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Abstract 
 
Copper(II) carbosilane metallodendrimers are promising nanosized anticancer metallodrugs. 
The precise control on their design enables an accurate structure-to-activity study. We 
hypothesized that diMerent structural features, such as the dendrimer generation and metal 
counterion, modulate the interaction with tumor cells, and subsequently, the eMectivity and 
selectivity of the therapy. A computer-aided analysis of the electron paramagnetic resonance 
(EPR) spectra allowed us to obtain dynamical and structural details on the interactions over 
time between the dendrimers and the cells, the myeloid U937 tumor cells and peripheral blood 
mononuclear cells (PBMC). The intracellular fate of the metallodendrimers was studied 
through a complete in vitro evaluation, including cytotoxicity, cytostaticity, and sublethal 
eMects regarding mitochondria function, lysosomal compartments, and autophagic organelle 
involvement. EPR results confirmed a higher membrane stabilization for chloride dendrimers 
and low generation complexes, which ultimately influence the metallodrug uptake and 
intracellular fate. The in vitro evaluation revealed that Cu(II) metallodendrimers are cytostatic 
and moderate cytotoxic agents for U937 tumor cells, inducing death processes through the 
mitochondria–lysosome axis as well as autophagic vacuole formation, while barely aMecting 
healthy monocytes. The study provided valuable insight into the mechanism of action of these 
nanosized metallodrugs and relevant structural parameters aMecting the activity. 
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1. Introduction 

 
Cancer is a multifactorial disease with an alarming incidence worldwide, accounting for 18.1 
million new cases and 9.6 million deaths in 2018. (1) According to the World Health 
Organization, the global cancer burden keeps rising due to diMerent factors, such as population 
growth and aging, or the prevalence of certain causes of cancer linked to social and economic 
development. (2) The complexity of this disease is related to the unique fingerprint in each 
tumor, which hinders the development of a universal therapeutic approach. Furthermore, 
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current treatments present serious drawbacks, including the development of drug resistance 
and the severe side eMects, due to the lack of selectivity to tumor tissues. Overall, these 
reasons are continuously fueling the development of new antitumor strategies. 
Cancer nanotechnology is currently an established field of research, providing unique 
approaches for the early diagnosis, prevention, or personalized therapy of cancer. (3,4) The 
success of this strategy, compared to traditional cancer therapeutics, is based on two main 
properties: (i) the nanometric size of the nanoparticles (NPs) enables a preferential 
accumulation in solid tumors through the enhanced permeability and retention eMect, thus 
bypassing traditional drug resistance mechanisms; (ii) the large surface area of the NPs is 
available for conjugating a large therapeutic payload of a single drug or multiple drugs, targeting 
moieties or diagnostic agents. Primarily, the design of safe and eMicient nanomedicines 
requires a thorough understanding of uptake and traMicking within the cell. While most 
nanoparticles employ endocytic pathways to enter the cells, the interaction with biological 
membranes (5)depends on the physicochemical features of the NPs, size, shape, surface 
properties, and, on cellular parameters, the phase of the cycle or the type of cell. After 
internalization, NPs first encounter the early endosomes, membrane-bound intracellular 
vesicles that carry the cargo to the target cellular destination. However, NPs can also enter two 
diMerent degradation routes: (1) the endolysosomal pathway, where the early endosomes 
mature to late endosomes and then integrate with lysosomes capable of degrading the trapped 
NPs; (2) the autophagosome pathway, where cytoplasmic contents are surrounded by the 
autophagosome and delivered to the lysosome for degradation. Thus, the particular 
characteristics of the nanoparticle will dictate its biological fate. 
Dendrimers are the ultimate precision NPs with promising potential in many diMerent 
biomedical applications, including cancer. (6−8) Their monodispersed and highly branched 
structure enables on-demand and controlled attachment of anticancer drugs, tumor-targeting 
moieties, diagnostic agents, or even a combination of them into the so-called theranostic 
nanoparticles. (9,10) Unlike other types of nanoparticles, the accurate control on the 
dendrimer synthesis provides ideal testbeds for studying the influence of the diMerent 
structural parameters on the biological activity. Multiple studies have focused on revealing 
dendrimers mode of action, analyzing their interaction with membranes and cells (11,12) as 
well as their cell uptake and internal traMicking. (13,14) For example, cationic dendrimers are 
generally internalized into the cells through endocytosis. As a result, they can suMer endosomal 
escape and interact with diMerent organelles, aMect cellular processes, and induce apoptotic 
cell death. (15−17)Nevertheless, important diMerences arise depending on the nature of the 
dendritic scaMold. For example, cationic poly(amidoamine) (PAMAM) and poly(propylenimine) 
(PPI) dendrimers induced apoptosis in murine neural cells, (18,19) while cationic phosphorus 
dendrimers induced necrosis, (20) considering the much higher number of positive charges at 
the surface for the same generation. Cationic carbosilane dendrimers, comprising a more 
hydrophobic scaMold, have shown an enhanced interaction with cell membranes, altering the 
membrane fluidity. (21)The presence of metal complexes at the surface of carbosilane 
dendrimers can further tune their interaction with cell membranes, as previously observed with 
copper(II) and ruthenium(II) complexes. (22) Previous studies from our group have shown that 
nanosized metallodrugs can avoid the drawbacks of antitumor therapies. (23) In particular, 
copper(II) carbosilane dendrimers are promising antitumor agents considering the following: 
(i) the high stability provided by the chelating iminopyridine ligands and the carbosilane 
scaMold, (ii) the water solubility, (iii) the structure perfection of the dendritic molecule, which 
enables an exceptional structure-to-property relationship, (iv) the unique interaction with cell 
membranes, tunable through the dendrimer generation and the Cu(II) counterion. 



