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Cation Exchange Protocols to Radiolabel Aqueous 
Stabilized ZnS, ZnSe, and CuFeS2 Nanocrystals with 64Cu 
for Dual Radio- and Photo-Thermal Therapy
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Claudia De Mei, Martin Walther, Marco Cassani, Sandeep Ghosh, Liberato Manna, 
Holger Stephan, and Teresa Pellegrino*

Here, cation exchange (CE) reactions are exploited to radiolabel ZnSe, ZnS, 
and CuFeS2 metal chalcogenide nanocrystals (NCs) with 64Cu. The CE protocol 
requires one simple step, to mix the water-soluble NCs with a 64Cu solu-
tion, in the presence of vitamin C used to reduce Cu(II) to Cu(I). Given the 
quantitative cation replacement on the NCs, a high radiochemical yield, up 
to 99%, is reached. Also, provided that there is no free 64Cu, no purification 
step is needed, making the protocol easily translatable to the clinic. A unique 
aspect of the approach is the achievement of an unprecedentedly high specific 
activity: by exploiting a volumetric CE, the strategy enables to concentrate a 
large dose of 64Cu (18.5 MBq) in a small NC dose (0.18 µg), reaching a specific 
activity of 103 TBq g−1. Finally, the characteristic dielectric resonance peak, 
still present for the radiolabeled 64Cu:CuFeS2 NCs after the partial-CE reaction, 
enables the generation of heat under clinical laser exposure (1 W cm−2). The 
synergic toxicity of photo-ablation and 64Cu ionization is here proven on glio-
blastoma and epidermoid carcinoma tumor cells, while no intrinsic cytotoxicity 
is seen from the NC dose employed for these dual experiments.
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into macroscopic heat, making these 
materials promising heat mediators for 
photo-thermal therapy.[2] The effective-
ness of the photo-thermal behavior of both 
copper sulfide[3] and copper selenide[4] 
NCs has already been demonstrated in 
vitro and in vivo. A large variety of copper 
chalcogenide NCs can be prepared either 
by a direct synthesis approach (i.e., hot 
decomposition of copper and sulfur or 
selenium precursors) or by an indirect 
approach exploiting cation exchange (CE) 
reactions,[5] that is, by replacing pristine 
cations with copper ions on preformed 
NCs,[6] making it possible to access a large 
variety of NC compositions that cannot be 
prepared by direct synthesis.[7]

In clinic, radioisotopes are extensively 
used for both imaging and therapeutic 
applications. Depending on the imaging 
or therapeutic purpose, the radionu-
clide has to fulfill certain requirements 

in terms of the type of ionizing particles that are released and 
their decay time.[8] 64Cu decays though β− particles (0.573 MeV, 
39%) and electron capture (44%) emission, which are useful for 
radiotherapy applications[9] but it can also produce a β+ decay  
(0.655 MeV, 17%), therefore it is also suitable for positron 
emission tomography (PET) imaging.[10] Furthermore, 64Cu is 
currently produced in many cyclotron facilities on a routine 
basis,[11] and it is much more widely available than 67Cu, 
making 64Cu an ideal candidate for preclinical research and for 
the development of radio-therapeutic agents.[12]

Merging the properties of plasmonic photo-thermal NCs 
and radionuclides in one single nano-object can offer new 
combined approaches to cancer therapy.[13] To date, 64Cu radi-
olabeled NCs were mostly used as imaging tools for PET.[14] 
In some studies, theranostic applications have been pur-
sued: the positron emission behavior of low dopant 64Cu 
was exploited for PET imaging, while the intrinsic material’s 
properties were used for therapeutic purposes (i.e., for photo-
thermal performances).[14b, 15] Only one work has explored the 
synergistic effect of radiation and NIR (near infrared light) 
photo-thermal therapy of 64Cu-radiolabeled NCs.[16] Zhou 
et  al.[16,17] prepared 64Cu:CuS PEG-coated NCs by aqueous co-
precipitation of copper (both “hot” 64Cu and “cold” Cu) and 

1. Introduction

Non-stoichiometric copper chalcogenide nanocrystals NCs are 
mainly known for their localized surface plasmonic resonance 
band, which peaks in the near infrared region (NIR).[1] Thanks 
to this band, the energy of a NIR source can be transduced 
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sulfur-containing salts, and administered intra-tumorally these 
radiolabeled NCs using a xenograft BT474 breast tumor mice 
model. They showed that the combination of both treatments 
was necessary to completely eradicate the tumor mass, as each 
individual therapy, either radiotherapy or heat therapy, was not 
sufficient. Moreover, this work suggests that 64Cu associated 
with NCs can greatly affect the retention time of radioisotopes, 
enabling a longer persistence of the 64Cu radionuclide at the 
tumor site than when using the bare 64CuCl2 solution.

