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Coordination of ruthenium arene fragments on carbosilane dendrimers’ surface greatly increases their antitumor 

properties. Newly synthetized ruthenium dendrimers are water-soluble, monodisperse and stable. Since carbosilane 

dendrimers are good carriers of drugs and genes, the presence of ruthenium in their structure makes them promising 

candidates for new drug delivery systems with improved antitumor potential. Carbosilane ruthenium dendrimers are 

more toxic to cancer cells than normal cells. Results of several in vitro studies applied here indicate that carbosilane 

ruthenium dendrimers induce apoptosis in promyelocytic leukemia HL-60 cells. 
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In adults (age 15–99), stomach, colorectal, liver, lung, breast, cervix, ovarian, prostate cancer and leukemia are the 

most common neoplasms [1,2] among children and adolescents, the last has the highest incidence. One of the most 

difficult problems is to develop an effective and safe drug, considering that the administration of the current 

pharmaceuticals carry high risks for the patient. The main reason for this is the poor selectivity of the anticancer 

drugs used, some of which have unwelcome side effects on the body [2]. 
Among the different types of cell death induced by chemotherapy, the phenomena of apoptosis and necroptosis 

– programmed cell death – have attracted considerable attention [3]. During apoptosis, typical morphological 

changes – such as chromatin condensation and marginalization, and shrinking of the nucleus – occur [4,5] and the 

nucleus becomes fragmented, the cytoplasm becomes dense and the structure of other organelles changes. 

Ultimately, apoptotic bodies are formed and removed by the phagocytic cells, avoiding any inflammatory process. 

Two activated pathways can be involved depending on the cell type and the inducing factor. The extrinsic receptor 

pathway associated with the cell membrane receptors, such as the protein receptor family of tumor necrosis factor 

and their ligands, is among others. The intrinsic pathway involving mitochondria is activated by an increased 
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concentration of reactive oxygen species (ROS) and calcium ions in the cytoplasm, oxidative stress, DNA damage and disorders in 

electrolyte transport [5]. There are other pathways, one in which perforin and granzyme B (pseudoreceptor) are involved, and another 

involving the endoplasmic reticulum (reticular-induced stress). Consequently, regardless of the agent causing apoptosis, a caspase 

cascade is activated which results in cell death without an inflammatory reaction. 
Tumor cells can avoid activating apoptosis by different pathways [5,6]. Absence, silencing or deactivation of the apoptotic protease 

activating factor 1 (Apaf-1) in leukemia, glioblastoma, cervical and ovarian cancer cells lead to resistance against many anticancer 

drugs. This is related with the importance of this cytosol protein in the activation of cytochrome C-dependent apoptotic signaling 

[7,8]. Multidrug resistance (MDR) is multifactorial and may be mediated by overexpression of anti-apoptotic proteins, such as Bcl-2, 

Bcl-xL or Mcl-1 or p53, FADD, Bax or Fas mutations [9,10]. Another result of cancer treatment seems to be programmed necrosis, in 

particularly necroptosis, a process associated by linking the tumor necrosis factor receptors with their ligands, similar to the extrinsic 

apoptosis pathway. ATP and glucose levels determine whether cells by apoptosis or necroptosis [11,12]. Necroptosis requires active 

disintegration of mitochondrial, lysosomal and plasma membranes; unlike apoptosis, necroptosis does not need caspase activation [5]. 
Despite the involvement of new effective drugs to treat cancers, the clinical effects are still far from satisfactory. It can be explained 

by limited ways of transporting of therapeutic compounds directly to the tumors. This triggers side effects, causing high mortality. 

For that reason, it is highly important to develop new carries that can deliver the drug substances and reduce their toxicity for healthy 

tissues and organs [13]. Nanoparticles, such as nanotubes, liposomes or dendrimers have certain advantages over conventional 

chemotherapeutics because they can be synthesized to have better properties or behave in more specific ways [14,19,20]; properties 

include selectivity, size, shape and biocompatibility. 
In this approach, dendrimers can be useful due to their being highly branched macromolecules of low polydispersity, providing 

encouraging opportunities for the design of novel drug-carriers. For example, terminal groups conjugated on the surface of these 

systems generally determine the properties and their application [17]. 
Ourresearchgroupworkswithcarbosilanedendrimers.Themainfeaturesofthisscaffoldareitslipophilicskeleton (more hydrophilic like 

polyamidoamine [PAMAM] or polypropylenimine [PPI] in contrast with other types of dendrimers), its chemical inertness and 

chemical stability. To make them water-soluble, the surface is modified with cationic moieties, thus making them suitable for different 

biomedical applications since this facilitates their interaction with the surface of cell membranes of an anionic nature [14,15,18–21]. The 

antitumoral properties of some dendrimers based on 3-diaminobenzidine (DAB), polypropylenimine or carbosilane scaffolds have 

been enhanced by conjugation on their surface with different metal complexes based on gold, silver, platinum or ruthenium [13– 18,26]. 

