JAC'S

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Post-Synthesis Incorporation of ®*Cu in CuS Nanocrystals to
Radiolabel Photothermal Probes: A Feasible Approach for Clinics

Andreas Rledlnger, ol Tommaso Avellini, "+

Alberto Curcio,

L Mattia Astl, Yi Xle, Renyong Tu,

Sergio Marras, Ahce Lorenzonl, Sara Rubagottl, Michele Iorl, Pier Cesare Capponl, Annibale Versarl,

Liberato Manna,” Ettore Seregnl, and Teresa Pellegrino™

n

"Istituto Italiano di Tecnologia, Via Morego 30, 16163, Genova, Italy
*Nuclear Medicine Unit, Oncology and Advanced Technologies Department, Arcispedale Santa Maria Nuova-IRCCS, Viale

Risorgimento 80, 42121, Reggio Emilia, Italy

$Division of Nuclear Medicine, Istituto Nazionale per lo Studio e la Cura dei Tumori, Via Venezian 1, 20133 Milano, Italy
”Optical Materials Engineering Laboratory, ETH Zurich, 8092 Zurich, Switzerland

© Supporting Information

ABSTRACT: We report a simple method for the incorporation of Cu(I) or *Cu(I)
radionuclides in covellite nanocrystals (CuS NCs). After the in situ reduction of Cu(II) or
®Cu(1I) ions by ascorbic acid, their incorporation in PEG-coated CuS NCs takes place at
room temperature. In all the reaction steps, the stability of the NCs under physiological
conditions was ensured. The copper incorporation reaction could also take place on CuS NCs
bearing biotin molecules at their surface, with no detrimental effects on the specific binding
affinity of the NCs toward streptavidin after incorporation. At low loading of Cu ions, the
strong near-infrared (NIR) absorption band of the starting CuS NCs was essentially
preserved, which allowed for efficient plasmonic photothermal therapy. The combined
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presence in the NCs of *Cu ions, well suitable for positron emission tomography, and of free

carriers responsible for the NIR absorption, should enable their theranostic use as radiotracers and as photothermal probes in
tumor ablation treatments. Moreover, the simplicity of the preparation scheme, which involves the use of radioactive species only
as a last step, makes the protocol easily transferable to the clinical practice.

B INTRODUCTION

In the medical practice, **Cu is a valuable radioisotope for both
positron emission tomography (PET), as it emits f* partlcles,
and for radiotherapy, as it also emits S~ particles.' >
Unfortunately, currently available clinical therapies based on
*Cu-radiolabeled peptides or antibodies are limited by the
accumulation of the radiopeptides to excretion organs, with
unwanted side effects (i.e., nephrotoxicity). To overcome these
limitations, various attempts have been made to associate **Cu
radionuclides to nanocrystals (NCs). The most common
strategy resides in the use of suitable metal chelators anchored
to the surface of the NCs.*” Followmg thls approach, **Cu ions
were associated with magnetic NCs®™® and to fluorescent
quantum dots.”'® One major concern of this strategy is that a
large number of metal cations, bound to the surface of the NCs,
will inevitably affect the surface properties and will additionally
reduce the portion of NC’s surface space available for binding
targeting molecules or drugs.'' Since surface properties usually
determine the fate of NCs in biological systems, the use of NCs
bearing surface anchored cations would then require fine-tuning
of the experimental conditions for each specific application.
Besides, issues related to stability and/or dissociation of the
metal ions from the chelators must be taken into account when
exposing such radiolabeled NCs to the saline environment of
physiological media. 1213 Ag an example, Parak et al. have
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recently demonstrated that, even if the radiotracer is well bound
to the chelator, once the NCs are injected into rats, part of the
degradation of the organic surface capping layer (that carries
the chelator) causes the dissociation of the radioisotope from
the NC."*

