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Abstract: A new fluorescent PAMAM copper complex ([Cu2(D)(NO3)4]) has been synthesized and 

identified. The formation of the complex has been investigated by fluorescence spectroscopy which 

revealed two copper ions to be bound to the dendrimer ligand. That has also been confirmed upon 

subjecting the solid copper complex to electron paramagnetic spectroscopy. The antimicrobial activity 

of the copper complex against Gram-negative bacterium Pseudomonas aeruginosa in light and the dark 

has been studied. The results demonstrate an increase in its activity when irradiated with daylight. This 

activity of the copper complex is retained even after being loaded onto a cotton cloth. The antitumor 

activity of the copper complex and dendrimer ligand against triple-negative breast cancer MDA-MB-

231 cells has been investigated as well. 
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1. Introduction 

With the development of synthetic organic chemistry, new opportunities have been 

created to develop and study novel three-dimensional macromolecules, the so-called 

dendrimers. They are characterized by monodispersity and perfectly branched symmetrical 

structure. Combining the properties of low- and high molecular substances, dendrimers have 

been enjoying a constantly growing interest [1-4]. 

There are a number of examples of successful use of dendrimers as ligands for the 

production of metallodendrimers, which have demonstrated very good microbiological and 

antitumor activity [5-7]. Biologically important metal ions such as Cu(II), Co(II), Zn(II), Fe(II), 

Fe(III) play a key role in the structural organization of enzymes and biologically active 

substances in living organisms. Therefore, in recent years, much research has been focused on 

preparing metal complexes with different organic ligands, aiming to improve existing 
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chemotherapeutics' action [8-10]. The design, synthesis, and study of new ligands and their 

metal complexes are of interest as their biological activity depends on the nature of metal ions 

and the chemical structure of the ligands and the type of bond occurring between them. 

Fluorescent dendrimers containing chromophore fragments at specific, predetermined 

positions of the molecule have been developed. The tailoring has yielded new properties and 

new areas of their application in chemistry, biology, pharmacy, nanomedicine, and others. 

Modification of PAMAM and PPA dendrimers with organic fluorophores such as 1,8-

naphthalimide [11,12], rhodamine [13], benzanthrone [14], acridine [15], 4-nitrobenzofurazan 

[16], curcumin [17] results in obtaining fluorescent dendrimers with very good photophysical 

characteristics. Our laboratory has been carrying out targeted research to elucidate the 

structure-property relationship of such photoactive dendrimers. Our previous research has 

shown, on the one hand, that such dendrimers can be used to detect metal ions and protons 

[11], and on the other hand, that they exhibit good antimicrobial [15,16,18-21] and antitumor 

activity [22]. 

Among the known fluorophores with well-defined biological activity, an important 

place is occupied by 4-substituted 1,8-naphthalimides due to the ability of 1,8-naphthalimide 

derivatives to interact with different biological systems through non-covalent interactions, such 

as π-π stacking. Hence, the wide biomedical interest in these compounds of high antitumor, 

antimicrobial, antiviral or anti-inflammatory activity [23-26]. 

Moreover, dendrimer molecules have a large number of closely related functional 

groups in their structure. If these groups are functionalized with biologically active substances, 

one can expect the dendrimer molecule to enhance its biological activity compared to that of 

low molecular weight compounds. 

This study presents the synthesis and characterization of a new zero-generation 

polyamidoamine (PAMAM) dendrimer-based metallodendrimer modified with four 1,8-

naphthalimide fragments. Its antibacterial activity has been examined in the dark and upon 

irradiation with daylight. The experiments have been carried in solution and when loaded onto 

cotton fabric. The antitumor activity of the new metallodendrimer against triple-negative breast 

cancer MDA-MB-231 cells has also been studied. 

2. Materials and Methods 

The synthesis and the characterization of dendrimer D used as a ligand in this study 

were already described [27]. All methods used for the analysis and investigations are described 

in the Supporting information. 
 

 
Scheme 1. Chemical structure of dendrimer D. 
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2.1. Synthesis of Cu(II) complex of dendrimer D: [Cu2(D)(NO3)4]. 

