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Copper indium sulfide (CIS) quantum dots are ideal for bioimaging applications, by being characterized
by high molar absorption coefficients throughout the entire visible spectrum, high photoluminescence
quantum vyield, high tolerance to the presence of lattice defects, emission tunability from the red to the
near-infrared spectral region by changing their dimensions and composition, and long lifetimes
(hundreds of nanoseconds) enabling time-gated detection to increase signal-to-noise ratio. The present
review collects: (i) the most common procedures used to synthesize stable CIS QDs and the possible
strategies to enhance their colloidal stability in aqueous environment, a property needed for bioimaging
applications; (i) their photophysical properties and parameters that affect the energy and brightness of
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their photoluminescence; (iii) toxicity and bioimaging applications of CIS QDs, including tumor targeting,
time-gated detection and multimodal imaging, as well as theranostics. Future perspectives are analyzed
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1. Introduction

In the last few decades, nanomaterials and especially nano-
particles have emerged as interesting probes for biomedical
purposes,’ e.g. as contrast agents for diagnostic applications,
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in view of advantages and potential limitations of CIS QDs compared to most traditional QDs.

including magnetic resonance imaging (MRI),>* computed
tomography (CT),* positron emission tomography (PET) and
single photon emission computed tomography (SPECT),” et
cetera.® In particular, semiconducting nanocrystals, also called
quantum dots (QDs), are effective tools for optical imaging.”™
QDs show undoubted advantages over conventional molecular
probes, which render them ideal luminophores: they possess
size and shape-dependent optical properties, and therefore the
absorption and the emission features can be modulated and

Marco Villa completed  his
Master’s degree in
Photochemistry and Molecular
Materials at the University of
Bologna, Italy, under the
supervision of Prof. Ceroni. He
moved to France at Aix-Marseille
Université, under the supervision
of Prof. Gingras for a doctoral
position in a joint agreement
with the University of Bologna
under the co-supervision of Prof.
Ceroni. After obtaining his
doctoral degree, he returned to
Italy at the university of Bologna to work with Prof. Ceroni with
a post-doctoral fellowship. In the last years, his research was
focused on the synthesis and characterization of semiconducting
nanomaterials and persulfurated aromatic compounds.

Marco Villa

This journal is © The Royal Society of Chemistry 2021


http://orcid.org/0000-0001-9113-6381
http://orcid.org/0000-0002-1792-159X
http://orcid.org/0000-0002-0112-8626
http://orcid.org/0000-0001-8916-1473
http://crossmark.crossref.org/dialog/?doi=10.1039/d1nh00260k&domain=pdf&date_stamp=2021-07-15
http://rsc.li/nanoscale-horizons
https://doi.org/10.1039/d1nh00260k
https://pubs.rsc.org/en/journals/journal/NH
https://pubs.rsc.org/en/journals/journal/NH?issueid=NH006009

Published on 15 July 2021. Downloaded on 6/24/2024 9:20:52 PM.

Review

controlled during the synthetic process;'>'" their high photo-
stability allows them to resist to long-time or multiple
irradiations without bleaching;'> most importantly, the
possibility to engineer them may achieve new properties and
functions.’®'* For instance, the functionalization with binders
for specific biomarkers can permit to accomplish an active
targeting, guiding the nanoparticle towards a precise target
site;'* the coupling with different responsive systems can
enable multi-modal imaging (i.e. the combination between
different diagnostic imaging techniques)"*'® or even theranostics
(Z.e. integrating the diagnostic tool provided by the QD with a
therapeutic one enabled by the functionalizing moiety)."”

QDs materials that have been extensively studied for many
applications, including interconversion between light and
electric energy,"®2° photocatalysis®' and sensing,>* are made
of group II-VI or IV-VI elements. Unfortunately, such systems
contain toxic heavy metals, namely cadmium and lead, which
hinder their utilization in biological systems."*** Many efforts
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have been addressed to decrease the harmfulness of those
systems by encapsulating the core of the emitting nanoparticle
in a shell of a more inert semiconductor (typically ZnS or
ZnSe)*! or a polymeric layer,> to avoid the leakage of toxic
cations into the biological system. However, the resultant
increased dimensions can be detrimental for the elimination
of the nanoparticle from the body. In fact, renal excretion,
which is the preferential way of clearance, is exclusive for
nanoparticles with smaller hydrodynamic diameters (ca. 5 nm),
due to the limited filtration-size threshold in kidneys.>®

Those issues compelled nanomedicine researchers to
investigate new systems which could display a better bio-
compatibility maintaining the advantages of a stable, bright
and tunable emission. Therefore, cadmium and lead-free QDs,
such as silver-based QDs,”” silicon**3° and germanium?®'3?
nanoparticles have been explored.® One of the most promising
alternatives has been offered by copper indium disulfide
(CulnS,, CIS) QDs.

Copper indium sulfide is a ternary I-III-VI, type semicon-
ductor (I = Cu®, III = In**; VI = $*7) usually found in nature as a
mineral called “roquesite”,*® characterized by a bulk direct
band gap of approximately 1.5 eV.>* When the dimensions of
the material are reduced to a few nanometers, quantum con-
finement effects arise, and the properties of the semiconductor,
such as the bandgap, become size dependent.?” It is interesting
to note how the main advantages of CIS QDs rely not only in a
diminished toxicity (compared to conventional QDs), but also
their peculiar optical properties which are considered highly
suitable for bioimaging applications.® As a matter of fact, they
are characterized by (i) high molar absorption coefficients that
cover the entire visible spectrum (ca. 10*-10° M~ em™");*” (ii)
the photoluminescence quantum yield (PLQY), which can reach
elevated values (up to 70%);*® (iii) unlike conventional QDs,
defects in the crystal lattice are well tolerated; (iv) the emission
can be tuned not only by varying the size of the nanoparticle,
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but also the composition, and this is important if specific
dimensions need to be preserved; (v) most importantly for
biomedical applications, the emission of CIS QDs spans the
red to near-infrared (NIR) spectral range, therefore the so-called
biological transparency window, the wavelengths that most
penetrate biological tissues; (vi) their photoluminescence is
characterized by long lifetimes (hundreds of nanoseconds).
The latter is important to enable bioimaging techniques with
increased signal-to-noise ratio.>>?®39>

This review will cover the general procedures used to
synthesize stable CIS QDs and the typical methods to enhance
their colloidal stability in aqueous environment (Section 2),
which is an indispensable requisite for bioimaging applications.
Section 3 will focus on the photophysical properties of CIS QDs
and the studies related to the control and manipulation of the
photoluminescence. Sections 4 and 5 will be dedicated to the
bioimaging applications of CIS QDs, ranging from the first
developments to the most recent studies and eventually the
future perspectives that these promising QDs are reserving.
Other applications, including solar energy conversion, luminescent
solar concentrators, sensing and biosensing, photocatalysis and
light-emitting diodes will not be discussed and the readers will be
addressed to other reviews.*>>%*3%*

2. Synthesis
General procedures

The synthesis of the nanoparticle represents an important
process not only for CIS, but for every QD. In general, this step
defines the composition, the size and shape of the QD, of which
the photophysical properties are dependent.

During the synthesis, the crystallographic structure of the
nanoparticle is also determined. Because it is paramount for
the luminescent properties, the crystallography of CIS will be
briefly discussed. Bulk CulnS,, at room temperature, crystallizes
only in the tetragonal structure of chalcopyrite (CP, CuFeS,), in
which the cations occupy ordered positions. At higher temperatures,
a random distribution of In*" and Cu" is more likely to occur and
the stoichiometry of the compound becomes more flexible.
Therefore, at 980 °C, CIS can achieve a zinc blende (ZB)like
structure, which is similar to CP one, but with a random swap of
the cations, and at 1045 °C, an hexagonal wurtzite (WZ)like
structure.”® The crystallographic structures are reported in Fig. 1.

At the nanoscale, CIS can crystallize in each structure at the
same temperature, depending on the adopted synthetical
methodology.*® CP structure (Fig. 1a) exhibits a cation ordering
in which each sulfide ion is surrounded by two In** and two Cu”*
ions. The Cu-S and In-S bond lengths are quite different, and
this causes a tetragonal distortion of the crystal lattice. This
results in a low band gap energy, an abundance of intrinsic
defects and a broader emission compared to cadmium-based
QDs.**"%%7 Ag stated before, ZB structure (Fig. 1b) is comparable
to CP and it is also difficult to distinguish due to their similar
XRD and electron diffraction patterns. For CP and ZB structures,
the displacement of the cations can lead to a non-stoichiometric
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b) Zinc blende c) Wurtzite

a) Chalcopyrite

Fig. 1 Crystallographic structures of (a) chalcopyrite, (b) zinc blende and
(c) wurtzite CIS.