To circumvent these issues, the direct insertion of **Cu ions
inside the NCs rather than at the NC’s surface (as in the
chelating methods discussed above) has been proposed. This is
done by mixing **Cu salts with the other precursors needed for
the synthesis during the preparation of the NCs. The *Cu
precursors are customarily referred to as the “hot precursors”,
in order to distinguish them from the nonradioactive Cu
precursors, which are termed instead “cold precursors”. With
this approach, various types of **Cu doped NCs have been
prepared, for example glutathione-coated ®*Cu-copper metal
NCs,"® *Cu—Au alloy NCs,'® and *Cu:CuS NCs.'” Another
reported strategy for introducing **Cu in the NCs is by partial
cation exchange. Sun et al. doped hydrophobic CdSe/ZnS NCs
of various sizes in a hexane/ethanol mixture at 60 °C with
$Cu(I) by in situ reduction of **CuCl, with ascorbic acid,"®
followed by partial exchange of the Zn(II) and/or Cd(II)
cations of the NCs with **Cu(I). These radiolabeled-QDs were
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Figure 1. (a) Sketch summarizing the water transfer process by means of ligand exchange on covellite CuS NCs and Cu(I) incorporation starting
with Cu(II) and ascorbic acid (AA) as precursors. (b) Representative TEM image of CuS NCs stabilized with SH-PEG-NH, (scale bar is 50 nm) and
(c) TEM image of CuS NCs after Cu(I) incorporation (scale bar is S0 nm). (d) Hydrodynamic diameter (number mean) of CuS NCs before (black
line) and after (red line) the Cu(I) incorporation reaction took place in PBS media. (e) Absorption spectra of CuS NCs after S min reaction with

different equivalents of CuCl, salt in the presence of AA.

then transferred in water. The luminescent properties were
retained after partial cation exchange and water transfer, and
the NCs exhibited efficient Cerenkov resonance energy
transfer. Together with positron emission by the ®*Cu decay,
which allowed PET imaging, these NCs could enable bimodal
(photoluminescent and PET) tumor imaging.'® These NCs
were excellent for imaging but lacked therapeutic properties.
Instead, the citrate-stabilized **Cu:CuS NCs prepared by Zhou
et al. following an in situ **Cu incorporation during the NC
synthesis'~ offered combined PET imaging and photothermal
treatment. This is because CuS$ is characterized by a strong
near-infrared (NIR) absorption band, arising from the presence
of free carriers,'’” and therefore, the **Cu:CuS NCs, after
polyethylene glycol (PEG) stabilization, were able to dissipate
heat when irradiated with a laser at 808 nm.

The main limitation of all these reported syntheses is that the
radioactive material is never introduced at the last step of the
preparation pipeline: it is either involved early in the synthesis,
or it is introduced after the synthesis, by cation exchange,
however, before the water transfer and purification steps. All
these procedures require a chemistry laboratory equipped with
radio-safety facilities, and this makes the protocols rather
difficult to be translated in clinic. Moreover, these reactions
often require temperature conditions that are not always
suitable for NCs bearing bioactive molecules: reaction temper-
atures higher than 40 °C would eventually denature proteins or
biomolecules attached to the NC’s surface. Also, given the
relative short halflife of **Cu (of about 12.7 h), the time
needed for performing all the synthetic steps will inevitably
reduce the actual radioactive dose that can be delivered by the
NCs when they are administered to the patient."”’ These
limitations call for the development of radiolabeling protocols
that are more efficient and easily transferable in clinic
overcoming the limitations of the current preparation methods
of Cu labeled nanocrystals, and that eventually deliver NCs
with combined imaging and therapeutic properties.

Our starting point in the present work is based on the
evidence that *Cu:CuS NCs can combine PET imaging and
photothermal treatment,'"” and it further builds on the
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demonstrated capability of CuS (covellite) NCs to incorporate
Cu(I) ions, as shown by us®' in a previous work, although such
incorporation was proven so far only in nonaqueous media.
Here, we have developed instead a radiolabeling protocol
consisting in the in situ reduction of **Cu(II) ions to **Cu(I)
ions, followed by their incorporation in covellite NCs. All
reactions were carried out in an aqueous environment on NCs
decorated at their surface either with PEG molecules or with
biotin-PEG molecules that provide, at the same time, solubility
of the NCs in physiological media and targeting abilities. The
incorporation reaction was nearly complete within a few
minutes at room temperature and was not hindered by the
hydrophilic coatings or by the presence of biotin molecules at
the NC’s surface. Moreover, the binding efficiency of the biotin
functionalities at the NC’s surface was not affected by the
copper incorporation reaction. Even more important, the $Cu
incorporation reaction represents in our case the very last step
of manipulation of the NCs, hence the exposure time of the
operators to radioactivity is minimized. Also, in principle, the
Cu incorporation procedure can be performed just a few
minutes before the NCs are administered to the patient. This
should ensure high specific activities of the NCs, since waiting
times are reduced to a minimum and barely any **Cu decays
during this last period. At low dose of incorporation of the
Cu(I) ions in the covellite NCs, the particles preserved most of
the their NIR absorbance and consequently their photothermal
efficiency upon laser irradiation.'”** All together, these results
represent a significant progress toward the translation of
*Cu:CuS NCs to clinical routines.