Dendrimer D (1.580g, 0.001M) was dissolved in ethanol, and copper nitrite (0.751g, 

0.004M) was added under reflux. The reaction mixture was stirred for 3 hours. After cooling, 

the precipitate formed was filtered off, washed three times with 10 ml of ethanol, and dried. 

Yield: (1.68g, 86%) 

FTIR: cm-1: 2928, 2854, 1635, 1581, 1547, 1419, 1395, 1340, 1241, 1183, 1035, 774, 

757, 579, 498, 

Analysis: C86H104O24N22Cu2 (1955.2 g/mol): Calcd C 52.78, H 5.32, N 15.75; Found C 

52.89, H 5.40, N 15.78. 

2.2. Treatment of the cotton fabric with dendrimer D and [Cu2(D)(NO3)4]. 

A piece of cotton fabric (140 g/m2) weighing 1 g was added to 10 ml of DMF solution 

of dendrimer D (2.50 mg) and its Cu (II) complex at 40°C. After 60 min, the cotton sample 

was washed with distilled water and dried at room temperature. Fluorescent spectroscopy 

measurements showed that 2.2mg of (D) and 2.1mg of (copper complex) had been loaded onto 

the cotton surface.     

3. Results and Discussion 

3.1. Chemical investigations. 

The synthesis of dendrimer D used as a ligand has been described previously [27]. The 

substituent at the C-4 position of the 1,8-naphthalimide fluorophore structure -NH-CH2CH2 

(NCH3)2 has been tailored to act as a receptor fragment in the formation of various biologically 

active metal complexes - such as Cu (II) Zn (II), Co (II), Fe (II), Fe (III) complexes, etc. Its 

main photophysical characteristics have been studied in organic solvents of different polarities. 

It has been shown that in non-polar media, the quantum efficiency of this dendrimer is much 

better expressed if compared to that in non-polar solvents [28]. In the presence of metal ions, 

the fluorescent intensity of dendrimer D is amplified several times, which is due to the 

quenching of the photoinduced electron transfer occurring from the distant nitrogen atom (-

N(CH3)2) to the fluorophore 1,8-naphthalimide system [29]. 

Studies have been performed to evaluate the effect that the concentration of Cu (II) ions 

has on the fluorescence intensity of dendrimer D. DMF has been used as a solvent since 

dendrimer D has a low fluorescence intensity (FF = 0.11) [28]. On the other hand, copper nitrate 

dissolves very well in it, so does the copper complex formed.  The fluorescence spectra of 

dendrimer D during its titration with Cu (II) ions in a concentration range up to 2.5x10-5 M is 

plotted in Figure 1A. The results show that the fluorescence intensity increases in proportion 

to the concentration of Cu (II) ions (Figure 1B), and saturation is reached at a 1:2 ratio between 

the dendrimer and copper complex Cu(II) ions. That illustrates how both Cu(II) ions from a 

complex with dendrimer D. As seen from Figure 1A, the position of the fluorescence spectrum 

does not change during the complex formation. That means the copper ions form a coordinate 

bond with the distant nitrogen atom (-N(CH3)2) of the 1,8-naphthalimide structure, where one 

copper ion coordinates with two 1,8-naphthalimide fragments, as shown in Scheme 2. In this 

case, the ratio between the dendrimer and Cu (II) ions is 1:2.  
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Figure 1. (A) Fluorescence spectra of dendrimer D in DMF solution (c = 1x10-5 M) at different concentrations 

of Cu(II) cations (from 0 to 2.5 x 10−5 M); (B) Dependence of the fluorescent intensity on the concentration of 

Cu (II) ions. 

 

 

Scheme 2. Proposed structure of the complex of dendrimer D with Cu (II) ions [Cu2(D)(NO3)4]. 