CIS compound which could be useful for photovoltaic applications
because of the formation of n-type and p-type nanocrystals.*®* Wz
structure (Fig. 1c) is characterized by a superior order in which an
anionic lattice is interlaced with domains of ordered cations
sublattices.” The mechanism of its formation is more defined
with respect to CP CIS QDs: it is well-known that CIS QDs with a
WZ-like structure will grow if a Cu,S intermediate is formed
first.>*" However, their emissive properties are reported to be
usually worse than both CP and ZB CIS QDs, and therefore this
requires attention during the synthetic process, if the scope is to
obtain highly emitting nanoparticles.*

A well-controlled synthesis of CIS QDs is generally considered
to be challenging because of the different affinity of the cations
with respect to the anion. According to the HSAB (hard/soft acid/
base) theory, Cu" and In*" are, respectively, a soft and a hard
Lewis acid, while >~ is a soft Lewis base. Consequently, if the
reaction conditions are not adjusted, precipitation of Cu,S can
occur instead of the formation of the QDs, or CIS with an
undesired WZ-like structure can grow. To balance the reactivity
of the reactants, three main strategies have been developed. The
reactivity of copper and indium cations can be simultaneously
adjusted by including different types of ligands in the reaction
mixture, for instance thiols (i.e. soft Lewis bases, therefore
stabilizing Cu") together with carboxylates (hard Lewis bases,
to control the reactivity of In**).>>> As an alternative, an excess
of thiol can be introduced, to accomplish the triple function of
sulfur source, solvent and copper stabilizer.*® Another option is
provided by the use of a precursor containing both the cations,
namely (PPh;),Culn(SCH;CH,),:°>*"® in the reaction mixture, its
decomposition releases the same quantities of copper and
indium, therefore avoiding the formation of binary compounds.

While there are many synthetic approaches to obtain CIS
QDs with controllable sizes, shapes and -crystallographic
structures by varying the kinds of precursors, solvents, ligands
and reaction conditions,® their complete description is beyond
the scope of this review.

The synthetic processes can be divided into three main
categories: hot-injection techniques, heating-up (or non-
injection) methods, and templated-assisted approaches.

Hot-injection techniques rely on the strict control and
separation of nucleation and growth phases: in order to form
a monodisperse sample, the nanocrystals should nucleate at

This journal is © The Royal Society of Chemistry 2021
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the same time and grow with the same rate. A solution of the
cationic precursors is heated up to high temperatures, in the
presence of a high-boiling solvent and the ligand molecule.
Then, a room-temperature solution of the anion precursor is
rapidly injected into the reaction mixture. The high temperature
of the solution of the first component leads to a rapid single
nucleation, which is immediately quenched by the lowering of
the temperature due to the injected solution of the second
component. Therefore, a low process of growth begins.
The reaction will be quenched at room temperature, and the
isolation and purification of the QDs can be performed (Fig. 2a).>®

Conversely, heating-up techniques consist in a one-pot
procedure in which the cationic precursors (e.g., copper(i)
iodide and indium(ur) acetate) are mixed together with an excess
of thiol (typically 1-dodecanethiol) and a non-coordinating
solvent (such as octadecene, ODE). At high temperatures (ca.
180 °C), the alkanethiol molecules decompose and release sulfur
ions, which provides the anions for the CIS crystal growth.
Enhancing the temperature (over 200 °C), the color of
the suspension varies from yellow to dark red, indicating the
nucleation and subsequent growth of the QDs. When the desired

Inert gas I——)p .ﬁ

Sulfur injection m—)
4= Controlled temperature

Copper and indium
suspension

b
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Fig. 2 (a) Schematic representation of an organic phase synthesis of CIS
QDs. (b) Schematization of the three main methods to obtain water-
suspendable CIS QDs from QDs synthesized in organic medium. Here,
DDT = 1-dodecanethiol, DHLA = dihydrolipoic acid.
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sizes are reached, the reaction is quenched by decreasing the
temperature with a cold-water bath.*®

While the best size and shape controls can be achieved by
hot-injection and heating-up procedures, a template can be
useful to select the crystallographic structure of the resulting
CIS QDs. Here, the formation of a binary compound which
shares the crystallographic structure of the desired compound
is firstly synthesized (e.g. tetragonal indium sulfides as
templates for CP CIS QDs>® or hexagonal copper sulfides for
WZ CIS QDs>"*"); then, a partial cation exchange follows, to
achieve the ternary copper indium sulfide compound.

To render the nanoparticles more suitable for bioimaging
applications as photoluminescent probes, it can be useful to
enhance or modify the optical properties by alloying or embedding
the nanoparticle in a shell of an appropriate semiconductor (see
Section 3 for further details). Doping the QD with additional cations
(as zinc,”® silver,”® gallium,” tin,*" gadolinium,*® et cetera), thus
forming alloyed systems, is made possible due to the high tolerance
of CIS QDs towards lattice defects and their non-stoichiometry.
Usually, in the syntheses, the precursor of the extra cation is added
in the reaction mixture together with copper and indium before the
crystallization occurs, but it is also possible to perform a partial
cation exchange on already formed CIS QDs.”> The emissive
properties of CIS QDs, as well as their chemical stability, drastically
enhance by covering the nanoparticles with a shell of a suitable
semiconductor. Zinc(u) sulfide is a stable, non-toxic, semiconductor
with a wide bandgap (3.5 eV), that shows a low lattice mismatch (ca.
2%) with copper indium sulfide, which permits an epitaxial growth.
Zinc(u) sulfide, thanks to these properties, is one of the best choices
to obtain a type-I core-shell system.*® Despite several procedures
being developed,® the zinc precursor is usually added to the
preformed CIS QD synthesis solution and the temperature raised
to 210 °C to initiate the shell formation. The temperature is
typically maintained for 0.5 to 2 h. Nonetheless, it has been noticed
that this reaction is also accompanied by other processes, such as
the diffusion of Zn(u) into the lattice, or a partial cation exchange,
which can further modify the optical properties, including a blue-
shift of the emission peak.*?

Phase transfer into water and bio-conjugation

Major emphasis will be given to the methods used to render CIS
QDs colloidally stable in aqueous solutions, which is essential
for bioimaging applications. The methods examined so far are
performed in organic media, and the resulting nanoparticles
are usually stabilized by an organic hydrophobic shell. Several
approaches allow to synthesize directly CIS QDs in aqueous
phase.®™® In this case, the syntheses are carried out in
presence of water-soluble thiol derivatives, such as thioglycolic
acid, mercaptopropionic acid, thiol-derivatized poly(ethylene)
glycol or glutathione. For instance, it is possible to synthesize
the CIS core by mixing CuCl, and InCl; in the presence of an
aqueous solution of sodium citrate and r-glutathione. Then,
sodium sulfide is injected as sulfur source, while zinc acetate
and thiourea are used to make the shell grow.®* Another
interesting approach consists in the synthesis of biocompatible
water-suspendable CIS QDs via a biomineralization process
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that occurs in presence of an enzyme.®® Microwave-assisted
methods have also been introduced to improve the synthesis.®
The nanoparticles are synthesized in basic water, in the
presence of copper(u) nitrate, indium(m) chloride, sodium
sulfide and glutathione. Irradiation in a microwave vessel leads
to the formation of the CIS core. Also, the shell can be obtained
by irradiation, after the addition of further sodium sulfide and
zinc acetate. Recently, it has been reported an aqueous synthesis
of CIS/ZnX (X = S, Se) stabilized with glutathione where the
anions were electrochemically generated.”® Despite the low cost
and toxicity of those methods, the so-obtained nanoparticles are
reported not to possess high quality properties;** therefore, it is
common to perform the synthesis of CIS QDs in organic phase
and then transfer the nanoparticles in water.

Phase transfer could be accomplished by three main
methodologies of surface modification: ligand exchange,
encapsulation in amphiphilic molecules or in a silica shell.

Ligand exchange consists in replacing the original ligands
stabilizing the nanoparticles in organic phase with hydrophilic
organic ligands. When thiols are used as ligands during the
synthesis, their replacement can occur if the substituting
molecule possesses a superior number of anchoring groups.
For instance, dodecanethiol can be exchanged with dihydrolipoic
acid (DHLA, 2 thiol moieties).”* As an alternative it is possible to
introduce long chain amines (such as oleylamine)>”* or
phosphines®® in a mixture with the thiols as stabilizers during
the synthesis of the nanoparticles. The bonding between those
molecules and the surface of the QD is more labile than the one
with thiols. This allows to efficiently substitute them with other
water-solubilizing thiols (i.e. mercaptopropionic acid) at a lower
temperature. Unfortunately, ligand exchange is reported to lower
the PLQY due to the reduction of the ZnS shell and consequent
increase in surface trap states.

A different option consists in maintaining the apolar ligands
utilized during the synthesis in the organic phase and
encapsulating the nanoparticle in an amphiphilic polymer or
micelles.”*”® The hydrophobic groups present on the molecule
interact in a non-covalent way with the apolar ligands of the
QD, while the polar moieties allow a good dispersibility in
water. For instance, it is reported’* the coating of DDT capped
CIS/ZnS core-shell QDs with an amphipol poly(maleic
anhydride-alt-1-tetradecene), 3-(dimethylamino)-1-propylamine
derivative, yielding water-suspendable systems stable at various
pH. On the other hand, by silanization, it is possible to realize
biocompatible water-suspendable silica-embedded CIS/ZnS
QDs.”””® The three main mechanisms to accomplish phase
transfer into water are represented in Fig. 2b.