B RESULTS AND DISCUSSION

Our group has previously shown that covellite NCs dispersed in
a nonaqueous solvent (toluene) could incorporate Cu(I) ions,
which were introduced in the reaction medium as a
[Cu(CH,;CN),]PF,; complex, at room temperature. The
stoichiometry in the resulting NCs could be tuned from
roughly Cu, ;S all the way to Cu,S.”" Inspired by this reaction
scheme, and driven by the need to define preparation steps that
can be easily translated into clinic, we have developed a copper
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incorporation protocol that works on water stabilized NCs. The
as-synthesized covellite CuS NCs (see Figure S1 of the
Supporting Information, SI) were soluble in solvents like
toluene or chloroform, and therefore had to be transferred in
water first. This was done by means of a ligand exchange
procedure (Figure la). In toluene, SH-PEG-NH, molecules
(3000 g mol™") were mixed with the as-synthesized CuS NCs
(coated by aliphatic surfactants) to a ratio of 42000 SH-PEG-
NH, molecules per NC (83 SH-PEG molecule/nm?), followed
by the addition of water. A biphasic mixture was then formed,
and, after 1 h of vigorous shaking, the replacement of the
aliphatic surfactants with the SH-PEG-coated CuS NCs
promoted the extraction of the latter from the toluene phase
to the aqueous phase. The excess of free SH-PEG-NH, was
then removed by means of several cycles of dialysis using
centrifugal filters. The mercapto-PEG stabilized CuS NCs
retained their shape and their morphology upon water transfer
and had a narrow distribution of hydrodynamic diameters
(peaked at 19 nm, see black plot of Figure 1d), which indicates
the presence of individually coated NCs in water, hence the
absence of agglomerates.

A second requirement of a radiolabeling protocol is that only
radioisotope salts which are regularly provided by the cyclotron
facility can be employed. As **Cu is provided as an aqueous
solution of *CuCl, in HCI 0.1 N, the incorporation conditions
had to be adapted to suit this specific type of solution. Tests
were run first using nonradioactive (that is, “cold”) CuCl, in
HCI 0.1 N as copper source, so that *CuCl, would be then
used only after the protocol had been optimized. First, the pH
of the CuCl, solution at various concentrations (from 0.7 to 7
mM) had to be adjusted by addition of NaOH (0.1 N) to avoid
decomposition of the CuS NCs. Then, CuS NCs (50 nM) were
added to the CuCl, solution. In all cases, no changes to the
plasmonic band in NCs spectra were detected after mixing,
even after several hours at room temperature (see Figure SS of
the SI). This indicates that Cu(II) ions cannot be incorporated
in covellite CuS NCs, a result that is in line with our previously
published results,”" according to which only the presence of
Cu(I) ions could trigger the incorporation of copper in the
NCs. To efficiently reduce Cu(Il) to Cu(I) in situ, we chose
vitamin C (ascorbic acid, AA) as a nontoxic and mild reducing
agent. As soon as an excess of AA was mixed with the solution
(we worked at a ratio of AA to Cu ions equal to 6:1), an
immediate change of the solution color from dark green to light
brown was observed. Optical spectra of the solutions (Figure
le), taken S min after the addition of AA, evidenced both a
significant decrease in intensity and a red shift of the covellite
plasmon band from 1060 to 1400 nm and beyond, which were
more marked when the amount of CuCl, added to the CuS NC
solution was increased from 1 to 10 equiv (in the case of 1
equiv the concentration of [Cuggq] = [Cuyc] while we
systematically increase it up to 10-fold). Such spectral changes
and their dependence on the amount CuCl, added (in the
presence of a reducing agent) are indicative of incorporation of
an increasing fraction of Cu(I) ions and are in line with our
previous studies on CuS NCs in the toluene phase (apart from
the strong absorption between 1400 and 1500 nm, which is due
to water).”’

The increase in Cu content in the NCs was directly proven
by comparing elemental analyses (via inductively coupled
plasma atomic emission spectroscopy, ICP-AES) of CuS NCs
before and after the reaction carried out at pH 7 (in the latter
case, after the NCs had been separated from reaction solution).