Among them, ruthenium-based complexes have now acquired a certain prominence. Ru (III) complexes are reduced to the more 

reactive Ru (II) form at lower pH and in a tumor-reducing environment [27,28]. Ruthenium derivatives probably use transferrin, to 

accumulate in tumors, due to their similarities with iron, leading to them being less toxic complexes than their metallic analogs [29–31]. 
We investigated newly synthetized carbosilane dendrimers with attached ruthenium molecules (carbosilane ruthenium dendrimers 

[CRD]) as potential anticancer agents. Possible mechanisms of CRD antitumor activities have been analyzed. The results indicate that 

ruthenium dendrimers with imino-pyridine endgroups induce apoptosis in promyelocytic leukemia cells of the HL-60 line (Figure 1). 

Materials & methods 

Ruthenium-terminated carbosilane dendrimers (CRD) 
Two generations of ruthenium-terminated carbosilane dendrimers with imine(o)-pyridine endgroups have been analyzed. The 

dendrimer structures and molecular weight are given in Figure 2. To obtain these compounds to a solution of Gn-[NH2]m in THF, the 

corresponding aldehyde, 2-pyridinecarboxaldehyde was added. The mixture was stirred under inert atmosphere at room temperature 

in the presence of anhydrous MgSO4 or 24 h. Subsequently, the solvent was evaporated to give an oil that was purified by size 

exclusion chromatography. Once the dendritic ligands precursors were obtained, these were dissolved in dry ethanol and then the 

dimer [Ru(η6-p-cymene) Cl2]2 was added slowly to that solution. The solution was stirred overnight at room temperature; after which, 

the solvent was evaporated under reduced pressure, affording compounds CRD 13 and CRD 27 in moderate yields. The main 

characteristics and detailed steps of the synthesis of dendrimers have been described elsewhere [26]. 
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Figure 1. Schematic drawing of the manuscript. (A) Ruthenium dendrimers characterization. (B) Effect of dendrimers on PBMC and HL-60 

cells. (C) In vitro techniques used in this study. PBMC: Peripheral blood mononuclear cell. 

 

 

Figure 2. Molecular structure and molecular weight of the ruthenium-terminated carbosilane dendrimers of the first and second generations with 

imine-pyridine endgroups CRD 13 and CRD 27. 
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Cell viability 
Peripheral blood mononuclear cells 

Peripheral blood mononuclear cells (PBMCs) were obtained from healthy donors from the Regional Blood Center in Lodz (Poland). 

After isolation (Histopaque 1077, Sigma), cells were resuspended in RPMI-1640 (Gibco) with heat-inactivated 10% FBS (HyClone) 

in the presence of antibiotics (1%). The cells were maintained in plastic tissue culture flasks (Falcon) and kept at 37◦C in a humidified 

atmosphere containing 5% CO2/95% O2. 

HL-60 cells 

HL-60 cell line (human acute leukemia) was purchased from ATCC, UK. Cells (1 × 104 per well) were grown as stated above. The 

cytotoxicity of dendrimers was assessed by the Alamar Blue assay. After 72 h treatment with dendrimers, PBMC and HL-60 cell 

viability was calculated from the formula: 

% viability = (A/Ac) × 100%, 

where A is the absorbance of the sample, and Ac is the absorbance of control cells. 

l,6-Diphenyl-l,3,5-hexatriene & 1-(4-(trimethylamino)phenyl)-6-phenylhexa-1,3,5-triene fluorescence anisotropy 
To estimate the nature of the interaction between ruthenium dendrimers and cell membranes, the technique of l,6-diphenyl-l,3,5-

hexatriene (DPH) and 1-(4-(trimethylamino)phenyl)-6-phenylhexa-1,3,5-triene (TMA-DPH) fluorescence anisotropy was used, with 

erythrocyte membranes taken as a model. Erythrocytes were hemolysed in cold (4◦C) hypotonic 10 mM Na-phosphate buffer, pH 

7.4. In order to separate the membranes from hemoglobin they were washed 4–6 times with Na-phosphate buffer. The concentration 

of membrane protein was calculated using Lowry method [31]. After isolation the membranes were kept frozen for 14 days. 
To analyze changes in membrane fluidity induced by adding the dendrimers to the membrane solution, we used fluorescence 

anisotropy of DPH and TMA-DPH probes. DPH, a nonpolar molecule, enters the hydrophobic region of the lipid membrane, 

whereas TMA-DPH is anchored near the hydrophilic part of the lipid bilayer due to its positively charged amino groups. Fluorescence 

anisotropy was measured in rising concentrations of CRD 13 and CRD 27 using Perkin–Elmer spectrofluorimeter LS-50B. For the 

DPH probe, the excitation and emission wavelengths were 348 and 426 nm, respectively; for TMA-DPH, 358 and 428 nm, 

respectively. 
The slit-width of the excitation monochromator was 6 nm and that of the emission monochromator was 8 nm for both probes. 