Nevertheless, the mechanism of action of these metallodrugs has not been disclosed nor the 
uptake in cells. Preliminary studies, using CTAB micelles and lecithin liposomes as model cell 
membranes, (22) provided relevant information on the interacting ability between the 
dendrimers and the membranes. However, these are simplified models that cannot match the 
living cell complexity and, importantly, the diMerences between healthy and tumor cells. 
In order to confirm the validity of the previous results in a practical setting and gain insight into 
the mode of action of the complexes, cell lines were used in the present study. The interactions 
occurring between Cu(II) metallodendrimers and healthy or tumor cells were investigated in 
the function of the incubation time, by deeply analyzing electron paramagnetic resonance 
(EPR) spectra, as well as through in vitro experiments. The EPR study provided dynamical and 
structural information on the in vitro behavior of the metallodendrimers in both healthy and 
tumor cells. This technique has already demonstrated to be a powerful tool to characterize 
Cu(II) dendrimer complexes. (12,22−25) Finally, the intracellular traMicking and mechanism of 
action of the Cu(II) carbosilane dendrimer complexes to be used as anticancer drugs was 
evaluated by means of various biological tests, including cytotoxicity, alteration of 
mitochondria membrane potential, and autophagy flux. 
2. Methods 

 
2.1. Cu(II) Complexes and Metallodendrimers 
In this study, two families of copper(II) carbosilane complexes, bearing nitrate (1–3) and 
chloride (4–6) ligands (Figure 1), were selected with the purpose of studying the influence of the 
metal counterion and the generation on their antitumor activity. The Cu(II) mononuclear 
complexes and first- and second-generation metallodendrimers were synthesized as 
previously described. (22,23) Unless otherwise specified, the reagents used for the sample 
preparations were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used without any 
further manipulation. 
Figure 1 
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Figure 1. Structure of the carbosilane metallodendrimers 1–6 used in this work, highlighting the 
parameters studied. 
2.2. Cell Lines and Primary Cultures 
Human PBMCs (peripheral blood mononuclear cells) were isolated from buMy coats of 
anonymized donors obtained from the Transfusion Center of Urbino Hospital. No specific 
approval from an institutional review board was required considering that (1) no personal 
patient information was made available; (2) buMy coats could not be used for the treatment of 
patients and were waste products for the blood transfusion center; (3) blood donors were 
verbally informed that parts of the donation that cannot be used for patient treatment may be 
used for scientific research. PBMCs were isolated from buMy coats through density gradient 
separation using Lymphoprep solution (specific density, 1.077; Axis-Shield PoC AS, Oslo, 
Norway). Cells were washed twice in phosphate buMer saline (PBS) by centrifugation at 
400g and suspended in RPMI-1640 with 10% (v/v) heat-inactivated fetal bovine serum (FBS), 
100 μg/mL penicillin, 100 μg/mL streptomycin, and 2 mM l-glutamine. 



The U937 cell line (Sigma-Aldrich, USA) was grown in the RPMI-1640 medium supplemented 
with 10% (v/v) heat-inactivated FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, and 2 mM l-
glutamine, at 37 °C in humidified air with 5% CO2. 
2.3. Electron Paramagnetic Resonance 
Metallodendrimers solutions (1 mM concentration in surface groups in RPMI buMer) were 
added to 12-well plates containing RPMI with and without cells (5 × 105 cells/mL) and 
subsequently analyzed by EPR; to exclude an eMect of the cell amount, higher and lower cell 
concentrations were also analyzed. The incubation times ranged from 0 to 72 h. All EPR 
experiments were performed at 37 °C. 
EPR spectra were acquired using an EMX spectrometer (Bruker) operating at X band (9.5 GHz) 
and interfaced with a PC (a Bruker software was used for handling and analyzing the EPR 
spectra). The temperature was controlled with a Bruker ST3000 variable-temperature 
assembly. 
Analysis of EPR Spectra of Cu(II) Metallodendrimers in RPMI in the Absence and Presence 
of the Cells 
The EPR spectra of Cu(II) metallodendrimers were constituted by two components, which were 
termed “fast” and “slow” on the basis of their line shapes. The relative percentages of the 
components were obtained by subtracting spectra containing these components in diMerent 
ratios from each other. Afterward, the extracted components and the overall spectra were 
doubly integrated to calculate the relative percentage of each component. Then, the well-
known calculation method of Budil et al. (26) was used to compute the components and obtain 
the following main parameters: (a) the gii main components of the g tensor for the coupling 
between the unpaired electron spin and the magnetic field and Aii main components of the A 
tensor for the coupling between the electron spin and the copper nuclear spin. For an axial 
symmetry, where gzz and Azz are the largest values, the z molecular axis corresponds to the main 
direction of the orbital containing the unpaired electron. The magnetic gii and Aiicomponents 
were compared with values found in previous literature in order to extract information 
about (12,22−25,27−33) (i) the type of coordination in Cu(II) complexes (such as the number of 
oxygen and nitrogen ligands); (ii) the geometry of the Cu(II) complex; and (iii) the strength of the 
coordinating bonds. In detail, an increase in the Aii values (mainly Azz, but, for clarity, the 
average value ⟨A⟩ = (Axx + Ayy + Azz)/3 was calculated and compared between spectra) and a 
decrease in the gii values (mainly gxx was clearly evaluable in all our spectra) are usually 
reflected in an increased number of nitrogen ligands and/or by a stronger interaction; (b) the 
correlation time for the rotational motion (τ) that provides information about the flexibility and 
coordination strength of the dendrimer branches by measuring the mobility of the complex; an 
increase of τ reveals an increase of the microviscosity at the Cu(II) site and, consequently, a 
decreased in mobility. 
2.4.  In Vitro Cytotoxicity Assays 
Cytotoxicity (absolute count and cell death) was evaluated through flow cytometry. U937 and 
PBMCs were seeded at a density of 106 cells/well in 12-well plates with 1 mL/well of medium to 
which 1 mL of metallodendrimer was added at a final concentration of 10–5 M and incubated for 
24, 48, and 72 h at 37 °C in a 5% CO2 humidified air. Therefore, the solutions for biological tests 
contained 100 times diluted metallodendrimer when compared to the solutions for EPR 
experiments. Despite the disadvantage created by the sensitivity limit of the EPR technique, 
which needs a relatively high concentration of paramagnetic species, this technique 
provides in situ information on the interactions occurring between the dendrimers and the 
cells. This information did not suMer from concentration variation as demonstrated by the 
invariability of the EPR spectra relative to the cell concentration. 