Accumulating a high radionuclide dose at the tumor site, 
by increasing the specific activity of 64Cu:NC, is the key to 
maximize the radio-therapeutic efficacy. The specific or molar 
activity is defined as the amount of radioactivity per unit mass 
or mole of material. In other words, it represents the amount of 
radionuclides associated to a carrier (e.g., a nanoparticle, anti-
body, chelating ligand etc.). The use of radiolabeled NCs with 
a high specific activity would enable to administer a lower NC 
dose, thus minimizing cytotoxic side effects, without compro-
mising the radionuclide dose that must be delivered for a more 
effective therapy.

NCs coupled with proper chelating agents that can bind 
64Cu at their surface[18] are expected to be less nephrotoxic[19] 
than antibodies or proteins bearing a radionuclide.[20] These 
NCs, however, due to the limited number of chelating units per 
NC surface, have specific activity values around 0.7 TBq g−1.[21] 
Moreover, the detachment of the radiometal from the NC sur-
face should be taken into account when the radiolabeled NCs 
are exposed to the biological fluid.[22] The insertion of 64Cu ions 
inside the NCs has been proposed as an alternative method 
to produce stable radiolabeled NCs.[23] Radionuclides can be 
inserted into the NCs either during the NC synthesis[15a,24] 
or in a post-synthesis step, following CE or intercalation 
reactions.[14a,25] The direct incorporation of 64Cu into a NC’s 
core during the synthesis has provided NC with a higher spe-
cific activity (2 TBq g−1) than chelating methods.[16] However, 
no in situ synthesis has led to a quantitative insertion of 64Cu 
but only radiotracer doses for PET imaging were reported. CE 
or intercalation reactions are feasible for a quantitative replace-
ment of cations, thus significantly increasing the specific 
activity of the radiolabeled NCs. Indeed, exchanging only 10% 
of the cations in a 6 nm spherical shaped zinc selenide (ZnSe) 
NC with a cubic sphalerite structure, using 37 MBq of a 64Cu 
solution (50 GBq µmol−1) would produce a material with a spe-
cific activity of around 43 TBq g−1, assuming that a quantitative 
cation exchange (QCE) process occurs.

Here, we demonstrate that performing a quantitative CE reac-
tion is feasible using a 64CuCl2 solution of high specific activity, 
on water-dispersible chalcogenide-based NCs of different mate-
rials, including ZnS, CuFeS2, and ZnSe. In this work, we show 
that, by using a constant amount of 64Cu on a µg dose of NCs, 
the specific activity can be varied in a wide range (from 2 to 100 
TBq g−1), especially designed for a radiotherapeutic use. The 
use of a proper surface coating was crucial to develop radiola-
beling protocols that provide NCs with an optimal colloidal and 
radiolabeling stability upon a 64Cu exchange. Among the var-
ious ligands that were available, we selected a multi-anchoring 
cysteamine-containing polyethylene glycol (PEG) ligand, as it 
does not interfere with the CE reaction and, at the same time, it 
provides the NCs with high colloidal stability in aqueous buffer 

or serum solutions. Finally, we want to highlight the simplicity 
of the radiolabeling procedure herein reported, which involves a 
single step consisting in the mixing of the NCs with the 64CuCl2 
solution, in buffer at 37 °C for 1 h, with no further need of puri-
fication steps. Such simplicity makes is easily implementable in 
any clinical hospital where 64Cu is available.

2. Results and Discussion

For our radiolabeling protocol, we selected Cd-free chalcoge-
nides NCs having different compositions to minimize toxicity 
effects of the NCs, including spherical Zn-based chalcogenides 
(ZnS and ZnSe, with a diameter of 10 and 6 nm, respectively),[26]  
and tetrahedral CuFeS2 chalcopyrite NCs with an edge length of 
around 13 nm.[26b] These NCs were synthetized following non-
hydrolytic hot decomposition protocols reported in the literature, 
with minor modifications (Figures S1 and S2, Supporting Infor-
mation).[26] The as-synthetized NCs, coated with hydrophobic 
ligands (e.g., oleylamine and/or oleic acid), were transferred into 
water following a ligand exchange procedure.[27] We synthetized 
(by adapting an already reported procedure) and characterized a 
multi-anchoring ligand made of poly-isobutylene maleic anhy-
dride (PIMA), equipped with cysteamine (cys) units, which act 
as anchors for the NC surface and having amine-polyethylene 
glycol-methoxy-terminated (PEG) molecules as water soluble 
units (Figure 1a), (Figure S3, Supporting Information, for more 
details).[28] Water-transferred NCs deposited from an aqueous 
solution on a transmission electron microscopy (TEM) grid 
formed a monolayer of well-separated NCs, indicating homoge-
nous NC samples, with no presence of aggregates (Figure 1c,f,i). 
Dynamic light scattering (DLS) measurements indicated 
average hydrodynamic sizes for each of the three NC samples 
in between 15 and 25 nm, with low polydispersity (PDI) index 
(Figure  1d,g,l). Both data confirm the absence of aggregates in 
the water transferred NCs. The multi-dentate cys-PIMA-PEG 
provided also a stable polymer shell to the NCs, minimizing the 
yield loss during the NCs water transfer to less than 20% (only 
a small fraction of NC was lost during the washing steps on an 
amicon cartridge) in accordance with other studies in which 
multidentate ligands were reported.[28,29]