Readings were taken at 37◦C. Erythrocyte membranes were dissolved in phosphate-buffered saline (PBS), pH 7.4. The concentration 

of each fluorescent probe was 1 μmol/l. After their addition, the samples were incubated for 10 min. Dendrimers were dissolved in 

water, and added to the sample to reach the required concentrations. Fluorescence anisotropy values (r) were calculated using Perkin–

Elmer software from Jablonski’s equation: 

r = (IVV − GIVH) / (IVV + 2GIVH) 

IVV - vertical fluorescence intensity, IVH - horizontal fluorescence intensity. G = IHV/IHH - grating correction factor that corrects the 

monochromator polarizing effects. 

Comet assay 
The comet assay was used under alkaline conditions following the procedure described in [29]. The cells were suspended in 0.75% low 

melting-point agarose in PBS (pH 7.4); next, the cells at the concentration 5 × 10-2 ml were applied on slides, earlier coated with 1% 

normal agarose. After this the slides were incubated at 4◦C for 1 h in a lysing buffer (2.5 M NaCl, 100 mM EDTA, 1% Triton X-100, 

10% DMSO and 10 mM Tris), pH 10. Subsequently, the slides were subjected to electrophoresis in buffer (300 mM NaOH, 1 mM 

EDTA, pH > 13) for 40 min. Electrophoresis was carried out at 0.73 V/cm, 300 mA for 30 min. DNA was stained with DAPI (4 

μg/ml) in the dark, and 50 randomly selected cells were assessed with Nikon E200 (Japan) equipped with a filter UV and Cohu 4910 

video camera (Cohu, Inc., CA, USA) and Lucia–Comet v. 4.51 (Laboratory Imaging, Prague, Czech Republic) analysis system. The 

percentage of DNA in comet tails was measured. 
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Transmission electron microscopy 
Transmission electron microscopy (TEM) analysis of the cancer cells HL-60 was used to analyze ultrastructural changes. The cells 

were treated with 2.5 μmol/l CRD 13 or 5 μmol/l CRD 27 before being incubated for 24 h. After incubation, cells were centrifuged 

10 min/1500 r.p.m. and washed twice with PBS. They were fixed with 2.5% glutaraldehyde in 0.1 M PBS (pH 7.2) for 2 h before 

being dispersed in 1.5% agarose and rinsed three-times with the same buffer. The cells were postfixed in 1% osmium tetraoxide for 

2 h at 4◦C, and dehydrated in ethanol and propylene oxide before being embedded in Epon–Spur’s resin mixture. Semithin sections 

were stained with 1% toluidine blue to examine cell morphology by light microscopy with a Nikon Eclipse 50i, using Coolview 

software. Ultrathin sections (70–80 nm) were putted on formvar-coated nickel grids (300 mesh) and stained with uranyl acetate and 

lead citrate [30]. Ultrastructure of the cells was evaluated with the transmission electron microscope JEM 1010 (JEOL, Japan) at 80 

kV. 

Determination of ROS levels 
HL-60 cells were treated with dendrimers at from 0.5 to 5 μmol/L. After treatment, cells suspensions were incubated in 2.5 μmol/L 

H2DCF-DA PBS-based solution for 20 min under growth conditions. Fluorescence measurements were subsequently carried out 

using a BioTek Synergy HTX microplate spectrophotometer at λex = 485 and λem = 528 nm. The ROS level was calculated relatively 

to the control. The results were obtained from 3 independent experiments and are given as mean ± standard deviation (SD). 

