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Chapter 1

Is There Plenty of Room at the
Bottom?

1.1 Introduction

Nanoscience and nanotechnology have become increasingly important scientific areas in
recent decades [1} 2]. They comprehend the general concept of this doctoral thesis: the-
oretical design of nanoscale materials and their application in biosensorics. Perhaps the
most significant sentence in this context is “There is Plenty of Room at the Bottom” by
the physicist Richard Feynman. He emphasized the importance of science on a very small
scale and its future progress [3]. The scale between 1 and 100 nm is an interesting range
where a plethora of physical properties can be observed. The unique structural and op-
tical properties of newly emerging nanostructured materials offer a springboard for the
development of biosensors.

Optical molecular imaging uses the ability of light to penetrate biological tissue and
fluids for the purpose of imaging samples in the medical diagnostics. Presently, medical
diagnostics relies on standard biosensor techniques (“in vitro” and “in vivo” bioimaging
and biolabeling) based on commercially available organic dyes and quantum dots. Dyes
and dots are integral part of the fluorescence spectroscopy, the most common method used
for bioanalytical purposes, which is a very sensitive and fast method. Traditional cancer
screening methods are not sufficiently accurate for early diagnosis which is crucial for early
initiation of targeted therapy during the pre-invasive stage. Delayed diagnosis of tumor
biomarkers is one of the main causes of death in cancer patients. Standard fluorescent

markers do not possess sufficient sensitivity and specificity. An efficient way to bypass
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these drawbacks is to search for new molecules that can serve as improved fluorescent
markers. Improved sensitivity can be further achieved within multiphoton fluorescence
microscopy for the purpose of advancing early medical diagnostics using noble metal bio-
nano systems, bio-nano hybrids and liganded nanoclusters.

Atomically precise metal quantum clusters -

nanoclusters (NCs) have attracted great interest Geometric Electronic
structures structures

in biosensorics applications due to their attractive A Atomic
orpitais

properties such as ultra-small size, low toxicity, pho-  —o.1nm
tostability, intense photoluminescence, and excel- /‘\T
lent biocompatibility. They belong to the class of [ Y é)

nanoparticles (NPs) composed of a small number

Molecular
orbitals

of atoms exhibiting molecular-like properties with
Met%la%raergy

discrete electronic states and size-dependent fluo-

rescence. Precisely due to discrete electronic energy
levels NCs exhibit luminescence. NCs are built from

Figure 1.1: Geometry (left) and elec-
a small number of atoms which puts them in the size tronic structure (right) of single atom,

regime up to 2 nm, while NPs contain a large num- ?;IIZC;(;IUSterS (NCs) and nanoparticles
ber of atoms falling into the size regime above 2 nm

where molecular orbitals become metal energy band. Increasing the number of noble
metal atoms, NCs become NPs (Compare sizes and electronic structures at Figure .
Increasing the size, the quantum confinement weakens and the absorption peaks become
less prominent due to the scalable regime. Metal NPs display localized surface plasmons
resonances (LSPR), bosonic quasiparticle excitations of the conduction electrons excited
utilizing an electromagnetic field. On the contrary, optical properties of nanoclusters are
higly dependent on the each atom in the structure, thus are more prominent and very
different from the bulk materials. That uniqueness is what makes the metal nanoclusters
very adaptable for multifaceted applications. NCs are the bridge between a single atom
and bulk materials.

Distinct class of metal NCs built from metallic atoms resistant to oxidation under

normal atmosphere carries the name "noble". These are platinum, ruthenium, rhodium,
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osmium, iridium, palladium, silver and gold. Among the noble metal NCs those of gold
and silver are the most researched due to their versatile applications. Their optical and
chemical properties are very sensitive to a small change in structure as a consequence of
the strong quantum confinement placing them in a nonscalable regime where each atom
counts. Gold and silver nanoclusters have different optical properties due to different
electronic states. The experimental and theoretical investigation on gold nanocrystal
molecules was initiated in 19974]. Size dependency of the frequency-dependent dielectric
function was explained through a transition to electronic structure. On the example of
small silver clusters was demonstraded that d-electrons as well as s-d gap play a crucial
role for absorption spectra. Again, it was demonstrated that optical properties of such
clusters are size dependent|5), [6].

Noble metal NCs are inadequate to perform alone as biosensors since they dissolve
in the biological environment failing to maintain their structural and optical proper-
ties. Their application in biosensorics is based on functionalization by various biological
molecules that not only protect them from the environment keeping them intact but also
offer target-recognition specificity, reduced toxicity and enhancement of their emissive
properties|7]|. Promising candidates for biosensors of superior detection are silver and
gold bio-nano hybrids (noble metal nanoclusters embedded in biomolecular environment)
and liganded NCs (noble metal nanoclusters protected with biomolecules) due to their
outstanding optical properties that can be adjusted through their size, composition and
structure (examples shown on Figure . Integration of the structure of the noble metal
NC with biomolecules is crucial for the high intensity of their absorption and photo-
stable emission, which is a necessary condition for biosensors of superior detection [8] [Q].
Two-photon fluorescence microscopy is becoming increasingly popular in biomedical di-
agnostics thanks to its higher resolution and deep penetration into tissues. Two-photon
absorption (TPA) properties of noble metal liganded NCs are several orders of magnitude
better than commercially available organic dyes and have the potential for application in
theranostics (combined diagnostics and therapy)[I0]. This doctoral thesis is a volume of
novel theoretical research on gold and silver bio-nano systems; their principles, design,

and applications in the context of recent progress in sensing applications; bioimaging, and
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medical diagnostics.

1.2 Characterization tools for nanostructured
materials

There are no two nanoparticles that are the same. Controlling their size to atomic preci-
sion leads us to the ultrasmall size regime; nanoclusters with unique physical and chemical
properties. Noble metal NCs have discrete electronic energy levels while plasmonic NPs
have a continuous band. Nanoclusters, simply defined as quantum-sized nanoparticles,
show multiple optical absorption peaks in the optical spectrum as compared to single
surface plasmon resonance (SPR) for nanoparticles. These phenomena give NCs unique
fluorescent and structural properties|I1} 12} [13]. The first X-ray structure of gold nanopar-
ticle was published in 2007[14]. It showed gold atoms not only in the core but also in the
ligand layer, as part of gold-thiol interactions. The experimental determination of X-ray
structure was guided by the theoretical DF'T model of Ausg(SR)24 that demonstrated a
novel form of gold core protection by gold-thiolate tetraunits[I5]. This advocated the sig-
nificance of joint experimental and theoretical investigation for progress on structural and
optical properties of nanosized materials. Since then there have been many explorations
of noble metal liganded nanoclusters with various applications in biomedicine, biosensing
and bioimaging, optics, energy conversion, and catalysis|16] [1'7, [18], 19], 20, 21].

The optical properties of noble metal bio-nano hybrids and liganded NCs are size-
and composition-dependent. Thus, to be able to understand the origin of their proper-
ties and to design novel "superior" NC, it is very important to develop a precise set of
characterization tools; efficient synthesis with “high purity” of such nanostructured ma-
terials, mass spectrometry for determining molecular weight, X-ray crystallography for
the size and atomic composition, NMR and optical spectroscopy. Electrospray ioniza-
tion mass spectrometry (ESI-MS) is indispensible for nanocluster characterization and is
indeed critical for determination of cluster formula. Compared to matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS), ESI-MS is a much softer ioniza-
tion technique and usually does not result in fragmentation of NPs. The appearance of

peaks with spectral broadening is due to molecule-like transitions. This suggests that
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optical spectroscopy holds great value in determining properties of NCs[11], 21].

Nonlinear optics emerged in the last decades as the new exciting tool for investigat-
ing materials due to its high specificity. Linear and nonlinear optics study the optical
phenomena that occur during the interaction of laser lights with the matter. Contrary to
the one-photon absorption (OPA) (linear optics) which depends linearly on the intensity
of light, two-photon absorption (TPA) (nonlinear) increases with the square of the light
intensity. For linear optical properties absorption coefficient is independent of the optical
intensity while for nonlinear optical properties, the absorption coefficient is a function of
intensity (linear or higher-order). It was first analyzed theoretically through simultaneous
absorption of the two photons by the same molecule by Nobel laureate Maria Goeppert
Mayer in 1931]22] after which the two-photon cross-section unit is named (GM). The first
experimental demonstration came 30 years later in 1961[23].

Two-photon excitation enables 3D flourescence imaging which is important applica-
tion of the near-infrared (NIR) microscopy. NIR multiphoton microscopy, specifically
two-photon, is a state-of-the-art tool for fluorescence imaging. NIR light (700-2500 nm)
penetrates biological tissue offering advantage over the visible spectral range. The first
two-photon excited fluorescence imaging of living samples using a 100 NIR laser was
published more than three decades ago[24].

Part of the NIR region between 1000 and 1350 nm wavelength is known as the “second
biological window”. It provides a higher penetration depth of biological tissues. Simula-
tions and modeling studies of optical imaging of tissue or blood suggested improvement
of signal-to-noise ratios by using quantum dot fluorophores that emit light at 1320 nm.
New fluorescent probes are in demand to achieve spectral imaging in the second biological
window. Stepping forward into medical applications requires probes to be biocompatible
and to exceed conventional and well-established fluorophores. New fluorescent probes
should be able to demonstrate high cross-sections for multiphoton absorption as well as
high emission. In general, they should fit in the definition of push-pull chromophores that
consist of donor and acceptor part providing a large charge transfer along the molecule
upon multiphoton excitation|25, 26].

Liganded noble metal NCs and bio-nano hybrids present a promising route for design-
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ing the new chromophores for nonlinear optics. Their cross-sections are several orders of
magnitude larger than commercially available dyes|27, 28]. The choice of ligand molecules
that protect cluster core plays an important role in enhancing the emissive properties of
noble metal nanoclusters|29] 30]. Liganded noble metal NCs can be presented with a sim-
plified scheme of a multishell system consisting of three shells; metal core, metal-ligand
interface which includes “staple motifs” rich in noble metal-sulfur bonds, and surface lig-
and molecules (See schematic representation in Figure . These shells are engaged in
charge transfer from the ligand to the metal core. This class of noble metal nanomaterials
is called “ligand-core” NLO-phores|31].

The theoretical approach is one of the crucial char-
acterization tools since it leads the research toward un-
derstanding the connection between the structure and
optical properties of the novel noble metal nanomate-

rials. Time-dependent density functional theory (TD-

DFT) brings research closer to the origin of optical
GOLD CORE

properties on liganded noble metal NCs and bio-nano SURFACE LIGAND GOLD-LIGAND
MOLECULES INTERFACE

hybrids|32, B33, B34, 34] 35, [36], 37, [38], [39] 140l 41]. More Figure 1.2: Schematic rep-

details on the theoretical approach and portrait of its resentation of gold nanocluster

Auy55G13 as a multishell system:

unique contribution to this doctoral thesis will be pre- gold core, gold-ligand interface
d surface ligand molecul

sented in the next section (Section 1.3) as well as in ane suace Agand mofeeties

Chapters 2 and 3.

1.3 Methodology

1.3.1 Introduction

Computational chemistry is combination of mathematical methods with fundamental laws
of physics to determine properties of nano and biophysical systems. It is widely used in
explorations of interactions among biomolecules. The tools of computational chemistry
are quantum chemistry (ab initio and semiempirical methods), molecular modelling (force
fields) and molecular dynamics[42].

To determine electronic structure of atom and molecules, quantum mechanics is focused
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on Born-Oppenheimer approximation as a starting point in solving time-independent
Schrodinger equation[43]. In Born-Oppenheimer approximation coupling between the
nuclei and electronic motion is neglected. Instead of solving the Schrodinger equation for
all the particles simultaneously, we regard the nuclei as fixed in position and solve the
Schrodinger equation for the electrons in the static electric potential arising from the nuclei
(with nuclear position as parameters). Resulting potential energy surface (PES) forms the
basis for solving nuclear motion[44]. The set of solutions so obtained allows us to identify
the equilibrium conformation of the molecule with the lowest point on potential energy
surface. The Born-Oppenheimer approximation is very reliable for ground electronic
states, but it is less reliable for excited states[43].

Schrodinger equation (time independent):

HY = EY (1.1)

where H is called Hamiltonian, ¥ denotes wavefuntion and E is the energy of the
system.
There are two main wave function approaches to the solution of the Schrédinger equa-

tion ab initio and semiempirical:

e Ab initio: Model is chosen for the electronic wave function and equation (1.1 is
solved using as input values of the fundamental constants and the atomic numbers
of nuclei. Accuracy depends on model that is chosen for wave function. For large

numbers of atoms in molecule, ab initio calculations are computationally expensive.

e Semiempirical method has been developed to treat a wider variety of chemical
species, and it uses simplified form for Hamiltonian plus adjustable parameters from

experimental data.

Once you calculate electronic energy and electronic wave function it is possible to
determine wide range of physical properties.

The simplest of the wavefunction-based methods is Hartree-Fock (HF) method where
electron correlation is neglected and the motion of electrons is described in an average

fashion, mean-field approach. The purpose of post-Hartree-Fock calculations is to treat
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correlated motion better than does the Hartree-Fock method[42]. Post HF methods
include Mgller—Plesset perturbation theory (MP2) and Coupled Cluster (CC) hierarchy.
They are improvements of the HF method. Mgller—Plesset perturbation theory adds
electron correlation effects by introduction of Rayleigh—Schrédinger perturbation theory,
usually to second order. Coupled Cluster theory constructs multi-electron wavefunctions
on the basis of HF method. The alternative to wavefunction-based methods is Density
Functional Theory (DFT) based on the principle that the ground state energy can be

determined from the electron density.

1.3.2 Density Functional Theory (DFT)

Ab initio and the semiempirical approaches calculate a molecular wavefunction and molec-
ular orbital energies, and thus represent wavefunction methods. A wavefunction is not a
measurable feature of a molecule or atom. Density functional theory is not focused on the
wavefunction, but on the electron probability density function p(x,y,z) or p(r)(electron
density function, electron density or the charge density). Electron density function is a
function of position (just three variables (x,y, z)) while the wavefunction of an n-electron
molecule is a function of 4n variables, three spatial coordinates and one spin coordinate,
for each electron. No matter how big is the molecule, the electron density remains a
function of three variables. In that way p(r) is mathematically more tractable.

Density functional theory is based on the Hohenberg—Kohn theorems:

1. The ground-state properties of an atom or molecule are determined by its electron

density function.
2. Trial electron density must give an energy greater than or equal to the true energy.

In the Kohn—Sham approach the energy of a system is formulated as a deviation from the
energy of an idealized system with non-interacting electrons. By minimizing the energy

with respect to the Kohn—-Sham orbitals the Kohn—-Sham equations can be derived.

Basic Principles of DFT It can be shown that p(x, y, z) is related to the “component”

one-electron spatial wavefunctions ¥; (the molecular orbitals) of a single-determinant

Chapter 1 8



Is There Plenty of Room at the Bottom?

wavefunction ¥ by
n

P=Zni|‘1’i|2 (1.2)

i=1

With given p(r) we can calculate any ground state property, for example the energy, Ey:

PO(X,)’, Z) _>E0 (13)

The relationship (1.3) means that Ey is a functional of pg. Functional is a rule that
transforms a function into a number. The first Hohenberg- Kohn theorem says that any
ground state property of a molecule is a functional of the ground state electron density

function.
Eo = F[po] = E[pol (1.4)

The theorem is an existence theorem: it says that a functional F' exists, but does not
tell us how to find it. Finding good functionals is the main problem in DFT. Term
FUNCTIONAL is akin to function[42].

The second Hohenberg—Kohn theorem is the DFT analogue of the wavefunction variation
theorem. In DFT molecular calculations the electronic energy from a trial electron density
is the energy of the electrons moving under the potential of the atomic nuclei. This nuclear
potential is called the “external potential”’.and it is designated v(r), and the electronic
energy is denoted by E, = E,[pg]. The second Hohenberg—Kohn theorem can be stated

as:

E\[p:] 2 Eo[po] (1.5)

where p; is trial electronic density and Eg[pg] is the true ground state energy that corre-
sponds to true electronic density pg. The exact functional is unknown, so actual DFT cal-

culations use approximate functionals (they can give an energy below the true energy)|[42].

Kohn-Sham’s approach Kohn-Sham’s approach permitted the exact computation of
kinetic energy for a noninteracting reference system, the Kohn-sham determinant. It

facilitated DFT into a practical computational chemistry tool.

e Express molecular energy as a sum of terms, only one of which, a relatively small
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term, involves the unknown functional.

e Use an initial guess of the electron density in the KS equations (analogous to the
HF equations) to calculate an initial guess of the KS orbitals and energy levels.
This initial guess is then used to iteratively refine KS orbitals and energy levels.
The process is repeated until the density and exchange—correlation energy have

converged to within some tolerance.

e The final KS orbitals are used to calculate an electron density and the energy[42].

Kohn and Sham showed that the exact ground state electronic energy of n-electron
system (where paired electrons are described by the same spatial one-electron orbitals)
can be written as sum of electron kinetic energies, the nucleus-electron attraction potential
energies, Coulomb interaction between total charge distribution at 1 and ry, and exchange
correlation energy of the system:

p(r1)p(ra)

ri2

Elp] = ————dridra+Exc|p]

W ) VR ) dri o Z Zpriyangio [ £
(1.6)

where one-electron wavefunction ¥; are the Kohn-Sham orbitals (solutions to KS equa-

tions).

The KS orbitals are found by solving the Kohn—Sham equations, which are derived by

applying the variational principle to the electronic energy E[p] with the charge density.

KS equations for the one-electron orbitals W;(r1) have the form:

e

where g; are the KS orbital energies and exchange correlation potential Vx¢ is the func-

tional derivative of the exchange correlation energy V..[p] = %. If Exc is known,

—Jo Z rll , / p(ra2) dro + ch(rl)} Wi(r1) = &¥P;(r1) (17)

ri2

then Vxc can be obtained.

Electron correlation is the phenomenon of the motion of pairs of electrons in atoms or
molecules being connected (“correlated”). Hartree—Fock method ignores electron correla-
tion and does not take in to account quantum mechanical effects on electron distributions

which is not suitable for excited states calculations [42]. Since DFT method models exact
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electron density, it also takes into account the approximately electron correlation effect.
The computation time required for a DFT calculation formally scales as the third power
of the number of basis functions; as a result, DF'T methods are computationally more
efficient than HF-based formalisms, which scale as the fourth power of the number of

basis functions|43].

Exchange-correlation functionals The main source of error in DF'T comes from the
approximate nature of Exc. This functional is often separated into an exchange func-
tional (representing exchange energy) and a correlation functional (representing dynamic
correlation energy). In the local density approximation (LDA), the exchange—correlation

functional is:
Exc = / p(Pexclp(r)]dr (1)

where g, [p(r)] is exchange correlation energy per electron in a homogeneous electron gas
of constant density. To account for the in-homogeneity of the electron density, a non-local
correction involving the gradient of p is often added to the exchange correlation energy

given in (|1.8)).
1.3.3 Time-dependent Density Functional Theory (TD-DFT)

In 1984. Runge and Gross proved a theorem stating that the time dependent den-
sity uniquely determines the time dependent external potential and vice versa. Time-
dependent density functional theory (TD-DFT) is useful for the investigation of the re-
sponse of molecular systems to electric and magnetic fields. TD-DFT can be used to
determine polarizabilities and hyperpolarizabilities as well as excitation energies and elec-

tronic absorption spectra. The time-dependent Kohn—Sham equations:

oy Sy p(ra,t) 0
—2—V1 —JOZ—+JO/ dry + Ve (t) + Vxc(r1, 1) ¢ Wi(r1, 1) = ih—=Y;(r1,1)
Mme = rmn ri12 ot
(1.9)

p= 1%, (1.10)
i=1

where V,,, external potential, the exchange correlation potential and KS orbitals and the

density are all time-dependent. The goal of TD-DFT is to find how the density changes
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in response to the varying external potential. It can be shown, based on perturbation
theory arguments, that excitation energies and polarizabilities depend on only the first-

order change in density[43].

1.3.4 Linear and Nonlinear Response Theory

Quantum chemical methods offer a possibility to investigate a variety of complex molecu-
lar properties. Time-independent properties of a molecular system can be obtained from
the derivatives of the energy with respect to the perturbing field, which is not the case for
time-dependent properties; frequency-dependent linear polarizability, excitation energies,
oscillator strengths parameters for excited-state properties, etc. For time-dependent prop-
erties perturbation theory is used since these molecular properties are dynamic (changing
in time) that can be treated with response theory[45, 46]. In the limit of the static
perturbation, time-dependent perturbation theory comes down to time-independent per-
turbation theory. The time development of the exact state is determined by employing the
Ehrenfest theorem that determines the equations of motion for the response functions and
should be satisfied in each order in the field strength. These equations show how molecu-
lar properties containing the electric dipole operator can be expressed in equivalent forms
involving the momentum operator. Interaction of molecule with time-dependent electro-
magnetic field leads to polarization of the molecular system oscillating with a specified
frequency.

The response of the observable may be expanded in powers of the field strength: the
linear response of the system is determined by the linear response function, the nonlinear
(quadratic response) of the system by the quadratic response function. Response functions
(linear, quadratic, and cubic) are derived from the exact reference state. They become
frequency-dependent polarizability, hyperpolarizability, and second hyperpolarizability,
determining the polarization of the molecular system through first, second, and third
order in the field strength.

The iterative procedure of response theory addresses the lowest excitations, which is
usually adequate for relatively small systems. In the case of more complex molecular

systems where there is a large number of excited states present, this approach may not be
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sufficient. Since theoretical results are being compared to the experimental ones, damped
response theory can fix the problem of access to all excitation energies of interest. It
is based on the approach where the excited states are multiplied by a damping factor
[exp(—2vyt)], where y represents the inverse effective lifetime of the excited-state life-
time broadening parameter. This allows the introduction of complex excitation energies
removing the singularities of the response functions at resonance frequencies [47), 48] 149].

Since the research presented in this thesis has a strong focus on one and two-photon
absorption (TPA) properties as well as on general applications of spectroscopy in bioimag-
ing and medical diagnostics, residues of these response functions are used to determine

one and two-photon absorption matrix elements.

1.3.5 Quantum Mechanics/Molecular Mechanics

For large systems, pure ab initio calculations are very computationally expensive methods.
In many practical applications, we are only interested in the properties of a few molecules
of a system or part of a large molecule. Many calculations are therefore only limited
to these molecules or part of a large molecule. QM/MM is the general name given for
methods that combine quantum mechanics and molecular mechanics that were originally
devised for calculation on complex problem of proteins and enzymes. It is now used in
a wide variety of problems. QM/MM methods are also very important in the study of
the spectroscopy of liquid systems. QM is needed to study the quantization of the energy
levels and MM can be used to generate the liquid structure at nonzero temperatures.
QM /MM methods have seen an extraordinary development allowing quantum chemistry
to investigate larger systems. The necessity for a QM treatment (needed in spectroscopy
and reactions, for instance) together with the difficulties of treating the entire system by
QM imposes some compromising. This compromising comes by adding classical mechanics
in a partition of the system. It is also considered in excited state dynamics, where the fate
of the excitation energy depends on the environment around the chromophore. QM/MM
method was a beneficial approach in this research for determining structural and optical
properties of liganded noble metal nanoclusters and bio-nano hybrid systems by taking

into account full ligands and the biological environment.
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The development of QM/MM methods is a very active

LOW

research area. In a combined QM /MM method, the system ;65 /LEVEL

to be studied is partitioned into two parts; a QM part and an LEVEL\

MM (Figure . The QM part has small number of atoms. Al {/;1;[; ) ;2

It may be a molecule or several molecules, a fragment (or \‘\i\"_/n__ ,

part) of a large molecule or a molecular complex. The QM

part corresponds to object of a study. Atoms in this part are

expressed as electrons and nuclei and are described quantum Figure 1.3: Schematic

representation of two-layer
mechanically. The MM part is the “environment” to the QM QM /MM method: High level
includes quantum mechanics
(QM) region, and low level
includes molecular mechan-
incs (MM) region

part. Usually, it has much larger number of atoms than the
QM part. This part is most often “nonreactive” and is treated
by using a classical MM force field. “Nonreactive” also means
that there is no charge transfer or other “chemical” exchange between the QM and MM

parts[50].

Energy for QM /MM system:
Eommm = Egm + Emm + EQu-mm (1.11)

The QM /MM coupling Hamiltonian Egpy—pum, generally includes bonded interactions for
covalent bond(s) bisecting the QM /MM boundary and nonbonded interactions (van der
Waals and electrostatic interactions)[51].

The coupling is important when properties related to the energy, such as free energies, are
studied. In QM/MM calculations, there are two types of interactions between the QM
and MM parts. One type is the van der Waals interaction that represents the dispersion
interactions and the other is the short-range repulsive interactions between the QM and

MM atoms. It is often expressed as the Lennard-Jones potential:

E,aw(OM/MM) = Z Z 48,~j[ﬂ12_ﬂ6

.. .. (1.12)
i€QM jeMM Y L

where R;; is the distance between a QM atom ¢ and an MM atom j. o;; and &;; are the

standard Lennard-Jones parameters. The Lennard-Jones parameters are taken directly
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from a force field.

TREATMENT OF THE QM/MM BOUNDARY The intermediate region be-
tween the two parts should be treated so that the effects from partitioning the QM and
the MM parts across the covalent bonds on the QM atoms are minimized. Among the
widely used ways are those using a hybrid orbital or a link atom to satisfy the valence.
One single hybrid atomic orbital is placed on each MM atom, originally connected to a
QM atom. These hybrid atomic orbitals are then involved in the calculation of the QM
part to satisfy the valences. The most commonly used link atom is hydrogen, but in some
other implementations, other types of atoms, such as halogen atoms are also used. The

link atoms have the following characteristics:

e A link atom is placed in the direction of the QM /MM bond and replaces the cor-
responding MM atom in the QM calculation. Link atoms are explicitly represented

by electrons and nuclei. They are exactly treated quantum mechanically.

e Link atoms are “invisible” to the MM atoms. In other words, there is no interaction
between the link atoms and MM atoms. The interactions within the MM part are
treated as if there were no link atoms. In ideal cases, link atoms and other MM
atoms should simulate the effects of the fragments that are removed from the QM

treatment|50].

COMPUTATIONAL ASPECT The QM calculations are performed according to

the following Hamiltonian:

H,s5 = Hom + Hes(QM /M M) (1.13)

~

H,ry involves the interactions of the electrons in the QM part with the point charges
in the MM part so additional integral calculations are needed. Hpg is the Hamiltonian
representing the interactions of nuclei and electrons (QM) with the point charges of MM
parts. Integrals correspond to those of QM calculations of a molecular system in the

presence of point charges:

IpV:/Xu(_?_m)de?i (1'14)

m
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where Q,, is the point charge on the MM atom m. 7; is the position of electron i in the QM
region. y, and y, are basis functions, that are combined in linear combinations to create

molecular orbitals. The above type of integrals is added to the one-electron Hamiltonian

matrixes during the SCF calculations of the QM part[50].

ONIOM method One of the

most used and well known QM /MM Y

approaches is ONIOM approach
integrated in Gaussian compu-
tational chemistry software[54].
ONIOM stands for Our own
N-layered Integrated molecular
Orbital and molecular Mechan-
ics. This computational technique
models large molecules by defin-
ing two or three layers within the

structure that are treated at dif-

ferent levels of approximation.

LOW LAYER: b)
Zwis

electrostatic
interactions

LOW LAYER:
The rest of the
two double-helical &

HIGH LAYER:

fifth and sixth base pairs
+Ag3

+(Na, H20;),

HIGH LAYER:
QM-MM COVALENT BONDS CUT: AupZw,
8 link hydrogen atoms
c-C
C-0

NO QM-MM COVALENT BONDS

Figure 1.4: Examples of two-layer ONIOM
method: a)Ags cation intercalated in DNA struc-
ture d(GCGCGCGCGC)y with link atoms [52] and b)
liganded gold nanocluster Auis-Zwitterions, surrounded
by shell of 18 zwitterionic molecules of bidentate thiol
with no link atoms. [53]

Even though ONIOM can be
used as a two-layer QM /MM method, it can easily be extended to multiple layers. It
was developed by the Morokuma group. That group developed several computational
strategies aiming at the spectroscopic studies of macro-systems as a discrete/continuum
approach that can be nicely integrated with the hybrid scheme offered by own N-layered in-
tegrated molecular orbital and molecular mechanics (ONIOM) to perform QM /MM molec-
ular dynamics (MD) simulations of complex systems in solution and effective schemes to
include vibrational effects within the time-independent framework. ONIOM calculations
can use a Molecular Mechanics method for the system as a whole and an ab initio one
for the site of interest; such calculations are referred to as MO:MM calculations (indicat-
ing a molecular orbital method is combined with Molecular Mechanics) or as QM:MM

(quantum mechanics with MM). Two ab initio methods can also be combined ([50],[51]).
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ONIOM LAYERS Inan ONIOM calculation, the molecular system (the entire molecule
is referred to as the Real System) is defined as 2 or 3 region, typically referred to as “layers™

The High Layer (Small Model System (SM)) is the smallest one, and it is treated with
the most accurate method. Bond formation and breaking takes place in this region.

The Low Layer consists of the entire molecule in a 2-layer ONIOM model. The calcula-
tion on this region corresponds to the environmental effects of the molecular environment
on the site of interest. It is typically treated with an inexpensive model chemistry: molec-
ular mechanics, a semi-empirical method, or an ab initio method such a Hartree-Fock.

The Middle Layer (Intermediate Model System (IM)) is defined in a 3-layer ONIOM
model and it is treated with a more sophisticated method. It models the electronic effects

of the molecular environment on the high layer.

Important tips for QM /MM calculations Bond breaking or formation should not
take place within the MM region. Atoms linked by double or triple bonds should be placed
within the same ONIOM region. Region boundaries should not fall within aromatic rings.
In the case of a reaction, all Molecular Mechanics parameters must be the same within
the Real and Model systems for both the reactants and the products. Atoms at the
Model/Real system boundary are modeled using link atoms. For example, a carbon
atom which is bonded to another carbon within the SM system is typically replaced by a
hydrogen in the computations.

There are many nanostructures of interest that are too large for pure QM computa-
tional approach, so two-layer ONIOM is the method of choice. Described methodology
was employed in theoretical investigation of such large complex structures in this doc-
toral thesis. Two examples are presented in Figure [[.4] More details of this research are

described in Chapter 2 and 3.

1.4 Research Spotlight

Stabilization and protection of noble metal nanoclusters from the environment can be
achieved by: i) embedding them within biomolecules (bio-nano hybrids) and by ii) coating

them with biomolecules - ligands (liganded NCs). Functionalization is indispensable for
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the application of NCs in the biological environment. Biomolecules that protect NCs can

be of different origins; amino acids, peptides, proteins, small organic molecules, polymers,

DNA. The most commonly used ligands are thiol molecules (sulfur analog alcohols of

general formula R-SH), which participate in strong Au-S or Ag-S binding with a sulfur

atom, and also contribute to the emission properties of liganded nanoclusters due to their

role as a charge donor to the metal core. Systematization of criteria for theoretical and

experimental design of bio-nano hybrids and liganded noble metal NCs in the direction

of improving their optical (linear and nonlinear) properties began with a joint synergy of

theory and experiment|21], [3T].