To evaluate cell death features, cells were incubated with propidium iodide (PI, 50 μg/mL, 
Sigma-Aldrich) for 30 min; the PIdim and PIbright clusters were then studied, which detected 
apoptotic and necrotic cells, respectively. To perform absolute cell counting, 100 μL of the 
sample was carefully dispensed at the bottom of the tube and incubated with Dako CytoCount 
beads (50 μL, Dako Denmark A/S). Within 60 min, samples were acquired with a FACSCantoII 
cytometer (Becton Dickinson, BD, USA). Approximately 20 000 cell events were collected. Set-
up and calibration procedures were optimized for the absolute counting protocols. 
2.5. Determination of Mitochondrial Potential (ΔΨm) 
Changes in mitochondria membrane potential were investigated through staining with 
tetramethylrhodamine ethyl ester perchlorate (TMRE, Sigma-Aldrich). TMRE is a ΔΨm-specific 
dye able to selectively enter into mitochondria, producing red fluorescence. TMRE (40 nM) was 
added to the sample and, after 15 min of incubation, fluorescence was measured by flow 
cytometry. 
2.6. Detection of Acidic Organelles 
To detect the acidification of the subcellular compartments, samples were labeled with 100 
nM LysoTracker Green dye (Molecular Probes) for 10 min at 37 °C, and then the fluorescence 
intensity was measured by flow cytometry. LysoTracker probes are fluorescent acidotropic 
probes for labeling and tracking acidic organelles in live cells. 
2.7. Autophagy Detection 
After dendrimer treatment, the cells were incubated with 50 μM monodansylcadaverine (MDC, 
Sigma-Aldrich) at 37 °C for 10 min and then analyzed by flow cytometry. MDC is an 
autofluorescent dye that accumulates in autophagic-involved vacuoles (AIVs) due to a 
combination of ion trapping and specific interactions with membrane lipids. 
2.8. Cytometric Analyses 
Cytometry assays were carried out with a FACSCanto II flow cytometer (BD, Biosciences) 
equipped with an argon laser (Blue, Ex 488 nm), a helium–neon laser (Red, Ex 633 nm), and a 
solid-state diode laser (Violet, Ex 405 nm). Analyses were performed with FACSDiva software 
(BD); approximately 10 000 cell events were acquired for each sample. 
2.9. Statistical Analyses 
Data are shown as the mean ± standard deviation (SD) of at least three independent 
experiments. Analyses of variance (ANOVA) approaches were used to compare values between 
more than two diMerent experimental groups for data that met the normality assumption. Two-
way ANOVA was followed by a Bonferroni posthoc test. P values less than 0.05 were considered 
statistically significant. All statistical analyses were done using GraphPad Prism 5.0 (GraphPad 
software, U.S.A). 
3. Results and Discussion 

 
In our previous studies, (22) copper(II) carbosilane dendrimers (Figure 1) demonstrated an 
extraordinary interacting ability toward model cell membranes, i.e., CTAB micelles and lecithin 
liposomes. 
EPR analysis indicated that higher generation dendrimers and chloride-containing systems 
exhibited an increase in the relative amount and strength of the interaction between the Cu(II) 
ions within the dendrimer in the presence of the model membranes. Interestingly, the 
stabilization of the Cu(II) complexes at the membrane level reduced the toxicity toward cancer 
cells. Aiming to unveil the mechanism of action of these metallodendrimers in viable cells, their 
interaction with the healthy cell line PBMC and the tumor cell line U937 was evaluated using 
computer-aided EPR and a wide range of well-validated tests for biological assays. 
3.1. EPR Analysis of Cu(II) Metallodendrimers in the Absence and Presence of Cells 
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EPR enabled the evaluation of the dendrimers’ behavior in the absence and presence of 
selected cell lines, namely, the healthy cell line PBMC and the tumor cell line U937, at diMerent 
incubation times ranging from 0 to 72 h. Unlike former studies in model membranes using 
PBS, (22) this study was performed using the RPMI medium. The spectra of the dendrimers 
alone in RPMI showed two components, which were termed “fast” and “slow” on the basis of 
the diMerent resolution of the magnetic components for the g and A tensors. This is represented 
in Figure 2A for G1-(ONO2) (2). Instead, three components have been found for the same 
dendrimers in PBS. (22) The change from PBS to RPMI media produced the disappearance of 
the component termed “component O” observed in PBS, arising from a Cu(II)-O4 coordination 
(Cu(II) binding with 4 oxygen sites, which may be water or phosphate groups). This is probably 
due to the presence of amino groups in the RPMI medium, which preferentially bind Cu(II) ions. 
Amino groups are present in several components of the RPMI medium, like vitamins (for 
instance, vitamin B12), glutathione, and biotin. 
Figure 2 

