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Abstract 

Carbosilane metallodendrimers, based on the arene Ru(II) complex (CRD13)  and integrated 

to imino-pyridine surface groups have been investigated as an anticancer agent in a mouse 

model with triple-negative breast cancer. The dendrimer entered into the cells efficiently, and 

exhibited selective toxicity for 4T1 cells. In vivo investigations proved that a local injection of 
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CRD13 caused a reduction of tumour mass and was non-toxic. ICP analyses indicated that 

Ru(II) accumulated in all tested tissues with a greater content detected in the tumour. 

 

Keywords: Ruthenium metallodendrimer, anticancer agent, toxicity, tumour weight, in vivo. 

 

1. Background 

Breast cancer is one of the most common diseases in the female population worldwide. 

Presently, good preventative care, such as screening tests, increases the chances of 

survival, with the development of good diagnostics and new therapies which can prolong the 

lifetime of patients. Effective methods of breast cancer treatment include not only 

conventional surgery, chemotherapy and radiation, but also more directed approaches that 

rely on molecular targeted therapy and immunotherapy (1,2). As a result, the mortality rate of 

breast cancer has dropped considerably recently, especially in developing countries (3,4). 

Breast cancer can be diagnosed even in young women (1) and early recognition is crucial as 

the chance of survival is greater the sooner it is diagnosed and treated. However, frequently 

cancers are identified too late with the advanced stages of a primary tumour causing a 

problem and its metastases. The most common clinical subtypes of breast cancer are those 

associated with the oestrogen receptor (ER), the progesterone receptor (PR), the human 

epidermal growth factor receptor type 2 (HER2) and the so-called triple-negative (ER-/PR-

/HER2) breast cancer. Amongst all breast cancers, the ER/PR+(hormone receptor) type 

accounts for over 60% of the cases, while the HER2+(HER2) subtype is of nearly 25%in 

occurrence (1,5). Triple-negative breast cancer (TNBC) (ER-/PR-/HER2) consists of 

approximately 15–20% of all diagnoses (6,7). TNBC is the most malignant subtype (1,6), 

characterized by a poor prognosis when compared to the hormonal receptor-positive and 

HER2-positive subtypes (6). Currently, chemotherapy is one of the most effective therapies 

for cancer (8,9). Unfortunately, most chemotherapeutics are poorly bioavailable and highly 

toxic to healthy tissues (10). It is also known that the ineffectiveness of cancer therapy is 

often dependent on drug resistance effects resulting from the rapid drug elimination from 
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cancer cells (11). Therefore, one of the main challenges for the development of new 

therapeutics is to find safe drugs which are able to target tumour cells and have an extended 

and prolonged effect in the tumour environment. 

Currently, there has been focus on the field of nanotechnology. To reduce toxicity and 

increase the effect of anticancer drugs, different nanomaterials, such as liposomes (12), 

micelles (13), various polymeric materials (14,15), hydrogels (16) and dendrimers (17), have 

been studied as drug delivery agents. However, only a few nanoparticles have progressed to 

the clinical scale (18). In this context, dendrimers are in the spotlight, as effective and 

promising vehicles for drugs or genes (17,19–23). Controllable and precise synthesis, low 

immunogenicity and monodispersity make these spherical polymers useful in biomedicine 

(6,24–26). There are additional benefits of dendrimers in regard to their safety and 

reproducibility (26,27). Dendrimers have a well-defined and hyperbranched structure, making 

them excellent nano-vehicles for different kinds of biomolecules (19,28) and dendrimers 

complexed with drugs are able to increase drug selectivity, specificity, stability, and 

bioavailability (23,29). Dendrimers can be covalently modified by ligands or functional 

molecules (30) and it is possible to bind the anti-cancer metals, such as titanium, copper, or 

ruthenium to their surface groups to give them anti-cancer properties (24,25,31–34). 

Ruthenium compounds are in the spotlight of much research (3,19,35,36) as complexes of 

this metal seem to be a promising alternative for anticancer drugs based on cisplatinum. 

Currently, cisplatin derivatives are commonly used for the cancer treatment, especially for 

breast cancer (35), however they have a wide range of negative side effects (34,37,38). 

Ruthenium compounds demonstrate high activity against cancer in vitro and in vivo 

(17,34,39,40) and the ruthenium complexes RAPTA-C (41,42), NAMI-A, and KP1019 (43) 

have been intensively investigated in clinical and preclinical trials. The NAMI-A compound 

has been characterized as an efficient anti-metastatic drug (43). 