This research followed two pathways simultaneously:

I

IT

Modeling and investigating novel noble metal bio-nano hybrids

(Chapter 2)

Bio-nano hybrid system as silver trimer intercalated into DNA was modeled with
different nucleotide content in order to investigate optical properties of such system.
The influence of the "doping" of silver atoms on the structural as well as optical
properties of noble metal bio-nano hybrids and catenane structures of gold nan-
oclusters was investigated both theoretically and experimentally. The improvement
of non-linear optical properties of investigated systems was achieved. Investiga-
tion of adjusting the absorption/emission of supramolecular assemblies arranged in
"nanowire-like" structures by doping with with silver atoms brought more conclusive

knowledge on the origin of these effects.

Modeling different functionalizations of liganded noble metal nanoclusters
(Chapter 3)

The influence of full ligands on the structural and optical properties of liganded nan-
oclusters of precious metals was investigated using available methods of the compu-
tational chemistry, within the computationally available equipment; density func-
tional theory (DFT), its time-dependent version (TD-DFT), polarizable embedding
QM method and Quantum Chemistry/Molecular Mechanics method (QM/MM).
The potential of different functionalizations of liganded gold nanoclusters was also

explored in order to improve detection of biomolecular changes in the context of

Chapter 1 18



Is There Plenty of Room at the Bottom?

early medical diagnostics.

The results presented in this part of the thesis indicate strongly that for future progress
of biosensorics it is extremely important to examine new directions of theoretical design
of noble metal bio-nano hybrids and liganded NCs in order to improve the efficiency of
biosensors, especially those involving multiphoton fluorescence, but also targeted detection
through new functionalizations of liganded noble metal nanoclusters. The motivation was
to push the design of nanostructured materials closer to applying scientific knowledge in

medical diagnostics.

1.4.1 Noble Metal Bio-Nano Hybrid Systems

The convergence of biotechnology and nanotechnology gave rise to a new generation of
nanostructured materials for advanced biosensorics; bio-nano hybrid systems[55], 56, 57,
58]. They represent the synergy of two classes of structures: i) noble metal small cluster
with its unique electronic and optical properties and its environment ii) biomolecule that
not only protects the cluster but also contributes to its optical properties. Few atom silver
nanoclusters encapsulated in the biocompatible environment (dendrimer- and peptide-
encapsulated few atom Ag cluster) produced scaffold-specific single-molecule (SM) Stokes
and antiStokes Raman scattering[59]. Small silver clusters forming hybrids with peptides
have shown extended and enhanced optical absorption in comparison to pure peptides|§].
Key concept for the enhanced optical properties of noble metal bio-nano hybrid system
is interaction between intracluster excitations and m-7* excitation within aromatic rings
of biomolecules. The Chapter 2 is summary of my contribution in investigation of the
recent bio-nano hybrids in the context of bioimaging and biosensorics.

The first example of bio-nano hybrid system in this doctoral thesis is silver trimer
intercalated in DNA (See Chapter 2, Section 2.1). Metallic quantum clusters functional-
ized with single stranded oligonucleotides together with their optical properties have been
researched in last two decades theoretically and experimentally [60} 61], 62, [63], 64], 65]. Dif-
ferent surroundings consisting of guanine-cytosine and adenine-thymine nucleotides have
been investigated theoreticaly by two-layer Quantum Mechanics/Molecular Mechanics

(QM/MM) approach. Theoretical investigation OPA and TPA of silver trimer interca-
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lated in DNA based on TDDFT approach showed enhanced optical properties of silver
trimer intercalated in guanine and cytosine reach DNA as well as large TPA cross section
favorable in advanced biosensorics. The Agz-DNA model [66] is very attractive since the
the small silver trimer interacts with DNA through Van der Waals bonding. Very large
TPA cross sections around 530 nm can be achieved thanks to the interaction of Agj and
(GCGC) nucleotides. In the NIR regime, TPA cross sections of 10 GM are present, which
are valuable intensities important for application. In the case of (ATAT), modest values of
TPA cross sections have been calculated in visible and near-infrared regime. Theoretical
research presented demonstrated the potential of bio-nano hybrid system composed of
silver nanocluster and DNA as biological environment as novel NLO-phore with potential
of application in medical diagnostics.

Gold chemistry has also produced impressive bio-nano hybrids promising as optical
materials. Gold-thiolate bio-nano hybrid systems can self-assemble into supramolecu-
lar assemblies with unique structural and optical properties. Owning to their Au-S
coordination and aurophilic interactions between Au(I) they offer rich morphological
variations[67, (68, [69]. An interesting example of such a system is the sub-100 nanometer
gold-cysteine supramolecular system. In order to enhance its linear and nonlinear optical
properties, the silver-doping strategy was explored (See Chapter 2, Section 2.2). DFT
and TD-DFT methods were employed to study the structural and optical properties of
the models built theoretically to represent the aforementioned assemblies of gold-cysteine
as well as its silver-doped versions. Theoretical qualitative model systems are useful from
a conceptual point of view. The main focus was to provide insight into the origin of
two-photon absorption enhancement upon silver-doping strategy. Results show that due
to different gold and silver relativistic effects, Au-S affinity as well as the heterogeneity of

structures enhancement of TPA properties was observed for doped systems.

1.4.2 Liganded Noble Metal Nanoclusters

In the last two decades, ligand-protected silver and gold nanoclusters have emerged as
a very attractive material at the nanoscale with interesting optical properties. They

have shown tremendous potential in applications from nanoelectronics and catalysis to
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biological sensing and biomedicine. Ligands play a very important role not only for
stability but also in the structural and optical properties of noble metal NCs. The ligand
shell is responsible for the solubility of the clusters in the biological environment. The
most popular ligands are thiols, especially in the case of gold nanoclusters. In the case of
thiol ligands, the sulfur atom holds an important position in the ligand-metal interface.
Sulfur and gold atoms are joined in the key feature of the gold-thiolate interface named
staple motif; the -SR-[Au-SR-|x oligomers for x=1, 2, etc [39, [70]. Chapter 3 is focused
on a thiolated gold nanocluster with two types of ligands: one with two sulfur atoms joint
in staple motifs (bidentate thiol zwitterionic ligand) and one with only one sulfur atom
participating in the staple motifs (glutathione). Since "each atom counts" in retrieving
their properties they are represented by the well-defined formula Au,[SR],, where n and
m represent the number of metal atoms and thiolate ligands (—SR), respectively. The
theoretical investigation was focused on the introduction of full ligands and not only
SCH3 models in the majority of the calculations thanks to the combination of DFT and
TD-DFT methods with QM /MM approach.

Principal part of this research are linear (one-photon absorption) and nonlinear optical
properties (two-photon absorption). For tuning the properties of thiolated-gold nanoclus-
ters three strategies were explored:

i) Introduction of bidendate thiol zwitterionic shell protecting the Auja2Zw, nanocluster,
where Zw represents zwitterionic organic molecule C15H39N2O4S3, resulted with enhanced
nonlinear response, specifically two-photon excitation fluorescence. The synergy of DFT
and TD-DFT within QM /MM succeeded in structural elucidation of the clusters with ex-
plicit zwitterionic ligands as well as in determining their key optical signatures (one-photon
absorption and two-photon absorption). Results pushed research towards investigation of
different surface shell protection strategies; introduction of bulky counter-ions or protein
templated AuNCs. The details of this strategy are described in Chapter 3, Section 3.1.

ii) A strategy to tune the optical properties of gold catenane nanoclusters by doping with
silver atoms was conducted on AujgSGig (SG: glutathione). Aujg(SG)ig gold nanoclus-
ter is a catenane structure with interlocked ring motifs and without a typical gold core.

Chapter 3, Section 3.2 describes details of this strategy. Appendix A is an experimental-
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theoretical research on catenane gold nanoclusters protected with thioglycolic acid ligands.
The motivation for the "silver doping" of liganded nanoclusters strategy came from pre-
vious research where doping of gold-cysteine bio-nano hybrids systems with one silver
atom has led to enhanced nonlinear optical properties[71]. Theoretical DFT study as
well as experimental and computed X-ray diffraction patterns demonstrated that cate-
nane structures remain preserved upon doping. Experimental optical studies revealed
that Auyo-xAg,SGig with x= 1-4 shows a blue shift in absorption and a redshift in the
two-photon emission spectrum in contrast to Au;gSGyg. Time-dependent DFT together
with a quadratic response approach was employed to calculate optical properties includ-
ing one-photon absorption, two-photon absorption, 8 hyperpolarizabilities, and circular
dichroism spectra upon silver doping. OPA spectra are not influenced by silver doping,
while TPA cross-section is increased by doping with three silver atoms. In summary
doping of thiolated gold nanoclusters with silver atoms is a powerful strategy to tune
multiphoton excitation properties and in the meantime preserving the structure of nan-
oclusters.

iii) Strategy to tailor thiolated gold NCs for the precise detection of a specific biomarker
is bringing the research step closer to application in medical diagnostics. In this research
biomarker of interest is protein carbonylation which accumulates during aging and ox-
idative stress [72]. Chapter 3, Section 3.3 is focused on the production of atomically
precise cluster Auj5SGi3 and its functionalization with thiolated aminooxy moiety in or-
der to bind to carbonylated sites on the protein of interest. This research demonstrated
that functionalized AuNCs are capable to detect protein carbonyls in one-dimensional gel
electrophoretic (1DE) analysis by one-photon fluorescence and two-photon excited fluo-
rescence imaging. Theoretical investigation contributed through the combination of DF'T
and QM /MM approach in-detailed analysis of Auj5SGi2-aminooxy-lysozyme structural
complex bringing forward the hydrogen bonding network as well as penetration of water
to the interface of AuNC-protein interaction. As a result, this research was recognized as
a valuable one since it is the first application of an AuNC that detects post-translational
modification as a nonlinear optical probe. Calculating the optical properties of such com-

plex systems with a large number of atoms remains a challenge for theoretical investigation
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in the future.
All three strategies are described in Chapter 3 by joint theoretical and experimental

investigation, which makes this research a very valuable step for future applications.
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ABSTRACT: Our investigation of one-photon absorption (OPA) and
nonlinear optical (NLO) properties such as two-photon absorption (TPA)
of silver trimer intercalated in DNA based on TDDFT approach allowed us to
propose a mechanism responsible for large TPA cross sections of such NLO-
phores. We present a concept that illustrates the key role of quantum cluster
as well as of nucleotide bases from the immediate neighborhood. For this
purpose, different surroundings consisting of guanine—cytosine and adenine—
thymine such as (GCGC) and (ATAT) have been investigated that are
exhibiting substantially different values of TPA cross sections. This has been
confirmed by extending the immediate surroundings as well as using the two-
layer quantum mechanics/molecular mechanics (QM/MM) approach. We
focus on the cationic closed-shell system and illustrate that the neutral open-
shell system shifts OPA spectra into the NIR regime, which is suitable for
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applications. Thus, in this contribution, we propose novel NLO-phores inducing large TPA cross sections, opening the route for

multiphoton imaging.

oble-metal nanomaterials have received large interest in

biomedical applications."”” The promising use of ultra-
small gold and silver quantum clusters with ligand-protected
shells has been proposed as new class of radiosensitizers for
cancer radiotherapy that do not damage normal tissues.” In
addition, noble-metal quantum clusters display NIR emission™”
and allow imaging within the tissue transparency window. This
property together with their multiphoton excitation might
permit deep-tissue penetration while minimizing background
fluorescence and scattering problems. Therefore, the idea of
replacing dyes by ligand-protected quantum clusters has been
successful because ligands induce NLO properties”’ of noble-
metal clusters,*”"" by analogy to acceptor—donor substitution
of organic dyes.'” The aim of this contribution, based on
theoretical findings, is to show why the smallest quantum
clusters, silver trimer intercalated in DNA, might induce large
TPA.

Single-stranded oligonucleotides and amine dendrimers have
functionalized metallic quantum clusters, and the resulting
properties have been reported in pioneering contributions by
Dickson et al.”~'> Their investigation of these fascinating
systems has been expanded to explore their remarkable
nonlinear optical properties, such as strong two-photon
absorption. Water-soluble polydisperse DNA-Ag clusters
exhibit large two-photon absorption cross sections reaching
50000 GM, with high quantum yields in the red and near-IR
regime.16 Later, Goodson et al.'” showed that an enhancement

v ACS Publications  © Xxxx American Chemical Society
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in emission using the hybridization of single-stranded DNA by
a complementary strand with a guanine-rich tail was possible.
Also, two-photon excited fluorescence (TPEF) with emission at
630 nm (upon excitation at 800 nm) was observed for the first
time for DNA-templated metal clusters.'”

Recently, the activities investigating the interactions of small
silver clusters with DNA have been significantly in-
creased.'”"* ! In particular, intercalation of silver trimer into
DNA™* attracted our attention because it provides a stable
system in which the van der Waals interaction of quantum
clusters with DNA is conceptually different from those of
ligated silver clusters in which the influence of ligands through
sulfur—silver bonds on TPA is essential.

In this contribution, we wish to address the key role of
metallic quantum clusters and stabilizing environment,
particularly in the context of TPA properties. This has been
accomplished by studying, for the first time, OPA and TPA
properties of silver trimer intercalated in DNA, which offers a
special type of protection without forming direct binding with
metallic atoms. In other words, the characteristic features of
silver trimer in the OPA spectrum might remain partially
preserved (cf. Figure S1), although the interaction with selected
subunits belonging to DNA might be involved in excitations of
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Figure 1. TDDFT OPA spectra for Ag,"* intercalated in (ATAT) (left) and (GCGC) (right) nucleotide bases of cationic closed-shell systems (S,
labels singlet states) (a,b) and neutral open-shell systems (D, labels doublet states; SOMO denotes single occupied MO) (c,d) systems. Leading
excitations within silver cluster and between base and silver are shown in the insets.

states with low intensities. Notice that the influence of the
immediate neighborhood is smaller in OPA than in TPA
because in the former case it is always present a state in which
excitations only within the trimer occur. Here we address a
conceptual issue based on understanding the mechanisms
responsible for TPA properties of such NLO-phores and
suggest an application aspect, which could be useful in the
imaging and detection area.”””*

Our theoretical study is based on Ag; intercalated in double-
helical decanucleotide duplexes d(ATATATATAT), and d-
(GCGCGCGCGC), using the QM/MM approach, which has
shown that triangular Ag; is placed between the fifth and sixth
base pairs.”” We use the structural properties determined in ref
22 for neutral Ag;-DNA. Adenine—thymine (AT) and
guanine—cytosine (GC) label Watson—Crick pairs.”>*°

Our previous findings, concerning the optical properties of
hybrid systems Ag;* and biomolecules (peptides), showed that
silver clusters strongly influence the absorption of biomole-
cules.”” Therefore, the question can be raised about the
influence of nucleotide bases on the optical properties of silver
trimer intercalated within DNA as well as on the double-helical
structure. Because it is known that the charge can substantially
influence the optical properties, we compare first the OPA
spectra for the model system, which take into account two
classes of nucleotide bases such as Agy-(ATAT)™ and Ag;-
(GCGC)*™, as shown in Figure 1. Cationic systems had to be
considered because the calculations of TPA are accessible only
for closed-shell systems. Figure 1 confirms the role of silver
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clusters in OPA spectra (cf. Figure S1) and the contribution of
the nucleotide bases in the lowest-lying states (cf. Figure 1a,b).
In addition, Figure 1lc,d clearly shows that for neutral systems
the excited states are shifted considerably to longer wave-
lengths, which is important in the context of applications. This
is in agreement with the previous findings for spectra of a pure
Ag;" and Ag;”® (cf. also Figure S1). The analysis of leading
excitations for the states shown in Figure 1 illustrates the
involvement of silver trimer as well as an individual base, in
agreement with the donor—acceptor concept for both cationic
and neutral systems. In the case of Ag;-(ATAT)" (Figure la),
Ag; is partly positively charged, and excitation from adenine to
Ag; involves a donor (nitrogen atom) to acceptor transition. An
analogous situation occurs for Ag;-(GCGC)*, where guanine
(nitrogen atom) acts as a donor and partly positively charged
Ag; acts as an acceptor (Figure 1b). In the case of neutral
system Ag;-(ATAT) and Ag;-(GCGC), because Ag; is partly
negatively charged, silver trimer acts as a donor and thymine is
an acceptor in the former case, while cytosine is an acceptor in
the latter case, as shown in Figure lc,d. This means that by
analogy to ligands™'” the participation of the nucleotide bases
in excitation responsible for two-photon properties is also
fulfilled for neutral systems.

The calculated TPA spectra for Ag;-(ATAT)" and Ag,-
(GCGC)*, shown in Figure 2, illustrate the influence of ATAT
and GCGC environment on nonlinear properties. In the
GCGC, the resonance between S; and S, states has been
reached at 530 nm, causing a very large TPA cross section that

DOI: 10.1021/acs jpclett.8b00819
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Figure 2. TDDFT TPA spectra for Ag;" intercalated in (ATAT) (a) and (GCGC) (b) nucleotide bases. Inserts contain structural configurations and
leading excitations for singlet excited states with dominant TPA features (upper panel). Insert (bottom) in panel b shows low values of TPA cross
sections in the NIR regime. Illustration of no resonance for (ATAT) (c) and resonance for (GCGC) (d) between OPA (blue levels) and TPA
(green levels) states. Damping factor I = 0.01 (green) allows us to lower artificially large TPA cross sections due to resonance between OPA and
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became realistic after introducing the damping procedure.”
The importance of interplay between the individual bases and
silver quantum cluster for TPA is explicitly shown. Notice that
the change from cationic (singlet states, S,) to neutral system
(doublet states, D,,) causes the shift of the spectral wavelengths
of OPA toward the NIR. Therefore, the resonance of OPA with
TPA states is expected to also occur in NIR, which is in favor of
applications. The estimated shift ranges from 80 to 140 nm.

Thus this simplest model, allowing us to propose the
concept, stimulated us to consider more realistic models, as
shown below.

Therefore, to partly include the real surrounding, we have
taken into account the fifth and sixth base pairs as well as the
influence of (Na-6H,0),, altogether forming the quantum
mechanical (QM) part corresponding to d(AT), and d(GC),
(cf. Figure 3). Finally, the two-layer quantum mechanics/
molecular mechanics (QM/MM) approach for two complexes,
d(ATATATATAT), and d(GCGCGCGCGC),, is shown in
Figure 4. The comparison of the TDDFT results for OPA and
TPA spectra allows us to identify the influence of the DNA
parts on the Ag;" cluster, particularly on nonlinear optical
properties.

Notice that intense transitions of OPA spectra of all models
of Ag; intercalated in DNA have common characteristics due to
the involvement of excitation within silver trimer. In contrast,
different immediate neighborhoods influence TPA spectra
differently.

The enlargement of the surroundings within the QM part
does not change leading features of OPA and TPA spectra of
Ag;-d(AT)," and Ag;-d(GC),*, as shown in Figure 3. In fact,
for the QM model with d(GC), distribution of nucleotide
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bases, the resonance between singlet S, and S,, states as well as
relatively large dipole moments, as shown in Figure S2, is
responsible for large TPA cross sections. Under biological
conditions, the presence of cation—water networks near the
phosphate backbone is known to provide stability to cellular
DNA.>>?° Therefore, we included one Na atom and six water
molecules on each phosphate group. Moreover, the inclusion of
a double-helix within the MM approach does not have an
additional influence on the OPA and TPA spectra, as shown in
Figure 4.

Altogether, particularly large TPA cross sections around 530
nm can be achieved if the interaction between Ag;* and
(GCGC) nucleotide bases is present, although, in the near-
infrared regime, TPA cross sections of ~10 GM are present. In
the case of (ATAT), modest values of TPA cross sections have
been calculated in the near-infrared regime. The mixed
surroundings, a combination of GC and AT, as shown in
Figure S3, give rise to linear optical properties related to
(GCGC) (cf. Figure 1b). The above findings allow us to
conclude that the proper choice of nucleotide bases
surrounding Ag;" cluster can induce large nonlinearity around
530 nm. Moreover, it is to expect that for neutral systems these
features will be shifted toward near-infrared regime, which can
be verified experimentally and used for labeling and imaging.

In summary, our findings reflect the presence of exact size-
selected trimer intercalated in DNA with different base
environments and provide a conceptual approach allowing us
to propose unique NLO properties of silver trimers intercalated
in DNA. In fact, we have found two types of surroundings,
(GCGC) and (ATAT), which are inducing different classes of
TPA for the cationic system. The large TPA cross-section

DOI: 10.1021/acs jpclett.8b00819
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damped TPA cross sections are of qualitative nature.

values obtained for the (GCGC) surroundings suggest that
similar TPA values in the NIR regime can be expected for
neutral systems, which is promising for multiphoton imaging.
The key finding for the optimal design for enhanced two-
photon absorption in silver trimer intercalated in DNA is both
the role of silver quantum cluster and the adequate distribution
of surroundings inducing transition-dipole moments necessary
for large TPA cross sections.

Altogether, an understanding of the leading factors
responsible for TPA properties of silver trimer intercalated in
DNA presented in this communication allows us to propose
novel ligand-core NLO-phores with potential for different
applications. For this purpose, the NLO-phores have to be
designed with similar properties, as proposed here.

B THEORETICAL SECTION

For the silver atoms the 19-e™ relativistic effective core potential
(19-¢~ RECP) from the Stuttgart group™ taking into account
scalar relativistic effects has been employed. For all atoms, split
valence polarization (SVP) atomic basis sets have been used.*!
The coulomb-attenuated version of Becke’s three-parameter
nonlocal exchange functional together with the Lee—Yang—
Parr gradient-corrected correlation functional (CAM-B3LYP)*
have been employed to calculate optical properties.
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The optimized structures for Ag; intercalated in two double-
helical decanucleotide duplexes d(ATATATATAT), and d-
(GCGCGCGCGC), obtained with two-layer quantum me-
chanics/molecular mechanics calculations®> have been used.
The fifth and sixth base pairs and Ag; cluster intercalated
between them are described by quantum mechanical (QM)
approaches, while the remaining base pairs are described by
molecular mechanical (MM) approaches. PEQM (monopoles
taken from Amber force field) method implemented in Dalton
package programs’** has been used for the QM/MM
approach. The obtained OPA results are in agreement with
those obtained from ONIOM approach, using MM-Amber
force field,” compare Figure S4 in the Supporting Information.

One- and two-photon OPA and TPA absorption properties
were determined using time-dependent version of TDDFT”***
and quadratic response approach. For the calculation of TPA
the cross section (), the two-photon absorption probability
(6) is needed, which can be obtained from two-photon
absorption transition matrices from the ground to the excited
state using either sin§le—residue or double-residue quadratic
response procedure.””® In the latter case, the sum-over-states
(SOS) approach can be used that also contains the damping
factor I' serving to prevent the TPA cross sections from
blowing up near the one-photon resonances. This allowed us to

DOI: 10.1021/acs jpclett.8b00819
J. Phys. Chem. Lett. 2018, 9, 2584—2589
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adequately correct the TPA cross sections when necessary as
well as to include the manifold of states (20—30 excited states).
For calculations, the DALTON®*** program and its modified
version were used. In our previous contributions on ligated
silver clusters, all details have been described.”’
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The ability of gold(l) thiolates to self-assemble into supramolecular architectures opens the route for a
new class of hanomaterials with a unique structure—optical property relationship. However, for a con-
firmed structure—optical property relationship, a control of the supramolecular architectures is required.
In this work, we report a simple synthesis of sub-100 nanometer gold—cysteine and silver doped gold—
cysteine supramolecular assemblies. We explore in particular silver-doping as a strategy to enhance the
optical properties of these supramolecular assemblies. By an accurate characterization of as-synthesized
supramolecular nanoparticles, we have been able to measure for the first time, their absolute two-photon
absorption cross-section, two-photon excited fluorescence cross-section and first hyperpolarizabilities at
different near-IR wavelengths. Huge values are obtained for silver doped gold—cysteine supramolecular
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Accepted 30th April 2019 TD-DFT methods to study the geometric and electronic structures of model gold—cysteine and silver
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relationship. The aim is to gain insights into the origin of the nonlinear optical enhancement of silver-
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Introduction

Supramolecular nanoarchitectures self-assembled from gold
thiolate ~Au-SR~ polymers' have attracted much attention due to
their high morphological variation.’® Indeed, the uniqueness of
such nanomaterials resides in their multiple-type and multiple-
strength weak interactions, such as Au-S coordination, aurophilic
interactions between Au(1), and inter-ligand interactions including
H-bonding, electrostatic interactions and hydrophobic interactions.
Because of the interplay of these interactions, nanomaterials can
self-assemble into hierarchical structures. In particular, by using
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Lyon, UMR5306, France. E-mail: rodolphe.antoine@univ-lyon1.fr
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1 Electronic supplementary information (ESI) available: Size distributions for NPs

in aqueous solutions obtained by dynamic light scattering. Quantitative XPS data

and spectra. UV-vis absorption spectra of a-Au-Cys as a function of pH. TPEF

spectra of Ag-doped Au-Cys NP aqueous solution. HRS line intensity for NPs in

aqueous solution. TDDFT OPA and TPA spectra of model structures. See DOI:

10.1039/c9cp00829b
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doped gold supramolecular assemblies.

cysteine as the thiolate compound, the synergetic interplay of the
electrostatic interaction between cysteine side chains and the
Au(y)- - -Au(i) aurophilic attraction in the Au(1)-Cys polymeric back-
bone may result in some helicity."® On the other hand, under
controlled external parameters (temperature, pH, etc.), Au(1)-cysteine
polymers can further assemble into a bulky precipitate with lamellar
structures.” This capability to self-assemble into hierarchical
structures also leads to an unusual structure-optical property
relationship.*” Usually, a strong absorption band in the near
UV range for Au(i)-thiolate supramolecular assemblies is
attributed to a ligand-to-metal charge transfer (LMCT) mixed with
ligand-to-metal-metal charge transfer (LMMCT) excitation.® The
high order in Au(i}-thiolate supramolecular structures is a key factor
for the aurophilic effect, which in turn provides luminescent
properties.>® Furthermore, due to the inherent chirality of cysteine
molecules, cysteine Au(1)-supramolecular assemblies display circular
dichroism (CD) and constitute efficient targets for bio-sensing in
particular for enantiomeric drug analysis.®

The investigation of the nonlinear optical (NLO) properties
of silver and gold thiolated supramolecules is still in its infancy,
and only few reports on NLO measurements have been
reported.>'®'" We have recently shown that, although non-
fluorescent through one-photon excitation, gold-cysteine

Phys. Chem. Chem. Phys., 2019, 21, 12091-12099 | 12091
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supramolecular assemblies present two-photon excited fluores-
cence. They also exhibit second harmonic generation. Between
large plasmonic gold metal nanoparticles (NPs),'* gold NP
hybrids**'* and gold quantum nanocluster NLO-phores,*>'¢
chiral supramolecular gold-cysteine assemblies constitute
therefore a new class of nanomaterials with favorable NLO
properties driven by their supramolecular nanoarchitecture.
Nevertheless, the exact supramolecular architecture of these
systems remains a key feature to design efficient NLO systems.
Indeed, centrosymmetry plays a major role in bestowing quad-
ratic NLO properties for instance. It has been shown for
example that the first hyperpolarizability of ligated-Au,s clus-
ters is strongly enhanced by silver alloying."” Furthermore, both
one-'® and two-photon®® excited fluorescence of ligated gold
nanoclusters can be dramatically enhanced by alloying the
core with silver atoms.

For a confirmed structure-optical property relationship,
a control of the supramolecular architectures is required.
However, synthetic control over the exact supramolecular archi-
tecture is usually difficult. Indeed, the spontaneous inter-
actions of a gold salt with cysteine result in the formation of
non-controllable self-assembly structures that can reach the
micrometer size range.”® In this work, we describe conditions
for the controlled synthesis of sub-100 nanometer gold—cysteine and
silver doped gold—cysteine supramolecular assemblies. We propose
a two-step process involving (i) the reduction of Au(u) ions to Au(i)
ions by cysteine (Cys) and the formation of polymeric structures of
the form —[Cys-Au())],~ at high pH in the presence of trimethyla-
mine (TEA), and (ii) acidic conditions allowing the formation of
helical supramolecular assemblies with a size range lower than
100 nm. We also explore a silver-doping strategy to enhance the
linear and nonlinear optical properties of gold—cysteine supramole-
cular assemblies. By an accurate characterization of the as-
synthesized NPs (in particular thanks to their molar mass measure-
ments), we have been able to measure for the first time, their
absolute two-photon absorption and two-photon excited fluores-
cence cross-sections and their first hyperpolarizabilities. Huge
values are obtained for silver doped gold—cysteine supramolecular
assemblies, as compared to their corresponding undoped counter-
parts. In addition, we employ DFT and TD-DFT methods to study
the geometric and electronic structures of model gold—cysteine and
silver doped gold-cysteine compounds in order to address the
structure-linear/nonlinear optical property relationship in order to
gain insights into the origin of the nonlinear optical enhancement
of silver-doped gold supramolecular assemblies.

Results and discussion

Gold-cysteine and silver doped gold-cysteine supramolecular
architectures and their characterization

The self-assembly of chiral -[Cys-Au(1)],- into supramolecular
assemblies has already been reported in the literature®®” and
usually involves a one-step simple reaction of HAuCl, with
p-Cys, 1-Cys, or p/L-Cys at pH values ranging between 3 and 7,
a pH at which the Cys side chain groups are in their zwitterionic
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form. Cys is a mild reducing agent for the reduction of Au(m)
ions to Au(1) ions. It subsequently complexes with Au(i) to form
polymeric helical structures of the form —[Cys-Au(i)],~ with a
diameter larger than 500 nm.»®” In this work, gold-cysteine
and silver doped gold-cysteine supramolecular assemblies are
produced with a different mechanism leading to smaller
particles with a diameter range lower than 100 nm (see below).
We propose a two-step process for the self-assembly and
characterization of gold-cysteine and silver doped gold-
cysteine supramolecular assemblies leading to helical nanos-
tructures. Step i: the Au(im) ions are first reduced by Cys to Au(i)
ions and subsequently form polymeric -[Cys-Au(i)],— structures
at high pH, where amine side chains are in their neutral form.
Due to the presence of triethylamine (TEA) leading to ion-
pairing with the Cys carboxylic groups and thus some steric
hindrance, the formation of helical structures is avoided. Note
that we measured the optical spectra during this first step. The
absorption spectra (displayed in Fig. S1 in ESIt) do not show
any band at ~350 nm which is indicative of the absence of
helical motifs formed during the first step with TEA addition.
Step ii: with the addition of acetic acid, the pH drops to ~4,
and TEA molecules are removed from the -[Cys-Au(i)],~ poly-
meric structures, allowing the formation of helical structures.
The presence of TEA in the first step is possibly the key factor
for producing NPs with a size range lower than 100 nm.

Gold-cysteine (with two different morphologies, coined
a-Au-Cys NPs, and B-Au-Cys NPs, see Experimental section)
and silver doped gold-cysteine supramolecular assemblies
were characterized by different techniques. We have obtained
molar mass information for the samples of supramolecular
assemblies diluted in a water-methanol mixture (50 : 50 v/v). As
mentioned in the Experimental section, charge detection mass
spectrometry (CDMS)*'>* was used to measure the mass of
individual ions thanks to the independent measurement of the
m/z ratio and the charge z for thousands of individual ions.
Mass histograms for the 3 samples are shown in Fig. 1.
a-Au-Cys, B-Au-Cys, and Ag-doped Au-Cys NPs show an average
mass of 1.1 GDa, 1.5 GDa and 1.8 GDa, respectively. Of note, the
accurate and direct measurement of the molar mass for supra-
molecular assemblies allows a quantitative determination of
the NP solution concentrations, an essential requisite for the
absolute measurement of the TPA cross section and the first
hyperpolarisability.