 
Figure 2. Analysis of the EPR spectra of metallodendrimers 1–6 in the absence (ct) and 
presence of U937 tumor cells at diMerent time points (2–48 h). (A) DiMerent Cu(II) environments, 
leading to the fast and slow components in EPR spectra, using G1-Cu(ONO2)2 (2) in the RPMI 
medium as an example. (B) Relative percentages of the spectral components. (C) Comparison 
of ⟨A⟩ for the fast component. An increase in ⟨A⟩ indicates an increase in the dendrimer–cell 
interaction. (D) Comparison of gxx for the slow component. A decrease in gxx indicates an 
increase in the dendrimer–cell interaction. 
The magnetic parameters from computation (the computed line, in red, is also shown in Figure 
S1) of the fast component of dendrimer 2 in RPMI, ⟨A⟩ ≥ 69 G and ⟨g⟩ ≥ 2.123, compared with 
literature ones, (12,22−25,27−33) indicate the formation of a square planar (orthorhombically 
distorted) Cu(II)-N4 coordination. The nitrogen sites are the iminopyridine groups at the 
dendrimer surface, and nitrogen sites present in the RPMI medium are listed above. High 
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mobility is supported by a correlation time for motion τ = 42 ps. The slow component is visible 
in Figure S1 as a peak at a relatively low intensity and high magnetic field. The subtraction of 
the fast component allowed us to obtain the slow component and compute it. An example of 
the computation of this component is shown in Figure S2. For a better comparison, Table ST1, 
also included in the Supporting Information, lists the gii and Aii main magnetic parameters for 
selected examples of fast and slow components. The significant increase of τ from the fast to 
the slow component indicates that the ions are trapped at the dendrimer interface. The values 
⟨g⟩ = 2.15 and ⟨A⟩ = 58 G used for computation (red line in Figure S2) also indicate diMerent 
coordinations of these trapped ions with two nitrogen and two oxygen ligand groups (Cu(II)-
N2O2). 
The addition of PBMC to the Cu(II) metallodendrimers produced negligible variations in the EPR 
spectra. Overall, EPR analysis indicated that PBMC barely interacted with the dendrimers, and 
these results are not henceforth discussed. Conversely, a diMerent situation was observed 
when U937 tumor cells were added to the dendrimers. After 24 h of incubation with U937 cells, 
dendrimer G1-Cu(ONO2) (2) revealed a spectrum (Figure S1, bottom), where the fast 
component was computed using higher ⟨A⟩ (77 G) and τ (58 ps) values and a lower ⟨g⟩ value 
(2.119) with respect to the absence of these cells. Furthermore, the relative percentage of the 
slow component was higher in the presence (35%) than in the absence (27%) of U937 cells. 
Finally, the gxx value of the slow component was lower in the presence (2.0305) than in the 
absence (2.0317) of U937 cells. Overall, these parameters indicate an interaction, mainly 
electrostatic through the Cu(II) complexes, between the dendrimer and the cancer cells. 
The fast components for all dendrimers in the absence and in the presence of U937 cells at 
diMerent incubation times (2, 4, 24, 48 h) were computed, and the calculated ⟨A⟩ values are 
shown in Figure 2.C. For all dendrimers, ⟨A⟩ increased by adding the U937 cells and by 
increasing the incubation time up to 24 h. This indicates a progressively positive interaction 
between the dendrimers and U937 cells over time. After 24 h, a decrease of ⟨A⟩ was observed, 
which may be provoked by cell degradation. The disruption at the membrane level well justifies 
a weakening of the Cu(II)-ligand binding strength and increased interaction with oxygen sites at 
the expense of the nitrogen sites. The results at the latest incubation time (72 h) were not 
reported because of poor reproducibility, but they were, in any case, in line with the trend 
shown from 24 to 48 h. The change of ⟨A⟩ over time was diMerent among the evaluated 
dendrimers. In the absence of cells, chloride dendrimers showed slightly higher values than 
nitrate ones, indicating stronger interactions of the ions with the former than with the latter 
dendrimers. Furthermore, the strength of interaction decreases with each generation. This may 
be accounted for by a perturbative eMect of neighboring Cu(II) complexes. Indeed, the ⟨A⟩ 
values for G2dendrimers increased less than for the other generations at all incubation times. 
This means that the increased density of surface groups of G2 dendrimers is perturbative for 
interactions at the dendrimer interface. Interestingly, G1-Cu(ONO2)2 (2) showed the highest 
variation at 4 and 24 h, while G1-CuCl2 (5) showed a significant variation already at 2 h and then 
⟨A⟩ barely changed until 24 h. This means that, for a fraction of complexes producing the fast 
component, 5 quickly interacted with the cells, while 2 required 24 h to produce stronger 
surface interactions with respect to the other dendrimers. Unexpectedly, G0 dendrimers 
behaved quite oppositely: G0-CuCl2 (4) gave higher ⟨A⟩ values at 24–48 h, but G0-Cu(ONO2)2 (1) 
interacted stronger at earlier times. The relatively strong and persistent interaction of G0-
CuCl2 (4) is justified considering that this small, flexible, and quite hydrophobic molecule was 
particularly great at adhering at and then entering the cell membrane. G2-Cu(ONO2)2 (3) 
showed interactions at 2–4 h; then, this eMect decreased over time. 
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Further additional information was achieved from the analysis of the slow components. Its 
relative percentage changed for the diMerent dendrimers from the absence to the presence of 
U937 cells as a function of the incubation time (Figure 2B). These variations were accompanied 
by a variation in the binding ability, proved by the variation of the position of the minimum of the 
peak at high field. 
This variation reflected the variation of the gxx parameter (Figure 2D), which therefore became 
the most reliable parameter in the computation of the slow component, together with its 
relative percentage, to describe the binding properties for the slow component. In detail, the 
following is true: the lower the gxx, the stronger the interaction. Comparing the results for the 
fast and the slow components in Figure 2, diMerent dendrimer–cell interactions were observed 
over time with an emphasis on the increase of % and decrease of gxx when U937 cells were 
present. If cells were not present, the slow-component percentage remained invariant among 
the diMerent dendrimers. However, the interaction strength measured by gxx was stronger for 
the dendrimers with the chloride counterion than for nitrate-containing ones, and increased 
among the nitrate dendrimers, from G0 to G1 and G2. These results confirm that 
CuCl2 complexes are more stable than Cu(ONO2)2 complexes, and the interactions with the 
cells perturb the complex stability mainly for the chloride counterion. Surprisingly, G1-
CuCl2 (5), which showed a quick interaction for the fast component, at 2 h revealed the lower 
percentage of the slow component among the various dendrimers, even if gxx values indicated 
an increase in interaction strength since 2 h. The relatively low % at 2 h is probably related to a 
barrier eMect played by the fast-moving but better-interacting complexes. However, at 4 h, the 
% of the slow component for 5 significantly increased but, at 24 h, decreased again to be the 
minimum at 48 h. Therefore, this dendrimer quickly interacted, but the slow and fast cell-
binding conditions competed with each other. The slow conditions (strong interactions) only 
won at 4 h. A completely diMerent behavior was found for G2-CuCl2 (6). This dendrimer showed 
low values of ⟨A⟩ for the fast component, while it showed the highest percentage of the slow 
component in the presence of the cells at all incubation times. This means that 
dendrimer 6 persistently interacted with the cell membrane, in agreement with the results on 
membrane models. (22) However, the interaction process was slower for dendrimer 6 than for 
dendrimer 5, requiring more than 4 h to display a preferential interaction (lowest gxx value). After 
48 h, dendrimer 6 was still interacting, but cell degradation occurred, and the interaction 
strength significantly decreased (increase in gxx values). The results from G0-CuCl2 (4) were also 
peculiar, since the interaction strength measured by gxxincreased progressively up to 48 h. At 
this time, complex 4 displayed the strongest interaction (lowest gxx) but a small percentage of 
the interacting component. In conclusion, dendrimer 4showed a strong and persistent 
interaction, as confirmed by the fast component results. 
With regard to nitrate dendrimers, G0-Cu(ONO2)2 (1) showed weaker interactions of the slow-
moving ions than G0-CuCl2 (4), both in the absence and in the presence of U937 cells. These 
interactions remained invariant over the incubation time range. Therefore, G0-Cu(ONO2)2 (1) 
interacted well with U937 cells at the external surface. This most likely provoked a harmful and 
prolonged internalization into the cells, probably via phagocytosis, with a consequent 
invariance in the perturbation of the slow-moving ions over time. G1-Cu(ONO2)2 (2) displayed 
stronger interactions than 1, also invariant over time, but a small increase in the percentage of 
the slow component was observed until 24 h. This increase corresponded to the relatively high 
increase in interactions at the external surface, which indicates that this dendrimer may be 
active in partially degrading the U937 cells. Conversely, for G2-Cu(ONO2)2 (3), the percentage of 
the slow component changed poorly over time, while the interaction strength increased at 2 h 
and then progressively decreased. This held true for both the fast and the slow component, 
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indicating a perturbation played by neighboring Cu(II) complexes, probably due to the presence 
of a higher density of polar NO3 groups. This probably stabilized the complex, leading to lower 
toxicity. In any case, the interactions were favored for G2-CuCl2 (6) with respect to G2-
Cu(ONO2)2 (3), due to the ability of 6 to enter the cell membrane, stabilize at the dendrimer–cell 
interface and potentially lead to eventual phagocytosis. 
These results are in agreement with previous results that demonstrate a unique interaction of 
dendrimers toward cell membranes by using both model membranes and real 
cells. (11,12)Model membranes, such as liposomes and micelles, mimic the structural 
organization of cellular membranes and, making use of a range of characterization techniques, 
provide physical insights into the interactions between dendrimers and cell membranes. (34) In 
the present case, previous studies using CTAB micelles and lecithin liposomes have provided 
valuable insight into the interactions between Cu(II) carbosilane metallodendrimers and model 
membranes. (22) It was found that both the relative amount of interacting component and the 
strength of the interaction between dendrimers and model membranes increase for higher 
dendritic generations as well as for chloride-containing dendrimers, compared to nitrate ones. 
The results found on U937 cells were perfectly in line with the previous ones on the model 
membranes, showing that they are satisfactory models for the cancer cell membrane. 
However, interestingly, the former in vitro study also showed lower toxicity in cancer cells due 
to this stabilization eMect. (22) 
Further conclusions can be obtained studying the interactions of diMerent types of dendrimers 
with the cells. The presence of cationic groups in a dendrimer promotes the binding to the 
negatively charged cell surface, but is also responsible for potential toxicity, thus requiring a 
good compromise between eMective internalization and toxicity. For example, the interaction 
of cationic PAMAM dendrimers toward HeLa cells increased with the generation and, thus, the 
amount of positive charges. (14,15) Importantly, herein we demonstrated that close Cu(II) 
complexes at the surface of Cu(II) carbosilane metallodendrimers exerted a perturbative eMect 
on complex stability with increasing generations. This translated into decreased interaction 
strength for G2 dendrimers. The interaction is not only dependent on the amount of cationic 
groups but also on their distribution and interacting ability. The interactions and kinetics of 
dendrimer internalization are also modulated by the type of cells. G4-PAMAM dendrimers 
underwent fast endocytosis in HepG2 cells; (35) a very slow internalization and a high 
membrane aMinity in PC-12 cells; and a complete uptake in 4 h in HeLa, astrocytes and lung 
fibroblasts. (14) According to the EPR study, our metallodendrimers showed a maximum 
interaction with U937 cells membrane at 24 h, thus confirming a stronger interaction with the 
cell membranes and a slower internalization mechanism, while ruling out the interactions with 
PBMC according to the absence of spectral variations. Overall, it can be concluded that 
cationic carbosilane metallodendrimers cross cell membranes but with diMerent dynamics 
depending on the type of dendrimer, membrane chemical composition, and cell-type recycling 
kinetics. 
As previously mentioned, the dendrimer–cell uptake depends on diMerent parameters such as 
generation, functionalization, concentration, and surface charge of dendrimers, as well as the 
cell type. Within cells, the dendrimer’s fate depends on the mechanism of cellular uptake. As 
an example, endocytosis has been reported as the main cellular uptake mechanism of PAMAM 
dendrimers, but passive diMusion has also been reported. The cytotoxic response of PAMAM 
dendrimers depended on the cellular uptake pathway; in turn, this is influenced by dendrimer-
membrane interactions. To gain further insight into the intracellular fate of Cu(II) carbosilane 
metallodendrimers, in vitro experiments were performed. 