Based on our previous in vitro results describing the effectiveness of the ruthenium 

dendrimer G1-[[NCPh(o-N)Ru(η6-p-cymene)Cl]Cl]4 (CRD13) against leukaemia and breast 

cancer, we tried to evaluate its in vivo activity with the triple negative breast cancer (TNBC) 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

4 

 

model. Here we show that CRD13 accumulates predominantly in tumour tissue with the 

dendrimer decreasing tumour growth but not influencing the condition of mice negatively. 

Based on the obtained results, the authors concluded that the ruthenium dendrimer CRD13 

could be suggested as an alternative drug/gene carrier for the therapy of triple-negative 

breast cancer. 

 

2. Materials and methods 

2.1. Dendrimers 

The carbosilane ruthenium metallodendrimer of generation 1 with 4 imine-pyridine surface 

groups was considered as an anti-tumour agent. For the confocal microscopy studies its 

fluorescently labelled analogue ({[[NCPh(o-N)Ru(η6-p-cymene)Cl]Cl]3[FITC]} CRD13-FITC) 

was applied. Full biochemical and biophysical characteristics of G1-[[NCPh(o-N)Ru(η6-p- 

cymene)Cl]Cl]4 CRD13 and CRD13-FITC, including the surface potential, morphology, 

haemocyto-toxicity and biological effects were reported previously (19,32,34). The structures 

of CRD13 and CRD13-FITC are shown in Figure 1. 

 

 

Figure 1. The structures of G1-[[NCPh(o-N)Ru(η6-p- cymene)Cl]Cl]4 (CRD13) and 

({[[NCPh(o-N)Ru(η6-p-cymene)Cl]Cl]3[FITC]} (CRD13-FITC). 
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2.2. Cells (in vitro) 

Normal EpH4-Ev (a mouse epithelial cell line) and 4T1 (a mouse breast cancer cell line), 

were purchased from ATCC (Manassas, Virginia, USA), and used to assess CRD13 

cytotoxicity. Cells were kept in plastic tissue culture flasks (Falcon, GE Healthcare Life 

Sciences, Chicago, Illinois, USA) in the RPMI-1640 (Gibco, Thermo Fisher Scientific, 

Waltham, MA, USA) and supplemented with 10% heat-inactivated foetal bovine serum (FBS, 

HyClone, GE Healthcare Life Sciences, Chicago, Illinois, USA)  

 

2.3. Cytotoxicity (in vitro) 

EpH4-Ev and 4T1 cells in the medium without FBS were seeded on 96-well black microtiter 

plates with a density of 3x104/well. Cells were treated with the dendrimer in concentrations 

ranging from 2 to 20 µg/mL with the following incubation for 24 h and 72 h. The CellTiter-

Blue® Assay (Promega Corporation, Madison, Wisconsin, USA) was used to evaluate cell 

viability that was calculated according to the equation: 

% viability = (A/Ac) x 100 %, 

where: A - represents the fluorescence of the sample, Ac - is the fluorescence of the 

untreated control cells. The data were obtained in 3 independent repetitions used to fit the 

dose-response curve. 

 

2.4. Internalization assay (in vitro) 

 Confocal microscopy technique was applied to analyse the internalization of CRD13 into 

4T1 cells. Cells suspended in RPMI-1640 at the count of 1 x 105 cells per well were seeded 

on 24-well plates with a glass bottom. After 24 h and 72h incubation with a dendrimer (10 

and 20 µg/ml), cells were washed x2 with phosphate-buffered saline (PBS) and fixed with 4% 

formalin (20 min). After washing, 5 µg/mL 4′,6-diamidino-2-phenylindole) (DAPI) (Thermo 

Fisher Scientific, Waltham, MA, USA) was added to stain the nucleus.  A Leica TCS SP8 
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confocal microscope (Leica Microsystems, Frankfurt, Germany) with a 63×/1.40 (HC PL APO 

CS2, Leica Microsystems) objective and different wavelength ranges (405 nm and 489 nm) 

was used to take confocal images. The Leica Application Suite X software (LAS X, Leica 

Microsystems, Frankfurt, Germany) was used for the data analysis. Fifty cells from each of 

10 images were taken to the numerical analysis and the results are presented as a mean ± 

standard deviation (SD). 