A first set of CE reactions were carried out employing 
“cold” copper, which is a non-radioactive copper salt (CuCl2). 
CuCl2 0.021 m in HCl (0.01 m) was chosen because it mimics 
the clinically available 64CuCl2 solution. These CE reactions 
were based on an in situ reduction of Cu(II) in the presence 
of a mild reducing agent, namely ascorbic acid (AA, Figure 1b 
for the reaction scheme) to Cu(I) in a MES buffer. Differently 
from Cu(II), Cu(I) is known to exchange with Zn ions in ZnSe 
and ZnS NCs.[30] In a typical reaction, 10  µL of 2–15  µm NCs 
(corresponding to an anion concentration of sulfur or sele-
nium in between 0.02 to 0.05 m) were diluted with 100 µL of a 
MES buffer (0.1 m, pH 5.5) or water and mixed with the proper 
amount of AA (0.1 m). The amount of CuCl2 was adjusted in 
order to vary the final Cu/S or Cu/Se ratio so that a partial (13%, 
Figure 1e,h,m) or a total (100%, Figure S5, Supporting Informa-
tion) nominal Cu exchanged with the NCs cations was achieved.

Cu, Zn, Fe, S, and Se elemental analyses (by means of 
inductively-coupled plasma optical emission spectrometry, 
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ICP-OES) were performed on the pristine NCs, on the NCs frac-
tion after CE reaction (the exchanged NC samples are indicated 
as Cu:ZnSe, Cu:ZnS, and Cu:CuFeS2) and on the filtrate after 
a cleaning step (the reaction mixtures were subjected to three 
cycles of concentration/dilution on amicon centrifuge filter) to 
carefully separate the cation exchanged NCs (Cu:ZnSe, Cu:ZnS, 
and Cu:CuFeS2) from the eventually unbound Cu ions and 
from the cations freed in solution (Zn and Fe). After CE reac-
tion, the copper amount was found entirely in the NC fractions 
and no Cu was present in the washing solutions, indicating a 
complete incorporation of Cu into the NCs (Figure  1, panels 
e–h for Cu:ZnSe, Cu:ZnS, and panel m for Cu:CuFeS2 for an 
exchange at 13%). The replaced ions, Zn2+ in case of ZnSe and 
ZnS and the Fe3+ for CuFeS2, as expected, were found instead 
in the washing solutions (named Filtrate in Figure  1e,h,m). 
The Cu:NCs did not show any variation in colloidal sta-
bility (Figure  1d,g,l). The same trend was also observed when 
increasing the initial amount of Cu to have a nominal exchange 
of almost 100% (Figure S5, Supporting Information). It is worth 
mentioning that, for the complete CE reaction, the amount of 
Cu per NC can be ideally exchanged to the stoichiometric ratio 
Cu/Se or Cu/S of 2:1. However, the Cu2Se and Cu2NCs would 
be easily oxidized to the copper deficient chalcogenides Cu2−xSe 
or Cu2−xS,[31] and there would be a concomitant release of Cu 

ions in the solution (data not shown). Therefore, for a QCE, 
we chose to perform a copper CE reaction at a final Cu/Se or  
Cu/S ratio of 1.8:1 (Figure S5, Supporting Information), which 
should produce copper exchanged NCs that are stable under 
air-equilibrated media.[31a] Even after a quasi-quantitative 
exchange, the samples remained stable in solution, with no sign 
of aggregation, as evidenced by TEM and DLS characterization 
(Figure S5, Supporting Information). Further confirmation of 
the quantitative CE reaction came from the X-ray diffraction 
patterns of the samples before and after the exchange reaction. 
Indeed, when working at a Cu/Se or Cu/S ratio of 1.8, a quanti-
tative transformation from ZnSe to Cu2−xSe, from ZnS to Cu2−xS  
and from CuFeS2 to Cu2−xS NCs occurred, as shown by the 
characteristic diffractometer patterns of the exchanged Cu:NCs 
(Figure S5, Supporting Information).