3.2.  In Vitro Evaluation of PBMC and U937 Myeloid Cell Line Response to 
Metallodendrimers Administration 
In order to translate the results obtained through EPR studies to a more strictly biological 
analysis, subsequent in vitro experiments were performed, which evaluated the cytostatic and 
cytotoxic behavior of the compounds in the tumor cell line U937, as well as in healthy 
peripheral blood lymphocytes (PBMC) from donors. Lower dendrimer concentrations (10–5 M) 
were used for the biological assays, in comparison to those used in the EPR analysis (10–3 M), 
aiming for a compromise between viability and biological eMect (Figure S2). Additional 
sublethal eMects regarding mitochondria function, lysosomal compartment, and autophagic 
organelle involvement were studied and are herein presented. 
3.2.1. Cytotoxic and Cytostatic Behavior 
Cytotoxicity and cytostasis are desirable properties for antitumor drugs. Cytotoxic agents 
produce cell death and eventual tumor shrinkage, whereas cytostatic agents inhibit tumor 
growth through the alteration of their metabolism and blockage of cell division but without 
direct toxicity. (36) The cytostatic and cytotoxic properties of metallodendrimers 1–6 were 
evaluated through flow cytometry after 24, 48, and 72 h cell treatment. The results are shown 
in Figure 3, including absolute cell count (A, B) and dead cell count (C, D) by staining with 
fluorescent probe Propidium Iodide (PI). The experiments depict a diMerent scenario for PBMC 
and U937 cells: in U937, a cytostatic and cytotoxic behavior was observed already at 24 h, 
whereas, in PBMCs, a significant cytotoxic input occurs only at 72 h. These results match the 
conclusions from EPR analysis. 
Figure 3 
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Figure 3. Evaluation of metallodendrimers toxicity on the tumor cell line U937 ((A) absolute cell 
count; (C) % of PI-positive cells) and on healthy lymphocytes ((B) absolute cell count; (D) % PI-
positive cells). The dashed line indicates the absolute cell count at t = 0. 
Both metallodendrimer families are antiproliferative (cytostatic) and moderate cytotoxic 
agents for U937 tumor cells (Figure 3A,C). Control cells appear in exponential cell growth, 
unlike dendrimer-treated cells, confirming the cytostatic properties of these dendrimers. 
Supravital PI uptake measures the cytotoxicity of the compounds. Already after 24 h treatment, 
significant cell death is observed for first-generation dendrimers 2 and 5, as well as for the 
G0 complex 4due to a mainly cytotoxic eMect. These results are supported by EPR analysis, 
which suggests a probable harmful eMect of compounds 2 and 5 against U937 cells, but the 
stabilization of the chloride complex 5 at the external cell surface seems to delay the 
internalization of the dendrimer into the cells. Also, the cytotoxicity of 4 is supported by the EPR 
results since this small, flexible, and quite hydrophobic compound easily penetrates the cell 
membrane inducing a certain degree of cell death. Second-generation 
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compounds 3 and 6 exhibit a similar mild eMect on both viability and proliferation. EPR results 
also show that the interacting ability between the complexes and U937 cells decreases from 
G0 to G2, probably due to an increase in the density of surface groups that provokes 
perturbation between adjacent Cu(II) complexes. 
The Cu(II) metallodendrimers barely aMected the PBMC (Figure 3B,D). The absolute cell 
number was only visibly reduced after 48 h treatment with first-generation dendrimers 2 and 5, 
ascribed to a direct cytotoxic eMect (the cytostatic eMect is ruled out, due to the 
nonproliferating feature of normal lymphocytes). Nitrate metallodendrimer 2 showed a faster 
mechanism, probably necrosis and/or necroptosis, than the chloride counterpart 5 and the 
second-generation analogue 3. Unfortunately, no reproducible results were obtained for 
complex 1. The number of 2-treated lymphocytes directly decreases, before the individuation 
of PI positivity, while 3-treated cells suMer a lower decrease, although revealing a relevant and 
significant number of PI-positive events. It was possible to distinguish early apoptotic and 
necrotic cells through the diMerent PI fluorescent intensity (Figure S2). This eMect is especially 
remarkable for the nitrate-dendrimer 2, with a significantly higher activity than the 
mononuclear and second-generation counterparts 1and 3. Again, the higher toxicity of 
dendrimer 2 was predicted by the EPR analysis. Such diMerences among the diMerent 
generation analogues are diluted in the chloride-containing family. 
Anticancer therapy usually induces apoptotic (37) and/or autophagic cell death, (38) direct 
necrotic cell death (39) or senescence. (40,41) While cancer cells are highly proliferative, most 
normal somatic cells (as PBMCs) present a nonproliferative, postmitotic state, whose features 
partially explain the specificity observed toward tumor cells because the activity of several 
cytotoxic agents is dependent on cell-cycle progression. (42) 
Cu(II) carbosilane dendrimers are more cytotoxic toward U937 tumor cells than other cationic 
dendrimers. For example, treatment with second-generation dendrimer 6 at 10–5 M, bearing 8 
iminopyridine Cu(II) complexes, produced a 10% increased death compared to nontreated 
cells. A concentration 40 times higher of a G2-polypropyleneimine dendrimer, comprising 8 
−NH2peripheral groups, is necessary to reach a comparable cytotoxic response in U937 
cells. (43)Unlike PPI and PAMAM dendrimers, which showed U937 toxicity in a time- and 
generation-dependent way, (43) our Cu(II) metallodendrimers follow the pattern previously 
observed with carbosilane analogues: (23) First-generation complexes 2 and 5 are the most 
eMective among the diMerent generation complexes. 
Aiming for a deeper understanding of the mechanisms responsible for U937 cell death, we 
focused on analyzing the sublethal eMects on the residual cells from the previous experiments. 
The eMect of the metallodendrimers on the mitochondria function, the lysosomal 
compartment, and the involvement of autophagy was analyzed. The results, which are shown 
below, indicate that the pathways involved in death processes include the autophagic vacuole 
formation and the mitochondria–lysosome axis. 
3.2.2. ESect on Mitochondria Transmembrane Potential 
The mitochondrial transmembrane potential (ΔΨm) drives the production of ATP in the 
cell. (44)At high ΔΨm, the mitochondrial respiratory chain generates ROS in an exponential ratio 
to ΔΨm, being potentially harmful to mitochondria and ultimately to the cell. On the other hand, 
sustained low values of ΔΨm lead to insuMicient ability to produce ATP as well as “reductive 
stress”, which is as detrimental to homeostasis as oxidative stress. Normal cell functioning 
requires stable levels of intracellular ATP and ΔΨm, and a continued alteration of these factors 
may compromise the viability of the cells. In some diseases such as cancer, the mitochondria 
exhibit significantly higher ΔΨm, compared to normal cells, and can be used as a therapeutic 
antitumor target. (45) The changes in ΔΨm after treatment with compounds 1–6 were evaluated 
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through tetramethylrhodamine ethyl ester (TMRE) labeling, and the results are shown 
in Figure 4. 
Figure 4 