2.5. Mice and experimental design 

8–12 weeks old female BALB/c mice were acquired from the Animal Facility of the University 

of Lodz, Poland and housed under standard conditions at the Animal House of the Medical 

University of Lodz (Lodz, Poland). All animals were weighed (≈18 g) and randomly allocated 

to 4 groups (5-15 mice per group). The experiments were performed under National Animal 

Care Committee regulations and were approved by the Local Ethical Committee for Animal 

Research in Lodz (license number 28/ŁB141/2019). To minimize animal suffering and reduce 

numbers (the 3Rs principle), we adapted the incomplete experimental design of the in vivo 

experiments. In the control groups, group 1 (not treated with CRD 13, not inoculated) and in 

group 2, (treated with CRD13, not inoculated with 4T1 cells) only 5 mice per group were 

planned. In groups 3 and 4 (treated with 4T1 cells and/or dendrimer) 15 animals per group 

were examined. 

Group 1 were healthy mice treated by PBS only in appropriate volumes and was considered 

the control group (5 mice). Group 2 included the mice treated with CRD13, 10 mg/kg body 

weight (b.w.), every 2 days of a 28-day experiment (starting from day 2, 5 mice). Group 3 

included the mice with tumours induced by the injection of 4T1 cells on the first day of the 

experiment (15 mice) (see section 2.6. for the details). Group 4 included the mice with 

tumours and injected with CRD13, 10 mg/kg b.w. every 2 days 28-day experiment (starting 

from day 2, 15 mice). The graphical presentation of the experimental scheme is given in Fig. 

2. 
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Figure 2. Scheme of the in vivo experimental design. Mice were randomly assigned to 4 independent 

groups. Mice were inoculated with cancer cells, and from day 2 were treated with CRD 13 dendrimer 

for 26 days according to the scheme 2 x 2. Group 1 - NT (PBS), (not treated with CRD13, not 

inoculated with 4T1 cells), Group 2 - (treated with dendrimer every 2 days on the days 2.-28.), Group 

3 - (cancer cells application), Group 4 - (inoculated with the cancer cells 4T1+ treatment with the 

dendrimer every 2 days on the days 2.-28.). Tumours and tissues were collected post mortem at day 

28 of the experiment. 

 

 

2.6. Induction of breast tumour in animals 

4T1 cells (Murine breast cancer), purchased from the American Type Culture Collection, 

(ATCC), were cultured in RPMI-1640 with 10% foetal bovine serum (HyClone, GE 
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Healthcare Life Sciences, Chicago, USA) in standard flasks. After reaching 80% confluence, 

cells were harvested and a suspension at a cell count of 104 per 100 µl PBS per mouse was 

injected subcutaneously in the inguinal nipple area to induce the neoplasm. Subsequently, 

animals were treated with CRD13 by subcutaneous injection every other day from day 2 to 

28 of the experiment. Afterward, mice were sacrificed and their tumours and tissues were 

collected. 

 

2.7. Tumour and organs weight 

On Day-28 of the experiment, mice were anesthetized by an intraperitoneally application of 

xylazine (Biowet, Pulawy, Poland) in a dose of 20 mg/kg and ketamine (Biowet, Pulawy, 

Poland) in a dose of 100 mg/kg, weighed, and sacrificed by perfusion, next their tumours and 

organs (lungs, kidneys, and liver) were collected and weighed using laboratory scales. 

 

2.8. Inductively Coupled Plasma (ICP) 

Ruthenium determination was carried out by the Inductively Coupled Plasma Optical 

Emission Spectrometry method (ICP-OES). Firstly, weighted subsamples (0.3 g) of mice 

tissue were placed in a mixture of concentrated HNO3 and HCl (6:1, w/w) using the Anton 

Paar Multiwave 3000 closed system instrument. Then samples were put in closed Teflon 

vessels, heated for 25 min. (10 min. of temperature ramp and 15 min. in stable conditions), 

and then cooled for 15 min. under the following operating parameters of the apparatus: 

magnetron power 1000 W, pressure 60 bar and temperature 240°C. After heating and 

cooling, samples were allowed to reach room temperature and diluted to a final volume of 25 

mL with the mixture of HNO3 and HCl prepared under the same conditions as for the blank 

sample. After processing, Ru was determined using the ICP-OES spectrometer 

PlasmaQuant PQ 9000 Elite, Analytik Jena (Jena, Germany). The calibration curve was 

produced by preparing of the following standard solutions: 0.02 mg·L-1; 0.05 mg·L-1 and 0.10 

mg·L-1 in a highly pure 5% HNO3 solution. The Limit of Detection and the Limit of 
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Quantification was 0.001 mg·L-1 and 0.004 mg·L-1, respectively. Operation parameters of the 

ICP-OES were as follows: wavelength - 240.272 nm, power - 1200 W, plasma gas flow rate - 

12 L·min-1, auxiliary gas flow rate - 0.5 L·min-1, nebulizer gas flow rate - 0.5 L·min-1, read time 

- 9 s, delay time on sample injection - 15 s, pump speed - 1 mL·min-1, wash time: 15 s, 

number of replicates – 3. 