Concerning in vivo applications, functionalization with
poly(ethylene)glycol (PEG) or coating with a zwitterionic surface
is important due to the limited opsonization of the nanoparticle
and the enhanced circulation time. Briefly, it is well-known that
when nanoparticles are administered, a variety of serum proteins
(immunoglobulins, albumin, et cetera) bind to their surface.
Those proteins are recognized by receptors overexposed on
macrophage cell surfaces, which engulf the nanoparticle (ie.
phagocytosis) and remove them from circulation, driving them
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to reticuloendothelial system (RES) organs (e.g., liver and spleen)
to be degraded and excreted. The serum proteins which bind to
the nanoparticles are also named ‘“‘opsonins”, and the process of
adsorption is called “opsonization”. PEG and zwitterionic
groups overexpressed on the nanoparticles show to diminish
the nonspecific interactions between the nanoparticle and the
serum proteins, reducing opsonization.””®" Permadi et al®>
introduced a PEG moiety via non-covalent interaction with the
organic ligands. Encapsulation in a human serum albumin
functionalized with PEG was performed by Kim et al® In
another study,®® PEG with an average molecular weight of
400 Da was used as a non-coordinating solvent for direct
synthesis of biocompatible ZnCulInS/ZnS nanoparticles in water.
Direct PEGylation can be performed using a thiol derivatized
poly(ethylene)glycol during the synthetic process.®® Ligand
exchange between original TOP ligands with PEG-SH,** or the
ester of dihydrolipoic acid and poly(ethylene glycol)*® are also
reported.

If the modification of the surface of CIS QDs introduces
molecules comprising a new, free reactive moiety (e.g., carboxylic
acids, amines, or alkynes) a further functionalization can occur.
If this “post-functionalization” tethers a biomolecule (such as a
protein, aptamers, amino acids, nucleic acids, et cetera) to the
QD, the reaction is called bio-conjugation. Bio-conjugations are
fundamental for several bioimaging techniques related to active
targeting, as several biomolecules (e.g. folic acid,®” tripeptides
Lys-Pro-Val,®® et cetera, vide infra) are recognized by specific
receptors.

The usual bio-conjugation techniques are here reported.
If carboxylic acids are overexpressed, an amide coupling can
take place in the presence of an amine (and vice versa) and
suitable coupling reagents. Namely carbodiimides such as
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC), which converts the carboxylic moiety in an activated
O-acylisourea, are widely used accompanied by N-hydroxy-
succinimides (NHS or its sulfo-derivative) which transforms
the O-acylisourea in an activated ester selectively reactive
towards amines.””®® Other bio-conjugation techniques are
reported for various QDs, including SMCC-mediated coupling
between amines and thiols, azide-alkyne click-chemistry,
hydrazone ligations and non-covalent bio-conjugation.
Non-covalent bio-conjugation, in particular, can be performed
through electrostatic interactions, encapsulation or interaction
between complementary molecules (e.g. streptavidin-biotin).*

3. Photophysical properties

Bulk CIS is a semiconductor, and its direct band gap is
approximately 1.5 eV. Therefore, visible light can be absorbed
by the bulk material. Absorption results in the promotion of an
electron from the valence to the conduction band of the
semiconductor. This generates a couple of charge carriers, ie.
an exciton, constituted by an electron (e”) in the conduction
band and a positive hole (h") in the valence band. The medium
distance between the charge carriers is called the exciton Bohr

This journal is © The Royal Society of Chemistry 2021
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radius, which, in the case of CIS, is about 4.1 nm. In colloidal
dispersions of a semiconducting material, when the particle
diameter is smaller than ~ 8 nm, the exciton is confined to the
physical borders of the nanoparticle and, therefore, quantum
confinement effects arise. As a result, the photophysical
properties of semiconducting nanocrystals are strictly related
to the size of the particles; consequently, larger band gaps are
observed for smaller nanoparticles. To support this, some
researchers® provided a comprehensive theoretical analysis
on the relationship between size of the CIS QDs and their
energy gap. Accordingly, the absorption spectrum can be varied
over the entire visible range (Fig. 3a).>® Booth et al.*>” provided
an empirical derived formula to compute the molar absorption
coefficient depending on the size of the nanoparticles at 3.1 eV
and at the lowest energy electronic transition, showing high
values (ca. 10°-10° M~ ' em™'). As compared to other popular
binary semiconducting nanocrystals (e.g.: CdS, CdSe, ZnS, etc.),
the absorption spectra of CIS QDs generally do not display well-
defined exciton bands, while a broad shoulder with a long tail
joining the NIR region is usually observed.’® This is likely due
to a combination of factors such as the inherent electronic
properties of the ternary semiconductor, irregularity in the
composition and distribution of the sample and size/shape
inhomogeneities.”® Most importantly, due to their direct band
gap, the molar absorption coefficient of CIS QDs is usually
much larger compared to those of other biocompatible QDs
with promising bioimaging applications, such as silicon
nanocrystals (e.g.: for 3 nm WZ CIS QDSs, &0nm = 3 X
10° M™" em™ %% 3 nm silicon nanocrystals: &400nm = 3 X
10* M~ em™").*>>* In addition to electronic transition bands
in the visible spectrum, CIS quantum dots can display broad
localized surface plasmon resonance bands in the NIR range,
that might be due to the presence of point defects, namely
copper vacancies.”>%°
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Fig. 3 (a) Absorption spectra (plus offset) of WZ CIS QDs ranging from
2.7 to 6.1 nm in size. Adapted from ref. 93. Copyright (2015) American
Chemical Society. DOI: 10.1021/acsnano.8b03641. (b) Emission spectra
(and digital photographs under UV light) of CIS QDs with different size.
Reprinted (adapted) with permission from ref. 98. Copyright (2012)
American Chemical Society.
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Following the excitation, a radiative deactivation of the
exciton, i.e., photoluminescence, can take place. Despite there
is no universal agreement on the mechanism of the photo-
luminescence in CIS QDs, it is well-accepted that it is not
associated to a band edge transition, but originates from
defects of the crystal structure, including vacancies and
antisites. Among the various hypotheses, the most accepted
ones are the recombination of a donor-acceptor pair (DAP) and
a free-to-bound recombination.?>?®3%71%3%97 1t has been
proposed that the two mechanisms coexist, but only one is
relevant depending on the stoichiometry of the nanoparticle
(DAP recombination is dominant for indium-rich CIS QDs).**

The size-dependent emission of CIS QDs can be varied
within the spectral region spanning the red to near-infrared
range (Fig. 3).°® This is an interesting feature for bioimaging
applications, because it overlaps with the biological transpar-
ency window, as shown in Fig. 4.

The emissive properties of CIS QDs show important
differences with other direct band gap semiconductor
nanoparticles.”” From the emission dynamics perspective,
while prototypical CdSe QDs show a lifetime of 10-30 ns at
room temperature, emission decays are generally longer for
ternary semiconducting nanocrystals: non-shelled CIS QDs
usually display a biexponential decay,® with a shorter component
in the range of 10°-10" ns and a longer one in the order of 10> ns.
Due to size inhomogeneities and the overlapping of various vibro-
electronic transitions,”® CIS QD emission bands are characterized
by a higher FWHM (about 100 nm) when compared to
conventional QDs. Further studies recently demonstrated that
the preferential localization of the excitonic hole on Cu sites plays
an essential role on the broadening of the photoluminescence
signals.”®'%  Another considerable dissimilarity consists in
usually high Stokes shifts (200-300 meV), caused by the presence
of different electronic states involved in absorption and emission,
which diminishes the probability of reabsorption.'®* Interestingly,
the optical properties can be tuned not only by varying the
nanoparticle size, but also modifying the composition and the
metal-to-metal stoichiometry of the compound.® A blue-shift of
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Fig. 4 Schematization of the biological transparency window within the
absorption spectra (logarithmic scale) of haemoglobin (Hb), oxygenated
haemoglobin (HbO,) and water.
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Fig. 5 UV-vis absorption (a) and PL (b) spectra of Cu—-In—-S/ZnS core/shell
QDs with different Cu/In ratios in the cores; digital photograph (c) of
Cu-In-S/ZnS core/shell QDs under UV-light irradiation. The QDs with
different PL colors were all capped by two monolayers of the ZnS shell.
Reprinted with permission from ref. 64. Copyright (2013) American
Chemical Society.

both absorption and emission spectra occurs when decreasing the
ratio [Cu]/[In] (Fig. 5).°* Also, an increase of the band gap was
reported. This was attributed to the strong contribution of Cu
3d-orbital to the valence band: a Cu deficiency results in a
lowering of the occupied levels,'%* while an enhancement of PLQY
is observed (up to 30%).*° The dependence between PLQYs and
[Cul/[In] ratios relies on donor-acceptor pair luminescence
mechanisms and the introduction of defects responsible of
radiative decays.*®