The analyses indicated an evolution in NC stoichiometry from
1.1 of the initial NCs, to 1.34 (when using 1 equiv of CuCl,)
and then to 1.45 (when using 2 equiv of CuCl,). Also, XRD
analysis on a sample that went through quantitative
incorporation indicated an evolution from a pattern that
could be well matched with the covellite phase to a pattern,
after Cu incorporation, that contained contributions from
higher chalcocite (see Figure S3 of the SI). This is in line with
our previous findings for a similar reaction scheme carried out
in toluene.”’ For elemental analysis, as well as for any further
processing of the NCs, the purification from ascorbic acid and
from excess of copper ions was done by filtration of the
reaction solution through a size exclusion column (NAP
column). The NCs were less retained on the columns and were
eluted first, while the free Cu ions were significantly retarded
and were released much later, thus allowing recovery of the
purified Cu:CuS NCs. As a note, after those steps, a partial
reoxidation of the Cu-rich covellite took place, as confirmed by
the appearance of a shallow plasmon band (see Figure S7 of the
SI).

The incorporation of copper had no appreciable effect on the
size and shape of the initial PEG coated NCs (as observed by
TEM, Figure 1b and 1c). Instead, a slight increase of the DLS
diameter was observed, although no change on the colloidal
stability of the Cu:CuS NCs was detected (Figure 1
d).Thermogravimetric analysis (TGA) was also performed in
order to assess whether the Cu(I) incorporation reaction leads
to the detachment of a measurable fraction of ligands from the
NC’s surface.

In TGA, the weight loss can be directly correlated to the
organic fraction in the NCs (hence to their ligand shell), since
the inorganic cores should resist the TGA treatment at
moderate temperatures. Therefore, any difference in weight
loss between the initial CuS sample and the Cu:CuS sample
recorded by TGA can be ascribed to a difference in the density
of ligands at the NC’s surface between the two samples. TGA
analysis indeed evidenced that the ligand shell weighed 12%
less in the Cu:CuS sample compared to the initial CuS sample.
In terms of the number of PEG ligand molecules per individual
NC, the Cu incorporation reaction entailed then a drop of such
number from 630 to 460 PEG per NC. Nonetheless, the NCs
appeared to withstand this reduction in the number of surface
ligands, as their colloidal stability was not compromised.
Additional details can be found in the SI (Figure S4).When a
large excess of Cu(Il) equivalents was used (from S equiv and
more), even though the starting CuCl, salt was completely
soluble, the Cu(I) ions generated in situ upon addition of AA
were only partially soluble in water. In this case, the addition of
acetonitrile (ACN) to the reaction medium, acting as
complexing agent for Cu(I), was required. In the case of 1 or
2 equiv of initial CuCl, added to the CuS NCs, such addition
was not necessary, since the concentration of Cu(I) ions
produced was below the solubility limit of CuCl in water (the
solubility product constant of CuCl is 1.72 X 1077).*
Interestingly, by increasing the amount of ACN present in
the reaction mixture, a progressive hypsochromic shift (from
above 1400 to 1100 nm) of the NIR plasmon band of the
resulting NCs suspension was recorded. This trend corrobo-
rates an increased stability of the Cu(I) ions in solution and a
consequent hindering of the Cu(I) incorporation reaction
(Figure S2 of the SI).

We then proceeded to attempt a prototypical labeling
experiment using a **CuCl, solution. Henceforth, we will refer
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to the activity of the *Cu radioisotope (in MBq or mCi), rather
than to the absolute concentration of Cu ions. For safety
reasons, we worked with **CuCl, at around 37 MBq (or 1
mCi) of activity per experiment. Nonetheless, the simplicity of
our protocol makes it easily scalable. With proper protection
measures, the activity potentially could be increased until a
composition equal to **Cu:CuS (equivalent to Cu,S) is
reached. The reactions were then carried out and the effect
of different pH values on the labeling was studied. An activity of
37 MBq corresponds to an overall amount of 0.3 ng of *Cu.
Concentration ratios were set such that, even when only a few
%Cu ions per NC were incorporated, the activity of the
resulting *Cu:CuS NC was still sufficient for PET. At the same
time, the NCs still preserved much of their NIR absorbance and
exhibited a good heating performance when excited with a NIR
laser. In these radiolabeling experiments, the concentration of
NCs remained fixed (as in the previous set of experiments
employing “cold” CuCl,), while the amount of *Cu solution
added was varied. A dose calibrator was employed to measure
the radionuclide activity on the *Cu:CuS NCs. Measurements
were done after purification on a NAP column, on the first
collected fraction that contained the NCs, while free-**Cu ions
were blocked in the cartridge and were not eluted further.