 

2.9. Statistical analysis 

Data were presented as the BCA bootstrap-boosted means + SD or median with interquartile 

range (lower quartile [25 %] to upper quartile [75 %]), depending on data distribution). Data 

normality and variance homogeneity of the acquired data were verified using Shapiro–Wilk’s 

or Levene’s test, respectively. The data that complied with the assumptions of normal 

distribution and homogeneity of variances were analysed with the Student’s t-test and one-

way or two-way ANOVA, while for the remaining data were analysed with a Mann-Whitney 

rank sum U test and Kruskal-Wallis test. In order to assess the significance of differences 

between particular samples, the post-hoc multiple comparisons tests were used (the least 

significant difference test [LSD] or the Bonferroni’s correction for multiple comparisons). In 

general, due to small sample sizes and the low statistical power of the estimated inferences 

in the majority of calculations, the resampling bootstrap technique (10,000 iterations) was 

used as a routine to minimize the risk that the revealed differences were observed by pure 

chance; in such circumstances, we refer to the bootstrap-boosted test statistics instead of the 

classical approach. Statistical analyses were performed using Statistica v.13 (Dell Inc., 

Tulsa, OH), GraphPad Prism for Windows ver. 5.0 (GraphPad Software, San Diego, CA) and 

Resampling Stats Add-In for Excel v.4 (The Institute for Statistics Education, An Elder 

Research Company, Arlington, VA). 

 

 

3. Results 
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3.1. Cytotoxicity assay (in vitro) 

The cytotoxicity of CRD13 was tested using mouse EpH4-Ev and 4T1 (murine breast cancer) 

cell lines, incubated with the dendrimer for 24 or 72 h. The results indicated that CRD13 was 

more cytotoxic towards cancer (4T1) than normal cells (EpH4-Ev), this effect being time- and 

concentration-dependent. The viability of EpH4-Ev in the presence of CRD13 was not 

significantly different compared to the untreated, control cells (incubation 24 h), while in the 

case of 4T1 cells the viability was decreased by up to 50 % (Fig. 3A). With an increase of the 

incubation time up to 72 h, a gradually decreased number of living EpH4-Ev cells, down to 

about 45% of control was observed, whereas the viability of cancer cells dropped by more 

than 90 % at the highest applied dendrimer concentration of 20 µg/ml (Fig. 3B). 

 

 

 

Figure 3. Viability of EpH4-Ev and 4T1 cells exposed to ruthenium dendrimer CRD13. (A)  – 

incubation time 24 h, (B) – incubation time 72 h. Data, acquired with the use of fluorescence 

technique, are presented as relative values vs. control samples. Results are shown as raw estimates, 

means are represented by thick horizontal lines; each point represents the mean of 3 technical 
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replicates of the sample. The significance of differences, as estimated with the bootstrap-boosted two-

way ANOVA, was as follows: for EpH4-Ev, the effect of time P< 0.0001, for CRD13 concentration, P< 

0.001, for the interaction of factors, P< 0.003; for 4T1 cells, the effects of time and CRD13 

concentration P< 0.0001, for the interaction of factors, P< 0.001. 

 

Table 1. Inhibition concentrations IC50±SD (µg/ml) resulting in 50% dendrimer-mediated reduction of 

EpH4-Ev and 4T1 cell viability after 24 h and 72h of incubation. 

 

  EpH4-Ev 4T1 

24h 106.64±20.63 23.17±2.31 

72h 21.48±3.00 9.99±1.20 

 

 

 

3.2. Internalization assay 

Confocal microscopy was applied to evaluate the ability of FITC labelled CRD13 to 

internalize into 4T1 cells. The cellular uptake of dendrimer depended on its concentration (10 

or 20 µg/ml) and incubation time (24 or 72 h). On average, the incubation of cells with the 

dendrimer for 24h lead to its internalization into 5.7 % (10 μg/ml) and 7.5 % (20 μg/ml) of 

cells. Extension of the incubation time up to 72 h increased the amount of the internalized 

agent by up to 10 % and 20 %, respectively, for the CRD13 concentrations of 10 and 20 