Finally, further proofs of NC transformation are found in 
the optical spectral changes: Cu2−xSe and Cu2−xS NCs, obtained 
upon CE exchange, exhibit an NIR localized surface plasmon 
resonance band (LSPR) that was not present in the spectra of 
the initial ZnSe and ZnS NCs (Figure S6, Supporting Infor-
mation). On the contrary, for CuFeS2 NCs, the dielectric reso-
nance at 496 nm attributed to the intermediate band formed by 
the presence of Fe,[32] disappears when an almost quantitative 
exchange occurs (Figure S6, Supporting Information).

Adv. Funct. Mater. 2020, 30, 2002362

Figure 1. a) Cys-PIMA-PEG polymer ligand structure used for the water transfer of all NCs involved in this study. b) Schematic sketch of the CE reac-
tion on the water-dispersible NCs. c,f,i) TEM images of water-dispersible NCs used for the CE reaction. d,g,l) DLS hydrodynamic sizes (in number 
weighted) before (black line) and after (red line) the partial (13%) Cu exchange reaction showed no change in size, indicating the absence of aggregation 
after CE. e,h,m) Elemental analysis to follow the partial CE reaction (13%): Cu, Se, S, Zn or Fe element quantification, after CE reactions, reported as a 
percentage of the initial elements on the NC fraction (Cu:ZnSe, Cu:ZnS, and Cu:CuFeS2) and on the washing solutions (filtrate) after NCs separation 
for e) ZnSe, h) ZnS and m) CuFeS2 NCs.
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These data, all together, suggest that under the experimental 
conditions set by us, the copper CE reactions on the NCs 
occurred quantitatively, irrespective of the materials composi-
tion and the initial percentage of Cu to be exchanged (13% or 
almost 100%).

To verify the chemical stability of the Cu-exchanged NCs, 
after the CE reactions (total exchange Cu/Se or Cu/S fixed at 
1.8, corresponding to about 90% of the fully stoichiometric 
Cu2S), the Cu2−xSe and Cu2−xS NCs were kept in pure water 
or in human serum at 37 °C for well-defined time points. Ele-
mental analysis revealed that, in water, a minor copper leakage 
from the NCs started to occur only after 24 h (around 5%; 
Figure S7, Supporting Information). Copper release, however, 
was more pronounced in the human serum, as indeed 68% and 
85% of the total copper on the Cu2−xSe and Cu2−xS NCs respec-
tively was released after 24 h (Figure S8, Supporting Informa-
tion). Conversely, the copper leakage was lower when applying 
the same stability tests to partially exchanged NCs (Cu/Se or 
Cu/S 13%, Figure 2e).

For the first set of CE reactions with the 64Cu ions, the so 
called “hot” copper, we have therefore considered a partial CE 
reaction with a 64Cu/Se or 64Cu/S ratio corresponding to 13%. 

For each radiolabeling experiment, we used 37 MBq of a 64CuCl2 
solution in 10 mm HCl (specific activity 50 GBq µmol−1). Prior 
to the addition of the radiocopper solution, the pH of the 64Cu 
solution had been adjusted to pH 5–6 with a NaOH solution. 
Due to the low amount of total copper in this radiolabeled solu-
tion (7.4 × 10−10 moles), the amount of NCs was reduced with 
respect the one used in the cold experiments, while keeping 
the same ratio of copper/sulfur (or copper/selenium) to 13%. 
In a typical reaction, 20–10 µL of the NC solution (0.3–0.6 mm 
in sulfur or selenium respectively, 0.9–0.5  µg of NCs) was 
diluted in 100 µL of an MES buffer (0.05 m at pH 5.5), then it 
was mixed with 2 µL of AA (0.1 m) and finally a 64Cu solution 
was added to the reaction mixture. In this case, the CE reaction 
temperature was set at 50 °C and the reaction was run for 1 h. 
The radiolabeling yield was assessed via radio-TLC, using glass 
microfiber chromatography paper impregnated with silica gel 
(iTLC-SG) as stationary phase and 0.1 m EDTA as mobile phase 
(Figure 2b). The radio-TLC run revealed that, in the presence of 
NCs, the radioactivity was mostly located at the origin, while in 
case of free 64Cu the spot migrated with the solvent front. The 
integration of the TLC peaks at the deposition point and at the 
front of the solvent enabled us to estimate the radiochemical 
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Figure 2. a) Sketch of the 64Cu radiolabeling via CE reaction on the water-dispersible NCs. b) Radio-TLC of the crude of 13% CE reactions (after 1h of 
incubation at 50 °C) for 64Cu:ZnS, 64Cu:ZnSe, and 64Cu:CuFeS2 (EDTA 0.1M as a mobile phase); free 64CuCl2 is also spotted as a reference control. c) Inte-
gration of peaks from radio-TLC chromatogram of “NCs previously exposed for 20 min to an EDTA 0.1 m solution; most of the Cu is still associated 
to the NCs fractions, indicating stable radiolabeled NCs products. d) Results from radio-TLC integration (EDTA 0.1 m mobile phase) of 64Cu released 
upon incubation of 64Cu:ZnS, 64Cu:ZnSe and 64Cu:CuFeS2 in human serum at 37 °C for 1 and 24 h. e) Copper released upon 24 h serum incubation of 
Cu:NCs; amicon wash was performed using EDTA 0.1 m solution. The free copper incubation experiment is also reported (Ref).
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yield (RCY) that is associated with the NCs. For all types of NCs, 
quantitative radiolabeling was found (RCY > 99% ∼just after the 
reaction; Figure 2b; Figure S9, Supporting Information).