 
Figure 4. Changes in the mitochondria membrane potential (ΔΨm) in U937 cells (A) and PBMC 
(B) after treatment with metallodendrimers 1–6 measured through TMRE labeling. The error 
bars have been deleted to facilitate the reading but can be found in Figure S4. 
The treatment of U937 cells with Cu(II) complexes 1–6 (Figure 4A) produced an initial pro-
oxidative eMect, revealed by an increase in TMRE fluorescence at 24 h, especially remarkable 
for second-generation metallodendrimer 6. This result was expected on the basis of the 
peculiar interaction behavior shown by the EPR analysis of this dendrimer. However, such a 
strong and persistent interaction increases the mitochondria transmembrane potential but 
decreases the toxicity. As previously reported, mitochondrial membrane hyperpolarization may 
be related to a significant production of reactive oxygen species (ROS). (46,47) This production 
of ROS is exponentially dependent on ΔΨm and potentially harmful to the cell and detrimental 
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to homeostasis. Furthermore, this initial hyperpolarization produced by Cu(II) 
metallodendrimers matches the one observed for nanosized copper particles. (48) At 48 h, the 
membrane potential collapsed, particularly for metallodendrimers 2, 3, and 4, and kept 
decreasing at 72 h for first-generation dendrimers 2 and 5. Together with complex 6, also 
complex 1 exhibited a prolonged pro-oxidative eMect until 48 h, in agreement with the EPR 
results showing a quick interaction with the cell surface, which persists over time. These 
findings are in agreement with the data on viability and proliferation in Figure 3: 2-treated U937 
cells did not show any relevant partial recovery at 72 h, whereas compound 1 continues to 
increase the membrane potential, suggesting a delayed but prolonged eMect. Also, this finding 
is supported by EPR results, since 1showed an invariance in the perturbation of the slow-
moving Cu(II) ions over time. 
A diMerent situation is observed in PBMC. The metallodendrimers produced a stronger pro-
oxidative eMect at 24 h, if compared to U937, followed by a significant decrease at 48 h for all 
compounds, which is mildly recovered after 72 h. Recent findings demonstrated that 
tumorigenesis requires functional mitochondria; accordingly, the mitochondrial electron 
transport chain (ETC) emerges as a potential target in antitumor treatment. (49) Although ETC 
complexes were not directly evaluated here, it is known that ETC and ATP production are strictly 
correlated. (50) As most somatic cells are in a nonproliferative state, the features associated 
with the ETC and their mitochondria membrane potential in quiescence could account for 
some of the specificity observed toward tumor cells. 
Copper is an essential element with two fundamental intracellular functions, related to its 
redox ability as a cofactor of either mitochondrial cytochrome c oxidase or the Cu/Zn 
superoxide dismutase, involved in detoxifying ROS. It has been reported that a surplus of 
copper within mitochondria can initiate oxidative damage and induce the destruction of this 
organelle. (51) In our case, the Cu(II) atoms are chelated through the iminopyridine ligands, 
leading to stable complexes which hinder the release of metal ions. However, it is well-known 
that the nitrate ligands in Cu(II) metallodendrimers 1–3 are more labile than the chloride 
ligands in compounds 4–6 and can be easily released in water solutions. The EPR results are in 
line with this finding. Accordingly, the higher overall positive charge in the nitrate systems could 
explain their diMerent eMect on the mitochondria membrane potential. For example, first-
generation nitrate complex 2is more eMective in decreasing ΔΨm in U937 cells at 48 and 72 h 
than its chloride counterpart 5. 
Interestingly, the nature of the metal complex located at the periphery of the dendritic scaMold 
dictates the eMect on the mitochondria membrane potential. Alternative metallodendrimers 
comprising the same carbosilane dendritic scaMold herein used and decorated with 
ruthenium(II) complexes have been evaluated for their antitumor activity toward acute 
promyelocytic leukemia HL60 cells. (52) 
The study revealed a general mitochondrial hyperpolarization, where ΔΨm increased when 
increasing metallodendrimer concentration (from 0.5 to 5.0 μM) and generation (from G1 to G2). 
A time-dependence was also observed, finding the maximum hyperpolarization at 3 h for 
G1 and 72 h for G2. The Cu(II) metallodendrimers, however, exhibited the highest 
hyperpolarization at 24 h and then a progressive decrease in ΔΨm, reaching values below the 
potential of nontreated cells. 
3.2.3. ESect on Lysosome and Autophagosome Routes 
After the uptake of nanomaterials by either phagocytic or nonphagocytic mechanisms, 
internalization into lysosomes is a frequent event. These organelles represent an extremely 
hostile environment due to their low pH and the variety of hydrolytic enzymes that can degrade 
most nanomaterials, except the most biopersistent. We evaluated the involvement of 
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lysosomes after 24 h of dendrimer administration to U937 using LysoTracker. The results 
indicated that the lysosome pathway was involved after 24 h treatment of the copper 
metallodendrimers with U937, especially for compounds 1 and 6, the latter displaying a 
significant peak in lysosome number/acidity (Figure 5A). 
Figure 5 