μg/ml (Fig. 4A,B). The highest values of general fluorescence intensity of the studied cells 

were observed for the samples containing CRD13 in the concentration of 20 μg/ml, 

incubated for 72 h (Fig. 4A,C). 
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Figure 4. Cellular uptake of the FITC-labelled CRD13. (A) confocal microscopy images; 

microphotographs taken at λem=405 and 489 nm, (B) fractions of 4T1 cells uptaking CRD13-FITC; for 

the dendrimer concentrations of 10 μg/ml and 20 μg/ml the fractions of labelled cells were, 

respectively: 5.46+1.21% and 7.46+2.41% for 24 h incubation, and 10.27+2.13% and 19.64+1.86% for 

72 h incubation; the significance by the bootstrap-boosted two-way ANOVA was: for the effects of time 
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and CRD13 concentration P< 0.0001, for the interaction between the factors P< 0.001, (C) overall 

fluorescence intensity of CRD13-FITC internalized into the dendrimer-treated cells; for the dendrimer 

concentrations of 0, 10 μg/ml and 20 μg/ml the fractions of labelled cells were, respectively: 

0.183+0.038 a.u., 1.354+0.147 a.u. and 6.309+0.693 a.u; significance by the bootstrap-boosted two-

way ANOVA was P< 0.0001 for the effects of time, CRD13 concentration and the interaction between 

the factors. The results are shown as the BCA bootstrap-boosted means ± SD of n = 11 (B) or n = 12 

observations(C). 

 

 

3.3. Tumour and organs weight 

The effect of CRD13 on mouse weight was assessed during the 28 days (see section 2.5. 

and 2.7. for details). The mass of the tumours, spleens and livers were analysed post 

mortem on the last day of the experiment. The weight of mice in all treatment groups did not 

change during the experiment (Fig. 5A). However, the evaluation of mean tumour weights 

(on day-28) indicated that the application of CRD13 significantly decreased the tumour size 

(Fig. 6A,C) and overall weight (Fig. 6B) from about 0.89±0.21 mg to about 0.47±0.16 mg. In 

the mouse group untreated with the dendrimer, the tumour represented about 4.97 % of the 

total body mass on average and in the group of treated animals, the tumour represented on 

average only 2.43 % of the total body mass (Fig. 5B). 

The spleen weights and sizes of the mice in all experimental groups were analysed.(Fig. 5C). 

In healthy animals, the administration of the dendrimer did not affect the size of the spleen 

(Fig. 6D). In the healthy (untreated) and dendrimer-treated mice, the spleen weight remained 

at a level of 0.07 mg  consisting on average of about 0.40 % of the total body weight. 

A visible increase in the size and weight of the spleen was observed in animals with the 

developed tumour. The average weight of the spleen increased from 0.07 mg to about 0.42 

mg, which accounted for approximately 2.32 % of the mouse body mass. The application of 

the dendrimer resulted in a reduction of the spleen weight to ~ 0.25 mg, i.e. ~ 1.42 % of the 

whole body mass (Fig. 6E). 
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Figure 5. Body and tumour weights. (A) The impact of 28-day mice treatment with ruthenium 

dendrimer on body mass, (B) relative mass of the tumour tissue; significance for the relative tumour 

weight, estimated with the bootstrap-boosted Student t test was P< 0.0001, (C) the relative spleen 

weight (spleen mass/ total body mass ratio) of mice; significance, estimated with the bootstrap-

boosted two-way ANOVA, was:  the effect of the inoculation with 4T1 cells, P< 0.0001, for CRD13 

treatment, P< 0.02, for the interaction between factors, P< 0.025. Dendrimer was applied at the 

concentration of 10 mg/kg b.w. every day (days 2-28); n = 5 (groups 1 and 2), n = 15 (groups 3 and 4). 
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Figure 6. Changes of the tumour and spleen weight in mice treated with CRD13. (A) Tumour images 

of animals treated or untreated with ruthenium dendrimer CRD13. (B) tumour weight [mg], thick black 

horizontal lines stand for means; significance, significance by bootstrap-boosted Student t test, P< 

0.0001, (C) Photographs demonstrating the changes in tumour size under the influence of CRD13, (D) 

Spleen images of healthy mice and animals with cancer treated or untreated with CRD13, (E) spleen 

weight [mg] in healthy and diseased mice under the influence of CRD13; thick black horizontal lines 

stand for the means; significance by the bootstrap-boosted two-way ANOVA: the effect of inoculation 

with 1T4 cells, P<0.0001, the effect of CRD13, P< 0.0.04. The dendrimer was applied at the 

concentration of 10 mg/kg b.w. every 2 days (days 2-28). Group 1 - healthy mice treated with PBS 
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only (control), Group 2 – mice treated with dendrimer, Group 3 – mice inoculated with cancer cells at 

the day 1 of the experiment, Group 4 – mice applied with cancer cells at the day 1, and treated with 

the dendrimer every 2 days on the days 2-28 of the experiment. n = 5 for groups 1 and 2, n = 15 for 

groups 3 and 4. 