3.2. EPR investigations. 

The EPR spectrum of Cu (II) ions coordinated by dendrimer ligand D displays an 

anisotropic signal with the g-components of g=2.259 and g⊥=2.030, and a hyperfine constant 

of A=16.5 mT. The g- and A-components remain constant in the temperature range of 100 – 

295 K. These EPR parameters are typical for Cu (II) ions located in a tetragonally elongated 

crystal field. The magnitude of the g-component is relatively low, while the constant hyperfine 

A possess a relatively high value. Considering the Peisach – Blumberg diagram [30] of the 

relation between the values of g- and A-components, it appears that Cu (II) ions are, most 

probably, coordinated through N and O atoms. Furthermore, the EPR spectrum allows 

evaluating the ratio between Cu (II) and dendrimer ligand D. The calculation shows that two 

Cu(II) ions are attached to one dendrimer ligand. 
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Figure 2. EPR spectrum of the complex between Cu (II) and D-ligand taken at 100 К. The blue line corresponds 

to the simulated spectrum. 
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3.3. Colorimetric characteristics of cotton fabrics treated with dendrimers D and 

[Cu2(D)(NO3)4]. 

In order to obtain antibacterial textiles, 100% cotton fabrics have been treated with 

dendrimer D and its copper complex [Cu2(D)(NO3)4]. The color characterization of the cotton 

fabrics has been conducted by determining the CIEab parameters (L*, a*, and b*) and the 

respective chromaticity coordinates (x and y). The fabrics have been evaluated quantitatively 

and qualitatively by the corresponding color coordinates L *, a *, b *, (equations 1-3): 

                                     L* = 116 (Y/Y0)
1/3 - 16                                                                (1) 

                                     a* = 500 [(X/X0)
1/3 - (Y/Y0)

1/3]                                                    (2) 

                                     b* = 200 [(Y/Y0)
1/3 - (Z/Z0)

1/3 ]                                                    (3) 

where, X0, Y0, Z0 are the tristimulus values of specified achromatic light used for illuminating 

the untreated color fabrics, while X, Y, Z are the values for the colored fabrics, respectively. 

The value of Y0 has been normalized in such a way that Y0 = 100. The color characteristics of 

the dyed cotton fabric treated with dendrimers are summarised in Table 1. The results show 

that, the dyed cotton fabrics have a yellow color. In the case of using metallodendrimer 

[Cu2(D)(NO3)4], the cotton fabric obtains a yellow color deeper than the one of the cotton fabric 

treated with D. The color difference  has been calculated according to equation 4. These 

values have been used for the quantitative determination of color [31]. 

                                                      = (L) + (a) + (b)                                   () 

 where L a b* are the difference in the coordinates of the control cotton fabric and of 

respective cotton fabrics treated with dendrimer D and [Cu2(D)(NO3)4], respectively. The value 

of the untreated cotton fabric is  =  The results show that, when loading the fabric with 

the metallodendrimer, the color saturation achieved ( = 39.247) is better than the yielding 

when dendrimer D ( = 34.791) is used. 

Table 1. Color characteristics of treated with dendrimers D and [Cu2(D)(NO3)4] cotton fabric. 

Cotton samples L* a* b* X Y Z x y 

Cotton  93.77 -0.26 3.75 80.22 84.75 85.65 0.3201 0.3382 

Cotton +D 92.81 -7.44 37.78 74.58 82.45 45.11 0.3688 0.4081 

Cotton + [Cu2(D)(NO3)4]  95.82 -11.39 41.33 79.00 89.53 46.58 0.3673 0.4162 

3.4. Biological investigations. 

3.4.1. Аntimicrobial activity. 

The effect of light on the antimicrobial activity of the investigated [Cu2(D)(NO3)4]  

against Gram-negative bacteria P. aeruginosa has been tested by the broth dilution test. The 

experiments were conducted in a planktonic format in solution and applied on cotton fabric. 

The microbial growth decreases with the increasing concentration of [Cu2(D)(NO3)4] in the 

presence of light and the dark. Under light irradiation, it is lower than in the dark, which 

indicates higher antimicrobial activity (Figure 3). The higher antimicrobial activity of the 

studied photoactive dendrimer under light irradiation can be explained by its ability to bind to 

the bacterial membrane and generate reactive oxygen upon photostimulation [32]. 
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Figure 3. Growth (expressed by OD600) of P. aeruginosa at different concentrations of [Cu2(D)(NO3)4] under 

light irradiation and in the dark. 

