNAs aliquots at 500 nM, 2.5 nM, and 1 nM were eventually obtained through serial dilutions by
PBS 1X LS or PBS 1X HS of the previous, intermediate aliquots (at the known concentration of = 1
1uM). All the procedures were done in dark conditions to preserve the fluorophores.

It is worth noting that IDT does not provide the molar extinction coefficient ¢ for the dsDNAs, but
only for the two individual strands. We calculated £(dsDNA) according to the formula®

e(dsDNA) = (g1 + &52) X (1 — h),

where the subscripts S1 and S2 stand for “strand 1” and “strand 2”, i.e., the two complementary
strands of the duplex, and h is the hypochromicity factor (at 260 nm), defined as

h = 0.059 x fGC + 0.287 X fAT )

with f;c and f,r the fractions of GC and AT bases of the individual strands. For our dsDNAs, the
hypochromicity factors are h(ds21) = 0.146, h(ds50) = 0.150, and h(ds100) = 0.137.
Therefore, e(dsDNA) deviations from (gg; + €5,) are relatively small, but we considered them,
obtaining: e(ds21) = 365 x 103 M~cm™!, &(ds50) =828 x 103 M~cm™!, &(ds100) =
1617 x 103 M~ tcm™L
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E.2 Samples Preparation

AuNS140 and AuNCs60 nanostructures were cut as 5 mm X 5 mm chips by a diamond tip. The
chips were cleaned from residual surfactant cappings (and made more hydrophilic) by a short
oxygen plasma treatment (200 W, 0.8 mbar, 2’) at Diener Pico plasma oven. Afterwards, they were
incubated overnight (16 h) in dark conditions at 4 °C by 30 pL dsDNAs at the desired concentration
(in PBS 1X LS or PBS 1X HS, prepared as described above). The volume of 30 uL was (more than)
enough to fully cover the chips with a bulky drop of dsDNA solution. After incubation, the samples
were thoroughly rinsed by PBS1X LS to remove unbound dsDNA and let soaked in PBS 1X LS (in
dark conditions) till imaging (from few minutes till few hours). For imaging, the samples were
transferred in a glass bottom dish filled by PBS 1X LS as well. During all the procedures, including
imaging, nanostructures were never dried to not alter the natural environment of ATTO565, i.e., a
PBS 1X solution. Dark conditions were always guaranteed.

E.3 Instrumentation for Fluorescence Imaging

Fluorescence images were recorded by Zeiss Axio Observer Z1 inverted phase contrast
fluorescence microscope equipped by Zeiss Colibri.2 LED light source (module 555/30, green), Zeiss
Plan-Apochromat 10x/0.45 Ph1 M27 (FWD = 2.1 mm) objective, Zeiss 43 HE filter (excitation 538-
563 nm; emission 570—-640 nm), and pco.edge 5.5 sCMOS photodetector (scaling 0.650 um x 0.650
um per pixel, image size 2560 x 2160 pixels, scaled image size 1664 x 1404 um?, 16 bit dynamic
range). LED power was set at 90% and exposure time at 2 s, for each image.
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Appendix F. Supplementary Material

F.1 Dissolution of CRD200 at Low Concentration (0.1 uM) of HAuCl,4

(b)

Figure F.1. STEM micrographs of CRD200 etched by 0.1 uM HAuCls. Nanoparticles exhibit residual features of CRDs
after dissolution at such low concentration of gold. (a) Micrograph at high magnification of the array. (b) Micrograph at
very high magnification, showing few etched CRD200 with residual features of the polyhedral geometry of a CRD.

F.2 Simulated Spectra for AuNS140 at Increasing CTAB Content
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Figure F.2. (a) Simulated normalized extinction spectra for: a 104 nm AuNS in water (n=1.333) (dashed green), a CTAB-
capped (n=1.4350) 104 nm AuNS in water (dashed blue), and a CTAB-capped 104 nm AuNS in a saturated CTAB
solution (n=1.3478) (dash dotted red). (b) Focus on the LSPR peaks, to appreciate the minor redshifts as CTAB-capping
and saturated CTAB solution were considered
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F.3 AuNSs140 at low concentration of CTAB, Exp. Vs Sim.