 

 

3.4. Inductively Coupled Plasma (ICP).  

The ICP technique was applied to analyse the biodistribution of ruthenium in different tissues 

of tested mice. Mouse organs for the ISP test were collected after 28 days of the experiment 

and ruthenium was found in all the collected tissues of animals treated with CRD13, with the 

content varying depending on the type of tissue. The greatest amount of ruthenium was 

accumulated in tumour tissue, about 48.02±3.85 µg g-1 (Tab. 2). Less amount of the metal 

were found in liver and kidney tissues, 12.34±4.26 µg g-1 and 8.41±2.89 µg g-1, respectively. 

The smallest amounts of ruthenium (1.89±0.10 µg g-1) were deposited in the lung tissue of 

mice in experimental group 4. Similar ruthenium contents were found in the tissues of mice in 

group 2, which were treated with dendrimer only. In this experimental group, ruthenium 

accumulated in the liver, kidney and lung in the concentrations of 10.13±0.19, 5.68±0.09 and 

1.73±0.15 µg g-1, respectively (Tab. 2). 

 

 

Table 2. Ruthenium content in the selected organs of mice [µg·g-1].  

 
Group 2 

CRD13 

Group 3 

4T1 

Group 4 

4T1 + CRD13 

Tumour - 0.00 48.02±3.85 

Lung 1.73±0.15 0.01±0.01 1.89±0.10# 

Kidney 5.68±0.09 0.00 8.41±2.89* 
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Liver 10.13±0.19 0.00 12.34±4.26## 

 

The data are BCA bootstrap-boosted means ± SD of four independent samples (3 scans were made for each 

sample). Significance estimated with the bootstrap-boosted Student t test: 
#
P=0.074, *P<0.02, 

##
P=0.121, for 

tumour P<0.002. 

 

 

 

4. Discussion 

Amongst breast cancers, triple-negative breast cancer (TNBC) is the most difficult to treat 

with the life expectancy of patients being significantly shorter than for other types (44). 

Moreover, TNBC is diagnosed in relatively young patients (45). The subtypes of this tumour 

are characterized by a higher aggressiveness and increased ability to form metastases (46). 

It is known that TNBC is sensitive to chemotherapy in the initial phase of treatment, but 

therapies for this type of cancer do not guarantee success and the risk of a recurrence in the 

following years is extremely high (45,46). Therefore it is important to find an alternative 

approach which will be selective and toxic for cancer, will concentrate on the reduction of 

tumour mass with no overall adverse effects and limited side effects (45). 

Based on our previous results we concluded that the carbosilane ruthenium dendrimer 

CRD13 can be effective against other types of cancers (25,30,32,47,48) and here we 

showed that this dendrimer could be useful in TNBC treatment. The cytotoxicity of CRD13 

towards normal EpH4-Ev (mouse epithelial) and 4T1 (mouse breast cancer) cells was 

evaluated. CRD13 was more cytotoxic towards cancer than to normal cells. Obtained data 

were in good agreement with previously results, where the cytotoxic effect of CRD13 was 

checked against PBMC (normal) and 1301 or HL-60 (leukaemia) cells (22,25,47). 

The cytotoxicity of cationic dendrimers is generation- and concentration-dependent (33,49). 

This effect has been observed earlier for PAMAM, carbosilane, phosphorus dendrimers 

(49,50) and metallodendrimers containing ruthenium atoms (19,32) towards different cell 
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lines. Numerous studies focus on different ruthenium compounds as alternatives for 

cisplatinum-based drugs as ruthenium induces DNA damage (25,47,51–53). This metal, due 

to its similarities to iron, is taken up better by cancer than in normal cells (26,42,48). The 

ability of CRD13 to internalize the 4T1 (murine breast cancer) cells was checked. The 

dendrimer was efficiently taken up by cells with internalization dependent on incubation time 

and concentration. Extension of the incubation time from 24 to 72 h not only increased the 

number of internalized cells, but also the number of nanoparticles inside cells. CRD13 is 

positively charged, therefore it can interact with the negatively charged cell membrane, with 

the presence of ruthenium atoms probably helping to direct these nanoparticles towards 

cancer cells. A similar effect of CRD13-FITC was described earlier for leukaemia (34) and 

prostate cancer cells (30). Other studies using complexes formed by ruthenium 

metallodenrimers and nucleic acids showed that they can easily enter cancer cells (19). 