3.4.2. Antimicrobial activity of modified cotton fabric. 

The antimicrobial effect of the cotton fabric treated with [Cu2(D)(NO3)4] has been 

tested in nutrient broth by reducing the growth of P. aeruginosa as a model strain. The results 

reveal that the presence of light cotton fabric treated with [Cu2(D)(NO3)4] inhibits microbial 

growth by about 22% and by about 14% in the dark. Mettalodendrimer [Cu2(D)(NO3)4] is being 

attached to the cotton surface mainly by hydrogen bonds and Van der Waals interactions. It is 

hypothesized that the direct contact of bacterial cells with cotton surfaces contributes to the 

antimicrobial effect of the treated cotton fabric. The low water solubility of [Cu2(D)(NO3)4] 

does not allow the easy release of bacterial cells from the cotton surface to contact directly with 

bacterial cells in solution. That explains the low growth inhibition of the tested bacteria in the 

solution. 

3.4.3. Hydrophilicity of cotton fabrics. 

The hydrophilicity of cotton fabric specimens has been measured by a static immersion 

test. The results showed water absorption of the cotton sample treated with [Cu2(D)(NO3)4] 

(86%±1.4) to be lower than that of the untreated sample (115%±3.2). That suggests that, when 

applied onto cotton fabric, the studied dendrimer gains hydrophobic properties, which 

contribute to the antimicrobial effect of the treated cotton fabric. 

3.5. Studies on the behavior of potassium iodide in the presence of  [Cu2(D)(NO3)4] and while 

being deposited on the cotton fabric. 

The iodometric method has been used for the production of singlet oxygen (1O2) after 

the irradiation of [Cu2(D)(NO3)4] solutions at a concentration of 1x10-7 M, as well as from the 

cotton fabrics dyed with [Cu2(D)(NO3)4] [33-35]. This method is based on the reaction of the 

singlet oxygen released when irradiating the dendrimers with I- to give I3
- by the following 

mechanism. 

[Cu2(D)(NO3)4]o + h →1[Cu2(D)(NO3)4]                        light excitation 
1[Cu2(D)(NO3)4]    → 3[Cu2(D)(NO3)4]                             intersystem crossing 
3[Cu2(D)(NO3)4]   + 3O2 → [Cu2(D)(NO3)4]o + 1O2          transfer oy energy 
1O2 + I- → IOO- → IOOH 
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IOOH + I- → HOOI2
- →  I2 +HO2

-   → I3
- + H2О2 + OH- 

where: [Cu2(D)(NO3)4]o, 1[Cu2(D)(NO3)4] and 3[Cu2(D)(NO3)4] are the metallodendrimer 

(used as PS) in the ground, singlet and in the triplet excited state. 

KI (5ml 0.5 M) solution containing metallodendrimer [Cu2(D)(NO3)4] at a 

concentration of 1x10-7 M has been irradiated by a Newport solar simulator: 185-1100 nm, Xe 

lamp 150 W, at 30 cm sample distance. The absorption spectra of the solution have been 

recorded in the 250÷500 nm spectral range at intervals of 5 minutes. The spectra of 

photooxidation of I- to I3-, which is caused by the release of singlet oxygen during the 

irradiation of metallodendrimer [Cu2(D)(NO3)4] are plotted in Figure 4. Two well-pronounced 

maxima at 288 and 352 nm have been registered in the studied spectral region, which is 

characteristic for I3- formed in the solution (Figure 4A). The absorption increases depending 

on the irradiation time, which can be explained by the increment of the quantity of the singlet 

oxygen.  The same results have been obtained when using cotton fabric treated with 

[Cu2(D)(NO3)4] (Figure 4B). That indicates that the metallodendrimer deposited onto the 

cotton fabric retains its activity to generate singlet oxygen during the irradiation. Figure 4С 

compares the absorbance dependence at 352 nm as a function of the irradiation time of 

[Cu2(D)(NO3)4]  in solution and after its deposition onto the cotton fabric. As seen, the activity 

of the dendrimer increases. The irradiated solutions of [Cu2(D)(NO3)4] and of cotton dyed 

fabric without KI have been used as control. No absorption of the solutions has been registered, 

which evidences the lack of singlet oxygen. 