The PLQY drastically increases when CIS QDs is shelled with
a higher band gap semiconductor (i.e., a type I core-shell QDs).
For CP CIS QDs, PLQY is reported to enhance from 5-10% to ca.
70% with a ZnS shell,*® and usually the short-lived emitting
component is not detected. These aspects are connected with
the suppression of surface states that act as trap for the charge
carriers, either reducing the yield of radiative recombination
via thermal decays, or providing an alternative radiative
relaxation path characterized by shorter lifetimes. Another
consequence of a ZnS shell growth is the shift of the photo-
luminescence band at lower wavelengths. This effect is more
pronounced with respect to Cd-based type I core-shell QDs
(e.g., for CIS/ZnS core/shell, the blue shift is 130 nm compared
to the CIS emission, 4 = 335 meV) and it is associated to the
interdiffusion of Zn** into the core or a cation exchange.'®®
Absorption and emission spectra can also be tuned in the Vis/
NIR range by alloying CIS QDs with other semiconductors and
elements, including Ag, Al and Zn (Fig. 6).*>"°*1%¢

Despite the fact that the luminescence spectrum of CIS QDs
is compatible with the biological window - the emitted photons
are thus able to penetrate tissues - the excitation could
represent a considerable problem for the detection in vivo.
As a matter of fact, the molar absorption coefficient of CIS
QDs is high for high energy photons (>3.5 eV), which are,
however, absorbed by the tissues, while it is quite low for red to
NIR photons (<2 eV), which could provide a better tissue
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Fig. 6 (a) Absorption and (b) emission spectra of Zn-alloyed CIS QDs with
different cation precursors ratio (Lex = 425 nm). Reproduced from ref. 105
with permission from The Royal Society of Chemistry.

penetration.*”*° A solution to this issue could be offered by

non-linear optical phenomena such as two-photon absorption
(2PA): this technique consists in the excitation of a chromo-
phore with two simultaneous photons each with half energy
than the photons used for the conventional excitation (Fig. 7)
and it has been demonstrated suitable for CIS QDs.%%8%:1077109
The absorption cross-section (g,) was evaluated for different
sized QDs:'"” for instance, 3.0 nm-sized CIS QDs displayed a o,
value at 1050 nm equal to 9.3 x 10~ *® em® s, or 930 Goeppert-
Mayer units; larger nanoparticles possess a higher cross-
section. Surely, NIR excitation provides some advantages: an
increased depth of imaging and a lower risk of photodamage of
the tissues. In addition, excitation with two-photons provides
an anti-Stokes emission (i.e., two-photon excited photolumines-
cence) which further increases the signal-to-noise ratio, because
it prevents the excitation of the chromophores naturally present
in the biologic matrix and therefore their emission (the so-called
autofluorescence).

4. Bioimaging applications
Toxicity and biodistribution

The elements composing CIS QDs show quite different toxicity.
Despite that copper() can induce reactive oxygen species
(ROS) generation,"'® it is considered to be safer than
cadmium and lead. Some concerns arise from its disposal,
due to its harmfulness for various aquatic environments.*****
The toxicity of indium compounds has been extensively
studied, especially because of the use of its radioactive isotopes
for nuclear medicine. Ionic indium has shown toxicity on
kidneys, showing tubular necrosis, and at high concentrations
focal necrosis in the liver. Hydrated indium oxides, probably
due to their insolubility and consequent phagocytosis,
have shown a higher toxicity, especially on reticuloendothelial
system, and they are known to be accumulated in the liver,
spleen and bone marrow, causing focal necrosis."**'"* Indium
oxide nanoparticles are known to induce lung intercellular
toxicity in rats."'* A review by Nakajima et al studied the
possibility of embryotoxicity and teratogenicity in experimental
animals.'"®

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Schematic representation of the non-resonant two-photon
excitation process (red arrows) and two-photon excited luminescence
(orange arrow) in colloidal quantum confined CulnS,/ZnS type-I core/shell
heterostructures, compared to the classical absorption mediated by one
photon (blue arrow). Here, hv > hv'.

Concerning the safety of nanoparticles, different factors
have to be taken into account, including size, shape and
coating.’ For instance, it is well-known that, generally, smaller
nanoparticles (as reported for silica or gold nanoparticles) are
considered to be more toxic towards certain cells, probably
because of the high surface over volume atoms ratio which
overexposes more reactive surface sites.'*®'*®

CIS and zinc alloyed CIS (CISZ) QDs are generally considered
non-toxic.**?¢4%4143 Geveral studies have reported a high
cell-viability for various CIS QDs.””""'*'*® pPEGylated CIS/ZnS
QDs showed a good biocompatibility and low toxicity in vivo in
BALB/c mice,"”""'**> even though studies related to the over-
exposed PEG terminal group (e.g. -COOH, -NH,, -OCH3, -OH)
should be assessed as reported for other QDs.'*® In a study,
Kays et al.'** compared the toxicity of shell-free copper indium
sulfide QDs with CIS/ZnS core-shell nanoparticles encapsulated
in an amphiphilic lipid-polymer (DSPE-PEG,y). The shell-free
nanocrystals induced significant toxicity in vivo due to the release
of toxic ions, while the ZnS shell prevented the degradation,
resulting in a better biocompatible system. Conversely, shell-free
and core-shell QDs coated with O-carboxymethylchitosan were
studied in Caenorhabditis elegans models by Chen et al.'*® Both
the nanoparticles showed a good chemical stability and non-
toxicity after exposure times up to 96 h.

In addition to toxicity, pharmacokinetics and accumulation
of QDs are paramount. FDA requires that all injected contrast
agents should be excreted from the body in a reasonable time.
Bioaccumulation in spleen and thymus of BALB/c mice of
PEGylated CIS/ZnS QDs with a high hydrodynamic diameter
(ca. 17 nm) was reported by Chen et al. after a period of
28 days."* Conversely, biodistribution of non-PEGylated nanoctystals
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was assessed by Li et al”' In this study, CIS/ZnS QDs were
synthesized in organic phase and then transferred into water by
ligand exchange with DHLA. The nanoparticles were injected
intravenously into the tail of nude mice and the biodistribution
was assessed by fluorescence reflectance imaging. 24 hours
after the injection, the nanoparticles were localized mainly in
the lungs (which are known to act as a filter for capillary blood
fluxes) and the organs of the reticuloendothelial system (liver
and spleen). This is probably due to the negatively charged
surface of DHLA-CIS/ZnS QDs which cannot prevent the
opsonization."®® The resulting nanoparticles assume a higher
hydrodynamic volume due to the adsorbed proteins and con-
sequently are directed to the liver or spleen to be degraded and
excreted. This implies the necessity of a short PEGylation or a
zwitterionic coating maintaining a low hydrodynamic volume
(inferior to ca. 5 nm, i.e. the cutoff threshold filter in kidneys) in
order to permit a rapid renal excretion.

Bioimaging

Bioimaging is defined as the ensemble of techniques used to
acquire, process and visualize structural or functional images
of living objects or systems at a molecular level."*” It can
operate on cell lines (in vitro) or in a body (in vivo). Several
well-known bioimaging techniques are magnetic resonance
imaging (MRI), positron emission tomography (PET),
computed tomography (CT), ultrasound (US), optical imaging
(O1), et cetera.

In OI, the light is the investigational tool; luminescence (or
fluorescence) imaging is a particular type of OI in which the
emitted light from a contrast agent present in a tissue or organ
is detected in order to accomplish the diagnosis.'**™"*' 1t
represents a very interesting bioimaging technique, due to its
low cost and short acquisition time. For their peculiar optical
properties, QDs, and in particular CIS QDs, have been widely
considered for luminescence imaging.

Tumor targeting

An undoubted benefit of nanoparticles over molecular probes is
the possibility to be conjugated with specific binders for certain
tumor cells. This allows the so-called active targeting: the
injected nanoparticles are directed towards the specific tumor
site due to the favorable interaction between the functionaliz-
ing molecule and the receptor overexpressed onto the cells.'*
This allows a high degree of specificity both in vitro than in vivo
and various examples are reported for CIS QDs.

Foda et al.”’ demonstrated that CIS/ZnS core-shell systems
embedded in a silica shell (CIS/ZnS@SiO,) can be used for cell
imaging in vitro. The bright red emitting nanoparticles were
bio-conjugated with holo-Transferrin (Tf) and were incubated
with HeLa cells, which are known to overexpress appropriate
receptors. After an incubation period of 12 h and purification
via PBS washing, UV excitation was used to reveal the red/NIR
emission of the adsorbed nanoparticles (Fig. 8a), showing a
successful recognition. A sample of Tf-free CIS/ZnS QDs
embedded in a silica shell was used as control and a low
signal was detected after incubation (Fig. 8b). Moreover, no
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Fig. 8 (a) Luminescence imaging of Hela cells incubated with CIS/
ZnS@SiO,@Tf nanoparticles under UV excitation; the control experiment
of (b) Hela cells incubated with CIS/ZnS@SiO, QDs for 12 h, (c) HEK
293 cell line incubated with CIS/ZnS@SiO,@Tf for 12 h. Adapted with
permission from ref. 77. Copyright (2014) American Chemical Society.

photoluminescence was detected for Tf-conjugated nano-
particles with cells exposing limited Tf receptors (e.g. HEK
293 cell line), highlighting that such systems can be used for
targeted cellular imaging (Fig. 8c).