An attempt to answer the question whether ruthenium dendrimer can be effective in vivo 

against TNBC was attempted here. As a simple evaluation parameter, the analysis of tumour 

and spleen weight was chosen for the preliminary estimation of CRD13 effects. Experimental 

animals were divided into 4 groups as described in section 2.6., and animal/organ weight 

was analysed after treatment of the murine breast cancer cells with ruthenium dendrimer 

administration. The results obtained from experimental group 2 (CRD13 only) show that the 

dendrimer did not influence the weight of the animal. Similar results have been found 

previously for animals with a model prostate cancer, where a 40-day treatment with CRD13 

produced no changes in the weight of mice, and indicated a low toxicity of the ruthenium 

dendrimer in vivo (30). 

Our results show shrinking of the tumour weight after treatment with CRD13, with the relative 

weight of tumour tissue vs. body mass reduced from ~4.97 % (tumour) to ~2.4 % 

(tumor+CRD13). A similar impact of ruthenium metallodendrimers (30) and dendrons (54) 

has been noted for prostate tumours in ex-vivo and in-vivo models previously. The Ru 

metallodendrons exhibited anti-metastatic activity by hindering the adhesion of cells and 

inhibiting cell migration. Other Ru complexes, such as RAPTAC, decreased colorectal 
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cancer masses by half after 11 days of treatment (41). However, this complex was used at a 

higher concentration of 100 mg/kg/day, while in this study, the CRD13 dendrimer was 

applied at the concentration of 10 mg/kg of body weight every second day. 

An important side effect in mice with TNBC is splenomegaly (55–59). Enlargement of the 

spleen is usually the result of tumour involvement and infiltration of MDSCs (Myeloid-derived 

suppressor cells) into the spleen (56,59). MDSC's are heterogeneous immune cells from 

bone marrow stem cells and their presence in tissues supresses immunity, inducing an 

overactive spleen to provide tumour growth (56–58). For this reason, the weight of the mice's 

spleen was evaluated in all experimental groups in this study. The results showed that firstly 

the dose of metallodendrimer CDR13 into healthy mice had no effect on the size of the liver 

and secondly in the case of the mice whose tumor had been induced, treatment with CDR13 

produced a significant reduction in the weight of the spleen compared to the control, which 

showed splenomegaly.  

Finally, biodistribution of Ru(II) in mice tissues was assessed by the ICP method after the 

CRD13 application, since it is extremely important to determine where the cytotoxic agent 

accumulates in order to control any side effects. As expected, the highest amount of metal 

was accumulated in the tumour, as also found in previous prostate cancer trials (30). The 

evaluation of other organs where accumulations were significantly lower, indicated selectivity 

of ruthenium metallodendrimers towards neoplastic tissue and so they seem to be relatively 

safe for animals. In view of these results, and the previous results obtained by ICP in the 

treatment of prostate cancer with these metallodendrimers, we can assume that any excess 

of ruthenium can be removed via the urine or faecal route (22,30). 

 

5. Conclusions 

All the results obtained in this work can be considered as a proof of concept for the use of 

dendrimer G1-[[NCPh(o-N)Ru(η6-p- cymene)Cl]Cl]4 CRD13 as an antitumor agent against the 

triple negative breast cancer mice model. The results open the door for the study of CRD13 
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in combined therapy with the aim of fighting this type of cancer in a less invasive way. 
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Figure and tables legends  

Figure 1. The structures of G1-[[NCPh(o-N)Ru(η6-p- cymene)Cl]Cl]4 (CRD13) and 

({[[NCPh(o-N)Ru(η6-p-cymene)Cl]Cl]3[FITC]} (CRD13-FITC). 

Figure 2. Scheme of the in vivo experimental design. Mice were randomly assigned to 4 

independent groups. Mice were inoculated with cancer cells, and from day 2 were treated 

with CRD 13 dendrimer for 26 days according to the scheme 2 x 2. Group 1 - NT (PBS), (not 

treated with CRD13, not inoculated with 4T1 cells), Group 2 - (treated with dendrimer every 2 

days on the days 2.-28.), Group 3 - (cancer cells application), Group 4 - (inoculated with the 

cancer cells 4T1+ treatment with the dendrimer every 2 days on the days 2.-28.). Tumours 

and tissues were collected post mortem at day 28 of the experiment. 