Mitochondrial transmembrane potential 
To measure mitochondrial transmembrane potential HL-60 cells were incubated for 0.5, 3, 24, 48 and 72 h in the presence of 

dendrimers from 0.5 to 5 μmol/l. A 5 μmol/l of fluorescent dye C-1 (5,5 -tetrachloro-1,1  tetraethylbenz-

imidazolcarbocyanine iodide) was added to each well [28]. Measurements were taken after 20 min incubation in the dark. The filters 

used were suitable for fluorescence monomers (lex = 485 nm, lem = 538 nm) and 

 

 

Figure 3. Effect of carbosilane ruthenium dendrimers on the viability of: (A) normal PBMC cells and (B) HL-60 cancer cells after 72-h incubation. The 

values are the mean ± SD of n > 6. *Statistically significant differences in comparison to the control cells (*p < 0.05, **p < 0.01, ***p < 0.001). PBMC: 

Peripheral blood mononuclear cell. 
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fluorescence dimers (lex = 530 nm, lem = 590 nm). Measurements (mitochondrial membrane potential [m]) were made using a 

Fluoroscan Ascent FL microplate reader. The fluorescence factor was calculated: 

FD 

m =  
FM 

where m is the mitochondrial potential directly proportional to the fluorescence factor, FD the dimer fluorescence and FM the 

monomer fluorescence. The results have been expressed as % of the control (100%). Experiments were repeated three-times and the 

results averaged. 

Determination of necrotic & apoptotic cells by the caspase test 
To estimate the influence of ruthenium dendrimers on the changes in the number of apoptotic and necrotic cells, we used the caspase 

test. Exponentially growing HL-60 cells (3–5 × 105 cells/ml) were treated with the apoptosisinducing agent, staurosporine, at 0.5 

μmol/l (Sigma), propidium iodide (PI)-positive control ETOH or CRD dendrimers. In cells collected at 24 and 48 h after incubation, 

detection of activated caspases by their fluorescently labeled inhibitors (FLICA) was combined with plasma membrane permeability 

assessment (PI). The cells were stained with FAM-VAD-FMK (pan caspase marker; fluorescently labeled inhibitors) for 2 h and PI. 

Samples were analyzed by flow cytometry. Triplicate cultures were measured per treatment. 

Determination of necrotic & apoptotic cells by the acridine orange and ethidium bromide test 
To distinguish apoptotic and necrotic cells, the double staining test with acridine orange (AO) and ethidium bromide (EB) – DNA-

binding fluorescent dyes – was used [32]. AO stains the nuclei green; whereas, EB stains cells with damaged membranes in red. 
To assess the state of cells, the following criteria were used: normal green nucleus - viable cells, green nucleus with condensed or 

fragmented chromatin - early apoptotic cells, condensed or fragmented orange/red chromatin -late apoptotic cells, red nucleus - 

necrotic cells. 

The cells were grown at 1 × 105 cells per well on 24-well plates in RPMI medium. They were treated with dendrimers (CRD 13: 2.5 

and 5 μmol/l and CRD 27: 5 and 7.5 μmol/l) for 24 h. The AO/EB mixture was added to each plate at 2 μg/ml and the cells examined 

by confocal microscopy (Leica TCS SP8). 

Results Viability 
The cytotoxic activity of the new carbosilane metallodendrimers based on arene ruthenium (II) complexes CRD 13 and CRD 27 

against peripheral blood mononuclear normal cell line (PBMC) and promyelocytic leukemia cancer cell line (HL-60) was evaluated 

using the Alamar Blue assay. 
The results are summarized in Figure 3. The results show that CRDs are more cytotoxic against cancer cells. The effect of 

dendrimers on PBMC and HL-60 cell viability was estimated by the incubation of cells with CRD 13 or CRD 27 for 72 h. The data 

showed weak changes in viability of PBMC cells in the presence of both dendrimers 

Table 1. Inhibitor concentrations (IC50, μM) resulting in 50% dendrimers-mediated reduction of HL-60 cell viability. 

IC50, HL-60 

 
Dendrimer 24 h 48 h 72 h 

 

Incubation time 24, 48 and 72 h. 
Results are mean ± SD, n = 6. 
CRD: Carbosilane ruthenium dendrimer. 
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Figure 4.Changes in fluorescence anisotropy of l,6-diphenyl-l,3,5-hexatriene (left panel) and 
1-(4-(trimethylamino)phenyl)-6-phenylhexa-1,3,5-triene (right panel) of erythrocyte membranes treated by ruthenium dendrimers. PBS buffer, pH 7.4, 

37◦C. The values are the mean ± SD of three independent experiments. PBS: Phosphate-buffered saline. 

at from 0.5 to 5 μmol/l. In contrast, the viability of cancer HL-60 cells was significantly decreased in the presence of CRD 13 (Figure 

3). 

CRD 13 is more cytotoxic than CRD 27. While CRD 27 (5 μmol/l) reduced viability of HL-60 cells up to 71.6 ± 0.5 %, CRD 13 

at 2.5 and 5 μmol/l reduced viability to 28.1 ± 0.14% and 7.47 ± 0.32%, respectively. The IC50 values of CRD 13 and CRD 27 for 

HL-60 cell line are summarized in Table 1. 