For convenience, we define here the radiochemical yield
(RCY) as the ratio between the starting *CuCl, activity and
the activity associated with the **Cu:CuS NC after the
purification processes. Instead, the radiochemical purity
(RCP) is defined as the fraction of the stated isotope present
in the stated chemical form. In our experiments, both the RCY
and the RCP of the NCs were strongly dependent on the pH at
which the *Cu incorporation reaction was performed. As
summarized in Figure 2b, in both reactions carried out at pH 3
and pH 10, RCYs were low and unacceptable for a
radiopharmaceutical preparation. Conversely, for incorpora-
tions performed at pH 5.5, a RCP over 99% was found,
resulting in an overall radiochemical yield of 49%. Based on the
specific activity of the precursor (3.7 GBq/ug or 100 mCi/ug),
we can estimate that a total amount of 0.01 ug of Cu(Il) was
involved in the reaction, although the amount of %Cu should
be only around 0.3 ng.

Taking into account a RCY of around 50%, the moles of NC
(3.9 x 107" moles) and the total moles of copper ions used in
a single incorporation reaction (4 X 107" moles, considering
that *Cu(Il) ions represent just 3% of the total copper
content), and also that the highest RCY obtained was 49%, we
calculated that, on average, one NC every 16 would be then
radiolabeled. In a control experiment performed at pH $.5
using cold copper at a much higher concentration ([Cu,ggeq] =
[Cuyc)), elemental analysis showed that the Cu/S atom ratio
in the Cu:CuS NCs after copper incorporation at pH 5.5 was
equal to 1.57. This copper loading efficiency is fully in line with
the efficiency obtained by considering RCY for the “hot”
reaction. This Cu:S ratio found with the reaction at pH 5.5 was
higher than the one found under the same experimental
conditions at pH 7 and which delivered instead a Cu/S ratio of
1.35. This suggests that pH 5.5 is the most suitable pH for the
%Cu incorporation. The quality assessment of the radiolabeling
was done by using thin layer chromatography (TLC) and
agarose gel electrophoresis (AGE) on purified **Cu:CuS NCs
and free ®*Cu(1I) as reference. On TLC, the retention factor for
#Cu:CuS NCs was equal to 0.1, while for free *Cu(II) it was
equal to 0.8. Less than 1% of free **Cu could be detected in the
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Figure 2. (a) Agarose gel electrophoresis analysis (running buffer:
borate pH 9 on 2.5% agarose gel with a run of 30 min at 100 V) of free
®Cu(1I) and **Cu:CuS NCs measured in a dose calibrator. (b)
Analysis of **Cu(I) incorporation reactions performed at different pH
values. (c) Stability of %Cu:CuS NCs (prepared at pH 5.5) in 0.9%
saline solution and human blood.

final product. Note that, under ambient conditions, any free
#Cu(I) species would rapidly oxidize to **Cu(Il) and thus
would show up in TLC with a retention factor of 0.8 (see
Figure S6 of the SI). AGE analysis (Figure 2a) evidenced a
significant difference in the mobility of free **Cu(II) and
%Cu:CuS NCs in the agarose gel; hence, the two species were
clearly distinguishable. After 10 min at 100 V, the positively
charged, free ®*Cu(Il) ions moved under the electric field
toward the negative pole, while the “*Cu:CuS NCs were mainly
retained at the deposition point (black dashed line). The
stability of the **Cu:CuS NCs prepared at pH 5.5 was assessed
over a period of up to 24 h by incubating the sample at 37 °C
with a 0.9% NaCl solution and human blood. Activity
distributions were analyzed by TLC at 1 h, 4 and 24 h and
compared with the chromatogram obtained from %*Cu:CuS
NCs solution before the incubation (¢t = 0 h) (Figure 2c). At 0
h, the RCP was over 99%, meaning that all the #Cu species
present were colocalized with the NCs on the TLC and no free
%Cu was detected on the TLC slide, while after 24 h the RCP
had decreased to 78% in 0.9% NaCl solution and to 60% in
human blood, respectively (see also in Figure S6 of the SI for
the complete report on the stabilities over time in the two
media).