Figure 3. Viability of EpH4-Ev and 4T1 cells exposed to ruthenium dendrimer CRD13. (A)  – 

incubation time 24 h, (B) – incubation time 72 h. Data, acquired with the use of fluorescence 

technique, are presented as relative values vs. control samples. Results are shown as raw 

estimates, means are represented by thick horizontal lines; each point represents the mean 

of 3 technical replicates of the sample. The significance of differences, as estimated with the 

bootstrap-boosted two-way ANOVA, was as follows: for EpH4-Ev, the effect of time P< 

0.0001, for CRD13 concentration, P< 0.001, for the interaction of factors, P< 0.003; for 4T1 

cells, the effects of time and CRD13 concentration P< 0.0001, for the interaction of factors, 

P< 0.001. 

Figure 4. Cellular uptake of the FITC-labelled CRD13. (A) confocal microscopy images; 

microphotographs taken at λem=405 and 489 nm, (B) fractions of 4T1 cells uptaking CRD13-

FITC; for the dendrimer concentrations of 10 μg/ml and 20 μg/ml the fractions of labelled 

cells were, respectively: 5.46+1.21% and 7.46+2.41% for 24 h incubation, and 10.27+2.13% 

and 19.64+1.86% for 72 h incubation; the significance by the bootstrap-boosted two-way 

ANOVA was: for the effects of time and CRD13 concentration P< 0.0001, for the interaction 

between the factors P< 0.001, (C) overall fluorescence intensity of CRD13-FITC internalized 
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into the dendrimer-treated cells; for the dendrimer concentrations of 0, 10 μg/ml and 20 μg/ml 

the fractions of labelled cells were, respectively: 0.183+0.038 a.u., 1.354+0.147 a.u. and 

6.309+0.693 a.u; significance by the bootstrap-boosted two-way ANOVA was P< 0.0001 for 

the effects of time, CRD13 concentration and the interaction between the factors. The results 

are shown as the BCA bootstrap-boosted means ± SD of n = 11 (B) or n = 12 

observations(C). 

Figure 5. Body and tumour weights. (A) The impact of 28-day mice treatment with ruthenium 

dendrimer on body mass, (B) relative mass of the tumour tissue; significance for the relative 

tumour weight, estimated with the bootstrap-boosted Student t test was P< 0.0001, (C) the 

relative spleen weight (spleen mass/ total body mass ratio) of mice; significance, estimated 

with the bootstrap-boosted two-way ANOVA, was:  the effect of the inoculation with 4T1 

cells, P< 0.0001, for CRD13 treatment, P< 0.02, for the interaction between factors, P< 

0.025. Dendrimer was applied at the concentration of 10 mg/kg b.w. every day (days 2-28); n 

= 5 (groups 1 and 2), n = 15 (groups 3 and 4). 

Figure 6. Changes of the tumour and spleen weight in mice treated with CRD13. (A) Tumour 

images of animals treated or untreated with ruthenium dendrimer CRD13. (B) tumour weight 

[mg], thick black horizontal lines stand for means; significance, significance by bootstrap-

boosted Student t test, P< 0.0001, (C) Photographs demonstrating the changes in tumour 

size under the influence of CRD13, (D) Spleen images of healthy mice and animals with 

cancer treated or untreated with CRD13, (E) spleen weight [mg] in healthy and diseased 

mice under the influence of CRD13; thick black horizontal lines stand for the means; 

significance by the bootstrap-boosted two-way ANOVA: the effect of inoculation with 1T4 

cells, P<0.0001, the effect of CRD13, P< 0.0.04. The dendrimer was applied at the 

concentration of 10 mg/kg b.w. every 2 days (days 2-28). Group 1 - healthy mice treated with 

PBS only (control), Group 2 – mice treated with dendrimer, Group 3 – mice inoculated with 

cancer cells at the day 1 of the experiment, Group 4 – mice applied with cancer cells at the 
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day 1, and treated with the dendrimer every 2 days on the days 2-28 of the experiment. n = 5 

for groups 1 and 2, n = 15 for groups 3 and 4. 

Table 1. Inhibition concentrations IC50±SD (µg/ml) resulting in 50% dendrimer-mediated 

reduction of EpH4-Ev and 4T1 cell viability after 24 h and 72h of incubation. 

Table 2. Ruthenium content in the selected organs of mice [µg·g-1].  
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Graphical abstract 

 

 

 

Local injection of ruthenium dendrimer (CRD13) caused 

significant reduction of tumour mass in mice with triple-

negative breast cancer. 
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Highlights 

Carbosilane ruthenium metallodendrimer efficiently entered into the cells, and exhibited 

selective toxicity for mouse breast cancer cells. 

Local injection of ruthenium metallodendrimer caused a reduction of tumour mass in a mouse 

model with triple-negative breast cancer. 

The ICP analyses indicated that Ru(II) accumulated in all tested tissues with a greater content 

detected in the tumour. 
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