Fig. S2 (ESIf) shows the size distributions of «-Au-Cys,
B-Au-Cys, and Ag-doped Au-Cys NPs in aqueous solutions
obtained by dynamic light scattering (DLS). Only one component
was observed in all cases, with a mean hydrodynamic diameter
(HD) of 71 nm, 62 nm, and 102 nm for a-Au-Cys, B-Au-Cys, and
Ag-doped Au-Cys NPs, respectively. The average mass extracted
from the CDMS spectra can be converted to an average NP
diameter using the spherical shape approximation and an
average density of Au-Cys nanoparticles of ~3 (by averaging
the density, considering 19.3 for gold and ~1.3 for cysteine).
Thus, a-Au-Cys, f-Au-Cys, and Ag-doped Au-Cys NPs show an
average estimated diameter of 106 nm, 119 nm, and 125 nm,
respectively (in fair agreement with DLS measurements).

This journal is © the Owner Societies 2019
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Fig. 1 Mass histograms for the 3 samples a-Au—Cys, B-Au—Cys, and Ag-
doped Au-Cys NPs, obtained by charge-detection mass spectrometry
(CDMS) measurements. Experimental distributions are fitted with lognor-
mal distributions. The corresponding full widths at half maximum are 0.8,
11 and 1 GDa for a-Au—-Cys, B-Au—-Cys, and Ag-doped Au-Cys NPs
respectively.

Quantitative XPS measurements confirmed that the Au: Cys
ratio is close to a 1: 1 stoichiometry in a-Au-Cys, f-Au-Cys, and
Ag-doped Au-Cys NPs (see Table S1 and Fig. S3, ESIt). We also
used XPS to investigate the valence state of the gold atoms in
the NPs. XPS spectra of 20 nm colloidal Au(0) NPs standard and
polymeric GS-Au(i) thiolates (where GS stands for glutathione)
were obtained. They exhibit the Au 4f;/, binding energies (BE)
of 83.8 and 85.0 eV, respectively.>* As shown in Fig. S4 (ESI{),
Au 4f;;, binding energy (BE) for the three NP samples is close to
that of Au() (BE 85.0 eV) in polymeric GS-Au(i) NPs, confirming
the existence of Au(1) in a-Au-Cys, B-Au-Cys, and Ag-doped
Au-Cys NPs. Also in Fig. S4 (ESI{), Ag 3d binding energy (BE)
curves confirm the presence of Ag only for Ag-doped Au-Cys NP
samples. High-resolution Ag 3d binding energy (BE) for

This journal is © the Owner Societies 2019
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Ag-doped Au-Cys NPs samples is close to that of Ag(i) (BE
374 eV and 368.5 eV) in AgNO;,*° suggesting the existence of
Ag(1) in Ag-doped Au-Cys NPs (see Fig. S4, ESIt).

Linear optical properties

A UV-vis absorption peak (see Fig. 2a) is located at approxi-
mately 350-370 nm, a characteristic wavelength for transitions
involving supramolecular gold-cysteine assemblies.* While the
a-Au-Cys NPs are found to be non-fluorescent in water, both
B-Au-Cys and Ag-doped Au-Cys NPs have orange-red emission
(maximum at 635 nm for B-Au-Cys and 670 nm for Ag-doped
Au-Cys), large Stokes shift (>250 nm), and a long fluorescence
lifetime component (200 ns and 400 ns for f-Au-Cys Ag-doped
Au-Cys NPs respectively). It was shown that f-Au-Cys NPs
adopted lamellar-like assemblies and strongly interplay with
each other” leading to a kind of “stiffening” of the ~(Au-Cys)-
chains by additional hydrogen bonding enabling fluorescence
emission (as compared to non-fluorescent o-Au-Cys NPs).”’
The quantum yield (QY) of the strongest fluorescent species
in water, i.e. Ag-doped Au-Cys NPs is ~0.6%, as determined by
comparison with DCM (4(dicyanomethylene)-2-methyl-6-
(p-dimethylaminostyryl)-4H-pyran), see Experimental section
for details. However, the obtained QY value is probably under-
estimated because of the intensive light scattering of NPs in
water. The stability of as-formed a-Au-Cys NPs was explored as
a function of pH. The same absorption spectra are observed for
pH values ranging from ~5 to 11, confirming the stability
of NPs over a large pH range. At low pH (<5), a-Au-Cys NPs
might aggregate, leading to a distinct absorption spectrum
(see Fig. S5, ESIY).

The circular dichroism (CD) signals for o-Au-Cys and
Ag-doped Au-Cys NPs supramolecular assemblies present a
positive band at ~360 nm, signature of the formation of a
helical chiral structure.*”® 1-Cysteine, a chiral natural amino-
acid is used in this work. The structure suggesting chirality over
some length scale might be due to the specific electrostatic
interaction among the -SR side chains in the Au(i)-Cys poly-
meric backbone, which likely results in some helicity. Interest-
ingly, for B-Au-Cys, the CD signal is blue-shifted and increases
by more than a fourfold factor as compared to the one recorded
for a-Au-Cys (see Fig. 2c). This band shift accompanied with a
strong enhancement might be the signature of a structural
change between a-Au-Cys and B-Au-Cys as evidenced by Soptei
et al” Indeed, upon heating, a-Au-Cys NPs transform into
B-Au-Cys NPs adopting a multilayer superlattice structure.”
Chiral effects might be enhanced with the aggregation of
Au-Cys units into sheets and multilayers. Of note the chiral
signal of Ag-doped Au-Cys NPs is very similar to the one
observed for a-Au-Cys (see Fig. 2c). Most likely, the addition
of the silver salt does not alter the helical chiral structure.

Clearly, the addition of silver salt to a-Au-Cys NP solution
(1:20 Au/Ag molar ratio) leads to a dramatic enhancement,
from non-measurable fluorescence signals for a-Au-Cys NPs to
intense red emission (with QY ~ 0.6%) for Ag-doped Au-Cys
NPs. A smaller Au:Ag molar ratio (<1:20) leads to less
fluorescent species (but with similar fluorescence spectra).

Phys. Chem. Chem. Phys., 2019, 21, 12091-12099 | 12093
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Fig. 2 (a) UV-vis absorption spectra of a-Au—Cys, B-Au—Cys and Ag-doped Au—Cys NPs prepared in water. (b) Excitation and emission spectra of B-Au—Cys
and Ag-doped Au—-Cys NPs. The fluorescence of a-Au-Cys is not measurable. The fluorescence intensities excited at 355 nm are plotted in arbitrary units.
(c) CD spectra of a-Au—Cys, B-Au—Cys and Ag-doped Au-Cys NPs prepared in water.

On the other hand, increasing the Au:Ag molar ratio (>1:20)
leads certainly to the aggregation of Ag into small Ag clusters
since a new band at ~400 nm emerges which may be attributed
to the signature of a plasmon band. Of note, NPs produced with
an Au:Ag molar ratio of >1:20 are less stable with time and
tend to precipitate. From a structural point of view, the addition
of the silver salt has led to the incorporation of Ag" ions in the
—(Au-Cys)- chains. Two possible incorporation sites have to be
considered: (i) external: an intramolecular chelation effect
fostered by the formation of a five-membered chelation ring
between the COO~ and NH, groups with Ag’, (ii) internal:
Ag'/Au’ substitution in the —(Au-Cys)- chain motifs. Of note,
the external incorporation would lead to the interruption of
intercysteine H-bonds and thus the destruction of the helical
chiral structure.?® The fact that the a-Au-Cys and Ag-doped Au-
Cys NP CD signals are similar precludes this external incor-
poration scenario, and most likely —-(Au-Cys)- chain motifs are
randomly substituted by Ag'/Au’ within the polymer chain.

Nonlinear optical properties

The TPEF spectra with excitation ranging between 720 and
850 nm, were recorded for the supramolecular assemblies, as
shown in Fig. S6 (ESIt). For TPEF, a broad band in the visible
range between 350 and 600 nm centered at about 450 nm was
observed. A similar spectrum was obtained for Au;¢(SG)io
catenane (SG stands for glutathione) nanoclusters.”” Au;4(SG)10
is a cyclic polymeric -(Au-SG)- chain-like structure. Calcula-
tions showed that the leading excitations within the S; state
involve Au---Au units together with neighboring sulfur atom
subunits.>” Table 1 shows the TPEF cross-sections in GM units
for Au-Cys and Ag doped Au-Cys supramolecular assemblies in
the 720-850 nm wavelength range. TPEF cross-sections exceed

1000 GM and reach 5430 GM for Ag-doped Au-Cys NPs at
720 nm, following the trend TPEF(0-Au-Cys) < TPEF(B-Au-Cys)
< TPEF(Ag-doped Au-Cys). Also for each NP, the TPEF cross-section
increases as the laser wavelength excitation decreases. This behavior
is due to a resonance effect.?® Indeed, below 800 nm, the two-
photon excitation step can reach the electronic state responsible for
the absorption band at ~360 nm. Both TPA and TPEF cross-
sections are dramatically larger than those reported for Au NCs
(<1 GM).*”*® These sub-100 nm supramolecular assemblies are
therefore potentially interesting for multiphoton applications.

The first hyperpolarizability of as-prepared supramolecular
assemblies was obtained using the hyper-Rayleigh scattering
(HRS) technique.?® The HRS intensity was recorded for several
concentrations of the NPs dispersed in aqueous solutions
(Fig. S7, ESL and Fig. 3) and short-range spectra were recorded
around the HRS wavelength. The subtraction of the fluores-
cence background was performed as described in our previous
works.”® Table 1 also displays the first hyperpolarizability
values in units of 107>" esu for Au-Cys supramolecular
assemblies and Ag doped Au-Cys supramolecular assemblies
in the 720-850 nm wavelength range. Hyperpolarizabilities
exceed 100 x 10~ %" esu and reach 476 x 10 >’ esu for
Ag-doped Au-Cys NPs at 720 nm excitation. They follow the
trend f(a-Au-Cys) < f(B-Au-Cys) < f(Ag-doped Au-Cys), simi-
lar to the TPEF cross-section. Likewise, for each NP, the f§ values
increase as the excitation laser wavelength decreases. This
behavior is due to the resonance effect, similar to the TPEF
case.”® Finally, we would like to emphasize that the hyperpolar-
izability values reported here for Au-Cys NPs and Ag-doped
Au-Cys NPs are in the same order of magnitude as the values
reported for spherical plasmonic Au NPs with sizes in the range of
50-100 nm (Au 50 nm: 124 x 10~ % esu; Au 80 nm: 342 x 10~ > esu;

Table 1 Absolute magnitude of the first hyperpolarizability, two-photon absorption (TPA) and two-photon excited fluorescence cross-sections (TPEF)
for a-Au—Cys, B-Au—Cys and Ag-doped Au—Cys NPs at several laser excitation wavelengths

First hyperpolarizability (x10~% esu)

TPA cross section (GM)  TPEF cross section (GM)

720 nm 750 nm 800 nm 850 nm 720 nm 720 nm 750 nm 800 nm 850 nm
a-Au-Cys NPs 91 102 65 6.3 x 107 1660 867
B-Au-Cys NPs 194 142 105 6.3 x 107 2880 1780
Ag-doped Au-Cys NPs 476 356 225 208 12.9 x 10’ 5430 3630 2400 1300

12094 | Phys. Chem. Chem. Phys., 2019, 21, 12091-12099
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Fig. 3 Linear plots of the normalized HRS intensity for aqueous solutions
of a-Au-Cys, B-Au—-Cys and Ag-doped Au-Cys NPs as a function of
concentration for an 800 nm fundamental laser excitation. The continuous
lines correspond to linear adjustments of the experimental data.

and Au 100 nm: 668 x 10 %’ esu at 800 nm laser excitation,
determined using the known first hyperpolarizability for pure
water).">*° However, the hyperpolarizability for plasmonic NPs has
a different origin compared to that of supramolecular assemblies.
Indeed, it has been demonstrated that the hyperpolarizability finds
its origin from the breaking of centrosymmetry at the surface for
plasmonic NPs. Here, for supramolecular assemblies, the origin
of hyperpolarizability may stem from the non-centrosymmetric
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molecular structure of the NP volume due to the molecular structure
and, also due to chirality. The charge transfer nature of the
—(Au-Cys)- motif and silver doping may then be key factors enhan-
cing the first hyperpolarizabilities, as reported in this work.

Insights from theoretical approach: structure-optical property
relationship

Two model systems for the experimentally prepared supramo-
lecular assemblies have been considered, namely M;-Cys,—~CH;
with M = Au; and Ag-Au, and M;s-Cyse-CH; with M = Aus and
Ag-Au, in order to determine the role of silver atoms and the
transition from the smallest subunit to larger subunits for
which the helical structure is supposed to form. Notice that
the CH; terminal group introduced in these model systems
serves as an end-protection and provides an even number of
electrons. In addition, the ion-pairing of cysteines (zwitterionic
form) in both model systems have been introduced by taking
into account water as a solvent.

We focus on the influence of doping Au-Cys systems with
silver atoms on the linear and nonlinear optical properties from
a conceptual point of view. For all model systems, doping with
silver atoms does not influence considerably the linear absorp-
tion properties, OPA (one-photon absorption), due to the fact
that excitations take place between molecular orbitals which
are energetically very similar in pure Au-Cys and Ag doped
Au-Cys. The OPA spectra of two isomeric structures of Ag doped
and pure Au M;-Cyse—CH; (where M stands for the metal,
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Fig. 4 TDDFT (upper part) OPA and (lower part) TPA spectra for optimized structures of the model systems: (A) Aus—Ag—Cysg—CH3z and (B) Aus—Cysg—CHs.
Structure parts involved in the leading excitations of the S,g9 and Syg states are labeled according to the structures shown in the upper part. Broadening of
the spectral lines is simulated with a Lorentzian profile with a half-width of 15 nm (blue lines). (Ag-grey, Au-yellow, S-magenta, C-green, O-red, N-blue,

and H-white.)
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either Au or Ag) together with molecular orbitals responsible
for one-photon transitions are shown in Fig. S8 (ESIT) illustrat-
ing that silver atoms do not have influence on the OPA proper-
ties of the system.

In contrast, silver atoms play a key role in deciding the
nonlinear properties. The latter are several orders of magnitude
larger in doped systems as compared to the pure undoped Au-
Cys systems (c¢f. Fig. 4 and Fig. S10, ESIt). OPA and TPA (two
photon absorption) optical properties of helical model com-
pounds are shown in Fig. 4 and confirm the experimental
findings, in particular the huge enhancement of nonlinear
absorption is due to the silver atom doping effect which
induces large transition dipole moments. Notice that it is an
open question whether doping with other noble metal atoms
(e.g. Cu) with a similar energy ordering of orbitals, might cause
similar effects or not. This might be important for design of
new doped supramolecular assemblies inducing enhanced
nonlinear properties.

Metal atoms as well as ligands are involved in transitions
with large cross-sections. The resonance between one-photon
and two-photon excited states at 377 nm, in Au,-Ag-Cyse—CHj,
(see Fig. S9, ESIY) is responsible for the blowing up of the TPA
cross-section. The latter can be brought back to the realistic
value by introducing an adequate damping factor.*" It is inter-
esting to notice that enlargement of the system may influence
the TPA cross-section enhancement due to Ag atom doping as
shown by experimental findings. In contrast, for pure Au-Cys
systems, no resonance between one-photon and two-photon
excited states has been found. As a result, the two-photon cross-
sections are very low.

The key role of Ag atom doping for two photon absorption
has also been found for the smallest M;-Cys,—~CH; system
which does not have a helical structure, as shown in Fig. S10
(ESIY). The pure Au-Cys compound has a negligible TPA cross-
section in comparison with the two isomers in which a Ag atom
is present. In contrast, for linear optical absorption properties,
the Ag atom does not have any substantial influence, as shown
in Fig. S11 (ESIt). Moreover, the role of the silver atom for the
enhancement of nonlinear properties remains unchanged in
the smallest model system in comparison with the helical
model system.

In summary theoretical findings support experimental
results and allow for the generalization of single Ag atom
doping in the context of the enhancement of the nonlinear
optical properties of doped Au-Cys supramolecular assemblies.
Moreover, the ion-pairing of cysteine in Au,-Ag-Cys,—~CH; and
in the helical model system Au,-Ag-Cyss—~CH; has been
illustrated by taking into account water as the solvent
(¢f. Computational section and Fig. S12, ESIt). For Au,-Ag-
Cys,~CH; with ion-pairing of cysteines, according to TDDFT
calculations, the resonance between OPA and TPA states also
confirms the presence of a large TPA cross-section.

Our model systems serve three purposes: (i) to show the
appearance of the helical structure; (ii) to illustrate similarities
between the gas phase and solvent and (iii) to compare the
quantitative influence of different functionals (¢f Computational).
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Conclusions

In this work, we have proposed a simple and robust two-step
process route at elevated pH using trimethylamine for the self-
assembly and formation of Au-Cys supramolecular assemblies.
Unlike many other reported works, involving a simple one-step
process at pH 3-7 and leading to sub pm nanoparticles, our
synthesis leads to sub-100 nm supramolecular nanostructures.
These nanostructures are found to be stable in a wide pH range
(from ~5 to 11). Two strategies were proposed to enhance their
nonlinear optical properties: (i) thermal heating that induces
coiling, aggregation, and ultimately formation of lamellar
structures and (ii) alloying of the NPs with silver atoms.
Silver-doping leads to the dramatic enhancement of the optical
properties of Au-Cys supramolecular assemblies in the non-
linear optical regime. This has been confirmed by theoretical
investigations of one and two-photon optical properties for
model systems. Huge enhancement of the two-photon absorp-
tion cross section arises with the doping of Au-Cys supramo-
lecular assemblies with a single silver atom. These findings
open new routes for the preparation of novel materials with
enhanced nonlinear optical properties. The combination of
strong circular dichroism activities along with enhanced emis-
sion properties in particular after two-photon absorption
should enlarge the toolbox of supramolecular nanoarchitec-
tures for bio-applications.

Experimental and calculations
Materials

All chemicals were commercially available and used as received.
Tetrachloroauric(m) acid trihydrate (HAuCl,-3H,0) and silver
trifluoroacetate were purchased from Acros Organics, r-cysteine,
triethylamine (TEA), glacial acetic acid, methanol (MeOH), and
diethyl ether (Et,O) were purchased from Sigma-Aldrich. Ultrapure
water with a specific resistivity of 18.2 MQ was used throughout the
synthesis.

Synthesis of a- and p-Au-Cys NPs

Briefly, 0.38 mmol cysteine was dissolved in 20 ml of water and
0.5 ml of triethylamine. 0.5 ml of gold salt (0.127 mmol, 50 mg)
was quickly added and the solution was stirred 30 s by inver-
sion (the color becomes slightly yellow). Quickly, 1 ml of glacial
acetic acid was added to induce precipitation of a-Au-Cys NPs
which was centrifuged (5 min/6000 rpm). The supernatant was
removed and o-Au-Cys NPs were redispersed in water (2 ml
with 100 pl of TEA, vortex time 5 min). 20 ml of methanol was
then added to precipitate a-Au-Cys NPs with centrifugation
(10 min/6000 rpm). a-Au-Cys NPs were also redispersed in 2 ml
of water with 10 pl of TEA and precipitated with MeOH (10 ml)/
Et,0 (10 ml). After centrifugation (10 min/6000 rpm), the
product was dried in air. For all experiments, the resulting
powder was dissolved in water containing 0.1% v/v of TEA
(pH ~ 11). For producing p-Au-Cys NPs, the solution contain-
ing a-Au-Cys NPs was heated at 70 °C for 16 h. It is thought
that, upon heating, polymeric chains from o-Au-Cys NPs coiled,

This journal is © the Owner Societies 2019



Published on 30 April 2019. Downloaded on 6/13/2019 7:40:57 AM.

PCCP

aggregated, and ultimately formed more compact lamellar
sheets.”*?

Synthesis of silver-doped Au-Cys NPs

The NPs are synthesized in 2 steps, first, the a-Au-Cys NPs
solution was used, silver trifluoroacetate (1:20 Au/Ag molar
ratio) was added to the solution and the solution was stirred for
24 h. Then in a second step, the solution was heated to 70 °C for
60 h. After that the solution was purified following the same
steps as described for a-Au-Cys NPs.

Characterization

Charge-detection mass spectrometer (CDMS) is a home-made
instrument used to measure mass distribution; it extends the
limit of other MS devices by measuring molar weights in the
range of mega- to giga-Daltons thus allowing the study of
larger system such as viruses,* bio-particles®* and even NP
assemblies.>"** Experiments were performed on a custom-built
charge detection mass spectrometer with an electrospray ioni-
zation (ESI) source. This instrument is described in detail
elsewhere.** The samples were injected at flow rates of
0.2-0.6 ml h™", and entered the electrospray chamber through
a 0.1 mm internal diameter stainless steel capillary tube located
inside the needle tip. Nitrogen drying gas was injected between
the end cap and the transfer glass capillary and passed through
a heater typically set at 200 °C. The vacuum interface was
composed of a glass transfer capillary that passes the ions into
the first stage of the vacuum system, an end cap, a skimmer
between the first and second vacuum stages, an hexapole ion
guide and an exit lens. The charge detection device was used in
a single pass mode.*® The signal induced on the tube was
picked up by a JFET transistor and was amplified by a low-
noise, charge-sensitive preamplifier and then shaped and dif-
ferentiated by a home-built amplifier. The signal was recorded
on a waveform digitizer card that recorded the entire waveform
for each ion passing through the detector tube at a sampling
rate of 10 MHz. The data were transferred to a desktop
computer where they were analyzed to compute the charge
and mass of each ion. Internal calibration in charge was
performed using a test capacitor that allowed a known amount
of charge to be pulsed into the pick-up tube. In addition, an
external calibration was performed using NIST traceable size
standards.?* Mass histograms are built from the collection of a
statistically relevant number of single mass measurements for
each sample (>2000 typically).

Hydrodynamic particle diameters were measured by
dynamic light scattering (DLS) using a Malvern Zetasizer Nano
ZS. A 633 nm wavelength laser beam was sent to a diluted
sample maintained at 25 °C and the scattered signal intensity
was analyzed at an angle of 173°. The cumulant analysis
method was used.

X-ray photoelectron spectroscopy (XPS) measurements were
carried out using a PHI Quantera SXM instrument (Physical
Electronics, Chanhassen, USA) equipped with a 180° hemisphe-
rical electron energy analyzer and a monochromatized Al Ko
(1486.6 eV) source operated at 15 kV and 4 mA. The analysis
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spot had a diameter of 200 um and the detection angle relative
to the substrate surface was 45°.

UV-visible, fluorescence and circular dichroism (CD)
measurements

UV-vis spectra in solution were recorded using an AvaSpec-2048
fiber optic spectrometer and an AvaLight-DH-S deuterium-
halogen light source. Fluorescence excitation and emission
spectra were obtained using a Fluoromax-4 Horiba fluorimeter.
With the same device (Fluoromax-4 Horiba), a complementary
module allows the acquisition of fluorescence decay curve.
A nano-LED excitation at 370 nm is used for the pulsed excitation
with a duration of the order of ten picoseconds. Time correlated
single photon counting with a resolution of 7 ps per channel
allows the measurement of lifetimes from 200 ps to 0.1 ms.

The quantum yield value is obtained using an external
reference with a known quantum yield value. We used DCM
(4(dicyanomethylene)-2-methyl-6-( p-dimethylaminostyryl)}-4H-pyran),
the quantum yield of this molecule is 43% and to calculate the QY
we used the following equation:

Ae‘ Fx X :
Qx:gRefxﬂx - X<n> (1)

Ay Frer TIRef

where (J is the QY, 4 is the value of absorption, F is the area of
fluorescence spectra and n is the refraction indices of the solvent
used (x and Ref stand to NP’s used and reference respectively).

CD spectra were recorded using a home-made setup based
on photo elastic modulator and lock-in amplifier detection
devices previously described in ref. 36.

Nonlinear optical measurements

The set-up for hyper-Rayleigh scattering (HRS) and two-photon
emission (TPE) has been described in detail in previous
works.”®?%%7 Briefly, the light source for the HRS and TPEF
measurements was a mode-locked femtosecond Ti:sapphire
laser delivering at the fundamental wavelength pulse with a
duration of about 140 fs at a repetition rate of 80 MHz. After
passing through a low-pass filter to remove any unwanted
harmonic light generated prior to the cell, the fundamental
beam of about 300 mW was focused by a low numerical
aperture microscope objective into a 0.5 cm spectrophoto-
metric cell containing the aqueous solutions. The HRS and
two-photon emission fluorescence (TPEF) light were collected
at an angle of 90° from the incident direction by a 2.5 cm focal
length lens. The HRS light was separated from the excitation
light by a high-pass filter and a monochromator set at the
second harmonic wavelength. The HRS light was then detected
with a photomultiplier tube working in the single photon
counting regime.

For the TPEF signal, the wavelength of the spectrometer
(Jobin-Yvon, iHR320 spectrometer) was scanned between
350 nm and 750 nm but the same detection unit was used.
For the two-photon excited fluorescence cross section, orpgr,
the ratio of the integrated fluorescence intensities (/) for the
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reference and studied samples can be expressed as:

nrefo.aefcref I
c Jref

OTPEF = (2)

Here, the index ref denotes values related to the reference
measurements. ¢ is the concentration of the molecules, and 7
and o, are the fluorescence efficiency and two-photon absorp-
tion cross section, respectively. For reference materials, we have
chosen fluorescein dye. From the literature, we assume at the
excitation wavelength of 780 nm: o, (fluorescein) = 33.3 GM
using a quantum yield of 0.9 and a two photon absorption
cross-section of 37 GM.*®

The two-photon absorption cross section was probed using
the P-scan (or Power-scan) technique during which the incident
power is directly varied and the induced changes in the sample
transmission are measured, as described in ref. 28.

Computational

The structural and one- and two-photon absorption (OPA and
TPA) properties of model systems of gold-cysteine and silver
doped supramolecular assemblies were determined using DFT,
TDDFT***° and a quadratic response approach*"** as implemented
in the DALTON*** program package. For gold atoms and silver
19 e relativistic effective core potential (19 e~ RECP) taking into
account scalar relativistic effects has been employed.*® For all atoms
split valence polarization (SVP) atomic basis set have been used.®
Structural and optical properties (OPA, TPA) were determined using
the hybrid B3LYP functional.”’~*° In addition OPA and TPA spectra
have been calculated using CAM-B3LYP*® functional showing the
expected blue shift of the energy of excited states with respect to the
B3LYP functional (¢f Fig. S13, ESIT). Electron density difference
between S; and S, presented in Fig. S14 (ESIY) illustrates that the
role of doped Ag atom is more visible in Au,-Ag-Cys,~CH; than in
Au,-Ag-Cyse—CH; due to a more compact Au-Ag-Au subunit. In
both cases Au-S interaction due to presence of cysteine is pro-
nounced (¢f Fig. S14, ESIf). In order to illustrate ion-pairing of
cysteines in both model systems doped with a Ag atom, water
solvent effect has been included using the SMD approach
(¢f. Fig. S12, ESIT).>* Notice that in solvent the blue shift of absorp-
tion obtained using the CAM-B3LYP functional is also present.
Quantitative comparison of model systems with experimental
findings is difficult due to the 100 nm scale system used in the
experiment but qualitatively model systems are useful for con-
ceptual point of view.
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Gold nanoclusters (Au NCs) are an emerging class of luminescent nanomaterials but still suffer from
moderate photoluminescence quantum yields. Recent efforts have focused on tailoring their emission
properties. Introducing zwitterionic ligands to cap the metallic kernel is an efficient approach to
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enhance their one-photon excitation fluorescence intensity. In this work, we extend this concept to the
nonlinear optical regime, i.e., two-photon excitation fluorescence. For a proper comparison between
theory and experiment, both ligand and solvent effects should be considered. The effects of ligand shell

size and of agueous solvent on the optical properties of zwitterion functionalized gold nanoclusters

rsc.li/pccp

A. Introduction

In the past decade, gold nanoclusters (Au NCs)"' have emerged
as fascinating luminescent nanomaterials.>® However, the
photoluminescence quantum yield (QY) of most nanoclusters
is still relatively low (generally of a few percent). Recent efforts
focus on tailoring the emission properties,* including photo-
luminescence (PL) intensity and emission wavelength, the two
basic characteristics of fluorescence. Some strategies such as surface
ligand engineering,”” aggregation-induced fluorescence,®® silver
doping,"' ™ and ligand-shell rigidifying'”'® have been achieved.
In particular, the surface shell rigidification permits to decrease
the energy loss due to intramolecular rotations and vibrations,
thus increasing the PL intensity of nanoclusters. Introducing
bidentate thiol zwitterionic ligands to cap the metallic kernel is
another efficient approach to rigidify the surface structure of
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have been studied by performing quantum mechanics/molecular mechanics (QM/MM) simulations.

metal nanocluster.® Several groups have prepared bright fluorescent
nanoclusters using this strategy.”>* The PL intensity and emission
wavelength of these nanoclusters can be easily tailored via control-
ling the functional groups of the zwitterionic ligands.>* Indeed, due,
to the zwitterionic form of the tails of ligands, strong intermolecular
electrostatic interactions occur allowing for the formation of
different ligand shells on the surface of the gold clusters.>***

Although it was found that the surface of Au NCs plays a
major role in fluorescence generation, several fundamental
issues are still not well understood. In particular, the extent
to which the ligand shell and the metal core are coupled and
how this coupling modulates the emission properties remain to
be clarified. Therefore, theoretical explorations of the structural
and electronic properties of various nanoclusters in the ground
and excited states have been reported to address the origin of
the photoluminescence enhancement.’®*” The Aikens group
investigated the geometric and electronic structural changes of
gold nanoclusters upon photoexcitation using time-dependent
density functional theory (TD-DFT) method.”®*° Moreover it
was also shown that the inclusion of full ligands in calculations
was needed to accurately describe the experimental optical
spectra,>”?%31

The combination of DFT with molecular mechanics within
QM/MM approach appears to be appropriate and was recently
used for structural elucidation of the clusters with explicit
ligands.*® Akola and coworkers**~** used QM/MM simulations to
study the influence of aqueous solvent and explicit ligands (e.g.,
glutathione ligands) on the structural and electronic properties of
thiolate-protected Au,5(SR);5~ clusters. In this article, we show that
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the introduction of bidentate thiol zwitterionic ligands to cap the
metallic kernel is another efficient approach to enhance nonlinear
response in particular two-photon excitation fluorescence. In order
to address better the ingredients responsible for their enhanced
photo emission, we employ a QM/MM approach with explicit
ligands. This approach permits us to address the linear and
nonlinear optical regime of zwitterion functionalized gold
nanoclusters (AuZw NCs) evaluating effects of ligand shell size.
Optical properties including one- and two-photon absorption
spectra obtained at the QM/MM level of theory are in qualitative
agreement with optical measurements. Ligand shell rigidification
should prevent excited state geometry relaxation through intra-
molecular motions, as well as through the associated non-radiative
energy decay pathways. For this purpose we investigated the
influence of ligand shell size and the charge on linear and non-
linear properties of zwitterion functionalized gold nanoclusters.
Also, we studied the penetration of water molecules into AuZw NCs

View Article Online
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depending on the ligand shell sizes and their possible role as
quencher for emission properties of AuZw NCs.