Another example of in vitro bioimaging was given by Zhao
et al.">* CIS/ZnS were transferred in aqueous environment via
ligand exchange with firstly mercaptopropionic acid and finally
glutathione. They were subsequently incubated in MCF10CA1la
breast tumor cells in Petri dish and the emitted light was
detected with a confocal microscope. The outcomes showed
that the nanoparticles successfully stained preferentially the
cytoplasm or the perinuclear area than the nuclei.

Deng et al®® synthesized different sized, and therefore
different emitting, CIS/ZnS QDs and embedded them in a
chitosan-micelle modified with folate (FA). In vitro imaging of
folate-receptor positive Bel-7402 tumor cells was successfully
reported, and the authors enounced the advantages with respect
to organic fluorescent probes, including chemical stability. The
same nanoparticles were also tested in vivo in mice, showing an
accumulation in FA-receptor positive tumor cells and in the liver
(Fig. 9). The presence in the RES organ could be due to the high
hydrodynamic volume given by the micelle, as previously
explained. The same authors, exploiting the different emissions
of the studied QDs, showed the possibility to discriminate
between different signals by interposition of suitable cutoff filters.

Fig. 9 NIR luminescence images of tumor-bearing mice after intravenous
injection with 800 nm emitting CIS/ZnS QDs loaded FA-chitosan micelles for
4 h: (a) before tail-vein injection, (b) FA receptor-positive Bel-7402 tumor-
bearing nude mouse, (c) control: FA receptor-negative A549 tumor-bearing
nude mouse. The tumor site is indicated by the white circle. Reprinted with
permission from ref. 98. Copyright (2012) American Chemical Society.
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Other active targeting systems for tumor detection in vitro
and in vivo were explored, indicating the high level of versatility
of those nanocrystals. Folic acid-conjugated CIS/ZnS QDs were
used to tag and display pancreatic tumor cells in mice by
Prasad et al.;'% antibodies conjugated CIS/ZnS QDs passivated
with a mixture of 11-mercaptoundecanoic acid and DHLA were
assessed for the visualization of BXPC3 pancreatic or U87 MG
brain cancer cells.”** Recently, Niu et al®® reported a
high specificity of CIS/ZnS QDs conjugated with Lys-Pro-Val
tripeptide (KPV) for colorectal cancer cells. CIS/ZnS QDs
biomineralized in presence of an enzyme were conjugated with
IgG antibodies to tag and display THP-1 leukemia -cells
overexpressing the epidermal growth factor receptor.®®

All these results are collected in Table 1.

It is interesting to notice that due to the higher biocompat-
ibility of core-shell systems with respect to the shell-free
nanoparticles,'** mostly CIS/ZnS QDs were examined. However,
it is well-known that the growth of ZnS shell causes a strong
blue-shift to the photoluminescence with respect to the CulnsS,
nanocrystal alone, probably due to the interdiffusion of zinc
ions into the CIS core or cation exchange with copper(i) ions.*®
Therefore, in order to obtain red emitting nanoparticles, the
size of the core should be further increased. This could be an
issue for in vivo bioimaging applications which request low
hydrodynamic volumes and high emission wavelengths.

The problem can be overcome by tuning the composition of
the core. By increasing the ratio Cu/In, the emission is shifted
towards higher wavelengths, maintaining the same dimensions.

Choi et al**® demonstrated the use of CIS/ZnS QDs with
different cation stoichiometry for in vivo imaging, highlighting
that the best tissue penetration was achieved for copper-rich QDs
(Fig. 10). In addition, the control over the temperature during
the ZnS shell growth is a way to avoid the cation exchange.®?

Another solution could be offered by alloyed systems: doping
the core with zinc ions during the core synthesis seems to hinder
the cation exchange and red/NIR photoluminescence is preserved.
Guo et al.” exploited this process to obtain CISZ/ZnS QDs with
inhibited blue-shift photoluminescence for tumor targeted bio-
imaging. The nanoparticles were transferred into water by poly-
mer coating and then coupled with Arg-Gly-Asp (cRGD) peptides,
which gave selectivity towards U87 MG tumors in mice (Fig. 11).

In addition to active targeting, tagging tumors can be
performed by exploiting the enhanced permeation and reten-
tion (EPR) effect. Due to their high metabolic activity, tumors
usually generate blood vessels that drain the nutrition from the
vascular system of the host, in a process called angiogenesis.
The newly generated vessels are leaky, so that the drainage can
be more efficient. In this way, the circulating agents, among
which the nanoparticles, can extravasate more easily in the
tumor. This is the basis for the so-called passive
targeting."*>"?® Fig. 12 shows the difference between the two
types of tumor targeting. In this case, modifications of the
surface like PEGylation are required, in order to lower the
recognition of the nanoparticles by the RES and enhancing
the circulation time of the nanoparticle. An example of these
systems was given by Guo et al.°® who reported also a better
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Table 1 Summary of the copper indium sulfide-based nanoparticles, the functionalization and bioconjugation, for bioimaging applications

Nanoparticles Functionalization Conjugation Biomedical application Ref.

In vitro and in vivo imaging of cancer cells
CIS/ZnS Encapsulation in silica matrix Holo-transferrin In vitro targeted imaging of HeLa tumor cells Foda et al.”’
CIS/ZnS Glutathione — In vitro MCF10CA1a breast tumor cells Zhao et al.'*?

Zinc alloyed CIS/ZnS

CIS/ZnS
CIS/ZnS
CIS/ZnS

CIS/ZnS
CIS/ZnS

CIS/ZnS

CIS/ZnS

Zinc alloyed CIS/ZnS

Zinc alloyed CIS/ZnS

Zinc alloyed CIS/ZnS

CIS/ZnS

CulnSe,S,_,/ZnS

CIS/ZnS

CIS/ZnS

Gd(I1I) doped CIS/ZnS

CIS/ZnS

CIS/ZnS

%Cu doped CIS/ZnS

CIS

CIS and CIS/ZnS

CIS
CIS/ZnS

CIS/ZnS

internalization into tumor of PEGylated nanoparticles with

Glutathione

Encapsulation in a chitosan-
micelle

Encapsulation in phospholipide-
micelle

Dihydrolipoic acid

Mercaptopropionic acid
Encapsulation in (Poly Acrylic
Acid)-n-octylamine micelle
Stabilization by L-cysteine

Encapsulation in bovine serum
albumine - poly(e-caprolactone)
Encapsulation in poly(maleic
anhydride-alt-1-octadecene)
Encapsulation in poly(maleic
anhydride-alt-1-octadecene)

Rabbit antibody
anti-AFP
Folic acid

Folic acid
2A3 antibodies

EG2 antibodies
Lys-Pro-Val
tripeptide
Antibodies 151-Ig

Arg-Gly-Asp
peptides
Arg-Gly-Asp
peptides

imaging

In vitro targeted imaging of Hep-G2 liver
cancer cells

In vitro and in vivo targeted imaging of Bel-
7402 tumor cells

In vivo imaging of pancreatic tumor cells

In vitro imaging of BxPC3 pancreatic cancer
cells

In vivo imaging U87 MG brain cancer cells
In vitro and in vivo imaging of colorectal
Caco-2 tumor cells

In vitro targeted imaging of THP-1 leukemia
cells

In vitro and in vivo targeted imaging of U87
MG tumor cells

In vivo targeted imaging of U87 MG tumor
cells

Time-gated detection of SK-BR-3 breast
cancer cells in vitro

In vivo tracking and visualization of tissues

6-sulfanyl-1-hexanol
Poly(ethylene)glycol or micelle
encapsulation

Encapsulation in poly(lactic-co-
glycolic acid)

Mercaptopropionic acid, silica-
embedded magnetite NPs

Silica embedding CIS/ZnS and
magnetite NPs

Encapsulation in PEGylated
dextran-stearyl acid lipid vesicles
Gd(III) complex

Encapsulation in poly(maleic
anhydridealt-1-octadecene)
Poly(ethylene)glycol or
glutathione

Electrostatic interactions with
poly(r-glutamic acid)
Encapsulation in a carbox-
ymethylcellulose polymer

Mercaptopropionic acid and
MUC1 aptamer
Mercaptopropionic acid

Encapsulation in lipid-
functionalized PEG micelles

respect to non-PEGylated QDs.