  

 
Figure 4. Absorption spectra of KI (0.5M) photoxidated to I3

-as a function of the irradiation time: (A) in the 

presence of a 1 cm2 cotton fabric dyed with [Cu2(D)(NO3)4] and (B) in a solution of [Cu2(D)(NO3)4]; (C) 

Dependence of absorbance at 352 nm, corresponding to I3
- caused by: (1) cotton fabric dayed [Cu2(D)(NO3)4], 

(2) solution of [Cu2(D)(NO3)4] comprising: (3) only the dendrimer and (4) only dyed cotton fabrics. 
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3.6. Cytotoxic activity. 

3.6.1. Short-term experiments. 

The cytotoxic activity of [Cu2(D)(NO3)4] and its ligand D has been examined against 

the human triple-negative breast cancer cells (permanent cell line MDA-MB-231) after 24 h 

and 48 h treatment periods. The research has been initiated by an MTT test - the gold standard 

for cytotoxicity assays. The viability of MDA-MB-23 cells has been monitored at different 

concentrations of the dendrimers in the 16-133 M range. The results obtained are plotted in 

Figure 5A, which shows that metallodendrinmer [Cu2(D)(NO3)4] has a more pronounced 

cytotoxic activity compared to that of its ligand. The percent of viable cells has been decreased 

to 42.2 % ([Cu2(D)(NO3)4]) and 48.0 % (D) for the first 24 h, as compared to the one caused 

by the control (Figure 5A). In the next 24 h, the reduction in tumor cells was significant, and 

around 0.5-1.0% viable cells were found after cultivation in the presence of the compounds 

examined, which had been administered at a concentration of 133 M - relative to the tumor 

cells untreated with the dendrimers (Figure 5B). 

  

Figure 5. (A) Effect of concentration of dendrimer D (1) and [Cu2(D)(NO3)4] (2) on cell viability of MDA-MB-

231 human breast cancer cells for 24h. (B) Cell viability at a concentration of both dendrimers 133 µM for 24h 

and for 48h.  

The cytopathological changes in MDA-MB-231 cells induced by dendrimer D and 

[Cu2(D)(NO3)4] at concentrations of 16 M and 66 µM for 48 h at double staining with acridine 

orange and propidium iodide have been investigated by fluorescence microscopy, and the 

results are shown in Figure 6.  

 
Figure 6. Human triple-negative breast cancer cells (MDA-MB-231 cell line) - (A) culture medium control; (B) 

culture medium treated for 48 h with 16 M of [Cu2(D)(NO3)4]; (C) culture medium treated for 48 h with 16 

µM of dendrimer D; (D) culture medium treated for 48 h with 66 µM of [Cu2(D)(NO3)4]; (E) culture medium 

treated for 48 h with 66 µM of dendrimer D. Double staining with acridine orange and propidium iodide. (Leica 

DM 5000B, Leica Microsystems, Germany, 40x). Bar = 20µm. 
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A monolayer of vital untreated cells from the MDA-MB-231 line with pale green 

nuclear fluorescence and bright yellow-green nuclei was used as a control (6A). After 24 h of 

culturing the cells in the presence of 16 M [Cu2(D)(NO3)4]], enlarged dead cells with bright 

red nuclei of orange color and red fluorescence were observed (6B). During the treatment with 

dendrimer D, a significant decrease of vital cells was observed simultaneously, with many 

reduced dead cells stained in orange-red color (6C). With increasing concentration of 

metallodendrimer (66 M), single reduced dead cells (6D) were observed, while when treated 

with dendrimer D, enlarged and rounded fused cells with a large number of red and bright green 

lysosomal granules were observed (6E). 

3.6.2. Long-term experiments. 

The effect that the tested dendrimers D and [Cu2(D)(NO3)4] have on the anchorage-

independent growth of MDA-MB-231 cells has also been evaluated after a 10 day incubation 

period. The results show that [Cu2(D)(NO3)4] completely inhibits 3D growth of human tumor 

cells at ≥ 33 μM, while D1 at a concentration of  ≥66 μM reduces the tumor formation. 

Table 2. Effect of the dendrimers on the colony-forming ability of human triple-negative breast cancer cells 

(MDA-MB-231 cell line). 