B. Results and discussion

Au NCs with thioctic-zwitterion ligand (Zw, C;5H30N,0,Ss,
MW = 399 g mol ', see Fig. 1) were synthesized following the
protocol described elsewhere.”* As-synthesized Au NCs were
characterized by X-ray photoelectron spectroscopy (XPS)'® and
by electrospray mass spectrometry (ESI-MS).>*> By controlling
the initial molar ratio of Au per Zw molecules: Au:Zw, three
zwitterion stabilized Au NCs with different ligand shell sizes
were synthesized (named in the following as Au:Zw 1:1, Au: Zw
1:2 and Au:Zw 1:5). XPS measurements'® show that for AuZw
1:1; 1:2 and 1:5 the ratio Au’/Au’ is ~2. XPS measurements
can also give a ratio between Au and sulfur atoms (~0.2).
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Fig.1 Comparison of OPA and TPA spectra obtained by QM/MM approach for Au;,Zw, (QM-TDDFT) with 1:1 and 1:5 ratio of Au/zwitterions (MM).
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By coupling these results with mass spectrometry data, one can
build AuZw clusters with a model “core” structure surrounded
by a ligand shell of different size (e.g., different number of Zw
molecules) (see ESIT for more details). Thus, possible molecular
formula for AuZw 1:1 (~11 kDa), AuZw 1:2 (~17 kDa) and
AuZw 1:5 (~29 kDa) could be Au,,Zw,,, Auy,Zws3; and Au,,Zwee
respectively. In other words, the three AuZw nanoclusters can be
built with a Au,,Zw, subunit surrounded by 18, 33 and 62 Zw
molecules in the outer shell.

Experimental optical spectra, i.e., one-photon absorption
(OPA), one- and two-photon excited fluorescence, are given in
ESIt (Fig. S1 and S2). One and two-photon quantum yields
(1PQY and 2PQY), first hyperpolarizability values as well as two-
photon absorption and excited fluorescence cross sections (TPA
and TPEF) are collected in Table 1. The one-photon absorption
spectra of the as-synthesized AuZw NCs are very similar and
show a monotonic increase of intensity below ~500 nm.
Fluorescence signals are strongly enhanced when Zw > Au as
it was previously reported.””> Furthermore, TPEF spectra for
AuZw 1:5 display two bands in the blue and red region of
visible range (see Fig. S2, ESIf). Note that for AuZw 1:1 and
AuZw 1:2 NCs, TPEF spectra display only one band in the blue
with a weak intensity (data not shown). One and two-photon
quantum yields of 1.4% and 5 x 10 7% respectively are
reported for AuZw 1:5 NCs. Experimentally, for AuZw 1:5, we
found that the TPEF cross section at 800 nm excitation is
0.5 GM and the two-photon absorption (TPA) cross section
10000 GM. The first hyperpolarizability determined for an
excitation wavelength of 800 nm for the AuZw NCs is found
in the same range of the hyperpolarizability values reported for
other protected gold nanoclusters.*>”

The important point here is that linear absorption properties
are not drastically changed by changing the ligand shell size and
for the AuZw NCs surrounded by the largest ligand shell (i.e.,
AuZw 1:5), but dramatic enhancements in the one- and two-
photon excited fluorescence signals are observed.

The effects of ligand shell size on both the linear and
nonlinear optical properties of zwitterion functionalized gold
nanoclusters (AuZw NCs) have been investigated by performing
QM/MM simulations. For the QM/MM study, the 12 gold atoms
and the 4 zwitterionic ligands form the QM region. Ligands are
either explicit zwitterions or modeled by S-CH,-CH,-CH,-S.
The outer shell, surrounded by 18 or 62 explicit Zw molecules
for AuZw ratios 1:1 and 1:5, are taken into account in the
MM part (see Computational section for more details). TDDFT
QM/MM results obtained for OPA and TPA spectra for both
systems are shown in Fig. 1.
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OPA spectra are located between 550 and 350 nm and are in
qualitative agreement with experimental findings. They are of
low intensities confirming that there is no explicit metallic core
with delocalized electrons. In fact, structural properties of
Au,,Zw, are characterized by 7 Au atoms forming two tetrahedral
subunits connected by central Au atom. Note that 6 Au atoms are
also part of the staple motifs (¢f. Fig. 1). Calculated OPA spectrum
for Auy,Zw, (given in Fig. S3 and S4 in ESI{) is similar to those
calculated for NCs with the full ligand shell (compare Fig. 1 and
Fig. S3, ESIT). Due to the fact that the S; state in OPA is located at
~ 525 nm, the lowest two-photon transition occurs approximately
at ~1050 nm with a negligible value of cross section. The leading
transitions for TPA involve ligand-core excitations. The calculations
of additional TPA states give rise to S,, located at about 525 nm with
a high value of TPA cross section (¢f Fig. 1). Both OPA and TPA
spectra are not dependent from the ligand shell size (compare
spectra for AuZw 1:1 and 1:5) as observed experimentally for linear
absorption spectra. Calculated spectra are also very similar to those
obtained for Au;,L, with L modeled by S-CH,-CH,-CH,-S (see
Fig. S3, ESIt) confirming that linear absorption properties of S;
and S, excited states are mainly due to excitations between
central and neighboring Au atoms and therefore they do not
depend on the lengths of ligands.

Our findings indicate that linear absorption properties of
studied systems do not depend significantly from: (i) ligand size
(S-CH,-CH,-CH,-S vs. explicit Zw ligand) and (ii) ligand shell
size (from 1:1 to 1:5). The question can be raised whether the
charge has effect on optical properties. Therefore we introduced
the positive charge (+1) placed near to central Au atom for
system with modeled and explicit zwitterion ligands as show in
Fig. S5 and S6 (ESIt). The charge induces significant red shift of
dominant features at experimentally accessible wavelengths.
This is expected due to the lack of one electron.?®

An origin on the effect of ligand shell size on emission
properties may be rigidification effect brought by the ligand shell
on the gold kernel. However, already for AuZw 1:1, the number
of ligands, the steric hindrance brought by the long-chain ligands
as well as strong electrostatic interactions between permanent
charges of terminal zwitterions may be enough to produce a
strong rigidification of the gold kernel. The addition of external
ligand shells with AuZw 1:2 and AuZw 1:5 might have a
moderate influence on the overall rigidity. Another origin may
be due to a possible quenching effect due to water penetration
propensity through the ligand shell. To better address this
possible quenching effect due to water penetration propensity
through the ligand shell, we investigated the density of water
molecules within ligated gold clusters with AuZw ratio 1:1 and

Table 1 Absolute magnitude of the first hyperpolarizability, two-photon absorption (TPA) and two-photon excited fluorescence cross-sections (TPEF)
for AuZw clusters at 800 nm laser excitation wavelength. Of note, the measurements TPA and TPEF cross sections for AuZw 1:1and AuZw 1: 2 were not
possible due to their poor photostability under laser irradiation (requiring higher concentrations for measurements as compared to HRS experiments)

AuZw cluster Formula 1PQY (%) Hyperpolarizability (esu) TPA cross section (GM) TPEF cross section (GM) 2PQY (%)
AuZw 1:1 Au1,ZW,, <0.01 89(2) x 107*° N/A N/A
AuZw 1:2 Au,ZW;, 0.1 146(1) x 107 N/A N/A
AuZW 1:5 Au;,ZWee 1.4 82(1) x 107*° 10000 0.5 5x 10°

This journal is © the Owner Societies 2019
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Fig. 2 Density of water molecules as a function of radial distance from
central Au atom within ligated gold clusters for ratio 1:1 (red) and 1:5
(blue).

1:5. Fig. 2 illustrates that penetration of water is significantly
higher for 1:1 than for 1:5 AuZw ratio. This suggests that
quenching effects produced by the interaction of water with the
gold kernel will be less with 1:5 ratio than with 1:1 ratio for NCs
and might be responsible for measured larger emissive properties
for AuZw 1:5 than in the case of AuZw 1:1. Interestingly, some
analogy can be found with the ligand effects on the catalytic
activities of polymer-protected gold nanoclusters. Okumura and
co-workers.*>™*" investigated the effects of polymer type and size,
and it turned out that the polymer of low active polymer-protected
gold nanoclusters inhibit the penetration of H,O and of reactants.

C. Experimental and computational
details
Experimental details

Chemicals. All chemical products were purchased from
Sigma Aldrich (France).

Synthesis of AuZw nanoclusters. Lipoic acid-based sulfobetaine
ligand (Zw, 399 g mol ") was synthesized following the procedure
described elsewhere.*”> Au NCs were prepared with different molar
ratios of Au per Zw (Au:Zw) = 1:1; 1:2, and 1:5 under basic
conditions in the presence of sodium borohydride as a reducing
agent. Briefly, in a standard experiment for the molar ratio Au: Zw
1:5, 12.5 mmol of Zw was added to the basic mixture of 50 pL of
HAuCl,-3H,0 (50 mM) in 10 mL of deionized water and 10 uL of
NaOH (2 M) under stirring for 5 min. Then, 100 pL of freshly
prepared NaBH, (50 mM) was added to the solution and stirred for
15 hours. The solution changed quickly from colorless to
brownish indicating the growth of Au NCs. Afterwards, the
solution containing AuZw NCs was purified three times using
3 kDa cut-off filters (Amicon ultra, Millipore) to remove the
excess of free ligands. The pH was adjusted to 7 and the AuZw
NC solution was kept refrigerated until use.

Instrumentation. UV-vis spectra in solution were recorded
using an AvaSpec-2048 fiber optic spectrometer and an AvaLight-
DH-S deuterium halogen light source. Fluorescence spectra were

Phys. Chem. Chem. Phys.
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measured using a Fluoromax-4 Horiba fluorescence spectro-
photometer. The light source for the present HRS and TPA
experiments was a mode-locked femtosecond Ti:sapphire laser
delivering at the fundamental wavelength of 800 nm pulses with
a duration of about 140 femtoseconds at a repetition rate of
76 MHz, as described in ref. 43. Two-photon excited fluores-
cence measurements were performed with a customized con-
focal microscope (TE2000-U, Nikon Inc.) in which the excitation
light entrance has been modified to allow free-space laser beam
input, instead of the original optical-fiber light input. The
luminescence was excited at 780 nm with a mode-locked
frequency-doubled femtosecond Er-doped fiber laser (C-Fiber
780, MenloSystems GmbH), as described in ref. 18 and 44.

Computational details

For the gold atoms the 19-e™ relativistic effective core potential
(19-e~ RECP) from the Stuttgart group®® taking into account
scalar relativistic effects has been employed. For all atoms, split
valence polarization atomic basis sets (SVP) have been used.*°
Coulomb-attenuated version of Becke’s three-parameter non-
local exchange functional together with the Lee-Yang-Parr
gradient-corrected correlation functional (CAM-B3LYP)"” have
been employed to calculate optical properties. This approach
has been used to determine OPA and TPA spectra (DALTON*®°
program) for optimized structures of Au;,L, (L = S-CH,~CH,—
CH,-S or zwitterionic ligand). In order to determine OPA and
TPA for both systems with Au:Zw ratio 1:1 and 1:5 the two-layer
quantum mechanics/molecular mechanics QM/MM approach™
has been used. QM part includes Au,,Zw, (Zw = full ligand) and
for the MM part the UFF force field®® has been employed.
Polarizable embedding-quantum mechanics (PEQM) method
with monopoles taken from UFF force field, implemented in
Dalton package programs*®*® has been used within the QM/MM
approach for calculation of linear and nonlinear properties. One-
and two-photon absorption spectra were determined employing
quadratic response properties within the time-dependent density
functional theory (TDDFT).*®*° For the calculation of TPA cross
section (),>" the two-photon absorption probability (8) is needed
which can be obtained from two-photon absorption transition
matrices from the ground to the excited state using either single
residue or double residue quadratic response procedure’>*’

In order to simulate penetration of water molecules in both
systems with Au : Zw ratios 1: 1 and 1: 5, 500 neutral water molecules
have been included in MM part within QM/MM approach for the
optimization of geometries. In addition, we formed the model by
taking into account the distances from central Au atom to each water
molecule in order to obtain radial distribution of the density of water
molecules using R-studio software.>

D. Conclusions

To summarize, the introduction of bidentate thiol zwitterionic
ligands to cap the metallic kernel is another efficient approach to
enhance nonlinear response in particular two-photon excitation
fluorescence; The larger the ligand shell the higher the two-photon

This journal is © the Owner Societies 2019
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excitation fluorescence signal. Our QM/MM approach allowed
for adequate description of key optical signatures of zwitterion
functionalized gold clusters. These findings open the road for
gaining insight into the origin of luminescence enhancement
caused by different surface shell protection strategies such as
introduction of bulky counter-ions or protein templating
AuNCGCs, for which explicit templates at the molecular level
are required.
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ABSTRACT: We report the chemical substitution-mediated
doping of silver atoms into Au;;SGy, (SG: glutathione) catenane
nanoclusters (NCs) in a controllable manner. Two levels of doping
were conducted leading to two silver-doped Auj,_,Ag.SG,
nanoclusters (with x = 0—2 and x = 1—4). Optical studies reveal
that nanoclusters with a high level of doping (x = 1—4) show a
blue shift in absorption and a significant red shift of ~50 nm in the
two-photon-excited emission spectrum with respect to pristine
Au(SG)(. The preservation of the catenane structure is confirmed
by comparing the experimental and computational X-ray
diffraction patterns and absorption spectra of Au,(SG,, and its
silver-doped analogs. In order to better address the structure—
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property relationship in such catenane clusters, further theoretical investigations were performed at the DFT level. A high-energy
shift of the S; state is evidenced in the calculated one-photon absorption spectra due to a larger s to d gap in silver caused by smaller
relativistic effects in comparison to the gold atoms. Furthermore, the red shift in the two-photon excited emission band of the
clusters is due to significantly larger calculated relaxation of the first excited state in nanoclusters with a high level of silver doping.

B INTRODUCTION

The supramolecular chemistry of gold and, in particular, of gold
thiolate leads to fascinating structural motifs with enhanced
optical properties." A plethora of synthetic routes have
permitted to propose a large number of gold nanohybrid
systems ranging from plasmonic gold nanoparticles,” atomically
precise gold nanoclusters (NCs),” and self-assembled Au-
containing thiolated coordination polymers.”> Regarding
optical properties, it has been well established in the literature
that the emission properties of gold nanohybrid systems is
strongly dictated by the number and the nature of the metal
atoms and the stabilizing ligands.”” Thus, rationale strategies
have been proposed to tune the intrinsic emission properties of
nanoclusters as a function of their chemical composition. The
“doping” strategy stands out as an important one.® For instance,
doping of gold nanohybrid systems with silver has been
demonstrated to lead to enhanced nonlinear optical properties.”
In context of improving their attractiveness for multiphoton
bioimaging applications, multiphoton excited emission should
be pushed further toward the near-infrared window.' "
Silver-doped gold nanoclusters'” display efficient two-photon
excited luminescence'” and second harmonic conversion.'*
However, for a rational design of nanoclusters with enhanced
optical properties, elucidation of the structure—property
relationship is of pivotal importance. Doping leads either to
preservation or transformation of the nanocluster structure.”

© 2020 American Chemical Society

W ACS Publications 19368

Furthermore, the correspondence between the optical proper-
ties and the heteroatom substitution is still scarcely explored."
Liu'® conducted a time-dependent density-functional theory
(TDDFT) study on the excited states and charge redistribution
in response to light absorption on single-atom-doped Au,;
nanoclusters, highlighting different absorption features upon
Ag, Cu, Pd, and Pt doping. The nature and position of the lowest
excited electronic states are also sensitive to silver doping.'’
Other factors like relativistic effects (mainly due to the Au
atoms), the exact spatial position of metal dopants, and the
heteronuclear Au—Ag bonds have also been reported to affect
the fluorescence intensity of gold-doped nanoclusters.'® From
an experimental point of view, developing synthetic routes with
atomically precise silver doping of gold nanoclusters with X-ray
single-crystal-resolved structures has largely improved our
understanding on these structure—optical property relation-
ship. 9%

In this regard, a well-defined structural motif for nanoclusters
is an essential prerequisite. We have recently reported a facile
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“one-pot-one-size” synthesis of Au;o(SR),, nanoclusters with
SR as glutathione (SG) or thioglycolic acid (TGA).”'~** The
distinct X-ray powder diffraction pattern of Au,,SG,, was
utilized as a signature for homoleptic gold—glutathione
catenanes with two AugSGj interconnected rings ([5,5]).”
Herein, a rationale strategy for tuning optical properties is
reported with chemical substitution by silver atom doping of the
Au,;,SG,, catenane system in a controllable manner, leading to
silver-doped Auy,_,Ag.SG , nanoclusters with different levels of
doping (e.g., x = 0—2 and x = 1—4). The preservation of the
catenane structure is confirmed by comparing experimental and
computational X-ray diffraction patterns and absorption spectra
of Au(SG), and its silver-doped analogs. Density-functional
theory (DFT) study evidences that the ground state geometry
changes upon Ag doping are not large. Chiroptical and nonlinear
optical properties, i.e., two-photon emission spectra and first
hyperpolarizabilities of silver-doped Au nanoclusters are also
reported. Interestingly, these optical studies reveal that
Auy, Ag.SGy with x = 1—4 shows a blue shift in absorption
and a significant red shift in the two-photon emission spectrum
in contrast to Au;SG;, A complementary first-principles
theoretical analysis has been performed with a focus on the
changes of the optical properties of catenane structures upon
silver doping.

B METHODS

Materials. Tetracholoroauric acid (HAuCl,-3H,0) was
purchased from Alfa Aesar. L-Glutathione was procured from
Carl Roth. Methanol, diethyl ether, and silver trifluoroacetate
acetate were procured from Sigma-Aldrich. All chemicals were
used as received without further purification. Ultrapure milli-Q
water was used for experimental purpose.

Synthesis of Au;,SG;o. L-Glutathione (~235 mg) was
added in a round bottom flask and was dissolved in 35 mL
methanol using 2 mL triethylamine. To this methanolic solution
of glutathione, ~100 mg of HAuCl,.3H,0 was added. The
solution was stirred for ~24 h. This led to formation of a pale
yellow colored solution. To this solution, sodium hydroxide (~2
mL) was added till precipitation. The dispersion was centrifuged
at a speed of ~10,000 rpm for ~10 min. The supernatant was
discarded and the so-obtained pellet was redispersed in 1 mL of
NH,OH and 2 mL water. This led to complete solubilization of
the pellet. The solution was further added with methanol to
allow reprecipitation. The dispersion was centrifuged for 10 min
at a speed of 10,000 rpm. The pellet was dissolved in 10 mL
water and further added with 1 mL acetic acid. The solution was
left undisturbed for ~12 h, which led to precipitation of pure
Au,(SG (. The precipitate was collected by centrifugation and
was further dissolved in 2 mL water. Reprecipitation with
methanol was carried out and the so-obtained pellet was dried
under air for further use.

Synthesis of Au,, _ ,Ag,SG;o with x = 0—2. In order to
synthesize Au,, _ ,Ag,SG;, with x = 0—2, a protocol similar to
that of Au,(,SG,, was followed—the only difference being that in
the very first step following addition of HAuCl,.3H,0 to a
methanolic solution of L-glutathione, ~11 mg of silver
trifluoroacetate (dissolved in minimum amount of methanol)
was added to the same solution. The purification process of the
doped clusters remained the same as that of Au,(SG.

Synthesis of Au,q _ ,Ag,S5G;o With x = 1—4. In order to
synthesize Au,, _ ,Ag,SG,, with x = 1—4, a protocol similar to
that of Au,(SG,, was followed—the only difference being that in
the very first step following addition of HAuCl,.3H,0O to a

methanolic solution of L-glutathione, ~60 mg of silver
trifluoroacetate (dissolved in minimum amount of methanol)
was added to the same solution. The purification process of the
doped clusters remained the same as that of Au;(SG .

Gel Preparation. Bis-acrylamide (~3 g) and ~8.7 g of
acrylamide were dissolved in 21 mL of water and was sonicated
till complete solubilization. Separately, 49 mg/490 uL of
ammonium peroxodisulphate solution was freshly prepared.
Furthermore, the required amounts of Au;(SG;, and
Auyy _ ,Ag,SG), with x = 1—4 were dissolved in formerly
prepared solution of acrylamide and bis-acrylamide to achieve a
final concentration of 750 uM in. Thereafter, 1 mL of the
solutions containing clusters and doped clusters were added in a
gel bath. Following this, 10 uL of N,N,N',N'-
Tetramethylethylenediamine(TEMED) and 10 uL of ammo-
nium peroxodisulphate were added to the gel bath. The system
was left undisturbed till complete gelation.

B INSTRUMENTATION

Electrospray lonization Mass Spectrometry (ESI-MS).
ESI-MS was performed on a commercial quadrupole time-of-
flight (micro-qTOF, Bruker-Daltonics, Bremen, Germany, mass
resolution 10,000). The samples were prepared to a final
concentration of approximately 50 yM in methanol. The
samples were analyzed in negative ion mode; each data point
was the summation of spectra over 5 min.

UV-vis and Circular Dichroism (CD) Spectroscopy.
UV—vis and CD spectra were recorded at IBCP Lyon France on
a Chirascan spectrometer. CD was carried out on a Chirascan
CD (Applied Photophysics). The data were collected at 1 nm
intervals in the wavelength range of 200—500 nm at 20 °C, using
a temperature-controlled chamber. A 0.01 cm cuvette
containing 30 uL of NC sample at S0 M was used for all the
measurements. Each spectrum represents the average of three
scans, and sample spectra were corrected for buffer background
by subtracting the average spectrum of the buffer alone.

X-ray diffraction (XRD). XRD is carried out on a
PANalytical EMPYREAN diffractometer with a PIXcel 3D
using Cu Ko radiation and a high-resolution theta—theta
goniometer.

NLO Measurements. The setup for hyper-Rayleigh
scattering (HRS) and two-photon excited fluorescence
(TPEF) has been described in detail in previous works.”*~>*
HRS measurements were performed using a modelocked
femtosecond Ti:sapphire laser delivering at the fundamental
wavelengths between 785 and 810 nm pulses with a duration of
about 140 fs at a repetition rate of 80 MHz. A fundamental beam
was focused by a low numerical aperture microscope objective
into a 0.5 cm spectrophotometric cell containing the aqueous
solutions. For the TPEF signal, the wavelength of the
spectrometer (Jobin Yvon, iHR320 spectrometer) was scanned
between 350 and 750 nm detected with a photomultiplier tube
(model H11890—210, Hamamatsu). For reference materials, we
have chosen fluorescein dye. From the literature, we assume at
an excitation wavelength of 780 nm: o, (fluorescein) = 33.3 GM
using a quantum yield of 0.9 and a two-photon absorption cross-
section of 37 GM. In addition, TPEF measurements were
performed on nanocluster-containing gels with a customized
confocal microscope. The luminescence was excited at 780 nm
with a modelocked frequency-doubled femtosecond Er-doped
fiber laser (C-Fiber 780, MenloSystems GmbH). The laser
spectrum was bound by two filters (FELH0750 and FESHO0800,
Thorlabs Inc.). The output power of the femtosecond laser was

https://dx.doi.org/10.1021/acs.jpcc.0c05402
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Figure 1. (A) UV—vis absorption and (B) CD spectra of the as-synthesized Au;(SG, Au;y-*Ag,SG (x = 1-2), and Auyy_,Ag,.SG, (x = 1—4) NCs

in aqueous solution.

62 mW. The laser beam was focused by a Nikon Plan Fluor Phl
DLL objective (10x/0.30 NA). The emitted signal was collected
in epifluorescence illumination mode. The two-photon
fluorescence emission was separated from the incident light
through a dichroic mirror (NFD01-78S5, IDEX Health &
Science LLC). A FESHO0750 filter was used in order to remove
the residual photons coming from the excitation laser and collect
visible 350—750 nm fluorescence. The two-photon fluorescence
emission spectra were recorded using an iHR320 spectrometer
equipped with a 53,024 grating from Horiba Jobin Yvon and
detected using a —20 °C cooled photomultiplier tube (R943—
02, Hamamatsu Photonics).

B COMPUTATIONAL DETAILS

The structural properties have been determined employing the
DFT method with the B3LYP functional’®~>* and split valence
polarization (SVP) atomic basis set”” as implemented in
TURBOMOLE 7.4.*° Optical properties (one-photon absorp-
tion (OPA), two-photon absorption (TPA), CD, and f
hyperpolarizabilities) have been determined using
TDDFT*"** and a quadratic response33’34 approach as
implemented in the DALTON program package.”*° The
same AO basis set has been used as for structural ?roperties
except for the ligands for which 6-31G basis set’”~*" has been
employed. In the lowest-energy [5,5] catenane structures,
AuyoLyg, AugAgL,, AusAg;L;, L labels the chiral ligand
(—SCH,CH(NH,)CHj,). For gold and silver atoms 19 e~
relativistic effective core potential (19 e~ RECP) takinﬁ into
account scalar relativistic effects has been employed.”’ The
Debye formula serves to calculate XRD patterns.42

B RESULTS AND DISCUSSION

Experimentally, Au, clusters stabilized by glutathione, with the
molecular formula Au;(SG,, were synthesized following a
method previously reported by our group.”” Unambiguous
assignment of Au;,SG,, was achieved by high-resolution ESI-
MS (see Figure S1 in Supporting Information). In the next step,
systematic doping of the as-synthesized Au;,SG,, with silver
atoms was performed by adding optimized amounts of silver
trifluoroacetate. Briefly, the strategy of the study is to perform
gradual doping of Au,,SG,, with silver atoms by varying the
amount of silver trifluoroacetate reacting with Au;(SG .
Evidence of doping with silver atoms of the Au,, nanoclusters

with the appearance of Auy,_,Ag.SG;, nanoclusters was
obtained from high-resolution ESI-MS (see Figures S2 and S3
in Supporting Information). These syntheses led to a
distribution of Auy, _ ,Ag,SGy systems with x ranging from
0—2 and with x ranging from 1—4 for the two silver-doped gold
nanocluster samples, respectively.

Next, we investigated the effect of gradual silver doping on the
optical and chiroptical properties of Au;(SG (. As evident from
Figure 1A, the UV—vis absorption spectrum of Au;;,SG,, shows
two discernible bands at 331 and 369 nm, respectively. Instead,
the UV—vis absorbance spectrum of Auy, _ ,Ag,SG,, with x =
0—2 shows slight blue-shifted bands at 324 and 364 nm, and the
UV—vis spectrum of Auyy_ ,Ag.SG, with x = 1—4 shows a
monotonic increase of intensity below 390 nm with no
discernable shoulder. Thus, it is observed that systematic
doping of Au,(SG, with a varying number of silver atoms leads
to blue shift of the onset of absorption from 410 to 390 nm. In an
allied vein, and in order to verify whether a similar trend of
variation is observed in the chiroptical properties of the ligated
Au,, clusters as well as for further corroboration with the UV—
vis absorption results, CD studies were performed. As can be
observed from Figure 1B, the CD spectrum of Au,;,SG,, shows a
strong peak at 326 nm. However, the peaks in the CD spectrum
of Auy, _ ,Ag,SG o with x = 0—2 and x = 1—4 were observed to
occur at 321 and 312 nm, i.e,, slightly blue-shifted compared to
that of Au;(SGyy and with decreasing values of ellipticity (see
Figure 1B).

Under UV light, aqueous solutions of Au,,SG, and silver-
doped nanoclusters showed extremely weak fluorescence.
However, in our previous study, it was found that Au;;SG,
presented large first hyperpolarizability and two-photon
excitation fluorescence (TPEF).”> In the current study, the
TPEF emission spectrum of Auy, _ ,Ag,SG( with x = 1—4 was
recorded and compared with that of Au;,SG;,. Notably, the
normalized TPEF emission spectrum of Au,(SG, shows a
maximum at 555 nm, while the maximum of the TPEF emission
spectrum of Auy, _ ,Ag,SG, with x = 1—4 is observed to occur
at 605 nm (see Figure 2). Thus, doping Au,(SG,, with silver
atoms leads to a significant bathochromic shift of ~50 nm. The
superimposed (non-normalized) emission spectra of Au,(SG
and Auy,_ ,Ag.SG), with x = 1—4 in gels with a cluster
concentration of 750 yM are shown in the Supporting
Information (see Figure S4). The TPEF spectrum of

https://dx.doi.org/10.1021/acs.jpcc.0c05402
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Figure 2. Normalized two-photon excited fluorescence spectra at
excitation wavelength 780 nm of Au,;,SG,, compared to that of silver-
doped Auyy_,Ag,SGy, (x = 1—4) in gels with the same concentration

~750 uM. TPEF measurements were performed on nanocluster-
containing gels with a customized confocal microscope.

Auy, Ag.SGp; x = 0—2 was also recorded. Interestingly, the
TPEF spectrum of the Au,,,Ag,SG;, nanocluster (x = 0—2)
showed a less pronounced bathochromic shift in comparison to
Auyy_Ag,SGg; x = 1—4 (Figure SS). In addition, the absolute
TPEF cross-section of Au,,_,Ag.SG), with x = 1—4 was
measured to be 0.0024 + 0.0016 GM (780 nm laser excitation).
Also, the effect of chemical substitution by silver doping on the
first hyperpolarizability () value of Au,(SG,, was evaluated.
Intriguingly, as opposed to a high /8 value of 85(9) X 107*° esu
for Au,¢SG(, a much reduced hyperpolarizability value of 14(6)
X 107 esu is found for Auy,_ ,Ag,SG with x = 1—4 (see
Figure S6 in Supporting Information).

An important question concerns the preservation of the
catenane structure upon silver doping. In order to gain an insight
into the structural property of the as-synthesized Au,,SG,, and
those doped with silver atoms, structural X-ray powder
diffraction (XRPD) analysis was conducted (see Figure S7 in
Supporting Information). For pure Auj, nanoclusters, three
possible isomers, namely, [S5,5] and [6,4] catenanes and the
crownlike structure, have been found as the lowest-energy
structures (see Figure S7). Among these isomeric structures, the
preserved [S,5] catenane structure has been found to be the
lowest-energy one for both AugAgSG,y and Au,Ag;SG. Silver
doping was found to have no significant effect on the global
structure, bond lengths, and bond angles of the catenane rings.
In doped isomers, the silver atoms are located at the center of the
catenane structure, as shown in Figure 3. With computation of
the XRPD pattern of AuyAgSG;, and Au,Ag;SG, the best
agreement is obtained for the [5,5] catenane structure preserved
upon doping with silver atoms (see Figure S7). The OPA spectra
calculated using a TDDFT approach for the lowest-energy [5,5]
catenane structures for Au;,SG o, AugAgSG,yand Au,Ag;SGis
shown in Figure 3A with a chiral —-SCH,CH(NH,)CH, ligand
as a model for glutathione. The first excited states involved in
OPA are located between 360 and 330 nm. The leading
excitations responsible for the excitation of the S, state are also
shown in Figure 3A and involve s to p excitation located on the
gold atoms, s to p excitation located on the Ag and Au atoms,
and s to s excitation located on the Ag atoms for the pure Ay, the
Ag-doped, and the Ag;-doped ligated clusters, respectively. A
blue shift of the S; state has been observed as a function of the
number of silver atoms doped in the catenane structure. This
blue shift originates from a larger s to d gap in silver atoms due to
smaller relativistic effects with respect to the gold atoms. The
comparison with the measured features, and in particular the
blue shift in the absorption spectrum, confirms that the catenane

structure remains preserved upon silver doping. Similar blue-
shifted chiroptical features for the Au,Ag;SG system compared
with Au,,SG,, have been also found for the calculated CD
spectra with the chiral ligand —SCH,CH(NH,)CHj, as shown
in Figure S8 in Supporting Information.