The stability of the radiolabeled NCs was tested by incu-
bating the reaction mixture (after CE reaction) in EDTA 0.1 m 
for 20 min (Figure S9, Supporting Information). The integra-
tion of peaks from radio-TLC chromatogram of radio-TLC 
showed that less than 2% of 64Cu was released, meaning that 
non-specific Cu absorption by the polymer at the surface of 
NCs could be excluded (the adsorbed 64Cu ions would be easily 
washed out by EDTA) and a high RCY can be achieved with this 
CE protocol (Figure 2c).

To verify the colloidal stability of 64Cu:NCs during the CE 
reaction and after the following cleaning steps (which could 
consequently cause a loss of the radiolabeled NCs), all plastic 
parts involved in the radiolabeling (cartridge, vials, pipette 
tips, etc.) were measured with a gamma counter (Figures S4 
and S10a, Supporting Information). Most of the activity was 
recorded in the NC fraction (53–57%), but some radioactivity 
(5.9–16%) was also found on the amicon centrifuge cartridge, 
indicating a minimal loss of radiolabeled NC. Another sig-
nificant amount of activity (≈30%) was collected in the empty 
plastic vials and pipette tips, indicating a partial adhesion of the 
NCs to the plastic materials. Overall, the sum of the recovered 
activity was close to 97% of the initial one. We used a similar 
test not only for NCs with multidentate ligands (Figure 1) but 
also for NCs coated with a mono-dentate PEG-thiol polymer 
(SH-PEG2000-OCH3) and exposed to the same CE reaction 
protocol. In the case of NCs coated with SH-PEG2000-OCH3, 
60% of the radiolabeled material adhered to the amicon car-
tridge, and just 3% of the radioactivity was recovered with the 
NC solution (Figure S4, Supporting Information). This higher 
aggregation and instability of mono-dentate PEG coated NCs is 
likely caused by the ligand depletion from NCs surface upon 
the CE reaction, as shown in our previous paper.[25] Thus the 
multi-anchoring polymer with cysteamine was preferred to a 
monodentate polymer for all the following studies, due to the 
higher colloidal stability during CE reactions, especially when 
using 64Cu-labeling.

Purified 64Cu:NCs were also tested in human serum to 
evaluate 64Cu leakage. The NCs were diluted in pure serum 
(200 µL) and incubated for 1 or 24 h at 37 °C. The amount of 
64Cu that was released was determined via radio-TLC in EDTA 
0.1 m (Figure S11, Supporting Information). 64Cu:CuFeS2 is 
quite stable for 1 h in the presence of human serum. On the 
other hand, a significant 64Cu release is observed for 64Cu:ZnS 
and 64Cu:ZnSe after just 1 h, but especially after 24 h. It is 
worth noting that the 64Cu leakage is comparable to the leakage 
that was measured by ICP when carrying out cold copper reac-
tions (Figure 2d,e). Data from both tests suggest a lower copper 
release for 64Cu:CuFeS2 NCs in comparison to 64Cu:ZnSe and 
64Cu:ZnS NCs (Figure 2e).

These CE reactions were first performed at 50 °C. However, 
such temperature can be harmful for radiolabeling of NCs 
bearing temperature-sensitive biomolecules (e.g., an antibodies, 
peptides, etc.).[25] We have therefore repeated the CE reac-
tion at body temperature 37 °C and used experimental condi-
tions similar to those of the first set of reactions performed at 
50 °C (Figure 1). As expected, at 37 °C, for all NC compositions, 

lower RCYs were found as compared to the reaction performed 
at 50 °C (RCYs between 30% and 50% with respect to almost 
100%) (Figure 3; Figure S11, Supporting Information).