Compound Concentration, µM Colony formation, 10th day 

Control  Large colonies 

 > 10 on visual field 

[Cu2(D)(NO3)4] 16 Up to 10 colonies per visual field 

33, 66, 133 Single cells 

D  16 No inhibition 

(> 10 on visual field) 

33, 66 Up to 10 colonies per visual field 

133 Up to 5 colonies per visual field 

4. Conclusions 

А new metallodendrimer [Cu2(D)(NO3)4] based on a PAMAM dendrimer of zero 

generation modified with 1,8-naphthalimide has been designed, synthesized, and characterized. 

The new compound underwent studies by IR and EPR spectroscopy for selecting the optimal 

conditions for its deposition onto cotton fabric. The color characteristics of the dyed textile 

materials obtained have been determined. Antimicrobial activity of the new metallodendrimer 

has been studied against Gram-negative bacterium  P. aeroginosa in the dark and after 

irradiation with visible light. It has been found that upon irradiation with visible light, the 

metallodendrimer exhibits more antimicrobial activity than in the dark due to the generation of 

reactive singlet oxygen. That is an indication that the metallodendrimer investigated has the 

potential to be used in the design of formulations with antibacterial photodynamic activity. 

Antitumor activity of the metallodendrimer [Cu2(D)(NO3)4] and its ligand D have also been 

evaluated against human triple-negative breast cancer cells (MDA-MB-231 cell line). The 

results have revealed that the metallodendrimer possesses an antitumor activity higher than that 

exhibited by dendrimer D. 
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Supporting Information 

Spectral measurements 

Varian Cary 5000 UV-Vis-NIR Spectrophotometer has been used for UV-vis 

spectrophotometric measurements. The color coordinates (L*a*b*, XYZ and xy) of dyed 

cotton fabric with dendrimers were determined by Datacolor Spectraflash SF300 

spectrophotometer (Datacolor, NJ, USA) and Micromatch 2000® software. Dulbecco's 

modified Eagle's medium (DMEM) and fetal bovine serum (FBS) were purchased from Gibco-

Invitrogen (UK). Dimethyl sulfoxide (DMSO), neutral red, crystal violet, and trypsin were 

obtained from AppliChem (Germany), thiazolyl blue tetrazolium bromide (MTT), trypan blue 

and purified agarоse were from Sigma-Aldrich Chemie GmbH (Germany). The antibiotics 

(penicillin and streptomycin) were from Lonza (Belgium).   

Antimicrobial assay 

The ability of the compound [Cu2(D)(NO3)4] to inhibit the growth of Gram-negative 

strain Pseudomonas aeruginosa was tested in meat-peptone broth (MPB) in the presence of 

light and in the dark. The compound was dissolved in DMSO at a starting concentration of 5 

mg/mL and further diluted serially in test tubes with meat-peptone broth (MPB) to final 

concentrations in the range of 51-306 µM. Two sets of tubes were prepared – for experiments 

in the presence of light and in the dark. After inoculation with standardized cell suspension, 

the tubes were incubated at an appropriate temperature for 20 h under shaking. Positive controls 

(compound and MPB, without inoculum) and negative controls (MPB and inoculum, without 

compounds) were used. The turbidity of the medium at 600 nm (OD600) was determined as a 

measure of microbial growth. The lowest concentration of dendrimers that inhibited the growth 

of the strain by more than 90% was referred to as MIC. The experiments were conducted in 

triplicate, and the averages were taken (standard deviations less than 5%). The antibacterial 

effect of cotton fabric treated with 0.25w% solution of [Cu2(D)(NO3)4]  was tested against P. 

aeruginosa in MPB under light irradiation and in the dark. Test tubes containing MPB and 

square-shaped cotton specimens (10 mm x 10 mm) were inoculated with standardized 

microbial suspension. Tubes with native cotton and without specimens were also prepared as 

controls. Two sets of tubes were prepared for testing in the presence and absence of light. After 

20 h incubation at an appropriate temperature, the specimens were removed, and OD600 

determined microbial growth. The antimicrobial activity of the samples was evaluated by the 

reduction of bacterial growth in the presence of the treated specimens compared to native. All 

assays were performed in triplicate, and the averages were taken (standard deviations less than 

5%). 

Assessment of hydrophilicity оf cotton fabrics 

The hydrophilicity of the untreated cotton fabric and cotton fabric treated with the new 

compound [Cu2(D)(NO3)4]  was assessed using a static immersion test reported in ATCC 

Technical Manual 2001. In this test, the amount of water absorbed by the fabric was measured. 