To further prove that the incorporation reaction could take
place even in CuS NCs having bioactive molecules at their
surface, biotin was linked to the CuS NCs surface by reacting
the amino moieties of the PEG-coated CuS NCs with N-
hydroxyl succinic imide-biotin (NHS-biotin), using common
EDC-NHS chemistry. The reaction between NHS-biotin and
SH-PEG-NH,-coated NCs can occur spontaneously. However,
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upon increasing the EDC content, the number of biotin
molecules associated with each NC could be finely tuned, as
shown by the change in the migration behavior of the NCs on
gel electrophoresis (Figure 3a). As additional indication of
anchoring of the biotin molecules, the overall zeta potential
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changed from +21 mV, for the plain PEG-CuS NCs (amino
terminated), to —4 mV, for the biotin-PEG CuS NCs. We then
performed the copper incorporation on these biotin-function-
alized CuS NCs (fixed at 0.8 mM of Cu) with 1 equiv of Cu(I)
solution. We intentionally followed here a protocol that
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employs a large fraction of Cu ions, in order to observe an
appreciable shift on the plasmon peak that validates the
successful incorporation. We observed that, when using 1 equiv
of Cu(Il) and 6 equiv of AA, the incorporation rate was
comparable to that of the plain PEG-CuS NCs and was again
accompanied by a complete quenching of the NIR plasmon
band, compatible with the formation of copper rich biotin-
Cu:CuS NCs (Figure 3c). Elemental analysis proved that the
amount of copper incorporated in biotin-PEG-CuS NCs was
similar to the one incorporated in PEG-CuS NCs. The Cu
enrichment was found to be 40% and 49% for PEG-CuS and
biotin-PEG-CuS, respectively (Figure S9a), proving that the
surface functionality did not significantly impair the incorpo-
ration reaction. Also, TEM images of biotin-PEG-CuS NCs and
biotin-PEG-Cu:CuS showed no substantial morphological
changes of the NCs upon Cu incorporation (Figure S9b).

To evaluate if the Cu incorporation interferes with the biotin
binding at the NC’s surface toward streptavidin, a dot blot assay
was performed (Figure 3d). To this end, fluorescein-
streptavidin was added to biotin-CuS or biotin-Cu:CuS NCs
spotted on nitrocellulose paper at different NC volume. Similar
fluorescence signals from these spots were recorded for Cu:CuS
NCs and CuS NCs, underlining minor differences in the
binding of streptavidin to CuS or to Cu:CuS NCs. Moreover,
no significant differences in densitometry analyses of the
resulting fluorescent complexes of CuS-PEG-biotin-streptavi-
din-FITC and Cu:CuS-PEG-biotin-streptavidin-FITC were
observed (Figure 3d). The plain PEG-CuS NCs that underwent
the same purification steps were also tested as control, to assess
unspecific streptavidin binding. As expected, no fluorescent
signal was detected in this case. These results stand as a clear
evidence that copper incorporation does not affect the
functionality of biotin molecules located at the outer ligand
shell. Since this incorporation experiment was done using a
much higher amount of Cu precursor than in the radiolabeling
experiments described previously, we can conclude that the
radiolabeling process with **Cu does not alter the biotin
functionality.

Copper sulfide NCs have a strong localized surface plasmon
resonance in the near-infrared region that can be exploited in
photothermal therapy for the conversion of adsorbed NIR light
into heat.””**~*° We show here that our CuS and Cu:CuS NCs
exhibit photothermal conversion efficiencies that are compara-
ble with values reported in the literature. First, we compared
the molar extinction coefficients at 808 nm (ggo5) for CuS NCs,
Cuy,,:CuS NCs (after Cu incorporation and under conditions
that are comparable to those followed for the radiolabeling
experiment, ®*Cu:CuS, meaning 0.0002 equiv Cu(Il) with
respect to [Cuyc]) and for Cuygp:CuS NCs (1 equiv of Cu(II)
with respect to [Cuyc]). We noticed that CuS and Cuy,,:CuS
share basically the same &g5 while for Cuyg,:CuS it is
significantly reduced (Figure 4a). If we compare the £g4y5 values
for CuS, Cuy,,:CuS, and Cupg:CuS NCs to other nanoma-
terials, we notice that in all cases their extinction coefficients are
orders of magnitude higher than those of strong absorbing
organic dyes, like cyanines, for example,”"*” and they are at the
upper limit compared to other plasmonic particles.” ">