 
Figure 5. (A) Involvement of the lysosome pathway in U937 cells after treatment with 
compounds 1–6, measured using LysoTracker green. (B, C) Autophagy perturbation induced by 
treatment with the diMerent compounds and measured using MDC labeling in U937 and PBMC. 
The error bars have been deleted to facilitate the reading but can be found in Figure S5. 
In addition to the endolysosomal pathway, nanomaterials can also induce 
autophagy. (53)Autophagy is a catabolic strategy to degrade cellular components through 
lysosomes and thus mitigate cellular stress. In cancer therapy, it can act as a cytoprotective or 
cytotoxic mechanism in a context-dependent fashion, (54) fostering a controlled cell death or 
supporting the survival of cancer cells by providing metabolic precursors. Furthermore, it plays 
many diMerent roles in lymphocyte development and function. (55) It has been found that 
PAMAM dendrimers (G5-NH2) induce both reactive oxygen species and autophagy flux in 
neuronal cells. (56) 
To elucidate lysosome–autophagosome routes after treatment with the Cu(II) 
metallodendrimers, we performed a monodansylcadaverine (MDC) labeling assay, a specific 
marker of autophagic induced vacuoles (AIVs) (Figure 5B,C). The increase in mean 
fluorescence intensity (MFI) indicates an alteration of autophagy flux, with the accumulation of 
autophagosomes, whereas the decrease represents an eMective loss or disruption of the same 
organelles. In U937, cell treatment with nitrate complexes 1–3 produced a mild increase at 24 
h and a mild decrease at 48 h, with no clear dependence on dendrimer generation. The only 
remarkable increase was observed for monometallic complex 1 after 72 h, which correlates to 
a reduction of PI positivity and with the still impaired proliferation. In addition to the 
cytoprotective form of autophagy, a cytostatic form of autophagy can be induced, as recently 
reported. (57) 
Chloride dendrimers 4–6 showed certain heterogeneity, especially second-generation 
dendrimer 6. At 24 h, dendrimer 6 displayed the highest MFI value for MDC labeling, in 
agreement with data from LysoTracker green assay, and constantly decreased to MFI = 1 at 72 
h. In this case, too, the peculiar stability and interactions with the cell membrane for 
dendrimer 6, as tested by EPR, support the occurrence of a phagocytosis process with the 
involvement of lysosomes. 
Conversely, compounds 4 and 5 exhibited a decrease at 48 h and an increase at 72 h, quite 
remarkable for monometallic complex 4. We already discussed the ability of dendrimer 4 to 
penetrate the cell membrane, producing cell death. Overall, we can conclude that 
compounds 1and 6 are the most eMicient in autophagosome induction, followed by 
compound 4. Regarding PBMC (Figure 5C), autophagy seems more upregulated in nitrate-
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treated cells, compared to the chloride counterparts. In particular, first-generation 
metallodendrimer 2 induces an important formation of autophagic vacuoles after 24 h of 
treatment, probably as a cytoprotective mechanism according to the absence of toxicity 
observed in Figure 3D. 
Altogether, these results suggest that treatment with carbosilane copper metallodendrimers 
induce death processes through the mitochondria–lysosome axis as well as autophagic 
vacuole formation. The dendrimers seem to stabilize diMerent subcellular compartments, 
playing an important role in the exerted toxicity. They may cause lysosomal overload with 
indigestible material, including copper, disrupting the fusion of lysosomes with other cell 
compartments and resulting in vacuole accumulation, as observed in our assays. Other 
cationic dendrimers, such as PAMAM dendrimers, induce the loss of mitochondrial membrane 
potential and lysosome membrane permeabilization, through a proton sponge 
mechanism. (58) Lysosome membrane permeabilization is a well-known cell death 
mechanism, which may result in mitochondrial outer membrane permeabilization or be 
contemporaneous, giving the subsequent induction of reactive oxygen species (ROS) 
generation and apoptosis, or even necrosis. 
Nanomaterial-induced autophagy perturbation, both induction and blockade, has been widely 
reported, (59) with several plausible mechanisms including oxidative stress, mitochondrial 
damage, alteration of signaling pathways, or a simple attempt to degrade a foreign entity. The 
dysfunction of autophagy and lysosomal pathways is a potential cytotoxicity mechanism but 
may also be a potential therapeutic mechanism. 
4. Conclusions 