Fluorescence anisotropy measurements 
To discover how ruthenium dendrimers influence cancer cells, we applied a series of experiments using different techniques. First, 

the ability of dendrimers to influence the cell membrane was determined. Red blood cell membrane fluidity changes induced by 

incorporation of the investigated dendrimers were measured by DPH and TMA-DPH fluorescence anisotropy. Increasing 

concentrations of dendrimers in the membrane suspension changed the anisotropy of samples, indicating changes in membrane 

fluidity. For both dendrimers from 0.5 to 6 μmol/l, there was a significantly increasing dose-dependent anisotropy of DPH and TMA-

DPH (Figure 4). An increase in DPH and TMA-DPH fluorescence anisotropy was noted, which may indicate that CRD 13 and CRD 

27 interact with both hydrophobic and hydrophilic regions of the membrane. Changes in fluorescence anisotropy were similar for 

CRD 13 and CRD 27. 

Comet assay 
The Comet assay was used to assess whether dendrimers can induce DNA damage in single cells by determining the percentage of 

degraded DNA. Due to the different activity of the dendrimers, the concentration range from 2.5 to 5 μmol/l for CRD 13 and 5 to 

7.5 μmol/l for CRD 27 were chosen. Figure 5 shows the representative comets of the alkaline version for control and dendrimer-

treated HL-60 cells after 24 h incubation. Comets of the control cells had almost symmetrical shape and no tails; whereas, comets 

from the cells treated with CRD 13 or CRD 27 had long tails. Moreover, the images of dendrimer-loaded cells clearly show the typical 

comets of apoptotic cells. The mean value (%) of DNA damage depended on the dendrimer type. The results clearly demonstrate 

that cells treated with dendrimer CRD 13 had a mean level of basal DNA damage for both concentrations compared with cells treated 

with dendrimer CRD 27. The highest level of DNA in the comet tail (39.15 ± 1.14 %) in the same cell line was obtained after 

incubation with CRD 13 at 2.5 μmol/l (the lower of the concentrations). 



Research Article Michlewska, Ionov, Maroto-Dıaz´ et al. 

 

10.4155 /fmc -2018-0274 Future Med. Chem. ( Epub ahead of print ) future science group 

 

Figure 5. DNA [%] in comet tail of the control in HL-60 cells and cells-treated different concentrations of CRD 13 (2.5 and 5 μmol/l) and CRD 27 (5 and 7.5 

μmol/l) dendrimers. The number of cells analyzed in each treatment was 50. The values are the mean ± SD of three independent experiments. *p < 0.05 

statistically significant differences in comparison to control cells. 

 

Figure 6. Light microscopy of semi-thin sections of HL-60 cells: (A) naked cells; (B) cells treated with CRD 13 in a concentration of 2.5 μmol/l; (C) cells 

treated with CRD 27 in a concentration of 5 μmol/l. Scale bar = 10 μμm. CRD: Carbosilane ruthenium dendrimer. 

Under these conditions, the differences between the untreated (control) cells and those exposed to dendrimers at all concentrations 

were statistically significant (Figure 5). 

Transmission electron microscopy 
Light microscopy: semi-thin sections 

Figure6showsseveralmorphologicalchangesofHL-60cellsaffectedbyCRD13atconcentrationof2.5μmol/land CRD27 concentration of 

5 μmol/l. Characteristic features indicating apoptosis such as compaction of chromatin in dense clots, condensation of cytoplasm, 

cytoplasmic vacuolization and appearance of numerous vesicular structures can be seen (Figure 6B,C). Chromatin condensation can 

also be associated with necrosis induced by dendrimers (Figure 6B,C). Light microscopy confirmed the data from the analysis of 

electron microscopy images described below. 

Ultrastructure: ultra-thin sections 

TEM was used to examine ultrastructural changes in HL-60 cells following CDR 13 at concentration of 2.5 μmol/l and CDR 27 at 

concentration of 5 μmol/l treatment. Figure 7 shows that control untreated cells had a typical ultrastructure, including numerous 

microvilli on the surface, evenly distributed chromatin and numerous normal shape mitochondria in the cytoplasm (Figure 7A). In 

contrast, the ultrastructure of HL-60 cells treated with CRD 13 demonstrated typical morphological features of early apoptosis, 

including shape changes and shrinking of cells, denser cytoplasm, chromatin marginalization and condensation (Figure 7D,E). 
Multi-vesicular and lamellar bodies were seen in these cells. Mitochondria were swollen and their membranes damaged (Figure 7F), 

and fragmentation of plasmolemma was present (Figure 7G). After addition of CRD 27, the shape of the HL-60 cells was significantly 

modified. Multivesicular and lamellar bodies were clearly visible (Figure 7H). The cell fragment in Figure 7I shows how dendrimers 

can be internalized by cells. The endocytic 
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Figure 7. Ultrastructural changes of HL-60 cells (A–C); HL-60 cells treated with CRD 13, 2.5 μmol/l (D–G) and CRD 27, 5 μmol/l (H–J). *: vesicle contained 

CRD dendrimers. ER: Endoplasmicreticulum; GA: Golgi apparatus; L: Lipids; LB: Lamellar body; M: Mitochondria; MVB: Multivesicular body: N: Nucleus; Nu: 

Nucleolus. 