CIS QDs for biosensing

Copper indium sulfide QDs have been demonstrated to be
valid tools not only for bioimaging, but also for biosensing
techniques, acting as fluorescent probes. For instance, the
decrease or increase of the luminescent signal from the

This journal is © The Royal Society of Chemistry 2021

Protein invasin

In vivo imaging of RES organs
Sentinel lymph node tracking

Intestinal M cells tracking

Multi-modal imaging

Pt(1v) anticancer
drug

Gd(m) complex,
folic acid

Theranostics
Doxorubicin

Folic acid and
doxorubicin

Daunorubicin
Aminolevulinic

acid

Luminescence and MR imaging of HepG2
cells in vitro

Luminescence and MR imaging of MCF-7
cells and drug delivery in vitro
Luminescence and MR imaging of U87 MG
tumor cells in vivo and in vitro
Luminescence and MR imaging of HeLa
cells in vitro and in vivo

Luminescence and MR imaging of HeLa,
HepG2, MCF-7 cells in vitro
Luminescence imaging, PET and CRET

in vitro and in vivo in U87 MG tumor cells

Drug delivery and visualization of PC3M cell
by luminescence imaging in vitro

Drug delivery and visualization of breast
cancer cells by luminescence imaging

in vitro

Drug delivery and visualization of PC3M cell
by luminescence imaging in vitro
Photodynamic therapy and luminescence
imaging of MCF-7 cells in vitro
Phototherapy and multi-modal-imaging
(luminescence and MSOT) in vitro and

in vivo

Jiang et al.®’

Deng et al.”®

Prasad et al.*®®

Yu et al.™**

Yu et al.***
Niu et al.®

Spangler et al.®®

Liu et al.*”®
Guo et al.”®

Mandal et al.***

Guo et al.®*
Pons et al.®®

Panthani et al.**°

Wang et al.™>’

Hsu et al.**®

Yang et al.'®*
Yang et al.**®
Cheng et al.'®*

Guo et al.®

Gao et al.'”*

Mansur et al.*’>

Lin et al.'’®

Feng et al.®®

Lv et al.'”?

quantum dot can be related to the concentration of a specific

analyte.”*” "% For example, it is known that CIS QDs can be

quenched in presence of Cu

2+ 74
)

providing therefore an on-off

sensing of copper(u) ions. Biosensing is pivotal for biomedical

purposes, since the presence and amount of a certain molecule
in the serum can be associated to a particular disease.
In some interesting cases, biosensing can be implemented to
bioimaging. An example of this was provided by Lin et al.'*?

140,141
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Fig. 10 Photon penetration ratio of CIS QDs with Cu/In = 0.25 and
Jdemmax = 589 nm (red line) and CIS QDs with Cu/In = 1.8 and Aem max =
726 nm (black line) using tissue-like phantoms. Adapted from ref. 135 with
permission from The Royal Society of Chemistry.
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Fig. 11 In vivo NIR luminescence imaging of U87MG tumor-bearing mice
(arrows) injected with (a) CISZ/ZnS QDs and (b) CISZ/ZnS QDs functionalized
with cRGD peptides. The relatively short half-life of the two systems could be
due to the rapid uptake by RES, as shown by the accumulation in the liver.
Reproduced from ref. 75.

In their work, CIS QDs were synthesized directly in water with
mercaptopropionic acid. The system was developed in the
presence of Cu®" ions and adenosine-5-triphosphate (ATP).
Under these conditions, ATP sequesters copper(u). Acid
phosphatases hydrolyzes adenosine-5-triphosphate, liberating
the copper(n) ions that quench CIS QDs photoluminescence.
Since the enzyme phosphatase has been observed to be
produced at higher concentrations in the presence of certain
tumors (e.g. prostate cancer), acting as biomarker,"*® the
studied nanoparticles were utilized in vitro on different cell
lines to be assessed as probes. The cells containing more
phosphatase (in the present case, prostate cancer cells) showed
an inferior luminescence from the quantum dots with respect
to the control sample.
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Fig. 12 Scheme representing the concepts between passive and active
targeting of tumor cells by quantum dots. Adapted with permission from
ref. 136. Copyright (2014) American Chemical Society. DOI: 10.1021/
nn500136z.

The sensing of temperature is crucial for studying biological
activities in cells and tissues. In this context, the emission
quantum yield of the contrast agent is correlated to the
temperature in the microenvironment. This could be useful,
for instance, to assess cellular activities, hyperthermia
monitoring or thermal therapies. CIS QDs encapsulated in
micelles were developed by Zhang et al.'** and employed as
intracellular temperature-sensitive probes. The nanoparticles
were engulfed into HeLa cells and the temperature increased,
showing a consistent decrease in the NIR emission of the
nanoparticles declared equal to 2.0% °C~'. The experiments
were replicated also in vivo, in tumor-bearing mice, injecting
the nanoparticles intravenously. By locally increasing the
temperature, the photoluminescence recorded from the nano-
particles in the tumor was gradually lower, displaying a
declared sensitivity superior to other in vivo temperature-
sensing systems. The decay was described by the authors as
linearly dependent from the temperature. Despite this represents
a promising area of research, it should be noticed that both the
cited works are based on the variation of the emission intensity of
the QDs, which is, however, not reliable, because of the difficulty
to quantify the number of absorbed photons by the probe, the
scattering of the excitation and emitted light, and the re-
absorption of the emitted light. We suggest that future works
should rely on the variation of the emission lifetimes, which are
more trustworthy for in vivo applications.'*’

Sentinel lymph node and vaccine tracking

Apart from tumor targeting, also sentinel lymph node (SLN)
tracking is important for the monitoring of the evolution of
several kinds of cancer, including melanoma or breast cancer,
that spread through lymphatic vessels. This technique consists
in the identification of the first lymph node in proximity of the
tumor, its resection and analysis. If the presence of tumor cells
in the SLN is revealed, it means that the tumor has already
spread, and the therapy should be adapted accordingly.'*®'*
Nanoparticles with a diameter comprised between indicatively
10 and 50 nm are considered to possess the right size for
staining SLNs, being able to reach the lymph node through the
afferent lymphatic vessel and to be retained.'*® In addition, a
negatively charged surface is preferable, due to the rapid
uptake and excellent holding in the lymph node."*® In this
context, Pons et al.®® prepared CIS/ZnS QDs with hydrophobic
ligands and transferred them in water by ligand exchange with

This journal is © The Royal Society of Chemistry 2021
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poly(ethylene)glycol or micelle encapsulation. The nano-
particles were administered to mice by subcutaneous injection
in a paw. NIR fluorescence imaging (exciting at 690 nm) was
performed to visualize two regional LNs corresponding to right
axillary lymph nodes 15 minutes after the injection. The
nanoparticles accumulated in the region of interest for up to
7 days.

Interestingly, in the same study, detection limit was
assessed to 2 pmol injected doses, while inflammation was
recorded for an administration of 100 pmol. The results
were compared to cadmium-based QDs, which induced the
inflammation with a dose of 10 pmol, highlighting the clear
difference in toxicity between the two nanomaterials.

A system based on CulnSe,S,_,/ZnS QDs was also studied by
Panthani et al. to track the movements of orally administered
particles (such as oral vaccines).'*® The nanocrystals were
encapsulated in poly(lactic-co-glycolic) acid microparticles and
conjugated with a protein “invasin” specific for intestinal M
cells. M cells represent a barrier for pathogens like viruses and
bacteria, mediating immune response. They sample the
material present in the intestine and deliver it to underlying
lymphocytes. Because the access to these lymphocytes is
paramount for the absorption of vaccines that are orally
administered, tagging M cells could represent a good strategy
for oral vaccine delivery."> The NIR imaging proved the
efficient localization of orally injected invasin-conjugated QDs
in the gastrointestinal tract of mice up to 2 days.

Time-gated detection imaging techniques

The visualization of biological tissues through steady-state
luminescence imaging usually suffers from a low sensitivity.
As a matter of fact, the back-scattered excitation light and the
autofluorescence due to the organic fluorophores naturally
present in the biological matrixes may enhance the noise.
The utilization of CulnS,-based QDs provides a solution, thanks
to their long emission lifetimes (hundreds of nanoseconds) if
compared to organic fluorophores (units nanoseconds). This can
enable time-gated detection (TGD) imaging techniques. Time-
gated detection consists in delaying the detection of the emitted
light of the biological sample from the excitation pulse, so that
the short-lived emitting components of the biological environ-
ment are not emitting anymore, while the luminescence of the
long-lived components (CIS QDs) is still present. In other words,
the recorded light will be due mostly to the CulnS,-based QDs, as
explained by Fig. 13. While the integrated optical setup to
perform time-gated detection is relatively simple, this
results in an enhancement of the signal-to-noise ratio.'*>'"?
Applications of time-gated detection to in vitro bioimaging were
given by Mandal et al'® Zinc alloyed CIS/ZnS QDs were
encapsulated in an amphiphilic polymer and used to tag
SK-BR-3 breast cancer cells. The cells were subjected to a 10-ns
time-gated detection bioimaging. Autofluorescence (lifetimes of
ca. 1.5 ns) was successfully suppressed (Fig. 14), improving the
signal-to-noise ratio by one order of magnitude with respect to
steady-state detection. In addition, the system was studied with
fluorescence lifetime imaging microscopy (FLIM), i.e. a microscopy
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Fig. 13 Comparison between steady state (or continuous) detection and
time-gated detection. A continuous detection from the excitation pulse at
time = 0O includes the emission of short-living components (whose decay
in time is represented by the mono-exponential solid blue line, Ty e = 5 Ns)
and long-living ones (red line, t,eq = 100 ns). A delayed detection
suppresses the first ones.

technique that discriminates by color different emitters depending
on their lifetime. A comparison with CdSe/ZnS QDs (lifetime of
8.24 ns) and Alexa488 fluorophore (with lifetime slightly longer
than autofluorescence) tagging the same cells was performed
revealing the suitability of CIS QDs for time-gated detection
imaging techniques.