A strong decrease of the first hyperpolarizability f for an
excitation wavelength of 800 nm was observed upon silver
doping. Two effects might explain this decrease: (i) structural
changes of the Ag-doped Au,;,SGj, nanoclusters into more
symmetrical structures (since second harmonic generation is
only allowed for noncentrosymmetric structures) as compared
to undoped nanoclusters and/or (ii) resonance effects between
the OPA and TPA states.'"* Since we have confirmed
previously that catenane structures remain preserved upon
silver doping, hypothesis (i) can be excluded, although the exact
position of silver atoms in the catenane structure may affect the
symmetry of the structure. Furthermore, the calculated first
hyperpolarizabilities # for the [5,5] catenane structure (see
Table S1 in Supporting Information) for Au,(SG o AusAgSG,
and Au,Ag;SG, are in good agreement with the experimental
values. Consequently, the decrease in hyperpolarizability of
Au,(,SG upon silver doping is rather attributed to resonance
effects. Due to blue-shifted S, states, the resonance with the S,
state is not more efficient for Au;Ag;SG, in contrast to
Au,(SG, as illustrated for the TPA spectra calculated using a
TDDFT approach for the lowest-energy [5,5] catenane
structures for Au,,SG,o, AugAgSG,, and Au,Ag;SG |, shown in
Figure 3B. It is worth mentioning that first hyperpolarizability
for silver-doped Au nanoclusters should increase as illustrated
for an excitation wavelength of 700 nm (see Table Sl in
Supporting Information).

Finally, one of the most significant effects of silver doping on
the nonlinear optical properties of the clusters is the prominent
bathochromic shift in the TPEF emission spectra. The red shift
of ~50 nm in the TPEF spectrum of Au,,_,Ag,SG, (x = 1—4)
may stem from altered relaxation of the S, first excited state of
silver-doped gold clusters as opposed to Au;,SGy,. A plausible
mechanism interpreting the red shift in the TPEF emission
spectrum of Auy,_,Ag.SG, (x = 1—4), in comparison to that of
Au,(SG, has been proposed based on the significantly different
magnitudes in relaxation of the S state upon silver doping (see
Figure 4). In summary, doping by silver atoms does not
influence OPA spectra whereas the TPA cross-section is slightly
increased by three silver atoms doping. In contrast, the
minimum of the S, state is lowered by approximately 1.5 eV
for three silver atoms doping with respect to the pure gold-
ligated cluster for which the lowering of the S, state is only 0.21
eV. The reason for the different lowering energies is the breaking
of the silver—gold bonds in the first excited state of the three
silver atom-doped clusters (see Figure 4).

This means that in addition to silver doping, the structural
properties play an important role in determining TPEF
properties. For large cluster sizes a metallic core is formed in
which doping by Ag atoms contributes to delocalization of
electrons of the Au core. Therefore, in these cases a smaller
bathochromic shift in the TPEF emission spectra can be
expected than in the case of the catenane structure containing
more directional metallic bonds. In fact, strong influence of Ag
doping on nonlinear optical properties has been also shown for
silver-doped gold-cysteine supramolecular assemblies, which
contain directional metallic bonds.’

https://dx.doi.org/10.1021/acs.jpcc.0c05402
J. Phys. Chem. C 2020, 124, 19368—19374



The Journal of Physical Chemistry C

pubs.acs.org/JPCC

| Au,(SCH,CH(NH,)CH,),, \ AugAg(SCH,CH(NH,)CHy),o Au,Ag,(SCH,CH(NH,)CH,),,
09 g 09 .
08 08
0,7 0,7
A) o
0.5 0.5
04 04
0.3 0.3
0.2 0.2
- Sy Sy
0.1 S, 0.1 S;
200 3;0 400 2 250 300 350 400 200 250 300 350 400
5,~359nm A [nm] S,~348nm A [nm] S, ~334nm
LUMO+1 LUMO
. ‘é. A3
o t‘g
i
S, 89%A
Au(s) -
HOMO
LUMO+4 LUMO+1
<
B) Au,(SCH,CH(NH,)CH,), AugAg(SCH,CH(NH,)CH;),, Au,Ag;(SCH,CH(NH,)CHy),o
35 A ’ 35 ) ‘ ol 35 . 28
30 o 4 20 4 . . a2
Sos Sy, 7 ¥ » S t J?"“
< Ea S g g ’
5 20 T0 Sy }
15 15
10 Su 10
5 5
o d llhln Lll - 0 : KIJLLI |'II|I ||l i |
4 500 600 700 800 el 500 600 700 8 400 500 600 700 800
A[nm] S, ~718 nm A[nm] S, ~ 696nm $,~669 nm
LUMO+6 LUMO+5 LUMO+1 _ LuMO
‘)% ,liﬁ/\, )s;égé\‘&/ X
4
Sy 53%} 21%4

HOMO-2

HOMO-2

Figure 3. (A) TDDFT OPA spectrum for Au,oL;q, AusAgL,o Au,Ag;L,, nanoclusters (with the chiral ligand —SCH,CH(NH,)CHj) for the lowest-
energy [5,5] catenane. Leading excitations responsible for the characteristic features of OPA are shown in the bottom panels. (B) TDDFT TPA
spectrum for AuyoL,o, AugAgL,o AusAg;L nanoclusters (with the chiral ligand —SCH,CH(NH, ) CHj) for the lowest-energy [S,5] catenane. Leading
excitations responsible for the characteristic features of TPA are shown in the bottom panels.

B CONCLUSIONS

properties of clusters with catenane structures. Notably, the

strategy developed herein allows the fine-tuning of the
multiphoton excitation properties, preserving the structure of
the nanoclusters. This is important, given the wide utility of

In summary, we report a rationale chemical strategy for the

substitution of heteroatoms to alter the nonlinear optical

19372 https://dx.doi.org/10.1021/acs.jpcc.0c05402
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Figure 4. Calculated relaxation of the first excited state S, of pure gold-
ligated clusters (blue) versus three silver atom-doped-ligated clusters
(red) with the corresponding structure.

catenane-like structures in catalysis and in molecular mechanics
with molecular rotors. Furthermore, the experimental findings
on the variation of the structure-guided optical properties of the
clusters, as a function of the number of doped heteroatoms, has
been confirmed based on first principle theoretical calculations.
In particular, the observed blue shift in the spectra is due to the
larger s—d gap of Ag atoms because of smaller relativistic effects
as compared to the case of Au atoms. The difference between the
TPEF spectra is due to the Ag—Au bond breaking in the S, state,
absent in the case of the Au—Au bond. A facile and robust
chemical strategy allowing alteration of the absorption/emission
characteristics of atomic clusters can serve as a future key-point
for fine-tuning of nanocluster applications.
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Atomically precise, ligand-protected gold nanoclusters (AuNCs) attract considerable atten-
tion as contrast agents in the biosensing field. However, the control of their optical properties
and functionalization of surface ligands remain challenging. Here we report a strategy to tailor
AuNCs for the precise detection of protein carbonylation—a causal biomarker of ageing. We
produce Au;sSGqz (SG for glutathione) with atomic precision and functionalize it with a
thiolated aminooxy moiety to impart protein carbonyl-binding properties. Mass spectrometry
and molecular modelling reveal the key structural features of Au5SGq-Aminooxy and its
reactivity towards carbonyls. Finally, we demonstrate that Au55SGq,-Aminooxy detects pro-
tein carbonylation in gel-based 1D electrophoresis by one- and two-photon excited fluores-
cence. Importantly, to our knowledge, this is the first application of an AuNC that detects a
post-translational modification as a nonlinear optical probe. The significance of post-
translational modifications in life sciences may open avenues for the use of Au5SG3 and
other nanoclusters as contrast agents with tailored surface functionalization and optical
properties.
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cellular functions, lending support to a paradigm arguing

that aging and age-related diseases (ARDs) are complex
12

P roteins carry out and assure the maintenance of almost all

consequences of the cumulative oxidative damage to proteins
Previous research has gathered evidence supporting the hypoth-
eses that healthy aging is an increasing biological noise, a con-
sequence of diffuse proteome oxidation, whereas ARDs appear
associated with excessive oxidation of particular susceptible
proteins sensitized by mutations predisposing to disease?. Protein
carbonylation, an irreversible oxidative damage to proteins can
affect most amino acids3. Indeed, an increase in protein carbonyls
appears as a biomarker of cellular and organismal aging®.

Different methods have been developed for the detection and
quantification of carbonylated proteins as commonly used mar-
kers of protein oxidation*~”. Since protein carbonyls have no
distinguished UV or visible optical properties, specific chemical
probes are required for their visualization®’. The use of fluor-
ophores with carbonyl-reactive groups enables direct detection
and quantitation of carbonyls on the proteins subjected to one-
and two-dimensional electrophoresis (1DE and 2DE, respectively)
using fluorescence imaging scanner. For instance, cyanine
hydrazide is currently used in the two-dimensional gel electro-
phoresis methodology. For accurate detection, this complex ana-
lysis requires special equipment and reagents®-10. Moreover, the
hydrazone bond formed between the cyanine hydrazide and
protein carbonyls is usually sensitive to acidic environment and
narrow pH range conditions are required to optimize the efficient
binding of cyanine-hydrazide fluorescent dye to its carbonyl tar-
gets. Recently, it has been reported that near-infrared (NIR)
fluorescence using NIR dyes offers certain advantages over visible-
range fluorescence, particularly the lack of autofluorescence of
biological molecules in the NIR!!. To improve the specificity and
sensitivity of carbonyl detection necessary for diagnostics and
prognostic purposes, there is room for advanced strategies.

One promising strategy for the detection of biomolecules
consists of using nonlinear optical processes (NLO) involving
multiple IR photon excitations (in the NIR-IR window, i.e.
700-800 nm)!213. Also, the high spatial resolution of two-photon
absorption (2PA or TPA) is a strong added value for bioimaging
applications!4. Ligand-protected gold nanoclusters (AuNCs) with
gold kernel composed of few dozen of atoms possess molecule-
like properties!> such as luminescence!®!7. Such AuNCs can
exhibit strong photoluminescence from ultraviolet to the NIR
region!$19, Also, their bleaching rate is very slow, demonstrating
their superior photostability?®?!. In addition, ligand-protected
AuNCs exhibit outstanding biocompatibility, which makes their
in vitro and in vivo bio-applications a rich research area?2-27, As
compared to dyes, ligand-protected AuNCs present much greater
two-photon absorption cross sections!>»282%, making them pro-
mising candidates for multiphoton excited fluorescence
microscopy®0~32. As pioneered by Murray and co-workers3?,
surface functionalization of AuNCs, in particular their functio-
nalization through ligand-exchange strategy>4, grants them high
versatility, while selective functionality is incorporated onto the
ligand-protected NCs by exchanging the surface protecting ligand
with desired molecules containing appropriate functional groups.

In this work, we conducted the proof-of-concept study for
developing the first NC-based imaging system for protein car-
bonylation detection. The NCs were liganded with glutathione
(SG) and produced at the atomic precision with the exact formula
Au;55G;3. Such NCs were then functionalized with a thiolated
aminooxy probe to gain protein carbonyl-binding properties.
Using mass spectrometry (MS) approach, we then showed that
the resulting NCs bind carbonylated proteins through the for-
mation of an oxime bond between the aminooxy-containing
thiolated ligand on the NC and the carbonylated amino acid on

the protein. Molecular modeling was performed to reveal the key
features of functionalized NCs and to evaluate the robustness of
the oxime bond upon exposure to the solvent. Finally, we
demonstrate that such functionalized AuNCs can detect protein
carbonyls in gel-based 1DE analysis by one-photon fluorescence
and two-photon excited fluorescence imaging.

Results

Synthesis and characterization of Au;5SG;; and Au;5SG;,-Ao
NCs. Here, we have developed a synthetic protocol to produce
atomically precise thiolated aminooxy-functionalized gold NCs
with protein carbonyl-binding properties. Initially, non-functio-
nalized, glutathione-protected gold NCs (Au;5SG;;) were syn-
thesized (Fig. 1a). We have chosen Au;55G;; as a basis for further
modifications due to its small size, simplicity of its synthesis, good
stability in water, and excellent optical properties in dried poly-
acrylamide matrix. FT-IR spectra of Au;5SG;3 NCs and pure
glutathione GSH are given in Supplementary Fig. Sla, b. The
ligation of glutathione in the form of the thiolate (SG) to the Au
core was confirmed by the absence of the absorption band at v(S-
H) =2523 cm™! in the FTIR spectrum of the as-prepared NCs
sample, as already found in the seminal work published by
Negishi and Tsukuda3>. Supplementary Fig. Slc shows the TEM
image of the as-prepared Au,;sSG;3 NCs. The particles with sizes
of 1-2 nm are barely discernible in the image. From the XPS data
(Supplementary Table S1), we find the Au/S atomic ratio to be
1.26 £0.13, which is compatible with the composition of
Au;5SGy; (the expected value is 1.15). Upon synthesis, the quality
of Au;sSG;s was assessed using negative-mode ESI-MS. This
analysis confirmed monodispersity of the synthesized NCs. A
charge state distribution was observed from [M-4H]% through
[M-6H]%". Deconvolution of charge states from 4- through 6-
revealed a mass of 6928 Da for the Au;5SG;3, consistent with its
calculated mass (Supplementary Fig. S2a).

To develop NCs with carbonyl-binding properties, Au;55G;3 had
to be functionalized by the replacement of one glutathione with a
carbonyl-reactive agent. Hydrazides (Hz) and aminooxy (Ao) are
commonly used carbonyl-reactive chemical groups and they form
different kinds of bonds with protein carbonyls-hydrazone (Hz)
and oxime (Ao) bonds. Since oxime bonds appear to be more stable
than hydrazone bonds3%37, we opted for the Ao to functionalize
Au,;55Gi;. Functionalized NCs Au;5SG;,(3-Aminooxy)-1-propa-
nethiol (termed as Au;sSGi,-Ao) was generated by the replacement
of one glutathione on Au;sSG;; with the Ao through a ligand-
exchange procedure (Fig. 1b).

To characterize the synthesized Au;5SG;,-Ao, the reaction mix
was analyzed using negative-mode ESI-MS and a new peak
corresponding to Au;sSGj,-Ao for the charge state 4- was
observed, as expected (Fig. 1lc). Experimentally determined
isotopic patterns of the different NCs were in perfect agreement
with their simulated ESI-MS patterns (Supplementary Fig. S2b, c)
and confirmed the stoichiometry of Au;5SG;; (Supplementary
Fig. S2b) and Au,55SG;,-Ao (Supplementary Fig. S2¢). Of note,
increasing the concentration of the Ao led to the exchange of
more than one SG ligand (Fig. 1d and Supplementary Fig. S2d, e).
ESI-MS was also applied to monitor the number of Ao ligand
exchanged in Au;5SGy; species following the addition of Ao in
solution at different concentrations. Supplementary Fig. S2d, e
shows the evolution in ligand exchange as a function of the
concentration of Ao ligand. Clearly, adding 0.1-0.3 equivalent of
Ao allows for controlling of ligand exchange to just one.

We next compared UV-vis absorption and emission spectra of
Au;5SGi; and Au;sSGop-Ao (Supplementary Fig. S2f). The two
NCs displayed similar main features of the spectra. The linear
optical absorption spectra were composed of a monotonous
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Fig. 1 Synthesis and characterization of Au;5SG;3 and Au,5SGq,-Ao. a Density functional theory (DFT) structure of the gold NCs (Au5SGy3). b DFT
structures illustrate the ligand-exchange strategy to functionalize the NCs with an aminooxy (Ao) function (Au;5SGy,-Ao). Atoms and molecules are
labeled as following: S-magenta, Au-gold, glutathione-green, and aminooxypropanethiol-red ¢ Zoom of the ESI mass spectrum of Au5SGy3 and AusSGiA0
NCs corresponding to the m/z region labeled by a blue rectangle in supplementary Fig. S2a. A new peak corresponding to AusSGy2-Ao is observed
following the ligand-exchange reaction. d Mass spectra showing exchange of more than one SG ligand.

increase of absorption below 500-550 nm. Photoluminescence
spectra displayed a broad band extending in the NIR region and
centered around 650—700 nm.

To determine the structure of NC after the ligand exchange, we
performed molecular modeling based on the combination of
density functional theory (DFT) and semi-empirical quantum
method PM7 approach (see Computational details). The structure
of Au,5SG;3 was proposed by De-en Jiang® using the density
functional theory (DFT). According to this model, Au;5SGs3
contains a cyclic [Au(I)-SG] pentamer interlocked with two
trimer motifs protecting the tetrahedral Au, core. Such structural
assignment was supported by comparison to the powder X-ray
diffraction pattern and, via time-dependent DFT calculations, to
the optical and chiroptical (CD) absorption spectra3®. We
evaluated the influence of the Ao position on the overall structure
of the liganded Au;5SG;3 NC. Two possible exchanges out of
thirteen are presented in structures I and II (Supplementary Fig.
S2g). In both structures, H-bond networks between neighboring
SG ligands and the Ao ligand are present. Interestingly, the Ao in
structure I is more buried in the SG ligand environment than the

Ao in structure II. Such differences in Ao accessibility may
influence their reactivity with carbonyls.

Interaction of Au;58G;,-Ao with protein carbonyls. Since
protein carbonylation occurs on solvent-exposed amino acids, we
predicted that Au;5SG,-Ao would react with carbonylated pro-
teins through the formation of an extremely stable oxime bond
between the amino group of the Ao attached to the NC and
carbonyl groups on the amino acids (Fig. 2a). To test this pre-
diction empirically, we used two model substrates: leupeptin (N-
acetyl-L-leucyl-L-leucyl-L-argininal), a natural tripeptide inhi-
bitor of serine proteases containing a carbonyl group, and oxi-
dized lysozyme as a model protein.

Interaction of Au;5SG;,-Ao with leupeptin. If Au;5SG;,-Ao can
bind protein carbonyls, we would expect the formation of a stable
[Au;55Gi,-Ao-leupeptin] complex upon mixing of the Au;sSGi,-
Ao with leupeptin (Fig. 2b). To get insight into the formation of
such complex and test specificity of Au;sSGi,-Ao for a carbonyl on
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Fig. 2 Au;5SGq2-Ao binds to protein carbonyls. a Schematic illustration of the functionalized gold NCs (Auy55Gy,-Ao) binding to a carbonylated protein.
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leupeptin, a mixture of Au;55G;3 and Au;5SG,-Ao was analyzed by
negative-mode ESI-MS before and after addition of leupeptin
(Fig. 2c). As predicted, after the addition of leupeptin a new peak
was detected under the charge state 4-, which corresponded to the
newly formed [Au;sSGj,-Ao-leupeptin] complex. Note that the
precursor Au;sSGi,-Ao has almost disappeared demonstrating its
high reaction rate with leupeptin. Importantly, the Au;sSG;; peak
was unchanged, indicating that the non-functionalized NC does not
react unspecifically with leupeptin under indicated conditions.

Characterization of oxidized lysozyme. We next aimed to test
whether Au;5SGy,-Ao reacts specifically with amino acids carbo-
nylated upon oxidation of a protein. To that end, we performed a
multifaceted analysis of the NC-protein complex using oxidized
lysozyme as a model protein. Lysozyme is a single chain polypep-
tide of 129 amino acids that we used previously in systematic
protein carbonylation studies*’. To induce carbonylation of the
lysozyme we chose the metal-catalyzed oxidation (MCO). The
MCO occurs in vitro by Fenton reaction whereby ascorbic acid and
iron-chloride generate highly reactive oxygen species (ROS such as
hydroxyls) that react with proteins and generate carbonyl groups on
susceptible amino acids®. To confirm the efficiency of the MCO, we
measured carbonylation of the lysozyme by a Western Blot-based
method (Supplementary Fig. S3a, Supplementary Data 1 and 2 Figs.
S8, S14) and by a quantitative 2,4-Dinitrophenylhydrazine (DNPH)
colorimetric assay (Supplementary Fig. S3b and Supplementary
Data 2 Fig. S15)41. Both approaches revealed a significant increase
in carbonylation in oxidized lysozyme as compared to non-oxidized
control under indicated conditions.

To identify and quantify carbonylated amino acids on the
oxidized lysozyme, sequence database search and tandem mass
spectrometry MS/MS analysis were performed (Supplementary
Fig. S3¢). To search for oxidized peptides, we implemented user-
defined variable modifications corresponding to a list of known
carbonyl modifications from the literature*?, which were
derivatized with DNPH (Oxi-DNP method). For the MS/MS
analysis, we labeled carbonylated amino acids with DNPH since
DNPH-tagged-carbonylated peptides display the best results with
this method. Namely, DNPH tag has better ionization efficiencies
and additionally stabilizes labile modifications such as Michael
adducts as compared to alternative aminooxy probes*3. The
combined digest data provided 61.2% sequence coverage for the
lysozyme subjected to MCO. Nineteen Oxi-DNP modified
peptides were identified with confidence in the derivatized
MCO-lysozyme (Supplementary Fig. S3c). Among the identified
carbonylation sites, tryptophans (W) appeared as the most
frequently oxidized amino acids. As a control, same analysis was
performed on a non-oxidized lysozyme treated with DNPH and
no modified peptides were detected.

Quantification of detected oxidized peptides has been done at the
MS! level (Supplementary Fig. S3c). To estimate the amount of
oxidized versus the non-oxidized protein peak areas for each oxidized
peptide were normalized to the areas of the corresponding non-
oxidized peptides in the control samples (Supplementary Fig. S3d).
Approximately 1.3 % of the total protein amount has been oxidized,
with W108, K13, and W92 as the most intense carbonylated sites.

Molecular modeling of lysozyme-Au;55G;,-Ao complex
revealing the key role of liganded AuNC. To visualize the
positions on the protein of the empirically determined carbony-
lated sites (Supplementary Fig. S3c), those sites (K13, §24, W28
T43, W62, P79, S81 1383 685 198 §100, WIOS, Q121, W123, and 1124)
were mapped on the 3D structure of lysozyme obtained by X-ray
analysis (Supplementary Fig. S3e)*%. While most of these residues
were found on the protein surface and are thus easily accessible to

ROS, the carbonylated tryptophan residues W28 and W123 were
buried inside the protein skeleton. This is likely due to protein
misfolding caused by the initial carbonylation of the surface
residues and subsequent exposure to ROS of the previously hid-
den parts of the polypeptide.

To characterize the linkage between Au;sSGi,-Ao and
carbonylated amino acid, we next conducted molecular modeling
on an example of $1%0 on the surface of the lysozyme (Fig. 2d). Of
note, the modeling has been performed on non-oxidized protein
because the structure of carbonylated lysozyme is not available. In
order to include the natural environment of the Au;5SGi,-
Ao-oxidized lysozyme complex, we also evaluated the robustness
of the oxime bond towards solvent accessibility. This analysis
revealed that glutathione ligands play the protective role with
respect to the thiolated aminooxy ligand while allowing it to form
the interface with carbonylated lysozyme. Penetration of water
was significantly low suggesting that the Ao linkage is protected
from the external environment by the glutathione surrounding
(Supplementary Fig. S3f). The key result is the H-bond network
formed by glutathione ligands that protect the oxime bond
between the Ao and a carbonylated residue on the protein.
Together, these data justify the use of liganded AuNCs for the
detection of protein carbonylation.

MS-based detection of Au;58G;,-Ao grafted on carbonylated
amino acids within the oxidized lysozyme. To obtain evidence
that Au;sSGy,-Ao is specific for carbonylated amino acids, i.e.
that it is grafted directly on the carbonylated amino acid residue
on the oxidized lysozyme, we next made attempts to measure
directly the mass of Au;5SGi,-Ao bound to oxidized lysozyme.
However, due to low levels of carbonylation (<1%) no NC
attached to the oxidized lysozyme was detected by mass spec-
trometry (MALDI-MS technique), as evidenced by lack of any
mass peak larger than that of the parent oxidized lysozyme.
Hence we used an alternative approach where we analyzed the
oxidized protein derivatized with Au;5SG;,-Ao after subsequent
degradation of the grafted NC and trypsin digestion, whereby the
putative oxime bond between the aminooxy on the NC and
carbonylated amino acids on the protein remained intact.
Degradation of the NC was necessary since NC-grafted peptides
are too large to be analyzed directly by LC-MS/MS and it was
achieved by cysteine treatment which destabilizes bonds between
the glutathiones and the gold core of the NC. The modified
peptides were obtained after neutralization of ungrafted Ao
groups and precipitation of the degraded gold-cysteine polymers.
After this treatment, the residual modification on the grafted
carbonylated sites should be an Ao-C3-thiol group. The sample
was then reduced by dithiothreitol and alkylated with iodoace-
tamide (IAM) before digestion with trypsin. As the IAM can react
with the free thiols remaining on the carbonylated sites, the
carbonyl modifications® derivatized with Ao-C3-thiol-IAM were
implemented for the database search. Seven peptides with these
modifications were identified using Protein prospector (Table 1).
We found modifications corresponding to the direct binding of
Au,;58G;-Ao to carbonylated amino acids on W28, W123 and 1°8
—the same residues that we had identified as carbonylated in the
previous analysis (Supplementary Fig. S3d). These results indicate
that the Au;5SGj,-Ao is grafted directly on the carbonylated sites
of the lysozyme. Of note, S190, the carbonylated residue analyzed
by molecular modeling (Fig. 2d) was not found among Ao-
binding sites, likely due to degradation of the respective peptides.

Application of Au;5SG;,-Ao for detection of carbonylated
proteins in polyacrylamide gels. We next tested whether labeling
of carbonylated proteins with Au;5SG;,-Ao is applicable for the
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Table 1 List of oxidized peptides identified in MCO-lysozyme sample labeled with Ao-C3-Thiol-IAM after degradation of the
Au;55G;2-Ao NCs, using Protein Prospector.
m/z z Peptide + Ao-C3-Thiol-IAM modification Error ppm Score Expect Area in FMS
399.8528 3 CELAAAMKR[+148.0307] —-8.2 30.2 7.50E-04 4.15E4+05
961.7669 3 GYSLGNW?28[4148.0307]VCAAKFESNFNTQATNR —-2.6 41.2 7.50E-10 5.96E+05
961.7669 3 GYSLGNWVCA3'[+148.0307]AKFESNFNTQATNR —-2.6 40.9 1.70E-09 5.44E4+-06
952.7581 3 GYSLGNW28[+121.0098]VCAAKFESNFNTQATNR -81 46.2 2.50E-08 4.23E+05
952.0914 3 GYSLGNW28[+119.0041]VCAAKFESNFNTQATNR -86 45 1.20E-07 2.21E+05
651.3103 3 KI98[-+148.0307]VSDGNGMNAWVAWR -8 25.9 130E-04 9.10E+05
388.1763 3 GTDVQAW'23[+119.0041]IR —14 30.2 7.50E-04 1.37E4+-04
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Fig. 3 Au;5SG;,-Ao can detect carbonylated proteins in polyacrylamide gels.
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a Schematic representation of the experimental setup for NCs migration in

gels. b Four identical sets of samples were simultaneously migrated on native polyacrylamide gels with electricity direction from anode to cathode (gels 1
and 2) or from cathode to anode (gels 3 and 4). Gels 1 and 3 were dried and imaged by a fluorescence imaging scanner. Gels 2 and 4 were stained using
Coomassie staining and images were obtained using a gel scanner. The displayed images are representative of three replicates. Source data and replicates

for (b) are provided in Supplementary Data 1 Figs. S5-7.

detection of the protein-NC complexes in polyacrylamide gels.
As the NCs are sensitive to detergents and can react with free
thiols commonly present in the buffers used in sodium-dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE), native
PAGE was applied in these experiments. As the first step, indi-
vidual migration properties were determined for the NC and for

the oxidized lysozyme during native PAGE. To that end, we
applied PAGE both with the conventional (migration direction
from anode to cathode) and with the inverted polarity (migration
direction from cathode to anode) (Fig. 3a, Supplementary Fig. S4
and Supplementary Data 1 Fig. S13). Visualization of the NC in
the gels was achieved using fluorescence imaging, whereas the
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Fig. 4 Au;5SG;,-Ao in-gel signal responds to the lysozyme quantity. a The in-gel signal of Au;5SGy;-Ao decreases with the lowering of the oxidized
lysozyme amounts. Gels 1 and 3 were dried and imaged using a fluorescence scanner. Gels 2 and 4 were stained using Coomassie staining and images
were obtained using a gel scanner. The displayed images are representative of three replicates. b Comparison of Au5SG,-Ao for detection of carbonylated
proteins in gels by one-photon excited fluorescence scanner and multiphotonic (two-photon excited fluorescence) confocal imaging. The displayed images
are representative of three replicates. Source data and replicates for (a) are provided in Supplementary Data 1 Figs. S9-11 and source data for (b) is

provided in Supplementary Data 1 Fig. S12.

proteins were visualized using Coomassie staining. Interestingly,
NC and the lysozyme displayed opposing migration properties:
while NC was detectable in the gel exposed to the conventional
polarity, the lysozyme (both oxidized and non-oxidized) that has
isoelectric point of 11.35 under given conditions migrated into
the gel only upon inversion of the polarity (Supplementary Fig.
S4). Hence, we subjected a mixture of Au;55SG;,-Ao with the
oxidized lysozyme along with corresponding controls to native
PAGE (Fig. 3b and Supplementary Data 1 Figs. S5-7), expecting
to detect the stable complex formed between the protein and the
NC in one of the two gels. Indeed, we observed co-migration of
the Au;5SGi,-Ao and the oxidized protein, which was consistent
with our result that NCs are grafted on the carbonylated sites of
the protein (Fig. 3b, gels 1 and 2, lane 8). The complex was
globally negatively charged since it migrated from anode to
cathode (Fig. 3b, gels 1 and 2) and no fluorescence was observed

in the gel upon migration from cathode to anode (Fig. 3b, gels 3
and 4). Furthermore, there was no detectable complex of
Au;5SG1,-Ao with the non-oxidized protein (Fig. 3b, gels 1 and 2,
lane 7), indicating that there were no unspecific, carbonyl-
unrelated interactions between the protein and the NC. Impor-
tantly, little to no fluorescence was observed upon native PAGE of
the Au,;5SG,; - oxidized lysozyme mixture (Fig. 3b, lane 5), fur-
ther supporting the absence of unspecific interactions between the
NC and the protein (Table 1).

We next evaluated the potential of the NC for quantitative
analysis of protein carbonyls. Fixed concentration of 500 uM
Au;5SGi-Ao was incubated with a decreasing range of
concentrations of the lysozyme (50-1uM corresponding to
5-0.1 ug protein loaded in the gel) and the reaction products
were migrated on native PAGE (Fig. 4a and Supplementary
Data 1 Figs. S9-11). An obvious decrease in the fluorescent signal
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corresponding to NC correlated with decreasing amounts of
oxidized lysozyme, indicating that NC-based assays can be
developed for quantifying the amount of carbonyls on a protein.
Finally, we tested the applicability of NCs in protein carbonyla-
tion detection in polyacrylamide gels using biphotonic confocal
microscopy and observed an intense two-photon excited
fluorescent signal for higher protein quantities (Fig. 4b and
Supplementary Data 1 Fig. S12).

Together, these data establish a novel NC, Au;5SGi,-Ao, as
suitable for specific detection of protein carbonyls by PAGE while
offering photostability and biocompatible optical properties.

Discussion

Herein, we conducted a proof of concept study for developing the
first NC-based imaging system for protein carbonylation detec-
tion. To that end, we synthesized an NC with protein carbonyl-
binding properties and demonstrated the ability of such NC to
detect carbonylation of an oxidized model protein in gel-based
analyses by one-photon fluorescence imaging and by two-photon
excited fluorescence confocal imaging.

Furthermore, we have developed a protocol for an easy
synthesis of atomically precise Au;s NCs and for their functio-
nalization with a thiolated Ao probe via simple ligand exchange.
These NCs were highly reactive towards protein carbonyls and
they formed a stable oxime bond between the aminooxy on the
NC and the natural or oxidation-induced carbonyls on leupeptin
and on lysozyme, respectively. Molecular modeling was con-
ducted to evaluate the exposure of such oxime bond to solvents.
This approach evidenced the protective effect on the oxime bond
of glutathione ligands surrounding the thiolated Ao thus
demonstrating the robustness of the linkage between the NC and
carbonylated proteins. This protective effect of glutathione clearly
adds value to the NC-based as compared to dye-based approaches
for labeling carbonyls.