 

 

Figure 8. The changes of the ROS levels (A & B) and m (C & D) in HL-60 cells under influence of ruthenium dendrimers, CRD 13 (left panels), CRD 27 (right 

panels). The values are the mean ± SD of six independent experiments (*p < 0.05, **p < 0.01, ***p < 0.001). *Statistically significant differences compared 

control cells. ΔΨm: Mitochondrial membrane potential; ROS: Reactive oxygen species. 
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vesicle (star) containing dendrimers move into the cell. This image confirms the assumption of a possible mechanism of dendrimer 

internalization in the cells. CRDs can probably be taken up by endocytosis. 

ROS & ΔΨm  

After analyzing the TEM images, we supposed that morphological changes of HL-60 cells induced by ruthenium dendrimers are 

due to an increased level of ROS or mitochondrial potential modifications. The data indicate that both of these parameters are 

influenced by CRDs. To evaluate changes in the level of ROS a fluorescent probe H2DCFDA was used. 
After 48 h incubation of HL-60 cells with CRD 27, there were no significant changes in the level of ROS compared with the 

control. After 72 h ROS levels decreased for all concentrations, with a minimum at 45.1 ± 3.1% for 5 μmol/l versus control (Figure 

8B). Due to the higher cytotoxicity of CRD13 compared with CRD 27, the ROS level in the cells treated with CRD 13 was measured 

at 48 h. In the presence of CRD 13, the levels of ROS started increasing after 3 h incubation reaching maximal values at 2.5 and 5 

μmol/l, up to 146.2 ± 16.2% and 168.6 ± 10.9%, respectively, after 24 h incubation. Following 48 h incubation, the level of ROS 

decreased to control values (Figure 8A). 

Changes in m of HL-60 cells were estimated by JC-1 probe fluorescence. Cells were treated with CRD 13 and CRD 27 dendrimers 

at from 0.5 to 5 μmol/l for 0.5, 3, 24, 48 and 72 h. Both dendrimers changed m, causing the highest hyperpolarization at 5 μmol/l 

and after an incubation time of 3 h for CRD 13 and 48–72 h for CRD 27. The maximal mitochondrial hyperpolarization was shown 

for CRD 27 for 72 h incubation, where the potential increased to 198.2 ± 12.3% versus control. 

 

 

Figure 9. Percentage of HL-60 cells after 24 h incubation with ruthenium dendrimers. (A) CRD 13 at the concentration from 2.5 to 5 μmol/l; (B) CRD 27 

the concentration range from 5 to 7.5 μmol/l. 
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Figure 10. Confocal microscopy images of HL-60 cells after 24 h treatment with carbosilane ruthenium dendrimer. (A) control, (B) CRD 13 2.5 μmol/l, (C) 

CRD 13 5 μmol/l, (D) CRD 27 5 μmol/l, (E) CRD 27 7.5 μmol/l. Cells were stained with AO/EB. Scale bar = 5 μm. 
AO/EB: Acridine orange/ethidium bromide dual staining. 

Caspases assay: flow cytometry analysis 
Using previously described methods, ruthenium dendrimers can be shown to induce apoptosis of HL-60 cells. Using the caspase 

assay, we measured the percentage of apoptotic cells treated with CRD 13 and CRD 27. After 24 h culturing with CRDs, caspase 

activity increased with increasing dendrimer concentration. After treatment with 2.5 μmol/l CRD 13 or 5 μmol/l CRD 27, small 

levels of early and late apoptotic cells were detected, in other words, early apoptotic cells constituted 3.2 ± 1.9% and 2.1 ± 0.9% of all 

cells, respectively, whereas late apoptotic cells were 0.5 ± 0.4% and 1.9 ± 0.7%, respectively. There were 2.4 ± 1.2% and 1.8 ± 0.5% 

necrotic cells, respectively, under the same conditions. CRD 27 at 7.5 μmol/l increased the number of early apoptotic cells to 8.8 ± 

2.9%, whereas 5 μmol/l CRD 13 significantly increased the necrotic cells to 21.6 ± 4.0% (Figure 9) 