Multi-modal imaging

One of the most fascinating features of nanotechnology is the
possibility to allow multi-modal imaging by combining in
the same nanoparticle contrast agents specific for different
diagnostic techniques.’>'® This is useful to circumvent
the problems related to the use of just one technique, e.g. the
sensitivity, the tissue penetration, the spatial resolution,
et cetera. One example consists in coupling QDs useful for
luminescence imaging with paramagnetic ions used as contrast
agents for magnetic resonance imaging (MRI). Among them, iron
oxide-containing nanoparticles®® or lanthanide complexes'”
have been extensively studied for their magnetic behavior.

FLIM

Steady-state

Fig. 14 On the left, steady-state luminescence intensity images with two
cells labeled 1 (receptor free, highly autofluorescent) and 2 (overexpressing
receptor Her2) whose membrane is stained with Her2-specific CIS QDs; in
the middle, FLIM images; ranging from 1 ns (blue) to 16 ns (red); on the
right side, image after time-gating the first 10 ns of photons significantly
improving contrast, and removes unlabeled cells from the images. Repro-
duced from ref. 154 with permission from The Royal Society of Chemistry.
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Their contrast enhancement is due to a modification of
the relaxation times (longitudinal or transverse) of the
protons of water in the proximity. Conjugation of CIS QDs
with paramagnetic ions has been mainly accomplished by

three different ways: integration with iron oxide
nanoparticles,>”**® doping with Gd(ur) or Mn(u) ions,®**>°71¢*
and functionalization with Gd(m) complexes.'®>'** Wang

et al’ prepared magnetic CulnS,/ZnS nanocrystals by

integrating silica-embedded magnetite nanoparticles with mer-
captopropionic acid modified CIS/ZnS QDs, showing both
superparamagnetic and photoluminescence properties. Alloying
the nanoparticle with lanthanide ions, for instance, was accom-
plished by Yang et al.'®* Gd(m) was incorporated into CIS/ZnS
during the core synthesis. The nanoparticles were transferred
into water after encapsulation in PEGylated dextran-stearyl acid
polymeric lipid vesicles. In vitro and in vivo experiments were
performed to display pronounced longitudinal relaxivity (r; =
9.45 mM ' s7'). Doping with paramagnetic ions, however,
usually worsens the photoluminescence properties. Yang
et al."®* developed bimodal contrast nanoagents based on CIS/
ZnS functionalized via ligand exchange with 2-|bis[2-[carboxy-
methyl-[2-ox0-2-(2-sulfanylethyl-amino)ethylJamino]ethylJamino]
acetic acid (DTDTPA). Afterwards this chelates Gd(m) ions,
yielding CIS QDs functionalized with gadolinium complexes.
MRI was studied in vitro on HeLa cells and in vivo in tumor-
bearing mice (Fig. 15a). MR intensity was observed to increase in
24 h post injection in the tumor site, assessing its bioaccumulation
via passive targeting (Fig. 15b). The longitudinal relaxivity was
recorded to be 2.5 times higher than the already approved
molecular probe based on DTPA gadolinium complex. Also, photo-
luminescence was recorded in vivo, highlighting the ability to
display both optical and magnetic resonance imaging. Apart from
lanthanides and elements with a high number of unpaired
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Fig. 15 In vivo longitudinal relaxation time-weighted MR images (a) and
MR signal intensities (b) of HelLa-bearing nude mice at O, 8, 24, and 48 h
after tail vein injection of Gd chelate CIS QDs. Adapted with permission
from ref. 162. Copyright (2017) American Chemical Society.

688 | Nanoscale Horiz., 2021, 6, 676-695

View Article Online

Review

electrons for magnetic resonance imaging, QDs can be
implemented with radionuclides, which can accomplish
diagnostic techniques based on nuclear medicine, namely Posi-
tron Emission Tomography (PET), Single Photon Emission
Computed Tomography (SPECT), Cerenkov Luminescence Ima-
ging (CLI).’ In particular, CLI has emerged only in the last
decade, providing both an interesting and cheap investigational
tool in vivo and also dosimetry information during diagnosis or
therapies that exploit radiopharmaceuticals."®® It allows the
visualization of radiotracers that emit Cerenkov Radiation
(CR). CR is an electromagnetic wave generated when charged
nanoparticles moves in a medium faster than the speed of light
in the same dielectric. It is associated to nuclear medicine
because the charged nanoparticles are usually generated by
nuclear decays (especially negatron B~ and positron " emitters)
or by external high energy irradiation (linear accelerators, X-ray
sources).'®® Unfortunately, the CR emission is more intense at
UV-blue spectral range, which is unsuitable for in vivo imaging,
as previously discussed.’®”**® CIS QDs can provide a solution.
Their absorption spectra overlap well with the CR emission.
In these circumstances, a process called Cerenkov resonance
energy transfer (CRET) can take place: the radionuclide
sensitizes CIS QDs, thus converting the blue Cerenkov radiation
in most penetrating red/NIR photons. It is worth noting that this
process does not require excitation light, which usually limits
the application of bioimaging due its poor tissue penetration.
Similar systems were described by Guo et al ®® Positron emitter
4Cu was incorporated into CIS/ZnS nanocrystals during the core
formation, providing intrinsically radioactive QDs (RQDs). The
colloidal stability in aqueous environment was provided by a
functionalization of the surface with poly(ethylene)glycol or
glutathione (GSH). Firstly, CRET occurrence from the 3" emitter
to the QD was successfully verified by in vitro analysis (Fig. 16a):
in absence of external stimuli, the sample containing RQDs
emitted red light, while the control containing just a ®*Cu salt
showed the typical blue CR emission. Therefore, the nano-
particles were tested in vivo in mice bearing human U87
glioblastoma tumor (Fig. 16b). The mice were imaged 6 hours
post injection with open or 590 nm cutoff filter. Pegylated RQDs
showed a higher bioaccumulation in the tumor with respect to
%4Cu salt and glutathione functionalized RQDs, probably due to
EPR effect. Also, a superior luminescence was recorded both in
absence and in presence of red-light filter, assessing the
efficiency of CRET. In the same work, the authors proved the
possibility to perform multi-modal imaging, coupling positron
emission tomography with the conventional optical imaging.

Theranostics

The rise of nanotechnology in medicine has allowed to integrate
diagnostic and therapeutic tools in the same system, enabling
the so-called theranostics.® Despite the development of this
field is still at an early stage, there are potential benefits with
respect to the conventional therapeutics, including a real-time
evaluation of the therapy and assessment of treatment
efficacy.’”® Various examples are reported for CIS QDs. Gao
et al.'”* proved the efficiency of doxorubicin (DOX) conjugated

This journal is © The Royal Society of Chemistry 2021
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Fig. 16 (a, left) PET, photoluminescence (PL) and CRET luminescence images derived with various narrow filters for the ®*CuCl, (a, 150 pCi), [**CulCIS/
ZnS RQDs (b, 150 uCi, 25 pg),and CIS/ZnS nonradioactive QDs (c, 25 pug) aqueous solutions, respectively. The CRET luminescence images were acquired
with acquisition time of 4 min. The PL images were obtained under blue excitation light with exposure time of 0.1 s. (b, right) CRET images of U87 MG
tumor-bearing mice at 6 h post injection of 100 pL (300 puCi) of 5*CuCl,, glutathione-[**CulCIS/ZnS and PEGylated [**Cu]CIS/ZnS RQDs, respectively.
Circle, tumor area. These luminescence images were acquired without excitation light with open and red filter (>590 nm). Adapted with permission from
ref. 66. Copyright (2015) American Chemical Society. DOI: 10.1021/nn505660r.