In this case, however, the lower RCY was not related to the 
loss of stability of the NCs, as indeed only negligible fractions 
of radioactivity were found either in the reaction vials or in the 
amicon cartridge after purification, but it is clearly related to 
the lower temperature used for the CE reaction. However, even 
at 37 °C, by increasing the amount of NCs, the RCY improved, 
and the NCs aggregated less on the amicon cartridge and vial 
(Figure  3). Keeping constant the overall feeding 64Cu activity, 
by varying the amount of NCs from 0.2 to 6–9  µg, we could 
tune the specific activity of NCs from 60–100 to 2–3 TBq g−1. A 
specific activity of 60–100 TBq g−1 NC is a record value, never 
reported so far (Table S2, Supporting Information). However, 
the radiolabeling stability of the NCs in the human serum was 
strongly compromised and a substantial leakage of 64Cu was 
measured at 24 h (Figure 3). On the other hand, for local tumor 
treatment using intra-tumoral injection, NCs at higher specific 
activities (60–100 TBq g−1) may be used, since the 64Cu:NCs are 
trapped in the tumor.

Instead, when investigating the 64Cu:NCs with a specific 
activity as low as 2–3 TBq g−1, there was an increase of sta-
bility in human serum for all the three material compositions 
(Figure  3). The 64Cu percentage that was released into the 
serum media ranged from 11% to 24% after 24 h incubation. 
These leakage values are in line with those of other radiola-
beling approaches. It is worth highlighting that, usually, the 
specific activity of radiolabeled NCs is not considered. But this 
value can be easily calculated based on the total activity associ-
ated to the NC fraction and knowing the corresponding amount 
of the nanomaterial used in the radiolabeling experiment 
(Table S2, Supporting Information). We would like to stress 
that, when using our CE protocols, even for values as low as 
2–3 TBq g−1, the specific activity is still higher than that of other 
64Cu-labeled NCs prepared using a surface-bound chelating 
ligands[33] and some chelator-free radiolabeled NCs (Table S2, 
Supporting Information).[15a, 24c]

As previously mentioned, for ZnSe and ZnS NCs complete 
CE on those materials leads to the formation of copper-defi-
cient chalcogenides, with the appearance of an LSPR band in 
the near infrared. Even in case of partial exchange, upon 13% 
of Cu exchange, the absorption spectra are modified (Figure 4): 
The initial ZnSe and ZnS NCs, that are not photo-thermally 
active, upon slightly exchanged with Cu, showed a thermal 
response upon 808 nm laser irradiation. Instead, chalcopyrite 
CuFeS2 NCs that are already photo-thermally active prior to 
the Cu exchange,[26b] upon replacement of 13% of Cu showed 
a slight shift in the absorption spectrum, but the partially 
exchanged Cu:CuFeS2 NCs are still thermally active under 
laser irradiation (Figure 4c). These spectral features also guar-
antee that the Cu exchanged NCs are all thermally active under 
an IR laser irradiation, as recorded by the temperature changes 
under an IR camera (Figure  4). The temperature that could 
be reached, after the Cu exchange by the same NC dose, was 
higher for Cu:CuFeS2 NCs than for Cu:ZnS and Cu:ZnSe NCs 
(76 °C for Cu:CuFeS2 versus 33 °C for Cu:ZnSe and 26 °C for 
Cu:ZnS). For this reason, we have selected the CuFeS2 NCs, 
and on this sample the exchange was performed with 64Cu 

Adv. Funct. Mater. 2020, 30, 2002362
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Figure 3. a) Scheme of amicon purification upon CE reaction. Set of CE reactions performed at 37 °C on different NCs compositions. To tune the specific 
activity, by keeping the 64Cu activity (18.5 MBq) the amount of NCs was varied in the range from 0.2 to 9.4 µg. Radio-distribution test: Monitoring the 
radioactivity on the reaction components after CE reactions as a percentage of the initial 64Cu activity: NCs (green); washing solutions (blue); amicon 
filters (orange); and the vials (grey). Stability of 64Cu:NCs in serum. 64Cu leakage is given as percentage of the total radioactivity in a single TLC strip. 
Radio-stability test: Radio-TLC integration after incubation for 1h or 24h for b) 64Cu:ZnS, c) 64Cu:ZnSe, and d) 64Cu:CuFeS2 NCs fraction after CE reaction.
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ions (ratio 64Cu/NCs at 0.2%, see Supporting Information for 
more details).