We also demonstrated that the functionalized NCs can act as
one- and two-photon excitation fluorescence contrast agents for
the detection of protein carbonyls in polyacrylamide gels.
Importantly, we were able to detect NC-oxidized protein com-
plexes by multiphoton microscopy, where both the excitation
wavelength (~800 nm) and the detection of TPEF photons (up to
750 nm) can be in the NIR range. If applied in vivo, this strategy
could offer definitive advantages over visible-range fluorescence,
particularly the lack of interfering autofluorescence typical for
biological molecules. Another advantage of using metal NCs as
opposed to commonly used dyes is that they are biocompatible,
soluble, photostable and likely to pass through the cellular
membranes due to their small size. The noble AuNCs composed
of a small number of atoms stabilized by a peptide ligand might
thus be further developed as agents for the detection of carbonyls
within cells and tissues.

Features of the NCs that give them tremendous potential for
exploitation are their modular nature and versatility. These fea-
tures provide room for improvement and opportunities for
adaptation of the NCs for various purposes by optimization of
their size and by the choice of ligands. In this proof-of-concept
study, we have observed a correlation between the NC fluores-
cence and the amount of protein carbonyls, uncovering the
potential of the NC for quantitative analyses. This NC could thus
be further refined to gain higher sensitivity and to provide highly
quantitative data. Moreover, to the best of our knowledge, this is
the first study where the nonlinear optical properties of NC have
been used to detect a post-translational modification on a protein.
Given the extreme importance of post-translational modifications
in life sciences, this pioneering study could lead to many alter-
native applications of the NCs.

In addition to the presented results, significant future appli-
cations of AuNCs may be in imaging of carbonylated proteins in
fixed or live cells, allowing for quantification, as well as locali-
zation and transport studies of carbonylated proteins. Such stu-
dies advance understanding of the role of protein carbonylation
in aging and ARDs.

Methods

Au;55Gq3 NCs synthesis. Approximately, 235 mg of L-Glutathione (GSH) was
dissolved under stirring conditions (at 45 °C) in 35 mL of methanol. 4 mL tribu-
tylamine was added to this mixture, which led to solubilization of GSH in
methanol. This clear solution was further supplied with ~100 mg of HAuCl,.3H,0
previously dissolved in 4 mL water. The resulting solution was stirred for 5 min and
further supplied with ~50 mg of trimethylamine borane (TMA-BH3;) after 2h of
stirring under 45-50 °C. The resulting solution was then stirred overnight at room
temperature. After 24 h of stirring, the solution acquired a yellow color, and 1 mL
NH,OH was added to induce precipitation. The resulting dispersion was cen-
trifuged at 6000 rpm for 3-4 min. The supernatant was discarded and the pellet was
redispersed in minimum water. The solution was supplied with methanol to
induced further precipitation. The dispersion was centrifuged again at 6000 rpm for
3-4 min and the so obtained pellet was dissolved in 10 mL water and 2 mL of glacial
acetic acid. The solution was left unperturbed for 4 h (minimum). This led to the
precipitation of Au;y, NCs. The pellet was discarded and the supernatant was
re-supplied with methanol to induce further precipitation. Following another cycle
of precipitation, the pellet was dispersed in methanol and diethyl ether and dried
overnight under vacuum.

Au;55Gq-Ao preparation. Au;sSG;; NCs were post functionalized via ligand-
exchange reaction with aminooxypropanethiol as functional ligand using two
methods. Au;55G;3; was used as mother solution for both methods. In the method
1, a solution of Aminooxy corresponding to the desired quantities (0.1 to 1
equivalent relative to Au;5SG;;) was added to a water solution of Au;5SG;; (1 mg/
ml, pH ~ 8.5). The obtained solution was stirried at room temperature for 3 h
(method 1). For method 2, the same protocol is used, except that aminooxy is
added fractionally (0.1 equivalent of Aminooxy every 30 min) at ambient tem-
perature or at 45 °C. It is worth mentioning that the products with varying
numbers of aminooxypropanethiol could not be separated further. Instead, to
purify the mixture of products from other NCs comprising of varying numbers of
gold atoms, the product was precipitated with methanol/acetic acid solution.

Oxidation protocols. For metal-catalyzed oxidation (MCO), the protocol was
based on Maisonneuve et al.#>. Lysozyme from chicken egg white (Sigma) was
dissolved in phosphate-buffered saline 1x, pH 7.4 (PBS-Roth) at 5 mg/ml. Oxi-
dation was performed by supplementing 300 pL of protein solution (1.5 mg) with a
freshly prepared mixture of ascorbic acid/FeCl; (Sigma/Kemika) with final con-
centrations of 25 mM/100 uM. 3 h incubation at RT was performed in a thermo-
mixer at 500 rpm. Oxidation was stopped by the addition of 1 mM EDTA (Fluka)
and cooling in ice.

Carbonyl detection by Western Blotting. For the Western Blot, carbonyls were
derivatized with 10 mM EZ-Link™ Alkoxyamine-PEG4-Biotin (Thermofisher) for
3H at RT. Samples were subjected to gel electrophoresis using the Mini-Protean®
Tetra Cell system (Bio-Rad). Gels were cast homemade using Acrylamide/bisa-
crylamide (Fisher Bioreagent), APS (Biosolve), TEMED (Sigma) and Tris-glycine
buffer. Linear gels (20%) were cast and used for sample migration. Proteins were
then transferred to a PVDF membrane the Trans-Blot Turbo Transfer System
(BioRad) with 25V constant (up to 1.0 A) for 30 min. Membranes were stained
with Red Ponceau dye (Sigma) to assess transfer efficiency and total protein
loading. Membranes were then blocked with TBS-Tween 0.05%-Milk 5% buffer for
30 min at room temperature with shaking. Next, membranes were incubated for 1h
at RT with Streptavidin-Alexa Fluor 700 (Invitrogen) probes resuspended. At every
step after blocking, membranes were washed 4 times 5 min with TBS-Tween 0.05%.
Finally, Typhoon™ FLA 9500 biomolecular imager (GE Healthcare) was used to
measure fluorescence. Experiments were performed in triplicates. All quantifica-
tions were performed using ImageLab software (Bio-rad) and the statistical analysis
was performed in GraphPad Software.

MS proteomics. Sample preparation. Prior to LC-MS/MS analysis, the MCO
protein was grafted with DNPH. Proteins samples were derivatized with 10 mM of
DNPH (final concentration) at RT for 30 min with shaking (500 rpm). Neu-
tralization of the reaction was done using 1 M Ammonium bicarbonate solution to
reach pH 8.

Also, MCO protein grafted with the aminooxy NC was degraded with cysteine.
300 uL of 500 pg of MCO lysozyme labeled with an excess of Au;58G;,-Ao were
diluted in 700 pL of a 10 mM NaCl aqueous solution. Then, 200 uL of acetone was
added to neutralize ungrafted aminooxy groups. Solution was left overnight before
starting the NC degradation. For this, we used a large excess of cysteine by adding
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100 pL of cysteine (10 mM). The solution was sonicated 45 min and 1 mL of
methanol was added before another 45 min of sonication. Then, 50 uL of glacial
acetic acid was added to complete precipitation of gold-cysteine polymer. The
precipitate was removed by centrifugation (11000 rpm/10 min) and the
supernatant was evaporated under vacuum. The lysozyme was redispersed in 0.5
mL of water before sample preparation for MS analysis (i.e. reduction, alkylation,
and digestion).

Derivatized protein samples were then reduced in 8 M urea, 15 mM
dithiothreitol (DTT) at 60 °C for 40 min, and then alkylated with 35 mM
iodoacetamide (IAM) at room temperature in the dark for 40 min. To reduce the
urea concentration, the samples were diluted 5-fold with ammonium bicarbonate
(AMBIC) before overnight digestion at 37 °C with trypsin (type IX-S from Porcine
Pancreas) using a 1:30 (w/w) enzyme to substrate ratio. Digestion was stopped by
the addition of formic acid (FA) to a final concentration of 0.5%.

All samples were desalted and concentrated using Oasis HLB 3cc (60 mg)
reversed-phase cartridges (Waters, Milford, MA, USA) (elution with 1.5 mL of
methanol containing 0.5% FA). All samples were evaporated to dryness and
resuspended in 150 pL of water/acetonitrile (ACN) (90:10, v/v) containing 0.5%
FA. All solutions were stored at —18 °C before use.

MS Proteomics. Instrumentation and Operating Conditions. Mass spectrometry
analyses were performed on a hybrid quadrupole-orbitrap Q-Exactive® mass
spectrometer (Thermo Fisher Scientific, San Jose, CA, USA) equipped with a HESI
ion source coupled to a Surveyor HPLC-MS pump (Thermo Fisher Scientific, San
Jose, CA, USA) and a PAL Auto-sampler (CTC Analytics, Switzerland).

The HPLC separation was carried out on an XBridge C18 column (100 x 2.1
mm, 3.5 um) from Waters. The HPLC mobile phase consisted of water containing
formic acid 0.1% (v/v) as eluent A, and ACN containing formic acid 0.1% (v/v) as
eluent B. Elution was performed at a flow rate of 300 uL/min. The elution sequence,
for the digested protein samples, included a linear gradient from 10% to 60% of
eluent B for 52 min, then a plateau at 95 % of eluent B for 4 min. The gradient was
returned to the initial conditions and held there for 4 min. The injection volume
was 10 pL.

Ionization was achieved using electrospray in the positive ionization mode with
an ion spray voltage of 4 kV. The sheath gas and the auxiliary gas (nitrogen) flow
rates were respectively set at 35 and 10 (arbitrary unit) with a HESI vaporizer
temperature of 400 °C. The ion transfer capillary temperature was 300 °C with a
sweep gas (nitrogen) flow rate at 5 (arbitrary unit). The S-lens RF was set at 90
(arbitrary unit). The Automatic Gain Control (AGC) target was 3 x 106 and the
maximum injection time was set at 250 ms. Experiments were done in data-
dependent top 10 modes. The full MS scans were done over an m/z 300-1500 range
with a resolution of 35000. For the data-dependent MS/MS scans, the resolution
was set at 17500, isolation 2 m/z, with a normalized collision energy of 28 (arbitrary
unit). To exclude the redundant processing of dominant ions and allow selection of
low abundant oxidized peptides, a dynamic exclusion time of 20 s was set.

MS proteomics. Peptide and protein identification and quantification. Frag-
mentation data were converted to peak lists using PAVA RawRead and searched
against sequences of Gallus Gallus (Chicken) proteins contained in the Swissprot
human database (downloaded 2017.11.01, 556006 entries) using Protein
Prospector®®. All searches used the following parameters: mass tolerances in MS
and MS/MS modes were 20 ppm and 0.2 Daltons, respectively. Trypsin was
designated as the enzyme and up to two missed cleavages were allowed. Carba-
midomethylation of cysteine residues was designated as a fixed modification. The
considered standard variable modifications were N-terminal acetylation, N-
terminal glutamine conversion to pyroglutamate and methionine oxidation. The
maximum allowed expected value was set at up to 0.01 (protein) and 0.05 (pep-
tide). To search for oxidized peptides, user-defined variable modifications, corre-
sponding to a list of 43 known carbonyl modifications from the literature®42
derivatized with DNP (Oxi-DNP) or after degradation of the Au;55G;,-Ao NC
(Ao-C3-thiol-TAM), were implemented. All peptides identified in a top10 analysis
have been quantified by using the MS1 filtering tool in Skyline. The peptides have
been integrated allowing a match tolerance of 0.055 m/z and a minimum isotope
dot product of 0.9. All integrations have been verified manually and the total area
of each peptide has been reported for the most intense charge states.

Experimental setup for protein carbonyls detection with NCs in 1D gel elec-
trophoresis. After oxidation of the recombinant protein with MCO protocol as
described previously, recombinant protein and NCs were resuspended in PBS 1X
and were incubated at a final concentration of 50 uM (Fig. 3 and Fig. 4) and 500
uM, respectively, at 10°C overnight in a rotating shaker. The concentration of
protein and NCs were modified to 137 uM and 50 uM respectively for multiphoton
confocal imaging. Samples were then supplemented with 10% glycerol, loaded in
15% or 20% homemade Tris-Glycine gels, and migrated with Tris-glycine buffer 1x
(25-192 mM). Migration polarity was done as indicated in the figures. Before
drying, gels were equilibrated in a 20% ethanol/5% glycerol solution for 20 min and
then placed in a drying frame (Serva) for a minimum of 48 h. Typhoon™ FLA 9500
biomolecular imager (GE Healthcare) was used to detect fluorescence of these gels
as described below. Protein staining in the gel was performed using a Coomassie

staining solution (Ammonium sulfate 10%-phosphoric acid 10%-Coomassie G250
0.12% and ethanol 20%) overnight with shaking at room temperature followed by
destaining with distilled H,O. Gels were scanned with the BIO-5000 Plus VIS Gel
Scanner from Serva. All experiments were performed in triplicate.

One-photon fluorescence setup. One-photon fluorescence measurements were
performed with Typhoon™ FLA 9500 biomolecular imager using a 473 nm (blue
LD laser—for NCs detection) or a 685 nm laser (Red LD laser—for AlexaFluor700
detection) for excitation and a BPFR700 (R715) filter to collect the emitted
fluorescence in the wavelength range from 713 nm to 726 nm.

Two-photon fluorescence setup. Two-photon fluorescence measurements were
performed with a customized confocal microscope (TE2000-U, Nikon Inc.) in
which the excitation light entrance has been modified to allow free-space laser
beam input, instead of the original optical-fiber light input. The luminescence was
excited at 780 nm with a mode-locked frequency-doubled femtosecond Er-doped
fiber laser (C-Fiber 780, MenloSystems GmbH). The laser spectrum was bounded
by two filters (FELH0750 and FESH0800, Thorlabs Inc.). The output power of the
femtosecond laser was 62 mW. The laser beam was focused by a Nikon Plan Fluor
Phl DLL objective (10x/0.30 NA). The sample was XY scanned by the inner
microscope motorized stage and galvanoscanner (confocal C1 head, Nikon Inc.),
and the Z scan was performed by the inner microscope motorized focus. The
emitted signal was collected in epifluorescence illumination mode. The two-photon
fluorescence emission was separated from the incident light through a dichroic
mirror (NFD01-785, IDEX Health & Science LLC). A FESH0750 filter was used in
order to remove the photons coming from the excitation laser and collect visible
350-750 nm fluorescence on the inner microscope photomultiplier tube. TPEF
intensity raster scans performed at several Z positions of the gel (size of the gel
image: 60 x 48 mm). Time per each point (0.25 mmx1 mm): (61 ps x 2 x 128 x 128
for averaging).

Computational. In order to determine the structural properties of Au;55G;,-Ao
liganded cluster and protein-liganded cluster the following procedures have been
used. First, QM/MM method within ONIOM two layer’-#° approach imple-
mented in Gaussian®” has been employed for Au;5SG,-Ao liganded cluster. Au,s,
sulfur atoms and 3-(Aminooxy)-1-propanethiol have been included in QM. For the
gold atoms the 19-e™ relativistic effective core potential (19-e- RECP) from the
Stuttgart group”! taking into account scalar relativistic effects has been used. For
atoms within QM, split valence polarization atomic basis sets (SVP)*2 and the
hybrid B3LYP functional®3-5¢ have been employed. In MM part UFF force field>”
has been employed for all ligands, with exception of 3-(Aminooxy)-1-propanethiol.
In order to analyze the hydrogen bonding network the obtained ONIOM two layer
B3LYP/UFF structures have been reoptimized using SEQM PM7°8 where gold and
sulfur atoms have been frozen. Notice that Au-Au distances are overestimated
within PM7 approach®. Two isomers of Au;55G;,-Ao have been obtained using
PM7 and single point DFT (B3LYP) calculations as shown in Supplementary Fig
S2g. The structure in Fig. 2d including Lysozyme has been obtained by QM/MM
approach. QM part is treated by PM7 and describes interface between liganded
cluster and protein. It contains Au;s, sulfur atoms from glutathiones and Ao-Serine
bond. The other ligands and the rest of the protein have been included in MM
where UFF force field was employed. In order to simulate penetration of water
molecules into Au;5SGy,-Ao-Lysozyme 800 neutral H,O molecules have been
added to MM part within QM/MM approach for the optimization of geometry. In
addition, distances from Ao-Serinel00 bond to each water molecule were taken
into account in order to obtain the radial distribution of the density of water
molecules using R-studio software® (cf Supplementary Fig. S3f).

Data availability

Data available on request from the authors.
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Chapter 4

Conclusions and Future Aspects:
Towards Unique Applications of Noble
Metal Nanoclusters in Biosensorics

Theoretical study of optical properties of thiolated noble metal clusters and bio-nano hy-
brids conducted in this doctoral thesis provided insight into the origin of optical properties
of various systems explored. New theoretical-experimental strategies were introduced for im-
proving the structural and optical properties of bio-nano hybrid systems for the application
in medical diagnostics and biosensorics.

In summary, exploration of two research paths; i) noble metal bio-nano hybrids and
ii) thiolated noble metal nanoclusters, resulted in an overview of optical properties of the
various systems: from silver trimer intercalated in DNA through powerful Wan der Waals
noncovalent bonding and silver doped gold-cysteine supramolecular assemblies to remarkable
noble metal thiolated gold nanoclusters and their ability to be functionalized for specific
detection.

DNA molecule was presented as a unique example of silver trimer protection "shell" with
a wide range of application possibilities. Depending on the nucleotide bases surrounding the
nanocluster, large transition-dipole moments are induced, necessary for the enhancement
of TPA cross-sections. Large TPA cross-sections occurred around 530 nm for the Ag} and
(GCGC) nucleotide bases interaction. Since the infrared regime is important for deep tissue
penetration, TPA cross-sections of modest 10 GM are obtained which can also benefit to
deep tissue penetration.

The doping strategy was incorporated both for bio-nano hybrids of supramolecular gold-
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cysteine assemblies and thiolated gold catenane nanoclusters resulting in altering the optical
properties, particularly nonlinear TPA spectra. Changing the ligand shell content towards
a ratio with more zwitterionic ligands for Auj2Zw,4 nanocluster resulted in large transition-
dipole moments as well as large TPA cross-sections owning to rigidification effect.

The important research contribution of this thesis is to further stimulate theoretical
and experimental research towards developing tools for early cancer diagnostics, as well as
towards medical diagnostics in general applications. Atomically precise thiolated noble metal
nanoclusters and bio-nano hybrids are an interesting class of nanomaterials with remarkable
features such as low toxicity, good biocompatibility, and suitable for specific functionalization
aiming toward tumor biomarker recognition. Their optical properties, particularly nonlinear,
enabled the first time labeling and visualizing nanocluster-tumor biomarkers. Additionally,
recent advances in the molecular diagnostics of cancer with focus on liganded noble metal
nanoclusters are presented in Appendix B [73].

This doctoral thesis illuminated the enormous potential of noble metal liganded nan-
oclusters and bio-nano hybrids in medical diagnostics and sparked new experimental and
theoretical research ahead. With this being stated, it is safe to stay that there is indeed
plenty of room at the bottom. In closing, further exploration of the design of new nanos-
tructured materials will expand more due to the properties of these systems that take their
roles in numerous applications such as catalysis, biosensing, bioimaging, and materials sci-
ence in general. New and improved characterization tools will be required as well as an
improved theoretical approach that already needs adjustment and improvement for the ex-
ploration of large systems measured experimentally. A bright future looms on the horizon

of technology at the nanoscale; a regime where each atom counts.
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Catenane Structures of Homoleptic
Thioglycolic Acid-Protected Gold
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Abstract: Thiolate-protected metal nanoclusters have highly size- and structure-dependent
physicochemical properties and are a promising class of nanomaterials. As a consequence, for the
rationalization of their synthesis and for the design of new clusters with tailored properties, a precise
characterization of their composition and structure at the atomic level is required. We report
a combined ion mobility-mass spectrometry approach with density functional theory (DFT)
calculations for determination of the structural and optical properties of ultra-small gold nanoclusters
protected by thioglycolic acid (TGA) as ligand molecules, Aujo(TGA)1p. Collision cross-section (CCS)
measurements are reported for two charge states. DFT optimized geometrical structures are used to
compute CCSs. The comparison of the experimentally- and theoretically-determined CCSs allows
concluding that such nanoclusters have catenane structures.

Keywords: gold nanoclusters; thiolate; catenane; ion mobility; DFT calculations

1. Introduction

Thiolate-protected metal nanoclusters (NCs) are a promising class of nanomaterials due to
fascinating molecular-like properties along with well-defined molecular structures [1-3]. However,
their physicochemical properties are highly size- and structure-dependent. As a consequence, for the
rationalization of their synthesis and for the design of new clusters with tailored properties, a precise
characterization of their composition and structure at the atomic level is required.

The structural features of stoichiometric Au,(SR), gold nanoclusters (SR:thiolate ligand) was
predicted to change from single rings to interlocked ring motifs (i.e., catenane structures) when
n > 10 [4]. The interlocked ring motif is a unique feature of homoleptic [Au(I)-SR]x complexes
found in Aujp(SR)10, Au11(SR)11, and Aui2(SR)12 [5-7]. More importantly, the catenane-like staple
motifs predicted for Auys5(SR)13 and Aupa(SR)z9 suggest that, at a Au/SR ratio approaching 1/1,
the interlocked staple motifs may become a widespread conformation in thiolate-protected metal
nanoclusters [8-10]. Moreover, the Aujo(SR)1p catenane structure was recently identified as the
best structural candidate for the Au local structure in bovine serum albumin protein-stabilized
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gold nanoclusters [11]. We reported in a recent work, a “one-pot—one-size” synthesis of Auy9(SG)19
NCs (SG:glutathione:y-L-glutamyl-L-cysteinylglycine) characterized by electrospray MS. The X-ray
diffraction pattern of Aujo(SG);9 was utilized as fingerprints for homoleptic gold—glutathione
catenanes [7]. Regarding optical properties, enhanced second harmonic response and circular dichroism
signals in the spectral region of 250400 nm were observed due to this catenane structure exhibiting
a centrosymmetry-broken structure [7]. Recently, Chevrier et al. confirmed the catenane structure by
using synchrotron-based X-ray absorption fine structure (XAFS) spectroscopy [11]. As a complement
to these powder-based structural characterization techniques requiring X-ray beams or synchrotron
facilities, mass spectrometry-based techniques performed on gas phase nanoclusters ions may provide
information on 3D molecular structures. In particular, ion mobility spectrometry (IMS) has been used
for the characterization of gas-phase ligand-protected metal nanoclusters [12-19]. IMS separation
is based on the different velocities adopted by ions travelling in an inert gas under a low electric
field. The drift time of the ions through the IMS tube depends on the ratio between their collision
cross-section (CCS) with the gas and their charge, thus allowing isomer discrimination. Our groups
showed how IMS studies can provide insight into the size of glutathione-protected gold nanoclusters,
as well as in the structural determination of inorganic nanoclusters [16,18,19].

In a previous recent work, we reported an ion mobility-mass spectrometry (IM-MS) approach for
the analysis of homoleptic Aujg.12(5G)10-12 nanoclusters. CCS measurements were reported for different
charge states for Auyg(SG)19, Au11(5G)11, and Augn(SG)i2 nanoclusters [18]. Strong charge-state effects
on experimental CCS values were observed and attributed to charge-induced glutathione unfolding.
However, the importance of core structure and the ligand conformations on the total CCS was difficult
to disentangle due to conformational effects of such a flexible peptide ligand. The IMS technique was
not sufficient to discriminate between different possible structures (in particular catenane structures)
for the core.

This discrimination could be easier if smaller and more rigid ligands are used for protection,
where charge-induced ligand unfolding effects will be minimized. In this case, the structural
characterization of clusters may thus be possible by comparing the arrival time distribution profiles
recorded by ion mobility mass spectrometry with theoretical calculations using molecular modelling
(density functional theory, DFT) and subsequent collision cross-section calculations using projection
approximation. Here, we report a combined ion mobility and spectrometry approach with DFT
calculations for the analysis of a stoichiometric gold nanocluster ligated by thioglycolic acid
Auyp(TGA) g (TGA; see Figure S1 in the Supplementary Materials) as ligand molecules. Collision
cross-section (CCS) measurements are reported for two charge states. DFT calculations have been
performed to optimize different candidate structures for which CCSs were computed. The comparison
of the experimentally- and theoretically-determined CCSs allows concluding about the catenane
structures of such nanoclusters.

2. Materials and Methods

Materials and synthesis protocol: All the chemicals were commercially available and were used
without purification. HAuCly-3H;O, trifluoroacetic acid (TFA), and methanol (HPLC grade) were
purchased from Carl Roth (Lauterbourg, France). Thioglycolic acid (TGA), NaOH, and NH;OH were
purchased from Sigma-Aldrich (Saint-Quentin Fallavier, France). Milli-Q water with a resistivity of
18.2 MQ cm ™! was used for all experiments. Aujo(TGA);9o NC was prepared as described in [7] with
TGA as the ligand instead of glutathione. Briefly, 70 mg of TGA (~53 nL) were diluted in 35 mL of
methanol and 2 mL of triethylamine. Then, 100 mg of HAuCly-3H;O in 15 mL of water were added,
and the solution was stirred overnight at ambient temperature. To induce precipitation, 2 mL of 1 M
NaOH solution were added, and the solution was centrifuged (10 min at 11,000 rpm).

Ion mobility-mass spectrometry: Ion mobility measurements were performed using an ion
mobility spectrometer as described in [20]. Measurements were done using a fresh mixture of
Auo(TGA)qg, prepared in an aqueous solution to a concentration of about 50 uM and directly
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electrosprayed using a syringe pump. Mobility measurements were done by injecting ion bunches
in the drift tube filled with 4.0 Torr helium, in which a constant drift field was maintained through
the controlled voltage drop across the tube. The temperature of the whole instrument was kept at
296 K. After their drift, ions were transferred to a reflector time-of-flight mass spectrometer. Mass
spectra were finally recorded as a function of the IMS drift time, allowing for extraction of arrival time
distributions (ATDs) for ions with any desired mass-to-charge ratio. Collision cross-sections (CCS)
were extracted from ATDs as described in [21]. Using this method, the error of the experimental CCS
was estimated to be 2%.

Computational: The structural and absorption properties of Au;o(TGA);g were determined using
the DFT and its time-dependent version TD-DFT approach [22,23]. For gold atoms, a 19-electron
relativistic effective core potential (19e-RECP) was employed [24]. The structural and spectroscopic
properties of Aujo(TGA)jo were obtained at the PBE0/Def2-SVP level of theory [25,26].

3. Results and Discussion

3.1. Characterization of Au19(TGA)19

The formation of Aujg(TGA)19 NCs as the product was confirmed by electrospray ionization-mass
spectrometry (ESI-MS) in negative mode (see the inset in Figure 1). A charge state distribution of the
general formula [M—nH*]"~ (2 < n < 4) was observed for the Auyo(TGA)1g. The additional peaks
observed in MS spectra were due to smaller stoichiometric (AuTGA),, complexes (n < 6) originating
from the “in-source” fragmentation of the Au;o(TGA);¢ clusters (as evidenced by collision-induced
dissociation experiments; see Figure S2 in the Supplementary Materials).

n=3

(Au,(TGA),))"
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o
[N

0.6
3 0.0-
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Figure 1. Experimental absorption spectra of Auyg(SR);9 nanoclusters (NCs) (with SR = thioglycolic

acid (TGA)and SG (see [7]). (Inset) Electrospray ionization ESI mass spectrum of the as-synthesized
Aulo(TGA)lo NCs.

Concerning the optical properties, the one-photon absorption spectrum of the as-synthesized
Au;p(TGA)19g NCs showed a monotonic increase of intensity below 390 nm and a shoulder at ~310 nm.
There was similarity with the absorption spectrum of the previously-reported Au;o(SG)19 NCs
(see Figure 1) [7].
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3.2. Theoretical Investigation of the Structural and Optical Properties of Au19(TGA)19

The DFT method has been used to determine the structures of the Au;y(SR)19 NCs based on the
results obtained by a genetic algorithm search method [4]. The [5,5] catenane structure containing
two interpenetrating —AuSR— pentagons was found to be the most stable structure (Figure 2a).
The [6,4] structure containing four- and six-membered Au rings interpenetrating each other (Figure 2b)
and the crown-like structure (Figure 2c) was higher in energy. The structure of these three isomers
is shown in Figure 2. Interestingly, the size of TGA ligand along with the size of the crown and the
Au-S bond length allowed for a rich hydrogen-bonding network within the TGA ligands, leading to
a “ball-like” shape for the crown-like structure.

1 T H
300 350 400¢
nm

Figure 2. TD-DFT absorption spectrum and structure for three lowest energy isomers of Aujo(TGA)1g
shown in (a—c) respectively. Leading excitations responsible for the characteristic features of absorption
are illustrated on the right side. HOMO-LUMO for isomers I, II, and III are 4.54, 4.62, and
5.55 eV, respectively.

The absorption spectra calculated using a TD-DFT approach for the three isomers with catenane
structures are also shown in Figure 2. For the [5,5] and [6,4] catenane structures, the first excited states
were located between 320 and 350 nm. The leading excitations responsible for S; and S, excited states
shown also in Figure 2 involved Au—Au aurophilic subunits bound to neighboring sulfur atoms and
arose from the penetration of the two rings into each other. The absorption spectrum for the crown-like
structure obtained from the TD-DFT approach differed considerably from those of other two isomers.
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3.3. Catenane Structures of Homoleptic Au19o(TGA)19 Evidenced by lon Mobility-Mass Spectrometry
and DFT Calculations

In order to characterize the structural properties of Aujg(TGA);9 NCs, we conducted ion
mobility-mass spectrometry (IM-MS) measurements. The extracted arrival time distributions (ATDs)
were mainly monomodal for the two- and three-charge states of Aujo(TGA)jg, indicating that the
corresponding clusters presented essentially a single structural type, and the width of the peaks was
compatible with a single structural type being present (see Figures S3 and 5S4 in the Supplementary
Materials). In addition, Figure S4 in the Supplementary Materials shows that the arrival time
distributions (ATDs) for [Auo(TGA)19—2H]*~ and [Au;o(TGA);9—3H]>~ were very close to the
predicted ATDs by the Fick law. The observed ATDs peaks were thus limited by the experimental
instrumental resolution. This means that the observed single peaks in ATDs corresponded to single
structures, and other possible effects (conformational freedom and especially motion around the
Au-S bond in the TGA ligand and possible interconversions between ligand conformations) cannot
be resolved.

The experimental CCSs determined for different charge states for Au;o(TGA)¢ nanoclusters are
given in Table 1. The collision cross-section for the three-charge state was only slightly higher by ~4%
than that for the two-charge state. This finding is in contrast with Au0(5G)19, where a charge-induced
unfolding due to Coulomb repulsion between charged moieties was observed, producing more
dramatic effects on the CCS [18]. Indeed, for Au1¢(SG)1p, the increase in the collision cross-section as
a function of charge was more important (by ~6.5%). Furthermore, the size of the glutathione ligand
was in the same order as the size of the metallic core. This indicates that the charging of the TGA
ligand molecule played a minor role in the total collision cross-section of Aujo(TGA)jg. This means
that the overall structure of the NCs was not significantly modified by the charge, as confirmed by
DFT structures obtained for neutral Aujo(TGA);g and [Aug(TGA)g—2H]?>~ (see Figure S5 in the
Supplementary Materials). For the two charge state, the CCS value calculated from the [5,5] and
[6,4] catenane structures matched the experimental CCS value, confirming that core geometry was
consistent with a catenane-like form for Au;(TGA);¢ nanoclusters.