 
In search of eMicient and selective antitumor therapies, copper(II) carbosilane dendrimers 
stand out due to their high stability, exceptional structure-to-property relationship, and unique 
interaction with cell membranes, which can be fine-tuned, altering the dendrimer generation 
and the metal counterion. This extraordinary interaction, which further explains the potent and 
selective cytotoxic behavior, has been studied through EPR in model cell membranes and 
herein confirmed in myeloid cancer (U937) and healthy (PBMC) cells. 
EPR spectral computation showed that the Cu(II)-N2O2 coordination observed when the ions 
are trapped in slow motion at the dendrimer interface was perturbed or stabilized during the 
electrostatic interaction with the membranes of U937 cancer cells. 
Importantly, these interactions were preferential with the cancer cells and weak or absent with 
healthy PBMCs. The interaction between the Cu(II) complexes and U937 cells progressively 
increased over the incubation time. Cell degradation started probably after dendrimer uptake, 
when the disruption at the membrane level well justifies the weakening of the Cu(II)-ligand 
binding strength measured by EPR, and increased interaction of Cu(II) with oxygen sites at the 
expenses of nitrogen sites. The biological in vitro assays confirmed that Cu(II) 
metallodendrimers are cytostatic and moderate cytotoxic agents for U937 tumor cells, while 
barely aMecting healthy PBMCs, in part explained by the nonproliferating nature of PBMCs. They 
altered the mitochondria transmembrane potential of U937 cancer cells, producing an initial 
pro-oxidative eMect at 24 h and a subsequent collapse of up to 72 h. These metallodrugs 
perturbed the lysosome pathway and the autophagy flux in U937 cells, increasing the formation 
of autophagic vacuoles at 24 h, which were progressively disrupted over time. A similar eMect 
was observed in PBMC, but the initial pro-oxidative eMect is buMered over time, recovering the 
control values at 72 h. The increased formation of autophagic vacuoles at 24 h and subsequent 
degradation may be related to a cytoprotective response, considering the absence of toxicity 
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at 24 and 48 h. This eMect is particularly remarkable for G1-Cu(ONO2)2 (2), with an extremely 
high increase in autophagy after 24 h of treatment. 
The structural perfection of Cu(II) metallodendrimers provided valuable insight into the 
influence of dendritic generation and the metal counterion on the interaction with cancer cells 
and the subsequent therapeutic eMect. Overall, the following conclusions can be drawn: 

1. Both in the absence and in the presence of cells, the strength of interactions of 
the ions was stronger (more stable Cu(II) complexes) with chloride dendrimers 
than with the nitrate ones and may lead to a diMerent uptake mechanism. For 
example, G0-CuCl2 (4) gives a strong and persistent interaction with U937 cells 
after 24 h, as this small, flexible, and hydrophobic complex easily penetrates 
the cell membrane and leads to cell death. However, G0-Cu(ONO2)2 (1) 
interacts stronger at the external surface and at shorter times, producing a 
harmful and prolonged internalization of 1through phagocytosis, with a 
consequent invariance in the perturbation of the slow-moving ions over time. 

2. The interaction strength decreased with the increase in generation, probably 
due to the increase of surface-group density that provokes perturbation 
between adjacent Cu(II) complexes. Nevertheless, this does not exclude 
strong and persistent interactions with the cell membrane with second-
generation metallodendrimers such as G2-CuCl2 (6), in agreement with the 
results on membrane models, (22) favoring phagocytosis and a persistent 
mitochondria hyperpolarization. 

3. A strong and persistent interaction with the cell membrane, such as that 
observed for metallodendrimers 1 and 6, favors phagocytosis, increases the 
mitochondria transmembrane potential, and leads to a prolonged formation of 
autophagy vacuoles that degrade cellular components, as cytostatic-related 
autophagy. Importantly, such persistent interactions decreased 
metallodendrimer toxicity. 

4. The structural features of first-generation metallodendrimers G1-Cu(ONO2)2 (2) 
and G1-CuCl2 (5), such as the metal complexes distribution and the 
hydrophilic–hydrophobic balance, induced a remarkable cytotoxicity in U937 
cells already at 24 h, coinciding with an initial pro-oxidative eMect, and an 
outstanding collapse of mitochondria transmembrane potential up to 72 h, in 
agreement with their higher toxicity. A simple exchange of counterion modified 
the interaction speed: G1-CuCl2(5) interacted quickly (2–4 h), but the 
interactions were not persistent, as shown by the EPR results; the biological 
data on 5 showed that the labile interactions at the external surface delayed 
the internalization in the cells. Conversely, G1-Cu(ONO2)2 (2) required 24 h to 
produce strong and persistent interactions at the U937 cell surface (EPR 
results). These interactions favored, for 2, a higher activity and faster cytotoxic 
mechanism (mainly at 24–48 h), probably necrosis and/or necroptosis, than 
the chloride counterpart 5. The fast and selective cytotoxic response of 
metallodendrimer 2 in myeloid cancer cells well justifies its selection as the 



most promising candidate for further anticancer evaluation, consistent with 
our previous study toward resistant prostate cancer. (22) Complex 2 reduced 
the proliferation of PC3 cells, their adhesion to collagen type-I, and the tumor 
size up to 37% in an ex vivomice model. 

The potency and selectivity of Cu(II) metallodendrimers in myeloid cancer cells open new 
avenues in the use of nanosized metallodrugs for the treatment of leukemia, which cannot 
benefit from the well-known enhanced permeation and retention eMect that improves the 
anticancer eMect of nanodrugs in solid tumors. 
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