Under an NIR-laser irradiation (808  nm, 2 W cm−1), on a 
concentrated spot of the 64Cu/NCs sample loaded on agarose 
gel phantom, a light purple spot appeared under the IR camera, 
indicating the temperature rise from room temperature (20 °C) 
to 27 °C (Figure 4d). At the same time, the radioluminography 
image shows that radioactivity was localized in the deposition 
point (Figure  4e). Given the temperature reached under laser 
irradiation even when only a tiny fraction of 64Cu ions (0.2%) 
is exchanged, these data highlight the possible use of the 
exchanged 64Cu:CuFeS2 chalcopyrite NCs as radio- and photo-
thermal therapeutic tools, in which the two therapeutic modali-
ties can be combined by using a single nanoplatform.

To provide a proof of concept for such dual therapeutic 
effects, an in vitro cellular study was performed on two cancer 
cell lines, the human glioblastoma cell line (U87) and the 
human epidermoid carcinoma (A431). For these tests, the cell 
pellets (two million cells) mimicking a tiny tumor mass were 
incubated with radiolabeled 64Cu:CuFeS2 NCs or with 64CuCl2 
solution with or without the exposure to an IR laser irradiation 
of clinical use (808  nm and 1.7 W cm−2 for 13  min) for three 
short cycles (Figure 5a).

During the laser exposure, the temperature of the pellet 
treated with 64Cu:CuFeS2 NCs increased remarkably when 
exposed to the 808  nm laser. In contrast, the cell samples 
exposed to 64CuCl2 solution showed only a few degrees (3 °C) 
temperature variation due to laser light effect (Figure  5b). 

Interestingly, at 2 h post-irradiation at 37 °C, the 64Cu cellular 
uptake measured in terms of radioactivity associated to the 
cell pellet for the 64Cu:CuFeS2 NCs in the presence of the laser 
increased up to 70% with respect to the total 64Cu dose initially 
administered (Figure  5c). This activity uptake percentage was 
certainly higher than that of the pellet sample treated with 
64Cu:CuFeS2 NCs which was not exposed to IR irradiation (in 
this case only 45% of the radioactive dose was associated to the 
cell pellet when no laser was used, Figure  5c). Moreover, in 
this latter case, the radioactive percentage of uptake was very 
similar to that of the 64CuCl2 solutions, with or without laser 
exposure (≈45–47%, Figure 5c data in the table). Reasonably, the 
hyperthermia effect induced by the photo-thermal treatment 
led to enhanced cell membrane permeability with consecu-
tively enhanced uptake of NCs and, in turn, 64Cu radioisotopes 
uptake associated to the NCs.

To evaluate the toxicity of the radioactive NCs, a viability 
test (presto blue) was carried out. For these trials, the same 
amount of radioactivity (37 MBq) was administered to the cells 
either in the form of 64CuCl2 solutions or as 64Cu:CuFeS2 NCs. 
After irradiation and 2 h incubation at 37 °C (Figure  5a), the 
cells were re-cultured and the viability was measured at well-
defined time points post-incubation and compared to cells 
exposed to radioactive NCs without NIR irradiation. After 16 h, 
while 64CuCl2 alone could kill 40% (U87) and 45% (A431) of the 
cells, the addition of laser irradiation to the 64CuCl2 solutions 
did not cause any additional cytotoxic effects to the cell popula-
tions (viability was of 40% for U87 and 47% for A431 and very 

Adv. Funct. Mater. 2020, 30, 2002362

Figure 4. a) Absorption spectra of ZnSe and Cu:ZnSe NCs,b) ZnS and Cu:ZnS NCs and c) CuFeS2 and Cu:CuFeS2, before (black line) and after (red 
line) undergoing a 13% Cu exchange; the inset panel is a IR image of the Cu:NCs after 3 min of continuous exposure to an 808 nm laser at 2 W cm−2. 
A digital picture (panel d) and the radioluminography (panel e) of a tiny drop (35 µL) of 64Cu:CuFeS2 NCs (exchanged at 0.2%) loaded on agarose gel 
(0.5% in PBS 1X). Also, the IR image taken after 20 min of exposure to an 800 nm laser at 2 W cm−2 is shown (f).
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similar to the 64CuCl2 solutions with no laser exposure). Radi-
olabeled 64Cu:CuFeS2 NCs alone could eliminate 45% (U87) 
and 51% (A431) of the cells, a percentage slightly higher than 
that of free 64CuCl2 solutions. In case of additional laser irradia-
tion, the combination of radiotoxicity and photo-thermal heat 
effects mediated by 64Cu:CuFeS2 could significantly accelerate 
the cell killing (percentage of viability as low as less than 10% 
indicates remarkable toxicity effects). The difference in cytotox-
icity appears already after 16 h of incubation (93% of cell elimi-
nation for U87 and 92% for A431) and it manages to reduce the 
cell densities to less than 10% viability up to 48 h (Figures 5d 
and 4e). These data indicate that damages by laser and radioac-
tivity were so critical that the cells were not able to recover even 
after the half-life of the 64Cu radioisotopes were significantly 
reduced (the half life of 64Cu is 12.7 h and of the average dose 
associated to the cells the radioactivity at 48 h should be in the 
range of 1.1–1.85 MBq).