(a
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Figure F.3. (a) Experimental (solid black) and simulated (dashed blue) normalized extinction spectra of a AuNSs140
colloid at low concentration of CTAB (0.8 uM). The simulated spectrum corresponds to a CTAB-capped 104 nm AuNS in
water (n=1.333). (d) Focus on the LSPR peak, to appreciate the perfect agreement between experimental and
simulated spectra.

F.4 Length and Width Distributions of AuNCs60
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Figure F.4. (a) AuNCs60 major edge and (b) minor edge distributions retrieved by the “Oriented Bounding Box” tool
from “MorpholibJ)” plugin. Each histogram was fitted by two Gaussian curves, one for edges grown in an ordinary way
(solid green) and the other for overgrown edges (solid red), resulting in the overall bi-gaussian fit (dashed black).
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F.5 AuNSs140 at 0.8 M CTAB vs single AuNS140 on glass in water

Normalized Extinction
(@]
»

Exp., 0.8 uM CTAB

0.0 Sim., NS140 on glass in watéer

400 500 600 700 800
Wavelenght (nm)

Figure F.5. Experimental (normalized) extinction spectra of AuNSs140 colloidal solution at low concentration of CTAB
(0.8 uM) (solid black) and simulated (normalized) extinction spectrum of a single 104 nm AuNS on glass in water
(dashed green). The nearly perfect agreement validates the reliability of the simulation and, vice versa, proves that a
colloidal AuNSs140 is (almost) optically equivalent to a AuNS140 on glass in water.

F.6 A spgr for a 120 nm AuNSs random array at varying NND

wn

~

o
1

wn

o))

o
1

550+

540 \
—
. \./.

530 T T T T
100 200 300 400

Interparticle Distance (nm)

Peak Wavelength (nm)

Figure F.6 Simulated extinction spectra A;spg for a 120 nm AuNSs random array while varying the centre-to-centre
NND interparticle distance. A;¢pgr blue shifts as the interparticle distance decreases from 400 to 180 nm until a local
minimum at NND = 180 nm, then it starts to redshift as the interparticle distance further decreases. (From Jenkins ®2)
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F.7 Supplementary EF, ,, Field Profiles

F.7.1 Single AuNS140 and AuNC60 on Glass in Water
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Figure F.7. Unpolarized EF,, xz-profiles at 563 nm for (a) a single AuNS140 on glass (b) a single AUNC60 on glass,
both with external radiation incident from the bottom. The xz-monitors intersect the NS through its centre and the NC
through the corners (this is why the NC seems not to touch the glass). Non-dipolar effects cause E to “wrap” towards
the upper portions of the NPs, according to the direction of k (light incident from the bottom). For graphical purposes,
points with EF, ., = 30 and EF,,,, = 100 for AuNS140 and AuNC60, respectively, are all indicated as white.

F.7.2 Selected ROIs from AuNSs140 and AuNCs60 Arrays in Water
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Figure F.8. Unpolarized EF, , xy-profiles (in water) at 563 nm for (a) selected sub-ROI from the STEM micrograph of
Figure 2.4a for AuNS140 array, and (b) selected sub-ROI from the STEM micrograph of Figure 2.9c for AUNC60 array.
Both sub-ROIs are constituted by a target NP (at the centre) surrounded by its first neighbours. The xy-monitors are
located, respectively, at z=10 nm (i.e., 10 nm above the equatorial plane of the target NS140), and z=24 nm (i.e., 5 nm
below the top facet of the target NC60). External radiation is incident from the bottom. For graphical purposes, points
with EF.,, = 30 and EF,,, = 100 for AuNS140 and AuNCG60, respectively, are all indicated as white.
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