Table 1. Experimental and calculated collision cross-section (CCS) values for three isomers of
Aujp(TGA)19 NCs are given. The influence of charge has been experimentally determined (error bars
are in brackets). For this purpose, the trajectory method has been used [27]. The DFT structures obtained
for [Auyo(TGA)9—2H]?~ are given in Figure S5 in the Supplementary Materials.

CCS of Aupg(TGA)1g (A2)  Auyo(TGA)qg neutral  [Auqo(TGA)19—2HI?~  [Auqo(TGA)qo—3HIP~

Exp. 225 (5) 235 (5)
[5,5] catenane 212 220
[6,4] catenane 228 230
Crown-like 196 196

4. Conclusions

The chemistry of the sulfur-gold bond is extremely rich and leads to hybrid materials.
Such materials encompass gold thiolate coordination oligomers, for instance Au,(SR),, and atomically
well-defined clusters Au,(SR);;, or supramolecular assemblies like -(AuSR)e—. The catenane-like
structure is a unique feature of Au,(SR), complexes, but certainly also in thiolate-protected metal
nanoclusters at a low Au/SR ratio limit (i.e., approaching 1:1). Unraveling the total structure of gold
nanoclusters is of paramount importance for their characterization. Unfortunately, the use of X-ray
crystallography is problematic for homoleptic thiolate-protected metal nanoclusters, because sample
crystallization requires extremely high purity and stability. Additional characterization tools able to
distinguish structural isomers are thus highly desirable. The DFT approach provides information
about catenane-like structures for the two lowest energy isomers. The TDDFT absorption features
allows for the structural assignment to experimental data, as well. Ion mobility-mass spectrometry
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(IM-MS) has proven to be a useful complement to MS due to its ability to separate ions based on
their “shape”. In this work, we used this coupling and additionally reported collision cross-sections
(CCS) for selected gas phase charge states of Aujp(TGA)qg cluster ions. Charge effects on the CCS
were found negligible for a simple and small thiolated ligand (thioglycolic acid (TGA)). Furthermore,
the comparison of CCS values from different structural isomers of Aujg(TGA)g obtained at the DFT
level of theory has permitted confirming the catenane structure for such nanoclusters.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2079-4991/9/3 /457 /s1:
Figure S1: Chemical structure of thioglycolic acid (TGA). Figure S2: Collision-induced dissociation spectra of

(Aupo(TGA)19)3. Figure S3: ATDs recorded for two charge states of Aujp(TGA)qp in negative mode. Figure S4:
ATDs recorded for two charge states of Aujo(TGA)j9 compared to the fick law. Figure S5: DFT structures obtained

for [Aujo(TGA)jg—2H]?>~.
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Simple Summary: The key factor in preventing premature death from cancer is an early and accurate
diagnosis. While common diagnostic procedures are successful in the detection and rough descrip-
tion of a tumor mass, a deeper insight into cancer’s molecular features is needed to optimize the
treatment and increase the chances of survival. Nanotechnology can aid the molecular diagnostics
of cancers through a design of nanomaterials that can simultaneously recognize specific cancer-
associated molecules, so-called tumor biomarkers, and allow for their visualization by different
imaging techniques. With a recent explosion in the production of various nanomaterials, the selection
of the most suitable nanomaterial for tumor biomarker detection becomes a challenge. In this article,
we review recent advances in the molecular diagnostics of cancer using nanotechnology and focus
on liganded noble metal quantum nanoclusters, a class of ultrasmall nanomaterials with distinctive
structural and optical properties, as tools in tumor biomarker detection.

Abstract: Cancer is one of the leading causes of premature death, and, as such, it can be prevented
by developing strategies for early and accurate diagnosis. Cancer diagnostics has evolved from the
macroscopic detection of malignant tissues to the fine analysis of tumor biomarkers using personal-
ized medicine approaches. Recently, various nanomaterials have been introduced into the molecular
diagnostics of cancer. This has resulted in a number of tumor biomarkers that have been detected
in vitro and in vivo using nanodevices and corresponding imaging techniques. Atomically precise
ligand-protected noble metal quantum nanoclusters represent an interesting class of nanomaterials
with a great potential for the detection of tumor biomarkers. They are characterized by high bio-
compatibility, low toxicity, and suitability for controlled functionalization with moieties specifically
recognizing tumor biomarkers. Their non-linear optical properties are of particular importance
as they enable the visualization of nanocluster-labeled tumor biomarkers using non-linear optical
techniques such as two-photon-excited fluorescence and second harmonic generation. This article re-
views liganded nanoclusters among the different nanomaterials used for molecular cancer diagnosis
and the relevance of this new class of nanomaterials as non-linear optical probe and contrast agents.

Keywords: tumor biomarker; cancer diagnostics; molecular diagnostics of cancer; liganded noble
metal quantum nanocluster; precision medicine; bioimaging; contrast agents; nonlinear optics;
two-photon-excited fluorescence
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1. Cancer Diagnostics and Nanotechnology
1.1. Cancer Diagnostics: From Macroscopic Description to Molecular Diagnostics and
Precision Medicine

Cancer is one of the leading causes of premature death globally [1]. In 2020, the
GLOBOCAN online database estimated almost 10 million cancer deaths in 185 countries
for 36 types of cancer [2]. Furthermore, cancer patients with comorbidities have higher
chances of dying from non-cancer-related causes [3], which further increases the overall
health and economic impact of cancer. So far, the most efficient strategy to reduce cancer
mortality and comorbidity rates and, consequently, the associated burden on the health care
system has been the early detection and diagnosis of cancer. However, despite tremendous
efforts, the early detection of cancer remains challenging, mainly due to the complex nature
of cancer. Moreover, fine features of specific tumors, which can be instructional in designing
and customizing therapeutic approaches, often escape standard diagnostic procedures.

Traditionally, clinicians have been able to reveal the presence of cancer only upon the
development of the first symptoms, which usually happens after a tumor mass has reached
a substantial size or even after the spreading of metastases. Samples of such tumors can be
extracted by tissue biopsies and characterized using standardized histopathological tech-
niques that enable the rough description and categorization of cancer cells. Nevertheless,
as biopsies are limited to small amounts of cancer tissue, this procedure provides little
information about the overall heterogeneity of cancers. Moreover, such invasive tissue
sampling cannot be performed repeatedly as it may inflict complications [4].

Some limitations of tissue biopsies have been overcome by the development of imaging
approaches, whereby entire tumors are visualized in situ. The foundations laid more
than a century ago by the discovery of X-rays [5] have allowed for the development of
techniques such as X-ray computed tomography (CT), positron emission tomography
(PET), single-photon emission computed tomography (SPECT), and magnetic resonance
imaging (MRI) (Table 1). These methods have an improved diagnostic capacity relative
to tissue biopsy as they can provide information about cancer processes, location, and
stage [6]. In particular, anatomy-based imaging (CT and MRI) provides information about
the location, size, and morphology of the cancer, and function-based imaging (PET and
SPECT) map physiological and biological processes within the cancer. Combining anatomy-
based imaging with function-based imaging further increases diagnostic power. The
introduction of hybrid imaging such as SPECT/CT, PET/CT, optical/CT, and PET/MRI has
improved diagnostic accuracy in oncology, but equipment and operational costs account for
their slow implementation [7]. Another imaging approach, optical molecular imaging, is
holding great promise for cancer diagnosis. Optical imaging (OI) can currently reach wide
spatial imaging scales, ranging from cells to organ systems, which renders this technology
extremely appealing for medical imaging. Moreover, OI has at its disposal diverse contrast
mechanisms (using light absorption and emission methods as well as hybrid Ol approaches)
for distinguishing normal from pathologic processes and tissues in both small animal and
human studies. Typically, complex methods are needed to extract quantitative data from
deep tissues.

In the 1970s, with the development of nuclear medicine and the application of ra-
dioisotope tracers that are internalized by cancer cells [8], the focus shifted to the molecular
events associated with cancer. An example of such an approach is the application of 2-
I8F-fluorodeoxyglucose (FDG), a glucose analog whose accumulation increases in cancer
cells relying on glucose metabolism [9,10]. FDG is still extensively used for detection by
PET imaging of various cancers, including breast and colorectal cancers, melanomas, and
lymphomas. However, FDG labeling has limited specificity since non-cancer cells can also
metabolize glucose. The need for increased specificity has prompted a search for new
tumor-specific entities, with the goal to develop reliable detection strategies that will aid
the early detection of cancer.

The shift towards the molecular profiling of cancer in the late 20th century has paved
a road to a precision medicine approach where molecular profiling is combined with



Cancers 2021, 13, 4206

30f28

large biomedical data sets and used for precision diagnostics, prognostics, and therapeutic
strategies in the cancer field [11]. A fundamental goal of precision medicine is to provide
effective therapeutic strategies for patients based on their individual cellular, molecular,
and biomarker characteristics, along with their unique genetic and environmental fac-
tors [12]. Hence, the terms “precision medicine” and “personalized medicine” are often
used interchangeably. This approach is driven by technological advances, the interpretation
of -omics data, and the development of targeted therapies based on the identification of
tumor biomarkers [13,14].

Table 1. Techniques used for cancer diagnosis.

Diagnostic Method Principle Technique Detection Agent/Visualization
Function-based PET Radioactiv_e tracers that produce
positrons/Scanner
Function-based SPECT Radioactive tracers that emit gamma
) rays/Scanner
Imaging Anatomy-based MRI Magnet, radiofrequency/Scanner
Anatomy-based CT X-ray/Scanner
Hybrid (anatomy- and function-based) PET/CT, PET/MRI, SPECT/CT ~ Combination of ra?;‘;:l‘i’t‘;“acer and imaging
Optical PA, SERS Luminescent probe/Scanner
Gene amplification PCR DNA sequencing
Cytogenetic analysis—hybridization of nucleic .
Molecular diagnostics acids in celis/ tissues FISH Fluorescent labels/Fluorescent microscopy
Hybridization of nucleic acids in microplates DNA microarrays Labels/Microscopy
Immunoassay for protein detection ELISA Luminescent probe/Plate reader

Tumor biomarkers are specific entities produced by cancer cells that can be found in
the tumor itself or in the tissues and body fluids of patients. Altered levels of a wide range
of entities, such as cells, proteins, peptides, post-translational modifications, metabolites,
nucleic acids, and genetic variations, can reveal the presence of cancer in the body as
well as help in individualized risk factor assessments, prognostics, and therapy response
prediction [15]. Additionally, monitoring patients’ response to treatment can identify
molecular alterations occurring during treatment and help navigate the course of the
therapy. For instance, genomic alternations such as specific mutations in breast cancer
1 (BRCA1) and breast cancer 2 (BRCA2) genes are well-established tumor biomarkers
used for breast cancer risk assessment, meaning that women bearing these mutations are
predisposed to develop breast cancer [16,17]. Moreover, it has been shown that the BRCA
status predicts the responsiveness to therapies that interfere with DNA repair machinery,
such as cisplatin or olaparib [18,19]; in particular, patients that do not bear these specific
mutations are unlikely to respond to such treatments. Hence, unnecessary exposure to toxic
therapies can be avoided by genotyping patients. This example highlights the complexity
of cancer and the need for the discovery of effective tumor biomarkers that will help in
achieving the goals of precision medicine and allow the stratification of patients.

1.2. Methods in Molecular Diagnostics of Cancer

The development of methods for analysis and the monitoring of the tumor biomarker
landscape during tumorigenesis is of great importance for accurate cancer diagnostics
and the design of personalized therapeutic options. Indeed, the introduction of genomics,
epigenetics, proteomics, metabolomics, informatics, and imaging techniques has greatly
improved our understanding of cancer’s molecular features and allowed for improved
survival prospects for patients by matching tumor characteristics with complementary
therapy [20]. These methods are applicable to the analyses of tumor tissue biopsies as well
as liquid biopsies, which contain biomarkers released by the tumor into bodily fluids, such
as circulating tumor nucleic acids and circulating tumor cells (CTC) [21,22].

At present, the characterization of the cancer genome is performed by polymerase
chain reaction (PCR) assays, high-throughput DNA microarrays, or fluorescence in situ
hybridization (FISH) [23,24]. These techniques enabled the detection of short tandem
repeats [25], loss of heterozygosity [26], alterations in DNA methylation status, and various
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mutations. For instance, sequencing for genetic alterations in human epidermal growth
factor receptor (EGFR), human epidermal growth factor receptor 2 (HER2), vascular en-
dothelial growth factor (VEGFR), rearranged during transfection (RET) tyrosine kinase,
mesenchymal-epithelial transition factor (MET), mitogen-activated protein kinase (MEK),
anaplastic lymphocyte kinase (ALK), and ROS proto-oncogene 1 (ROS1) has allowed for
precision therapy of non-small cell lung cancer, liver cancer, breast cancer, and renal cell
carcinoma based on matching the individual’s cancer mutations with a specific tyrosine
kinase inhibitor as a treatment of choice [27,28].

Specific detection and identification of protein biomarkers in clinics have been mainly
accomplished by various immunological techniques based on labeling sensors, where the
final result is proportional to the amount of label bound to the targeted molecule [29,30].
The enzyme-linked immunosorbent assay (ELISA) is widely used for protein detection and
quantification and is based on the use of specific binding surfaces decorated with antibodies
that capture protein biomarkers from various body fluids. Protein biomarkers are then
revealed by enzyme-labeled antibodies [31] that produce a fluorescent signal/color that
corresponds to the amount of biomarker immobilized by the capturing antibody. ELISA
displays high sensitivity—for instance, it can already detect the prostate-specific antigen
(PSA), which is used for prostate cancer screening, at a concentration of 100 pg/mL [32].
However, the use of a single cancer protein biomarker is not sufficient for accurate cancer
detection, as PSA can also be detected in patients with benign prostatic hyperplasia [33].
Therefore, to improve diagnostic accuracy, various multiplex immunoassays that combine
the antibody-labeled detection of different protein biomarkers are needed. An example of
a multiplex immunoassay is the FDA-approved OVA1® test that combines the detection of
multiple serum-derived protein cancer antigen 125 (CA 125), transferrin, apolipoprotein A-I
(APOAL), B2-microglobulin, and transthyretin with software calculations to predict ovarian
malignancy [34]. In the second generation OVA2® (Overa) test, the latter two-protein
biomarkers are replaced with human epididymis protein 4 (HE4) and follicle-stimulating
hormone (FSH), having improved accuracy and reduced false results [35,36]. Due to their
high sensitivity, immunological techniques are also used for the detection of CTC. For
example, the CellSearch® system uses nanoparticles labeled with antibodies that target the
epithelial cell adhesion molecule (EpCAM) to separate CTC from other cells present in the
blood of patients with metastatic colorectal, breast, or prostate cancer. Immunomagnetic
separation is followed by the immunocytological detection of various cytokeratins and
leukocyte common antigen CD45 as well as the analysis of the cellular nuclei using a
fluorescence microscope.

The recently developed CancerSEEK test [37] combines the multiplex measurement
of genetic alterations in ctDNA with the measurement of protein levels of CA 125, cancer
antigen 19-9 (CA 19-9), carcinoembryonic antigen (CEA), osteopontin (OPN), prolactin
(PRL), myeloperoxidase (MPO), tissue inhibitor of metalloproteinases 1 (TIMP1), and
hepatocyte growth factor (HGF) in blood samples. Through the measurement of ctDNA
and protein biomarkers, the CancerSEEK tumor biomarker detection test displays 69-98%
sensitivity in detecting liver, ovarian, stomach, esophageal, and pancreatic cancer.

1.3. Metallic Nanomaterials in Detection of Tumor Biomarkers
1.3.1. Nanotechnology in Cancer Diagnostics: From Large Nanoparticles (NPs) to
Nanoclusters (NCs)

Despite the progress in understanding cancer biology, the diagnostics of cancer still
faces many challenges [38]. Currently used clinical procedures are often invasive and un-
pleasant and have limited potential to detect specific molecular events [39]. Hence, there is
a great need to improve cancer diagnostics by developing tools that might complement the
existing clinical approaches or novel, non-invasive alternatives with enhanced specificity
and sensitivity.

In the past few decades, nano-sized devices have undergone rapid development due
to their immense potential in biomedical applications [40]. Their ability to act on a cellular
or subcellular level has prompted an enormous number of studies exploring a large panel
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of organic (liposomes, micelles, biopolymeric NPs, dendrimers) and inorganic (metal NPs,
quantum dots, carbon nanotubes, nanoshells, nanocrystals) nanomaterials. The versatility
of nanomaterials offers room for the optimization of their stability, selectivity, biological
targeting properties, and detection. Some nanomaterials have already been introduced to
(pre-)clinical cancer diagnostics, as is the case with iron oxide nanoparticles, which are used
as a contrast agent for MRI imaging [41,42]. Importantly, suitable surface modification of
nanomaterials enables their selective binding to a specific biological target, thus opening
opportunities for the expansion of use of metal-based nanomaterials in various therapeutic
and targeting systems [43].

Over the past few decades, various metal-based nanomaterials, composed of gold,
silver, or copper, have been synthesized for molecular imaging and drug delivery purposes.
Among all metallic nanomaterials, gold nanomaterials exhibit superior stability and optical
properties and generally have lower toxicity, which makes them good candidates for poten-
tial clinical applications in diagnostics and therapy [44] and, in particular, in personalized
medicine approaches.

Generally, metallic nanomaterials can be classified into three size groups: large NPs,
small NPs, and quantum nanoclusters (NCs) [45]. Large NPs are larger than 50 nm and can
be seen as small metal spheres [46], the optical properties of which depend on their volume
and dielectric constant. For the second group of small NPs, with the size of 2-50 nm, the
dielectric function becomes size-dependent, and the optical response is of a plasmonic
nature. Finally, NCs are drastically different due to their ultrasmall size (<2 nm) and
molecule-like properties, characterized by quantum discrete states. Of note, nanomaterial
solutions are often heterogeneous in terms of individual particle sizes as it is difficult
to achieve uniformity during synthesis, and, moreover, the agglomeration of individual
particles can occur [47]. Average uniformity is expressed as a polydispersity index (PDI)—
the square of the standard deviation of the particle diameter distribution divided by the
mean particle diameter. PDI reflects the quality of the nanomaterial solution, and it is
relevant to their clinical application.

1.3.2. Functionalization of Nanomaterials

The use of nanomaterials for cancer diagnostics is based on the functionalization of
their surface by various ligands that serve to (1) maintain their physicochemical properties
in vitro and in the biological environment (structural functionalization) and (2) provide
them with specific target-recognition properties (specializing functionalization) [48,49].
Structural functionalization is used to protect the metallic nanomaterial from harsh condi-
tions (such as suboptimal pH) as well as to reduce its toxicity and improve bioavailability.
Compounds containing sulfur, such as cysteine (Cys), glutathione (GSH), mercaptopropi-
onic acid (MPA), bidentate dihydrolipoic acid (DHLA), and thiolated polyethylene glycol
(PEG), are the most common ligands used for structural functionalization.

Specializing functionalization adds various recognition moieties to metallic nanoma-
terials, which makes them competent to efficiently detect specific molecular targets and
deliver drugs to desired destinations within the biological systems [50]. Those recognition
moieties include peptides, antibodies, proteins, aptamers, small molecules, or polymers,
and they enable the binding of functionalized nanomaterials to a specific tumor entity.
The resulting complex between a tumor entity and nanomaterial can then be detected by
suitable imaging techniques.

The addition of a recognition moiety can be achieved by a ligand exchange strat-
egy based on the replacement of a structural ligand with a specific biomolecule or by a
conjugation strategy that allows the binding of the molecule of interest to the structural
ligands on the metallic nanomaterial. The ligand substitution induces size and structure
transformation, and, generally, this approach is more difficult to apply on small NPs than
on NCs [51].

Conjugation is usually based on the activation of the carboxylic acid of the protec-
tive ligand with N-(3-dimethylaminopropyl)-N*-ethylcarbodiimide hydrochloride (EDC),
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which allows the formation of amide bonds between carboxyl groups of the ligand with
amine residues on the protein surface. One such example is the work of Jazayeri et al.,
where a PEGylated gold nanoparticle was conjugated with an anti-PSA antibody using
an EDC/N-hydroxylsuccinimide (NHS) linker [52]. The conjugation of antibodies such as
anti-EGFR [53] and anti-Her2 [54-56] is of particular interest as they are already in clinical
use for cancer detection and effective tumor targeting [57]. Over the recent years, the
addition of a variety of ligands by conjugation [58-62] has become the method of choice as
it offers tremendous opportunities in molecular recognition and targeting.

1.3.3. Tumor Biomarker Detection by Metallic Nanomaterials

In the past couple of decades, a number of metallic nanomaterials targeting various
tumor biomarkers have been developed (reviewed in [63-65]). Here, we summarize recent
examples of such nanomaterials, mostly metal NPs and NCs (Table 2). Many of them
recognize receptors overexpressed on the surface of malignant cells, including the folate
receptor, EGFR, HER2, GLUT, GRPR, and CCR5. Selection of the plasma-membrane-located
receptors as targets is a reasonable strategy in the design of nanomaterials as it increases
the probability that the nanomaterial will encounter the target and get internalized into
the cells. In such instances, specializing ligands are either the natural ligands (e.g., folic
acid for the folate receptor or glucose for GLUT) or peptides, aptamers, and antibodies
designed to specifically target the receptors.

Metallic nanomaterials bound to their molecular targets can be detected using multiple
techniques, the choice of which depends on the properties of the nanomaterial and the com-
patibility of these techniques with the type of nanomaterial-labeled biosample—cell line,
tissue, liquid biopsy, or the entire organism. While some nanomaterials, such as AuNCs,
are intrinsically luminescent in the range from visible to near-infrared (NIR) light [66,67],
others require adaptation to the desired detection method by functionalization. In cell
culture samples, such nanomaterials can be detected using fluorescence microscopy or
less common methods, such as inductively coupled plasma mass spectrometry (ICP-MS),
inductively coupled plasma atomic emission spectroscopy (ICP-AES), auto-metallography;,
and surface-enhanced Raman spectroscopy (SERS) [56,68,69]. Nanomaterial-labeled lig-
uid biopsies (human serum and urine) allow the application of other methods such as
fluorescence spectroscopy, colorimetric detection, and surface plasmon resonance (SPR)
biosensors [70,71]. Finally, nanomaterials can be detected in vivo, e.g., in xenografted mice
using MRI, nuclear imaging methods (SPECT, PET/CT, autoradiography), NIR fluorescence
imaging systems, or photoacoustic imaging. For MR, it is required for the nanomaterials
to include or to be coated with a heavy metal such as iron oxide or gadolinium [72,73]. On
the other hand, nuclear imaging methods require the labeling of the nanomaterials with
radioisotopes [74]. Among these techniques, relatively novel photoacoustic imaging has
been viewed as one of the most promising imaging techniques due to a relatively large
imaging depth (up to 1 cm) [75]. This non-invasive imaging modality uses the optical
properties of the nanomaterial and is compatible with both AuNPs and AuNCs [76-78].

Despite the huge variety of different nanomaterials developed for cancer diagnostics,
only a small number have progressed to clinical trials [64]. Currently, there are 27 nanopar-
ticles under clinical investigation for cancer diagnostics registered in clinicaltrials.gov.
Despite their potential for biomedical applications, there are still biological (e.g., biodistri-
bution, metabolism, pharmacokinetics), technological, safety, and regulatory challenges
that need to be thoroughly investigated [65].
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Table 2. Examples of cancer biomarker detection by different types of metallic nanomaterials.

Biomarker Detection Functionalization Nanoparticle/Nanocluster
Method Biomarker Model Type of Ligand Ligand Composition Dimension (nm) PDI Ref.
Folate receptor i“e"ﬁ‘ﬁ;:mﬁ cancer Small molecule Folic Acid Aups-BSA ~1/~8 (aggregates) - [58]
Prpe ﬁslurectal cancer cell Oligonucleotide PrPC aptamer AuNPs %’iI/’z;] (NPs/NPs + - [79]
EGFR 1L.““g cancer cell Protein EGFR-specificscFv  Fe;Oy/AuNPs 30/76.3 (NPs/NPs + - 801
ines scFv)
Breast cancer cell . . . Fe304/AuNPs-
HER2 lines Peptide Anti-HER2 peptide Cy55 12 0.08 [81]
- Invitro blood-brain - 1yin; acid L-Dopa AuNCs-SG 14 - 821
barrier model
Lung, breast cancer o . I Au-5G-Graphene
CD44 receptor cell lines Glycosaminoglycans ~ Hyaluronic acid oxide 2 - [83]
Glutathione Cervical, liver, colon — p_ i, Transferrin AuNCs 472405 - [84]
cancer cell lines
Methionine level Lung, liver breast 5 i acid Methionine Au-MET-MPA 5.6 0.118 [85]
cancer cell lines
PD-L1 Colon cancer cell line  Antibody anti-PD-L1 Ab AuNPs-PEG 40.0 +3.1 - [86]
GLUT1 Breast cancer cell line  Small molecule Glucose AuNPs 47 (DLS) 0.15 [87]
Fluorescence In vitro blood-brain
microscopy Neuron barrier model Extracellular vesicle Exosome AuNPs 105 £ 10.1 (DLS) 0.430 £ 0.06 [88]
Mouse
Neuron Rat Protein WGA-HRP AuNPs-MSA 52+13 - [89]
Folate receptor gr\]/eanan cancer cell Small molecule Folic acid AuNCs-BSA 25 + 12 (DLS) - [90]
Thyroid Thyroid carcinoma o ical clement 127]odine AuNCs-BSA-I'? 6.4 (DLS) - [68]
cancer cell line
Calreticulin CCeciicl)E{ebsrcast cancer Antibody Anti-calreticulin Ab AuNCs-MSA 2 - [91]
Breast cancer cell 185+ 11/31.7 £13
HER2 lines Oligonucleotide Affibody-DNA AuNPs (NPs/NPs + - [92]
affibody) (DLS)
HER2 i:’;:ad‘ cancercell  ibody Tmab AuNPs 85.39 -+ 0.68 (DLS) - [93]
Prostate cancer cell . 5504 .
PSMA lines Peptide PSMA-1 AuNPs-PEG-Pc4 (AuNPs-PEG) - [94]
Folate receptor Bone, cerv1§al, lung Small molecule Folic acid AupSGrg 14 - [95]
cancer cell lines
Leukemia cells Leukemia cancer cell 5130 511y leotide KHI1C12 aptamer Fe304/AuNPs 26 - [72]

line
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Table 2. Cont.

Biomarker Detection Functionalization Nanoparticle/Nanocluster
Method Biomarker Model Type of Ligand Ligand Composition Dimension (nm) PDI Ref.
MMP9 quon cancer mice Peptide Protgase-cleavable AuNCs-SG 15 ~ [96]
urine peptide
Prostate
. . Citrate cancer—Human AuNCs-Cys 4-6 - [97]
Colorimetric 5
urine
Testicular
hCG cancer—Human Peptide hCG-specific AuNPs 13 - [98]
urine peptide aptamer
Serum
Alkaline .
Fluorescence phosphatase Human serum Small molecule Pyridoxal phosphate ~ AuNCs-BSA 1.95 - [99]
spectroscopy Glutathione Glutathione Small molecule Folic acid AuNCs-BSA-rGO <2 - [100]
Colon Protease-cleavable
MMP9 cancer—Human Peptide N AuNCs-SG ~15 - [96]
. peptide
urine
CP-MS Trastuzumab
HER2 Breast cancer cell Antibody FIV-TAT AuNPs-PEG 87.35 + 0.41 (DLS) 0.17 1561
lines Peptide cell-penetrating
peptide
GLUT Xenograftedbreast g0 molecule Glucose AuNPs 47 (DLS) - 871
cancer mice
Epidermoid
. S VHH 122 Ab g 28/42/45/63 (DLS)
EGFR z:{]cm\oema cancer Antibodies Cetuximab AuNPs-PEG (NPs/+PEG,/+VHH/+cet) 0.22/0.30/0.31/0.24 [101]
Folate receptor Small molecule Folic Acid 4.2/98
P Breast cancer cell line . X AuNCs-BSA (NCs/NCs + FA + - [102]
HER2 Antibody Herceptin HER)
In vitro blood-brain . .
ICP-AES - barrier model Amino acid L-Dopa AuNCs-SG 14 - [82]
Patient-derived
Thyroid xenografted thyroid ~ Chemical element 127]odine AuNCs-BSA-1'?7 6.4 (DLS) - [68]
cancer mice
Lung and colorectal
cancer cell line
EGFR Xenografted Antibody Cetuximab AuNPs-PEG 78.3 + 0.7 (DLS) - [103]

colorectal cancer
mice
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Table 2. Cont.
Biomarker Detection Functionalization Nanoparticle/Nanocluster
Method Biomarker Model Type of Ligand Ligand Composition Dimension (nm) PDI Ref.
Pancreatic cancer cell
lines
CA 19.9 antigen Xenografted Antibody 5B1 antibody AuNPs-Zr% 34.86 (DLS) 0.27 [104]
pancreatic cancer
mice
SPR Colon
biosensor CEA cancer—Human Antibody Anti-CEA Ab AuNPs 30 £ 6 (NPs) - [70,71]
plasma
LSPR Prostate
biosensor PSA cancer—Protein Antibody Anti-PSA Ab AuNPs-PEG 25 - [52]
(PSA)
Leukemia cancer cell § . AuNPs-PEG- -
CD19 line Antibody Anti-CD19 Ab MGITC 60 (DLS) - [105]
CEA Breast and lung Antibody Anti-CEA Ab AuNPs-FesO4-ATP- 5 iy ) - [106]
cancer cell lines 4
SERS Mel breast Anti-MCSP, AuNPs-MBA,
MCSP, MCAM, < a“""‘l‘i"l, reas Antibodi anti-MCAM, AuNPs-BA-TFM, 60 (NPs alone) ) 697
ErbB3, LNGFR :‘“er e ) nes ntibodies anti-ErbB3, AuNPs-DNTB, s alone,
uman plasma anti-LNGER, Abs AuNPs-MPY.
Xenografted lung . -~ g " 30 (NPs alone) _
EGFR cancer mice Protein EGFR-specific scFv Fe;04/AuNPs 76.3 (NPs + scFv) [80]
MRI Leukemia cells {_{:l:kemla cancer cell Oligonucleotide KH1C12 aptamer Fe304/AuNPs 26 - [72]
Nucleolin Breast cancer cell line  Oligonucleotide AS1411 aptamer é;gl]l[’)s -DO3A- 34+06 - [73]
HER2 Xenografted breast  p 40 Anti-HER2 peptide 1304/ AuNPs- 12 0.08 81]
cancer mice Cy5.5
NIR EGFR Xenografted lung — p,1oiy EGFR-specific scFv  Fe304/AuNPs 30 (NPs alone) - (0]
fluorescence cancer mice 76.3 (NPs + scFv)
imagin - Mouse Amino acid L-Dopa AuNCs-SG 14 - [82]
s s;semg Xenografted breast
Y Methionine level and lung Amino acid Methionine AuNCs-MET-MPA 5.6 0.118 [85]
cancer mice
- Mouse - - AuNPs-SG-Au'® 26+03 - [107]
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Table 2. Cont.
Biomarker Detection Functionalization Nanoparticle/Nanocluster
Method Biomarker Model Type of Ligand Ligand Composition Dimension (nm) PDI Ref.
Xenografted prostate . 55+04
PSMA cancer mice Peptide PSMA-1 AuNPs-PEG-Pc4 (AuNPs-PEG) - [94]
Patient-derived
Thyroid xenografted thyroid ~ Chemical element 127]odine AuNCs-BSA-1'?7 6.4 (DLS) - [68]
cancer mice
Folate receptor Mouse Small molecule Folic acid AupSGig 14 - [95]
- Mouse - - AuNPs-SG-Au'% 26+£03 - [107]
SPECT CCR5 Xenografted breast i, D-Alal-peptide 19 AuNPs-PEG 5 - [108]
cancer mice T-amide
LHRH receptor Xenografted lung Peptide LHRH peptide AuNCs-HSA-T124 2 - [74]
cancer mice
Patient-derived
Thyroid xenografted thyroid ~ Chemical element 127Jodine AuNCs-BSA-T'?7 6.4 (DLS) [68]
cancer mice
i Xenografted
PET/CT epidermoid - VHH 122 Ab . 28/42/45/63(DLS)
EGFR carcinoma Antibodies Cetuximab AuNPs-PEG (NPs/+PEG,/+VHH/+cet) 0.22/0.30/ 0.31/0.24 [101]
cancer mice
Pancreatic cancer cell
lines
CA 19.9 antigen Xenografted Antibody 5B1 antibody AuNPs-Zr% 34.86 (DLS) 0.27 [104]
pancreatic cancer
mice
- EGFR Esl‘:“ cancer cell Antibody Anti-EGFR Ab AuNPs 149 +1.23 - [109]
Auto-radiography ~ CCR5 Xenografted breast i D-Alal-peptide 199 AUNPs-PEG 5 - [108]
cancer mice T-amide
Auto- Glioblastoma,
EGFR fibrosarcoma Antibody Cetuximab AuNPs 24+028 - [110]
metallography :
cancer cell lines
Epidermoid
EGFR carcinoma cancer cell  Antibody Anti-EGFR Ab AuNPs 5 - [76]
Photoacoustic line
imaging Frostate cancer cell CRPRtareet 6ir W9+ s
nes . ol arge 1ng nm ~
GRPR Xenografted prostate Peptides peptides Aunanorod nm (L) v

cancer mice
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2. Potential of Quantum Nanoclusters as Non-Linear Optical Probes in Molecular
Diagnostics of Cancer

Given the variety of options for nanomaterials as well as for the specializing and
structural ligands, the choice of an optimal nanodevice in designing strategies for tumor
biomarker detection presents a challenge. In this section, we elaborate on opportunities
provided by optical molecular imaging as a technique for biomarker detection and gold
NCs as non-linear optical (NLO) probes. NCs are particularly interesting due to their
distinctive physicochemical properties. However, these unique properties of the NCs are
often poorly recognized in the literature, promoting the perception of the NCs as merely
a smaller version of NPs. Here, we emphasize the key physicochemical features of the
NCs, in particular those features responsible for their biocompatible optical properties that
might be relevant for their application in cancer diagnostics.