The cotton fabrics were weighed and immersed to a depth of 10 cm in a beaker with distilled 

water. The cotton fabrics were removed after 5 min and tapped to remove the excess water, 

and then weighed once again. The absorption was determined by the following formula: 

Absorption (%) = (mass of water absorbed/original mass) × 100 
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EPR structural investigations of [Cu2(D)(NO3)4] 

The EPR spectra of complexes were recorded using a Bruker EMXplus EPR 

spectrometer working in the X-band (9.4 GHz) and temperature range of 120-450 K. The 

spectra simulation was accomplished within the software SIMFONIA (Bruker). 

Cell cultures and cultivation 

The human permanent cell line established from triple-negative breast cancer MDA-

MB-231 was used as a model system in the study. The cells do not express estrogen receptors 

either receptors for progesterone and HER-2/Neu receptors; they possess mutant p53 gene. 

The cells have been grown as a monolayer culture in DMEM medium supplemented in 

the presence of 10% fetal bovine serum, 100 U/mL penicillin, and 100 µg/mL streptomycin. 

Thermo Scientific, HEPA Class 100) at 37 C under 5% CO2 in the air. For routine passages, 

the cells were detached using a mixture of 0.05% trypsin and 0.02% ethylenediaminetetraacetic 

acid (EDTA). The cell line was passaged 2-3 times per week (1:2 to 1:3 split).  

Cytotoxicity assays  

The cells were seeded in 96-well flat-bottom microplates for cell culturing at a 

concentration of 1 × 104   cells/well. After the cells were grown for 24 h to a sub-confluent 

state (~ 70%), the culture medium was removed and changed by media modified with different 

concentrations of the compounds tested. Each concentration was applied into 4–8 wells. 

The effect of the compounds on cell viability/proliferation was assessed using MTT test 

after 24 h, 48 h, and 72 h of incubation, neutral red uptake cytotoxicity assay (NR), crystal 

violet staining (CV), and trypan blue dye exclusion test (TB) after 72 h of incubation.  

The cell viability assay was performed by incubating the cells for 3 hours with a 

solution of 5 mg MTT in 10 mL DMEM) at 37 ° C and 5% CO2. The blue MTT formazan has 

been separated by extraction from ethanol and DMSO in a volume ratio of 1: 1.  

Cell viability is expressed as a percentage of the control and the corresponding curves 

depending on the concentration of the compounds were constructed. On this basis, the CC50 

and / or CC90 values are also calculated where possible.  

Cytopathological changes 

The ability of compounds to induce cytopathological changes was assessed using 

double staining with acridine orange and propidium iodide (PI) as it was earlier described 

(Alexandrova et al., 2012). The cells were grown on coverslips (3.0–3.5 x 105 cells/well) in 6-

well plates in the presence of the tested compounds. Non-treated cells have been used as 

control. After 72 h of incubation, the coverslips were removed and washed with PBS for 2 min. 

Equal volumes of 10 mg/mL in PBS acridine orange and 10 mg/mL in bi-distilled water 

propidium iodide were added to the cells. The stained cells thus obtained were placed on a 

glass slide and examined by a fluorescence microscope (Leica DM 500B, Wetzlar, Germany).  

 

3D cell colony-forming method 

Tumor cells (103 cells/well) suspended in 0.45% agarose and D-MEM medium 

containing different concentrations of the compounds examined as well as culture medium 

control were layered in 24 well microplates. The presence/absence of colonies was registered 
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using an inverted light microscope (Carl Zeiss, Germany) during a period of 20–32 days. 

Colony inhibitory concentration (CIC, µM) at which the compounds tested completely 

inhibited the 3D growth of tumor cells in a semi-solid medium was determined. The number 

of 3D cell colonies was counted in 3–5 independent fields for each compound/concentration. 

Statistical analysis 

Significant differences between experimental groups and control groups were evaluated 

by ANOVA followed by Dunnett's posthoc analysis. GraphPad Prism, GraphPadSoftware Inc., 

USA, 2000. The effective concentrations of the compounds CC50 and/or CC90 were estimated 

by Origin 6.1TM. 
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