Visualization of apoptosis & necrosis by AO/EB double staining 
The AO/EB double staining technique showed the ability of ruthenium dendrimers to induce apoptosis, visualized by confocal 

microscopy was applied. As it is shown in Figure 9, flow cytometry results correlate with those from confocal microscopy. The 24-

hour treatment of HL-60 cells with CRD 13 2.5 μmol/l or CRD 27 5 μmol/l led to the appearance of early apoptotic cells. At the 

presence of both dendrimers at higher concentrations (5 μmol/l CRD 13 or 7.5 μmol/l CRD 27) respectively, mainly late apoptotic 

cells were present in the HL-60 cells suspension (Figure 10). 

Discussion 
Due to their universality, dendrimers may be the most promising among currently known types of nanoparticles for use in several 

fields of science, especially medicine. Dendrimers have extraordinary potential against neurodegenerative diseases [37] and cancers [14], 

as drug and gene-carriers [38]. 
Carbosilane ruthenium-terminated dendrimers were significantly more cytotoxic against HL-60 cancer cells compared with PBMC 

normal cells. Similar effects, in other words, where carbosilane dendrimers were not cytotoxic against PBMC cells, have previously 

been reported [38]. Moreover, using carbosilane dendrimers with various terminal groups against mHippo-18 cells did not influence 

the number of living cells [37]. However, when the CRD dendrimers were incubated with HL-60 cells, their viability decreased. The 

first generation of CRD dendrimer (CRD 13) was more cytotoxic than the second generation dendrimer (CRD 27). 
Significant effects of ruthenium-containing complexes [39,40] and ruthenium dendrimers have been reported several tumor cell lines 

[14,26]. CRD dendrimers have a number (appropriate to generation) of positive surface charges [14], which enables them to form 

electrostatic complexes with negatively charged drugs and nucleic acids, making them potential transporters of these substances [14,37]. 
We used HL-60 cells to determine the mechanism of action of ruthenium dendrimers. Cationic dendrimers can interact with 

negatively charged cell membranes, which allows them to cross the membrane barrier. However, this can create microholes in the 

membrane and consequently lead to cell death, making dendrimers cytotoxic [41]. To determine the interaction of CRDs with cell 

membranes, we used the fluorescence of DPH and DMA-DPH probes internalized into red blood cell membrane. CRD dendrimers 

interact with both hydrophobic and hydrophilic regions of membrane, altering lipid order and membrane fluidity. Similar interactions 

of other dendrimers have been described [42]. The hemolytic effect of CRD has been detected [14]. 
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Ruthenium in dendrimers is a metal with antitumor properties [39,43]. Our cytotoxicity studies confirm this, showing the ability of 

CRDs to reduce HL-60 cells viability. Despite the smaller number of ruthenium molecules in their structure, the first generation 

(CRD 13) was significantly more cytotoxic than the second generation (CRD 27). To analyze the difference between effects of our 

dendrimers, we measured ROS levels and mitochondrial potential changes. Both tests involved dendrimers at from 0.5 to 5 μmol/l, 

and incubation times were 0.5–72 h for CRD 27, but only up to 48 h for CRD 13 due to its higher cytotoxicity. CRD 27 did not 

change ROS levels up to 48 h, but by 72 h there was a sharp decline. The effect of CRD 13 was different; after 24 h a rapid increase 

in ROS level occurred, but after a further 24 h, it dropped to the control level. Carbosilane dendrimers did not induce oxidative stress 

in mHippo-18 cells [37]. However, diruthenium-1 complexes caused a rapid rise of ROS in MCF-7 cancer cells [39]. While CRD 13 did 

not change mitochondrial potential, CRD 27 at high concentrations hyperpolarized mitochondrial membranes of HL-60 up to 198%. 

Carbosilane dendrimers did not alter mitochondrial potential of mHippo-18 cells [37], whereas treatment of MCF-7 cancer cells with 

diruthenium-1 led to hyperpolarization [39]. Oxidative stress is most often associated with a decrease in mitochondrial potential, which 

may indicate the onset of apoptosis [39]. Complexes containing ruthenium molecules induce apoptosis by the intrinsic pathway, 

connected to mitochondria [39,43]. To clarify the mechanisms of cytotoxicity in HL-60 cells, comet assay showed that DNA damage 

depended on the type of dendrimer. CRD 13 generated more DNA damage in HL-60 cells than CRD 27. This effect can be explained 

by the presence of ruthenium, which, like other metals with anticancer properties, can interact with DNA [44]. DNA damage caused 

by ruthenium complexes was seen for different types of cells [39,40]. Increase in damaged DNA associated with decrease in 

mitochondrial potential; and a high level of ROS indicates that cells entered the apoptotic pathway [39]. 