2.1. Non-Linear Optical Techniques and Nanomaterials

Optical molecular imaging is holding great promise in cancer diagnosis. However, a
critical issue for photo-induced imaging is the capability of light to penetrate tissues. Since
tissues such as blood, fat, and skin inherently interact with any incident light, leading to
light absorption and/or scattering, it is essential for Ol to operate at wavelengths where
light attenuation is minimal. The first NIR (NIR-I) window, between 700 and 900 nm,
and, more interestingly, the second (NIR-II) window fulfill this requirement for biological
imaging (Figure 1a) [111]. Thus, any contrast agents with small optical gaps and, hence,
with absorption (and possibly emission) in the NIR-II (1000-1400 nm) are highly desired
(Figure 1b). For this purpose, a plethora of exogenous contrast agents has been developed,
including inorganic imaging contrast agents and organic probes [111]. However, a major
challenge concerns the elucidation of the biocompatibility, pharmacokinetics, and long-term
toxicological profiles of such NIR-II contrast agents.
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Figure 1. Optical imaging in biological samples. (a) Tissues such as skin, fat, and blood (oxygenated and deoxygenated)
attenuate light in a wavelength-dependent manner due to absorption and scattering. Attenuation is the lowest in the
first (NIR-I, 700-900 nm, shaded in pink) or second near-infrared window (NIR-II, 1000-1700 nm, shaded in grey). Image
adapted from [112] with permission from Springer Nature. (b,c) Strategies for reaching the NIR-I and NIR-II windows:
using chromophores with small optical gaps (b) or applying NLO techniques (SHG, THG, and TPEF) (c). Images adapted

from [113].
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As an alternative to using chromophores with small optical gaps, NLO techniques
such as second harmonic generation (SHG) and two-photon-excited fluorescence (TPEF)
can be exploited (Figure 1c) [114]. SHG is a phenomenon whereby two photons with the
same frequency get combined during interaction with a non-linear material, generating a
new photon with twice the energy of the initial photons while conserving the coherence of
interaction. TPEF is based on simultaneous excitation with two photons, followed by the
emission of light with shorter wavelengths, and it is an incoherent phenomenon involving
radiative absorption and re-emission. In both cases, the photon energy can match the
second (NIR-II) window for biological imaging due to the inherent multi-photon process.
Thanks to the complementary information that they can provide, as well as the enhanced
contrasts and improved resolution, SHG and TPEF have gained overwhelming popularity
among biologists and have emerged as promising tools in the field of pre-clinical and
clinical cancer research.

In particular, TPEF imaging has become popular in tissue imaging due to its advan-
tages of longer wavelength excitation (>1000 nm), which minimizes auto-fluorescence
and bleaching and allows for a higher 3D resolution and deep tissue imaging in com-
parison to one-photon fluorescent microscopy [115]. Moreover, a study performed by
Lianhuang Li et al. showed that TPEF combined with SHG helped in identifying early
gastric cancer by assessing cell size and collagen alternations without using exogenous
contrast agents [116]. Interestingly, the sensitivity of such NLO techniques can be dra-
matically enhanced using exogenous contrast agents with NLO properties. Some organic
dyes have already been applied in multi-photon imaging, but their performance has been
hampered due to their rapid photo-bleaching and limited two-photon absorption (TPA)
cross-sections [117]. Quantum dots might be a superior option for multi-photon imaging as
they display large two-photon absorption cross-sections [118], but their strong cytotoxicity
and photon-blinking behavior [119] limit their applicability. Designing highly efficient
second-order NLO-phores is largely a matter of the fine combination of a high density of
delocalized electrons in a symmetrical or unsymmetrical environment. Recent advances
in the field of nanotechnology have allowed for the development of nanostructures that
display higher diffusion through tissues along with high TPA cross-sections [113,120]. In
particular, as discussed below, NLO characteristics of liganded noble metal NCs and the
possibility of their functionalization with specific recognition moieties hold promise for the
integration of such NCs with tools of precision medicine that might help in early cancer
detection as well as the stratification of patients and the development of treatment options.

2.2. Quantum Nanoclusters—General Features

NCs are an extremely appealing family of nanomaterials, in particular for bio-imaging
applications. NCs are characterized by a small number of metal atoms (between a few and
hundreds of atoms) and by molecular-like discrete states for which strong fluorescence
might occur. The connection between their structural and optical properties arises in the
size regime, in which “each atom counts”, meaning that the removal or addition of a
single metal atom can substantially change structural and optical properties. However,
NCs have to be stabilized and protected from the environment in order to prevent their
degradation or aggregation. The protection of noble metal NCs from photo-dissociation by
inorganic matrices or solid gas has been used since 1987 [121]. Dickson et al. first reported
in 2002 [122] the role of organic scaffolds, e.g., DNA oligomers, in the synthesis of silver
NCs as both metal cluster protection and the key ingredient for enhancing NC emission
in the visible to NIR regime. This dual role of ligands is quite general and has found an
application in boosting the NLO properties of liganded gold and silver NCs.

A large variety of ligands, including amino acids, peptides, proteins, small organic
molecules, polymers, DNA, and dendrimers, can be used for the protection of NCs. Figure 2
illustrates different ways to form and stabilize NCs in solution [123,124]. Various ligand-
engineering strategies have been developed to enhance the emissive properties of NCs [67].
Among the large variety of ligand families, thiolated molecules are particularly suitable
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due to strong Au-S binding. Additionally, thiols can be found in organic ligands but also in
natural biomolecules such as peptides and proteins. AuNCs with an appropriate choice of
thiol-containing ligands present with extremely good stability and biocompatibility and
attractive emissive properties, i.e., strong emitted fluorescence. These properties authorize
in vitro and in vivo detection of thiolated NCs by multimodal imaging techniques. The
wavelength of NC luminescence can be tuned from near-ultraviolet (UV) to the IR region,
allowing their detection by X-ray CT, OI, MRI, or photoacoustic imaging. Importantly, NCs
demonstrate higher brightness and photo-stability in comparison to organics dyes, which
are prone to photobleaching [125].

Thiolated ligand

\ Proteins

Fluorescent

Au or Ag Nanoclusters

E5,

e £t

Dendrimers Zwitterionic ligand

Figure 2. Metal nanoclusters protected with different scaffolds.

The ligand selection is of key importance not only for optimizing the optical properties
of the NCs but also for developing their targeting competency. NCs can be functionalized
during the initial synthesis by the addition of selected target-binding molecules directly
on the surface of NCs, e.g., via covalent attachment (post-functionalization) or by ligand
exchange after liganded NC synthesis if the target molecule of interest has a thiol group
(see Section 2.4.3). Finally, sufficient biocompatibility with minimal toxicity is required to
qualify any liganded NC as a good candidate for biomedical imaging.

2.3. Biological Properties of AuNCs
2.3.1. Cellular Uptake—Internalization Mechanisms and Cytotoxicity

The cellular uptake of AuNCs has been studied in multiple cellular systems [126]. It
has been shown that the internalization of NCs is energy-dependent [127,128] and relies on
multiple endocytic mechanisms such as clathrin-mediated endocytosis and micropinocyto-
sis. The caveolin-mediated pathway is also involved, albeit to a lesser extent. Following
their uptake, AuNCs were ultimately transferred to the lysosomes and were not able to
reach the nucleus even after 24 h of incubation with the cells [127]. The time dimension of
AuNC uptake was studied in BaF3 cells using an AuNC biofunctionalized with an aptamer
to target the IL6 receptor [129]. This study has shown that the NCs were bound to the
cellular membrane after 10 min of incubation with the cells and were internalized into the
cells after an additional 10 min. The cellular uptake of AuNCs has also been demonstrated
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in an in vitro model of the blood-brain barrier (BBB) using an AuNC functionalized with
1-3,4-dihydroxyphenylalanine (L-Dopa) to target the brain and cross BBB [82].

The nature of the ligands may affect the cellular uptake of AuNCs. For instance, zwit-
terionic ligands seem to be more supportive of AuNC internalization than the PEGylated
ones in human-derived monocyte dendritic cells [130]. Similarly, MPA-liganded AuNCs
were taken up more efficiently than GSH-AuNCs in the normal human colon mucosal
epithelial cell line NCM460 [131].

Generally, the cellular uptake of nanomaterials depends on their size and cell type.
Controversial results exist about the efficiency of AuNC uptake relative to other nanomate-
rials. For instance, the internalization of NCs is relatively low compared to larger particles
such as quantum dots [132] in the reticuloendothelial system (RES)—phagocytic cells that
clear the circulation and tissues from particles and soluble substances. However, in human
dendritic cells, AuNCs are internalized via the endocytic pathway more efficiently than the
larger AuNPs.

Importantly, when internalized, AuNCs might cause perturbations in the cellular
environment. Recently, a study on human primary astrocytes demonstrated that AuNCs
were not inert within the cells. Even though no significant cell loss has been observed for
AuNC concentrations below 10 uM, alterations were detected in the organellar and redox-
responsive transcription factor homeostasis [133]. These effects may also depend on the
nature of the ligands. For instance, the type of ligand may determine the type of immune
response in dendritic cells [130] as well as the state of intracellular redox signaling [131].

2.3.2. Biodistribution

Nanomaterials can reach and accumulate in tumors via passive and active targeting.
While active targeting depends on specific interactions between nanomaterials and tumors
(see Section 1.3.3), passive tumor targeting by nanomaterials precedes the active targeting
and is essential to create an opportunity for the occurrence of specific interactions. In-
deed, passive and preferential targeting of the tumors by both NPs and NCs have been
observed, and this phenomenon has been named the enhanced permeability and retention
effect (EPR) [132,134]. EPR can be explained by the presence of pores with sizes of up to
2000 nm within tumors [135]. These pores represent inter-endothelial gaps formed during
angiogenesis in the tumors, and they allow NPs to accumulate in cancer tissues at higher
concentrations than in normal tissues. Thus, this passive accumulation of NPs in tumors
takes advantage of the pathophysiological properties of the tumor tissue. Despite being the
foundation of tumor-targeted drug delivery and the NP accumulation principle, the EPR
effect in patients has been recently questioned [136,137]; the mechanism of entry of NPs into
solid tumors appears to be more intricate than considered earlier [138]. Either way, passive
tumor targeting by nanomaterials has certain disadvantages, such as arbitrary targeting,
inefficient dispersion of the NPs, and variability among different tumor types and different
patients [137]. Interestingly, the EPR effect is generally more pronounced in animal models
than in cancer patients, which hampers understanding of the NC biodistribution and
translation to clinic of the results obtained in animal studies.

The biodistribution of NPs and NCs is affected by their interaction with the environ-
ment, and this interaction differs for NPs and NCs. Upon administration, NPs are rapidly
exposed to protein-rich biological fluids. These proteins interact with the NPs and form
a protein corona on their surface [139]. Such protein coronas affect the size and charge
of the NPs [140] as well as their stability, dispersibility, pharmacokinetics, and toxicity
profiles [141]. Ultimately, the biodistribution of decorated NPs is altered, and they may
even get recognized by the immune system (RES). It has been demonstrated that the protein
corona promotes the cellular uptake of the NPs by the immune cells of the RES. To avoid
recognition by the immune system, PEGylation of the NPs was introduced, which resulted
in an increase in the blood circulation of the NPs as a side effect [142].

Currently, little is known about the nano-bio interactions of NCs, and it is still unclear
how they interact with proteins from the biological environment. Interestingly, Yin et al.
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showed that the conventional protein corona model in DHLA-liganded AuNCs does not
apply, and they coined the term “protein complex” for proteins bound to NCs [143]. More
studies are required to characterize the NC—protein interaction and its impact on the
biodistribution, cellular uptake, and cytotoxicity of the NCs.

The fine-tuning of nanomaterial biodistribution within tissues and cells can be achieved
by active targeting, as described in Section 1.3.3. A variety of ligands can be used for this
purpose, and they are usually small molecules that specifically interact with receptors
overexpressed at the surface of the tumor cells. Antibodies, aptamers, or peptides are
often used since they target proteins on the cell surface [74] and increase the probability of
endocytosis of the nanomaterials by tumor cells.

2.3.3. Toxicity and Clearance

Clinical application of the nanomaterials depends on their toxicity and clearance from
the body. Regarding the overall toxicity of nanomaterials, it is important to consider their
toxic effects both in vitro and in vivo. High toxicity in vitro (in the cell culture models) can
be counteracted in vivo by efficient clearance and vice versa.

The size, shape, surface properties, and chemical composition of the nanomaterials are
critical determinants of their toxicity and clearance [144]. However, the results of various
toxicological studies are controversial, making it difficult to derive straightforward conclusions.
While some researchers have shown that nanomaterials smaller than 5 nm (which include the
NCs) are more toxic than the larger ones, both in vitro [145-147] and in vivo, in the zebrafish
model [148], others have reported the opposite results in vivo [149-151].

Clearance mechanisms have been well described for NPs [152]. Three systems are
involved in the clearance of NPs. The first one is the RES, where macrophages phagocytose
large NPs (>6 nm), leading to extended retention (up to 6 months) of the partially digested
NPs in the body. The second clearance pathway is hepatobiliary excretion [153]. This
pathway is also utilized by NPs larger than 6 nm, and their retention, in this case, lasts
for up to a couple of weeks. The third elimination route is renal excretion, where the
glomerular capillary walls act as a filter for NPs smaller than 6 nm [154]. Renal clearance is
often preferred because of the fast and efficient removal of NPs (hours to days), especially
non-degradable noble metal NPs [152]. With their small size (<2nm), Au liganded NCs
are cleared in vivo through the renal system, which makes them excellent candidates for
clinical applications.

Given that the biological safety of nanomaterials depends on many intrinsic and
extrinsic factors, including their biological environment, toxicity must be evaluated for
each specific NC.

2.4. Structure, Optical Properties, and Functionalization of Quantum Nanoclusters
2.4.1. Structure of Quantum Nanoclusters

To synthesize AuNCs containing only several atoms, an appropriate combination
of parameters such as temperature, stabilizers, reduction method, and the initial ratio of
metal salt to stabilizer is needed. The atomic precision and molecular purity of AuNC
can be reached using size-focused methodology [155-157]. In addition, the use of ligands
is crucial not only for the stabilization of AuNCs but also for tailoring their fluorescent
properties. Suitable ligands with electron-rich atomic groups can enhance the fluorescence
of AuNCs due to the charge transfer between the ligands and the metal core [158]. Thiols
are commonly employed as ligands for noble metal NCs because of the strong affinity of
sulfur to noble metals, especially to gold. Moreover, thiol-containing molecules are good
stabilizers for AuNCs. Among thiols, GSH has played a key role in the production of
AuNCs [159-161].

A distinctive feature of atomically precise ligand-protected noble metal NCs is the
connection between their structure and their spectroscopic properties. The properties
of such NCs can be determined using experimental and theoretical approaches, which
provide complementary information. Different techniques, such as X-ray crystallography,
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mass spectrometry, X-ray powder diffraction (XRPD), and nuclear magnetic resonance
(NMR) spectroscopy, have been used for the characterization of AuNCs [45,123,162,163].
The structure of some NCs has been resolved experimentally by means of a single crystal
X-ray diffraction [123].

Theoretical approaches include density functional theory (DFT) and time-dependent
density functional theory (TDDFT), where a basic variable, the many-body wavefunction,
is replaced by a density function. The TDDEFT approach allows the calculation of the pho-
toabsorption spectra for relatively large systems after the structural properties have been
determined by DFT. Despite significant approximations, these theoretical approaches are
useful for predictions of structural and optical properties of both protected and unprotected
NCs [164].

The combined experimental and theoretical findings resulted in a scheme depicting
the link between the structure and optical properties of the liganded AuNCs (Figure 3). In
that scheme (upper panel), the AuNC is presented as a multi-shell system that consists of
three components: a metal core, the metal-ligand interface with staple motifs, and surface
ligands. Surface thiolate ligands (SRs) do not just passivate the gold core but build staples
or semi-rings, Au(SR); (-RS-Au-RS) or Auy(SR)3 (-RS-Au-S(R)-Au-SR-), that bind to the core
surface and serve as its protection. The existence of three shells enables a ligand-to-metal
core charge transfer (LMCT) or ligand-to-metal metal charge transfer (LMMCT). In both
cases, communication can occur either through direct bonding or through the donation of
electron-rich ligand groups. NIR and visible absorption of AuNCs is always a consequence
of charge transfer, which occurs either due to metal-metal electron transitions or via LMCT
and LMMCT (Figure 3, bottom panel). For instance, Zhou and coworkers revealed that the
visible and NIR emissions of Auys NCs originate from the surface state and Auy3 core state,
respectively [165].
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Figure 3. Diagram showing the view of liganded gold nanoclusters as multi-shell system on an
example of Auy5(SCH3)13 (upper panel). TDDFT two-photon absorption spectrum (bottom left)
and molecular orbitals (bottom right) involved in transitions for an Auj5(SCHj3)13 nanocluster. The
upper scheme was adapted from [45] (p. 18). For theoretical methods used for the bottom panel,
see [113].

2.4.2. Quantum Nanoclusters as Non-Linear Optical Probes

Liganded silver and gold NCs represent an emerging class of extremely interesting
optical materials due to their remarkable NLO characteristics. SHG and/or TPA /TPEF
processes can reach the highest corresponding cross-sections by a rational design of “ligand-
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core” templates and by controlling the NC size and/or asymmetry (Figure 4). A direct
correlation between the structure and (multi)photonic properties of these nano-objects has
been determined via experimental and theoretical investigations of the structure—property
relationship (Figure 5). The TPA cross-section of liganded noble metal NCs is several
orders of magnitude larger than that of commercially available dyes. These enhanced NLO
properties are due to a subtle balance between resonance effects (position of transitions vs.
laser excitation) and large transition dipole moments (due to ligand-to-core charge transfer
character of excitations). On the other hand, the structure asymmetry (inherent to the metal
core and/or brought by the asymmetric arrangement of surface ligands) in NCs can boost
the SHG process (sensitive to non-centrosymmetric systems) [166], as evidenced by the
enhanced NLO properties of Auy55G13 [167].
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Figure 4. NLO properties of liganded metal nanoclusters as a function of size and asymmetry (Agj1,
Agis, and Agsy are shown as examples).
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Figure 5. TDDFT TPA absorption spectrum (and experimental values in insets, red crosses) and
molecular orbitals involved in transitions for Ags;(SCH3)19 nanoclusters (right side). Giant TPA
cross-sections have been reported.

2.4.3. Functionalization of Quantum Nanoclusters

Functionalization is of crucial importance for creating tumor-biomarker-specific NCs
with optimal bio-compatible optical properties. One of the great advantages of NCs is
their suitability for efficient and controlled functionalization. Small organic molecules and
biomolecules are commonly added to the NC surface as fluorophores to shift the optical
properties of NCs towards the NIR region. Drugs, photosensitizers, or radiosensitizers
can be used for functionalization for cancer therapy or as targeting molecules that interact
specifically with receptors overexpressed at the surface of tumor cells. Such interfacial
engineering of AuNCs for biomedical applications has been recently reviewed by Xie’s
group [168]. One efficient approach to functionalization is a direct synthesis of AuNCs,
with the molecule of interest containing a terminal thiol group that can bind to the metal
surface. For instance, Le Guevel et al. [169] started with zwitterionic sulfobetaine-stabilized
AuNCs that have the capacity to accumulate in brain tumors. To further improve the tumor
uptake of these AuNCs, they functionalized them with arginine, and the resulting AuSG-
2Arg exhibited rapid accumulation in cancer cells, thus being potentially interesting for
radiotherapy enhancement [170]. A second approach is based on the post-functionalization
of NCs, whereby click chemistry and succinimidyl ester reactions were used to covalently
bind molecules of interest to the protective ligand [125].

A third approach, the ligand exchange strategy, is based on the replacement of the
preexisting structural ligand with a specializing ligand containing a thiol group. The
ligand exchange strategy is possible due to the unique structural features of the NCs,
which can be prepared with atomic precision. This is in stark contrast to larger NPs, for
which the control of surface functionalization is not possible. In addition to adding specific
recognition properties to the NC, introducing a controlled number of functional ligand
molecules by a ligand exchange strategy can also boost NCs” NLO properties. Indeed,
this ligand exchange will induce symmetry breaking in NCs, leading to efficient second-
order nonlinear scattering, in particular for SHG signals, as demonstrated by Verbiest and
colleagues [171]. Ligand shell engineering through ligand exchange can also increase the
stability of metal NCs’ surface and lead to rigidification effects, enhancing their fluorescence
properties [172,173]. The introduction of functional ligands through a ligand exchange
strategy may also enhance their non-linear photoluminescence through a subtle interplay
of metal-ligand interaction.

An example of a successfully applied ligand exchange strategy to introduce a specific
recognition moiety into NCs is a recent generation of thiolated aminooxy-functionalized
AuNCs, which can interact with protein carbonyls and be detected using optical methods
(Figure 6) [167]. Auj55G13 NCs were readily functionalized by one or several thiolated
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aminooxy molecules (3-(aminooxy)-1-propanethiol) via a ligand exchange procedure. The
as-prepared functionalized aminooxy-Aul5 NCs were reacted with carbonylated proteins.
The targeted carbonylated proteins were then detected either by one-photon fluorescence
(with a fluorescence scanner) or by TPEF (with a multi-photon confocal microscope). Pro-
tein carbonylation at the molecular level on model lysozyme was validated by computation
chemistry to better evaluate the nature of binding between the NCs and the protein car-
bonyls (see Figure 4). Altogether, this is proof of principle that functionalized liganded
AuNCs can serve for the detection of carbonylation sites and might be more efficient than
organic dyes. Such rational design of novel functional bi-thiolate-protected metal NCs
with controllable surface chemistry could pave the way towards many similar practical
applications, particularly in the molecular diagnostics of cancer.

* AminoOxy-5100

Figure 6. Detection of protein carbonyls using aminooxy-liganded AuNCs (top panel). Quantum
mechanics/molecular mechanics (QM/MM) (two-layer ONIOM [174]) interacting with lysozyme.
The interface between liganded cluster Au5(SG)12(3-(aminooxy)-1-propanethiol)1 and protein is
enlarged (right side), illustrating the aminooxy-serine oxyme bond and the hydrogen-bonding
network (SG—grey; Au—gold; S—magenta; lysozyme—green; oxyme bond—blue; h-bonds—dotted
in red). Figure adapted from [167] (bottom panel). Aul5-targeted carbonylated proteins detected
on gels by fluorescence scanner (a) and multiphoton confocal imaging (b,c). Laser excitation was
at 780 nm, and emitted photons were detected with (b) visible range (350-700 nm) and (c) IR range
(>850 nm). Ellipses: Fixed concentration of 500 uM Au;5(5G)12(3-(aminooxy)-1-propanethiol)1 was
incubated with a decreasing range of concentrations of the lysozyme (50-1 uM, corresponding to
5-0.1 ug protein loaded in the gel).

2.4.4. Application of the AuNCs in Cancer Diagnostics

To date, numerous AuNCs have been developed for the detection of tumor biomarkers
such as the folate receptor, calreticulin, citrate, or the LHRH receptor (see Table 2). While
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many of them have been studied in cell lines, there are examples where they have been
tested in liquid biopsies such as human urine and even in vivo in mouse models of cancer.
For instance, Cys-AuNCs have been used to indirectly quantify the amount of citrate—a
biomarker of early stages of prostate cancer—in a colorimetric assay applied in human
urine [97]. This assay is based on a citrate-mediated inhibition of the intrinsic peroxidase-
mimetic activity of Cys-AuNCs. Another example is an AuNC liganded with a tumor-
targeting LHRH peptide and labeled with iodine-124, which has been used as a PET
tracer for lung cancer in xenografted mice [74]. Even though AuNCs are still insufficiently
explored, these and other similar studies pave the way for their future application in the
clinical setting.

3. Conclusions—Perspectives

Various nanomaterials have been developed as tools of precision medicine for the
detection of tumor biomarkers. Liganded metal nanomaterials such as NPs and NCs are
structurally highly versatile, thus providing numerous opportunities for specific applica-
tions. They can be adapted to detect different biomarkers and for visualization by different
imaging techniques through the selection of suitable specializing (biomarker recognition
moieties) and structural ligands, respectively. Given the increasing number of newly devel-
oped nanomaterials and options for their detection, the choice of a specific nanomaterial in
a desired application becomes a challenge. In this review, we have discussed atomically
precise ligand-protected noble metal NCs and their properties relevant for tumor biomarker
detection (summarized in Figure 7). They are characterized by non-linear optical properties
that are compatible with biological samples and allow for deep-tissue imaging. Moreover,
their functionalization can be precisely controlled. Finally, they can be rapidly eliminated
from the body via the renal clearance system. Together, these considerations emphasize the
value of NCs as tools in the molecular diagnostics of cancer.

Specializing ligand -

tumor biomarker targeting
Structural ligand L P
Cys - GSH - MBA - DHLA - PEG Peptides Polymers
Tuning physical and chemical s fh
properties of AulNCs WA Small

T mad

AuNCs stability Proteins  Oligonucleotides molecules
<. P

~ s EGFR - HER2 - PD-L1 - KRAS - PSA - .

Biocompatibility

Good cellular uptake
Small size <2 nm
Low toxicity (gold)
Rapid clearance

Optical properties

Strong fluorescence

Absorption and emission from UV-Visible

to Infrared wavelengths
Tuneable absorption and emission wavelengths

Synthesis
Easy synthesis Detection methods
Good stability SFER
Controlled and efficient Linear optical technics e Photoacoustic
Rrvicafere Bt One-Photon-Excited Fluorescence (OPEF) ] imagin AT):

Non-linear optical technics (NLO) TPFF SHG

Two-Photon-Excited Fluorescence (TPEF) =~ |
Second Harmonic Generation (SHG) ol | ul -

Figure 7. Summarized properties of liganded AuNCs as cancer diagnostics agents.



Cancers 2021, 13, 4206

21 of 28

Author Contributions: All authors participated in the writing and editing of the manuscript as well
as in the preparation of the figures. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by the project STIM-REI (Contract Number: KK.01.1.1.01.0003),
funded by the European Union through the European Regional Development Fund—the Operational
Programme “Competitiveness and Cohesion” 20142020 (KK.01.1.1.01).

Acknowledgments: V.B.-K. and M.P.B. acknowledge the computational facilities of the HPC com-
puter within the STIM-REI project, the doctoral study of biophysics at the University of Split as well
as Miroslav Radman at MedILS and Split-Dalmatia County for their support.

Conflicts of Interest: The authors declare no conflict of interest.
Abbreviations

AuNC Gold nanocluster

AuNP Gold nanoparticle

BBB Blood-brain barrier

BRCA Breast cancer gene

CA 125 Cancer antigen 125

CA 199  Cancer antigen 19-9

CCR5 C-C chemokine receptor type 5

CEA Carcinoembryonic antigen

CT Computed tomography

CTC Circulating tumor cell

DFT Density functional theory

DHLA Bidentate dihydrolipoic acid

DLS Dynamic light scattering

EGFR Epidermal growth factor receptor
ELISA Enzyme-linked immunosorbent assay
EPR Enhanced permeability and retention effect
erbB3 Erb-B2 Receptor Tyrosine Kinase 3
FDG 2-18E-fluorodeoxyglucose

GLUT1 Glucose transporter 1
GRPR Gastrin-releasing peptide receptor

GSH Glutathione
hCG Human chorionic gonadotropin
HER2 Human epidermal growth factor receptor 2

ICP-AES Inductively coupled plasma atomic emission spectroscopy
ICP-MS  Inductively coupled plasma mass spectrometry

IR Infrared

L-DOPA  1-3,4-dihydroxyphenylalanine

LMCT Ligand-to-metal core charge transfer

LMMCT Ligand to metal-metal charge transfer

LNGFR  Low-affinity nerve growth factor receptor

MCAM  Melanoma cell adhesion molecule

MCSP Melanoma-associated chondroitin sulfate proteoglycan
MMP9 Matrix metallopeptidase 9
MPA Mercaptopropionic acid
MRI Magnetic resonance imaging
NC Nanocluster

NIR Near infrared

NLO Nonlinear optics

NP Nanoparticle

(@)1 Optical imaging

PDI Polydispersity index

PD-L1 Programmed death-ligand 1
PEG Polyethylene glycol

PET Positron emission tomography
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PrPC Cellular prion protein

PSA Prostate-specific antigen

PSMA Prostate-specific membrane antigen
OM/MM  Quantum mechanics/molecular mechanics
RES Reticulo-endothelial system

SERS Surface-enhanced Raman spectroscopy
SHG Second harmonic generation

SPECT Single-photon emission computed tomography
SPR Surface plasmon resonance

SR Surface thiolate ligands

TDDFT Time-dependent density functional theory
THG Third harmonic generation

TPA Two-photon absorption

TPEF Two-photon-excited fluorescence

uv Ultraviolet
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