We also wondered about the intrinsic toxicity of the NCs 
at a dose range close to the amount of NCs needed for the 
radiolabeling experiments on the cells. To evaluate this tox-
icity, pristine ZnS, ZnSe, and CuFeS2 NCs were administered 
to the two tumor cells (U87 and A431 cells also used for the 

dual modal therapeutic experiments and the presto blue pro-
liferation assays was assessed (Figure S12, Supporting Infor-
mation). The NCs were added to the cell culture media, and 
incubated at 37 °C for 24 h. On both cell lines, for all the three 
materials’ compositions, the toxicity was not significant as the 
viability was more than 80% (Figure S12, Supporting Infor-
mation). These data suggest that the doses employed for the 
radio experiments on cells using the three different composi-
tions of NCs are safe.

3. Conclusions

We have here set simple post-synthesis CE protocols to pre-
pare 64Cu-radiolabeled NCs, on Cd-free chalcogenide NCs 
made of ZnSe, ZnS, and CuFeS2 NCs. This method relies 
on the exchange of the pristine cations of the NCs with 64Cu 
ions when employing physiologically stable chalcogenide 
NCs. The CE reactions were performed by simply mixing 
the NCs in MES buffer (pH 5.5) in the presence of ascorbic 
acid (used as a mild reducing agent for 64CuCl2). Radiola-
beling can occur at 50 °C or at 37 °C and in a short time 

Figure 5. a) Schematic figure depicting the 808 nm laser irradiation on cell pellet treated with either 64CuCl2 or 64Cu:CuFeS2 NC solution. b) Tempera-
ture profiles upon laser irradiation for a cell pellet treated with a 64CuCl2 (top) or with a 64Cu:CuFeS2 NC solution (bottom). c) Radio-labeling test for 
cell uptake on two different cell lines for 64CuCl2 or 64Cu:CuFeS2 NC with and without the effect of laser irradiation. Cell viability upon the dual action 
of radiotherapy and laser treatment on d) U87 cells and e) A431 cells.
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(60 min). The radiolabeled NCs had a high radiochemical 
yield (RCY, >99%) and high radiochemical purity (close to 
100%). The high RCY enables to use these NCs without any 
post-radiolabeling purifications steps. This is advantageous, 
as it reduces the time lag between 64Cu production and the 
use of the 64Cu-NCs, particularly suitable for 64Cu having a 
half-life of about 13 h. Moreover, by fixing the amount of 
64Cu and by tuning the NCs dose we could tune the spe-
cific activity from 2 to 103 TBq g−1, reaching the highest 
and unprecedented specific activity when using a very tiny 
dose of NC material (µg amounts). Finally, the radiolabeling 
protocol being the last step of the preparation pipeline and 
being performed on physiologically stable NCs, this post-
synthesis radio-protocol could be easily implemented in 
hospitals.

Among the three NC compositions studied, 64Cu:CuFeS2 
chalcopyrite NCs maintained their photo-thermal properties 
even after the partial radiolabeling reaction (13% exchange) 
while producing remarkable ionizing effects. This may pave the 
way for the production of a double-therapeutic tools in which 
the intrinsic photo-thermal properties of the material and 
the radiation from the radionuclide are combined in a single 
nano-object as here shown in vitro on two cancer cell lines. At 
the same time, negligible intrinsic material toxicity has been 
recorded at the µg dose of NCs used for the dual therapeutic 
effects.

With regard to the stability of 64Cu:NCs in serum, it is worth 
highlighting that tuning the 64Cu/NC ratio could be a useful 
parameter to be adjusted based on the aimed application of 
the NCs. At lower specific activity it is possible to have serum-
stable radiolabeled 64Cu:NCs useful for imaging applications 
(PET). Instead, at higher specific activity serum stability is 
compromised. However these fully exchanged 64Cu:NCs may 
be more suitable for local tumor treatment upon intratumoral 
injection as in this treatment no direct exposure to serum is 
expected while reaching a high specific activity and photo-
thermal hyperthermia with a very tiny µg dose of NCs is 
achievable.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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