To determine the type of HL-60 cell death after treatment with CRDs, caspases and AO/EB tests were used. Changes in 

morphology and ultrastructure of HL-60 cells were also analyzed. After 24-h incubation of HL-60 cells with our dendrimers, 

symptoms of early apoptosis were observed. The caspases test (mediators of apoptosis) showed that the number of apoptotic cells 

having higher caspase activity increased with the dendrimer concentration. After treatment of HL-60 with CRD 13 and CRD 27 at 

lower concentrations, very small numbers of early and late apoptotic cells were detected, along with a few necrotic cells. At the higher 

concentration, CRD 27 increased the number of early apoptotic cells, whereas CRD 13 led to the appearance of significant numbers 

of necrotic cells. Both the AO/EB test and the images of the semi-thin sections demonstrate that 24 h treatment of HL-60 cells with 

CRD 13 and CRD 27 led to the appearance of cells with characteristic apoptotic features, in other words, chromatin condensation 

and fragmentation, as well as apoptotic cellular bubbles (probably apoptotic bodies). Detailed ultrastructural analysis of HL-60 cells 

treated with CRD 27 showed relatively gentle alterations and the way dendrimers might be taken up by endocytosis. The mechanism 

of clathrin-dependent internalization in HL-60 cells was determined for poly(propyleneimnie) glycodendrimers [46]. Similarly, a study 

on nanodiamonds showed that they can be taken into cells by macropinocytosis and clathrin-mediated endocytosis [45]. In the presence 

of CRD 13, HL-60 suspension caused visible changes in cell structure, a significant proportion of the cells was characterized by 

distinct chromatin condensation, with changes in mitochondrial shape and appearance of multivesicular and lamellar bodies. These 

features are characteristic of early apoptosis [5,47]. Similar changes were seen in different types of cancer cells treated with CPT6 

[(campthothecin-20 (s)-O-(2-pyrazul-l) acetic ester] [48] and 
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polyamidoamine/Flag-apoptin [49]. Numerous cells with marked cell membrane fragmentation and mitochondrial membrane 

discontinuity were also seen after HL-60 cells had been treated with CRD 13. Mitochondria were also strongly swollen, with 

disorganization of their cristae. These changes are characteristic of necrotic cells [5,11,12]. 
Summarizing, the results obtained showed that CRD can initiate apoptosis in acute promyelocytic leukemia HL-60 cells. 

Despite the fact that exact apoptosis pathway caused by CRDs was not revealed in this study the results show that CRD 

dendrimers, in particular CRD13, were effective against cancer HL-60 cells but not for normal cells. Depending on the cells 

condition, availability of glucose and in particular of ATP in the presence of dendrimers, in some cells apoptotic while in others 

necroptotic death pathways can be activated. 
The CRD 13 was cytotoxic for cancer but not normal human cell lines, whereas CRD 27 showed low toxicity against both, 

probably due to its bigger size. Taking into account the mechanism of CRD 13 action, this compound can be considered as a 

potential antitumor agent, thus it is planned to explore CRD 13 effect when applied together with anticancer drugs or as carriers 

of these drugs or of nucleic acids. 

Future perspective 
Our findings suggest that CRD 13 dendrimer can be considered as a potential antitumor drug; moreover it can be used as a 

drug carrier for the drug delivery purposes. Thus it is planned to combine the effect of CRD 13 with the anticancer drugs as 

well as nucleic acids used in anticancer gene therapy. Such complexes can show more effective therapeutic potential than each 

agent alone. The new systems can be applied in modern biomedicine. 

Summary points 

• The present work explores the potential of carbosilane ruthenium dendrimers (CRDs) CRD13 and CRD 27 to reduce the 

proliferation of promyelocytic leukemia cancer cells (HL-60). 
• The mechanisms of CRDs antitumor effects were characterized by various methods, cell membrane interaction, DNA damage 

and in vitro cell line studies were also performed. 
• Despite the smaller number of ruthenium molecules in their structure, the CRD 13 was significantly more toxic towards HL-60 

cells than the CRD 27 dendrimer. 
• Presence of CRD 13 in HL-60 suspension caused visible changes in cell structure, cells were characterized by distinct chromatin 

condensation, with changes in mitochondrial shape and appearance of multivesicular and lamellar bodies. These features are 

characteristic of early apoptosis. 
• Results corroborate that CRD dendrimers, in particular CRD13, were effective against cancer HL-60 cells but not normal cells. 
• This work examines a perspective to use CRD dendrimers as drugs or promising drug/gene carriers for the therapy of cancer. 
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