Based on these observations, we can state that the
photothermal conversion efficiencies of CuS and Cuy,:CuS
NCs should be practically identical, while differences between
CuS NCs or Cuy,,:CuS NCs and Cuyg,:CuS NCs are expected.
Therefore, we studied the temperature change of an aqueous
dispersion of CuS NCs and Cuypg:CuS NCs having

approximately the same optical density (ca. 0.2) at the
irradiation wavelength of 808 nm (Figure 4b). As expected
from the high molar extinction coefficients at 808 nm for CuS
NCs (£g05 = 2.3 X 10’ M~ cm™) and for Cuyg:CuS NCs (&80s
=53 x 10° M™' cm™), a remarkable temperature increase of
up to 18 °C was observed for the CuS NCs (at only S nM) and
up to 8 °C for Cuyg,:CuS NCs (20 nM). Pure water, irradiated
under the same conditions, showed only a slight temperature
increase of 2.2 °C. Laser irradiation did not affect the colloidal
stability neither of the CuS nor of the Cu:CuS NCs samples,
although for the Cuyg,:CuS NCs a weak plasmon band was
visible after irradiation, suggesting a partial reoxidation of the
NCs (Figure 4d). Instead, the absorption spectra recorded
before and after laser treatment of the CuS NCs were
practically superimposed (Figure 4c). Following a reported
procedure,” we could quantify the photothermal efficiency of
CuS and Cuyg:CuS NCs from heating—cooling cycles to be
53% and 33%, respectively (see Figures S10 and S11, SI for
detailed procedure). The values of photothermal conversion
efficiencies found for our CuS NCs (and hence also Cuy,,:CuS
NCs) and Cuyg:CuS NCs are significantly higher than the
ones reported for other copper chalcogenide NCs like CuyS;
(25.7%)*° and Cu,_,S (16.7%) and just slightly lower than
those of the CuS NCs reported by Zou et al. (56.7%).”
Recently reported polypyrrole-coated chainlike gold NC
assemblies (70%)>* and polymeric nanoparticles based on
polyethylenedioxythiophene (71.1%)* have evidenced higher
photothermal conversion efficiencies. However, most of these
particles are much larger in size than those studied here and
their absorption cross sections are significantly higher than
those of our CuS-based NCs; hence, a direct comparison with
our data is not straightforward.

B CONCLUSIONS

In summary, the here reported protocol allows to radiolabel
covellite CuS NCs with **Cu(I) ions as a last step in the NC
preparation line (e.g, NC synthesis, water transfer and
targeting) by simply mixing the NCs in buffer with an aqueous
solution of **CuCl, and vitamin C, at room temperature. The
reaction is completed after few minutes, and a simple
purification procedure using a desalting column ensures
radiolabeling and purification within a time span of around
20 min. The Cu(I) incorporation reaction was found to take
place with a comparable efficiency on water-soluble biotin
conjugated CuS NCs and on PEGylated CuS NCs, without
impairment of the binding functionality of the biotin toward the
streptavidin. This fast and effective protocol enables in-house
radioactivation/labeling of NCs in, for example, hospitals. This
is of utter importance since the routine work of clinical
personnel must not be altered with respect to that of classical
radiolabeling protocols. Also, the quick protocol (only 20 min
for labeling and purification) helps to reduce the exposure of
the operator to ionizing radiations, and, at the same time, it
shortens the time lag between the %*Cu production and the
availability of %Cu radiolabeled NCs. Also, as shown here,
when incorporating a small amount of copper, like in the
radiotracer scenario, the covellite Cu,:CuS NCs remain
excellent candidates for photothermal ablation. In perspective,
we do expect that the %Cu(I) reaction here set could be easily
extended to a list of other chalcogenide NCs.***” In contrast to
most other strategies, our radiolabeling protocol fulfills all
requirements for complete automation. Moreover, given the
photothermal efficiency of CuS NCs, which is unaltered for
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Cuy,:CuS NCs with respect to that of CuS NCs, and still
remarkable for Cuyg,:CuS NCs, we propose Cu:CuS NCs as a
promising theranostic nanomaterial for both PET imaging and
photothermal ablation therapy.
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