CIS QDs for the simultaneous imaging and treatment of cancer
cell via drug delivery. In particular, positive charged CIS QDs
were conjugated by electrostatic interactions with negatively
charged poly(L-glutamic acid) (PGA) functionalized with the
anticancer drug DOX. In this complex, the emission of the QD
is quenched by photoinduced electron transfer to DOX. After
incubation in cancer cells, PGA is hydrolyzed, resulting in the
release of DOX and separation from CIS QDs. The nanocrystals
recover their emission, and the photoluminescence intensity can
be correlated to the amount of liberated DOX, providing a tool
for monitoring the drug release in the cancer cells. Cytotoxicity
studies in tumor cells in vitro confirm the reduced viability due
to DOX conjugated CIS QDs with respect to DOX-free QDs
(Fig. 17). Another recent example involving CIS QDs for drug
delivery was given by Mansur et al."”> CIS/ZnS QDs were directly

140
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Fig. 17 In vitro cell viability of PC3M cells treated with varying concen-
trations of CulnS, QDs and DOX-conjugated CIS QDs for 48 h. Percentage
cell viability of the treated cells was calculated relative to that of untreated
cells (with arbitrarily assigned 100% viability). Reproduced from ref. 171
with permission from The Royal Society of Chemistry.
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synthesized in water stabilized by a carboxymethylcellulose
(CMC) biocompatible polymer. Folic acid (FA) was then linked
via amide coupling and DOX was conjugated via non-covalent
interactions. Therefore, incubation of free DOX anticancer drug,
non-conjugated CIS/ZnS QDs and DOX + FA-conjugated CIS/ZnS
QDs was performed on different kinds of cells: cancer cells
overexposing folate receptor, cancer cells in absence of folate
receptor and healthy cells. Non-conjugated QDs did not display
cytotoxicity. Free DOX caused a decrement of viability in all the
cell samples. DOX + FA-conjugated CIS/ZnS QDs caused a super-
ior toxicity on cells overexpressing FA receptor, probably pro-
moted by a better internalization. The emissions of FA, DOX and
CIS/ZnS QDs after endocytosis were used to image the cells.
CulnS,/ZnS QDs were finally assessed as “all-in-one” nano-
medicines displaying bi-modal imaging and phototherapy
applications by Lv et al.'”> Multi-modal imaging was accomplished
by combining the typical NIR luminescence imaging with
multispectral optoacoustic tomography (MSOT). MSOT allows
to overcome the limitations of optical diffusion with the spatial
resolution of ultrasound detection generated by photoacoustic
effect (PA). In principle, pulsed light of short duration is used to
excite the sample that produces acoustic waves. Those photo-
acoustic waves are collected to generate an image. In contrast
with conventional PA techniques, MSOT relies on spanning
various excitation wavelengths, allowing to differentiate the
chromophores, e.g. hemoglobin from nanoparticles.'”* In this
work, MSOT behavior of CIS/ZnS QDs was studied for different
excitation wavelengths and various concentrations. The authors
reported a linear correlation between PA and the concentration
of the nanoparticles up to 200 pg mL™'. PA spectrum was
also recorded, showing a higher signal for lower excitation
wavelengths (<800 nm). Luminescence/MSOT dual-modal
imaging was also assessed in vivo. CIS/ZnS QDs encapsulated in
lipid-functionalized PEG micelles with different hydrodynamic
volumes were intravenously injected in tumor bearing mice. NIR
luminescence imaging showed an accumulation of CIS QDs in the
tumor between 6 and 48 h post injection, due to EPR effect, with a
slight decrease after 24 h (Fig. 18a). Therefore, MSOT imaging was
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Fig. 18 Comparison between luminescence imaging and MSOT in vivo.
(@) NIR luminescence images of tumor-bearing mice at various time points
after intravenous injections of CIS/ZnS QDs with hydrodynamic diameter
of 25 nm. (b) MSOT images of tumors (arrows) in mice taken at different
times after intravenous injection of the same CIS/ZnS QDs. Enlarged
orthogonal views of the tumor region are also presented. Adapted with
permission from ref. 173. Copyright (2016) American Chemical Society.

acquired, providing a higher spatial resolution and better
information on the bioaccumulation times (Fig. 18b).

The same nanoparticles were tested for phototherapy
applications. The use of light-activated treatments show various
advantages, including spatiotemporal selectivity, reduced side
effects and minimal invasiveness.'”> Among them, tumor
ablations can be performed by photothermal therapy (PTT)
and photodynamic therapy (PDT). Photothermal therapy
consists in the thermal relaxation of a photoexcited contrast
agent. The released heat enhances the temperature of the
surrounding tissue (i.e. the tumor), causing cell necrosis. In
contrast, photodynamic therapy relies in the photoinduced
energy transfer from the excited pharmaceutical to dioxygen
in situ. Oxygen is sensitized at its first singlet excited state,
which is known to be cytotoxic and damages the tumoral tissue.
Photothermal and photodynamic effects were firstly tested in
solution. Continuous irradiation with a 660 nm laser over a
period of 10 minutes resulted in an enhancement of the
temperature of the solution only in presence of CIS/ZnS QDs.
Photostability of the QDs was reported by various heating/
cooling cycles. To investigate the generation of singlet oxygen
following CIS QD photosensitization, the nanoparticles were
suspended in an aqueous solution of p-nitrosodimethylaniline
(RNO), a species subject to bleaching in presence of reactive-
oxygen species. After exposure to the same laser irradiation, a
decrease of RNO absorption spectra (maximum at 440 nm) was
detected, symptom of the generation of ROS. The nanoparticles
were proved to display both the photoinduced effects.
Therefore, viability on mouse mammary carcinoma 4T1 cells
was tested in presence or absence of irradiation with QDs.
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During an irradiation period of 10 minutes with 660 nm laser
(1 W em™?) 95% of the cells were killed, in contrast to what
happened with the control samples (absence of irradiation or
without QDs). This suggested that photoablation occurred,
probably due to a combination of both PTT and PDT.
Eventually, test in vivo in 4T1 tumor-bearing mice were
performed. The treated mice were administered CIS/ZnS QDs
(40 mg kg~ ') and exposed to the same laser irradiation tested
in vitro after 12 h post injection. Thermal images were
continuously acquired in the tumor site, recording a local
temperature enhancement to 46 °C after 6 minutes. After the
treatment, a decrease in the tumor volume due to the photo-
ablation was reported. It is worth noting that both the
diagnostic and the therapeutic techniques involve the same
excitation light pulse, yielding a potential tool that allows
multiple imaging and treatment at the same time.

5. Conclusion and future perspectives

The enormous development of the synthetic methodologies of
nanocrystalline semiconductors in the last decades has led to a
multitude of technological and biomedical applications. This
consideration holds also for CIS QDs (Fig. 19), which, due to
their low toxicity, peculiar photophysical properties, and
inexpensive production cost have emerged among different
kinds of semiconducting nanoparticles as valid tools for
in vivo and in vitro investigations.

We have therefore summarized the main synthetic methods
for the production of CIS QDs, their photophysical features and
the most recent applications for bio-labelling purposes;
although recent progresses show vast and diverse applicability,
we are able to underline, in perspective, advantages and
potential limitations in their use.

e CIS QDs feature an elevated absorption cross-section, good
photostability and a high photoluminescence quantum yield.
Their size- and composition-dependent emission matching
the biological transparency window and their long lifetimes
represent ideal features for their use in biological matrices.
Moreover, CIS QDs can overcome several issues from which
typical QDs or conventional molecular probes used for bioimaging
applications usually suffer, including the suppression of autofluor-
escence and tissue penetration by two-photon absorption.
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Fig. 19 Historical overview of the CIS quantum dots.
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e Concerning their toxicity, CIS QDs have generally been
considered suitable entities for the interaction with living cells.
The toxicity of isolated ions was also considered, emphasising
the need of nanoparticle shelling to reduce the loss of cations
in biological tissues. Furthermore, due to the dependence
between common nanoparticles toxicities and their size,
morphology and terminal groups of the functionalizing moiety,
we draw attention to consider cytotoxicity studies on CIS QDs
with different dimensions, shapes and overexpressed
molecules (e.g. the charge and the terminal group in PEGylated
nanocrystals). Being biodistribution and bioaccumulation
in RES organs important for the administration of
contrast agents, further studies should be addressed on
nanoparticle-based  hybrid systems which could be
readily excreted through renal filtration. Hence, the decoration
of the particle with charged substituents (for instance, by
means of an inorganic ligand exchange or through a zwitter-
ionic functionalization) should be considered for successful
developments.

o CIS QDs have displayed very high adaptability for bioimaging
applications. Bioconjugation was frequently demonstrated to be
an effective way to introduce binders for enabling active targeting
of specific cells, although EPR (enhanced permeation and
retention) effect was also used to tag tumors. The suitability of
the system is ameliorated by taking advantage of the features of
the nanocrystals. By employing time-gated detection techniques,
CIS QDs emitting in the NIR spectrum are able to enhance the
signal-to-noise ratio in vitro. In summary, CIS QDs were proved to
be appropriate platform for the combination of different imaging
techniques (in particular MRI, PET, CRET and MSOT), acting as
multi-modal imaging diagnostic tools, even in drug delivery and
phototherapy. Also, the implementation of sensing to bioimaging
seems to be a compelling application, but, for future works,
researchers should rely on the variation of emission lifetimes
instead of emission intensity.

Although the research focused on biological applications of
copper indium sulfide QDs is relatively recent, it is undoubted
that the future of this semiconducting nanomaterial is
bright. We hope the collaboration between researchers with
different backgrounds - chemistry, biology, nanophysics,
and medicine over all - could be consolidated for the realiza-
tion of useful bioimaging systems and techniques (for example,
in light-guided surgery, cancer cells tagging, nanomedicine,
etc.).
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