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DNA cleavage assay demonstrated that all complexes 
produced conformational changes of supercoiled 
circular plasmid pUC19 in concentration depend-
ent way. The results of fluorescence titration bovine 
serum albumin by 1, 2, 3 and 4 showed that all com-
plexes significantly quench tryptophan residues fluo-
rescence through a static quenching mechanism. The 
antimicrobial activity against both Gram-positive and 
Gram-negative bacteria analyzed. Complex 1 was most 
active, even on Escherichia coli was more active than 
positive control compound.
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DNA binding study · DNA cleavage experiments · 
Antimicrobial activity

Introduction

Cisplatin is widely used to treat testicular, ovarian, 
head, neck, and small cell lung tumors (Go and Adjei 
1999). The activity of this anticancer drug is based on 
DNA modification (Mantri et al. 2007). Although cis-
platin is one of the most used and successful antican-
cer drug, approved by FDA in 1978, (Sherman and 
Lippard 1987), due to severe side effects and natural 
and acquired resistance of patients toward the drug 
(Kelland 2007) researchers are forced to find better 
candidates. Among the many metals investigated for 
this purpose, ruthenium complexes have shown great 
potential (Lee et  al. 2020). For example, NAMI-A 
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DNA-binding activity. UV–Vis spectroscopic studies 
revealed the intrinsic binding constants of the order 
104  M−1 of magnitude, indicating non-intercalative 
mode. Fluorescence quenching analysis showed that all 
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and KP1019/1339 showed great potential and entered 
clinical trials (Alessio and Messori 2019). Ruthenium 
complexes display multidisciplinary applications, as 
they can be used in diagnosis (Lin et al. 2018), or as a 
photosensitizer in photodynamic therapy (Mari et al. 
2015). DNA is the main target of most metallo-drugs 
but the interaction of metallo-drugs with molecular 
targets other than DNA (Timerbaev et al. 2006) such 
as serum proteins is important to better understand 
the mechanism of action because serum albumin per-
forms the transport, distribution, accumulation and 
excretion properties of drugs in the organism (Ascone 
et  al. 2008). This approach can be used to design a 
drug that regulates the activities of disease-related 
proteins such as enzymes or receptors. An active 
small molecule that binds to the active site of the dis-
ease-related proteins with high selectivity and affinity 
may affect a cure (Lee and Suh 2009) if the unknown 
active site of protein activates its cleavage (Suh and 
Chei 2008). Ruthenium(II) polypyridyl complexes 
are proved to have significant biological properties 
(Notaro and Gasser 2017). Most complexes are very 
reactive, imaging capabilities, with binding abil-
ity, and kinetically inert at the same time which rank 
them as potential diagnostic and therapeutic drugs. 
N,N-chelating ligands and octahedral structures allow 
them to go through the organism to target points. 
Complexes interact with biological molecules includ-
ing DNA, proteins and RNA, both as probes and 
inhibitors. Interaction with these biological molecules 
often induces damage or toxicity (Zeng et al. 2017).

All kinds of bacterial and other microbial infec-
tious diseases are well-known problems in human 
history. Pneumonia, also caused by bacteria infection, 
has four million deaths reported every year (Ruus-
kanen et  al. 2011). Each year, more than 400,000 
people die of malaria, with 229 million new malaria 
infections in 2019 (WHO site, World Malaria Report 
2020). Due to the applications of many antimicrobi-
als worldwide, drug-resistant populations of micro-
organisms emerged. A call for the development of 
new antimicrobial agents is great. Drugs based upon 
analogs of known scaffolds proved to be inadequate, 
due to the possible resistance. A better solution is the 
development of new classes of antimicrobials, with 
less potential of resistance occurrence. Ruthenium 
complexes as well as organoruthenium complexes 
showed great potential as promising antimicrobial 
agents (Fangfei et al. 2015).

In our earlier studies, we have investigated cyto-
toxic activity, drug-accumulation study and fluo-
rescent microscopy of arene ruthenium complexes 
with intercalating ligands (Nikolić et  al. 2016; 
Pavlović et al. 2019). In this work, four arene ruthe-
nium complexes [(η6-p-cymene)Ru(Me2dppz)Cl]
PF6 (1) with Me2dppz = 11,12-dimethyldipyrido[3,2-
a:2′,3′-c]phenazine, [(η6-p-cymene)Ru(aip)Cl]
PF6 (2) with aip = 2-(9-anthryl)-1H-imidazo[4,5-f]
[1,10] phenanthroline), ([(ƞ6-toluene)Ru(ppf)Cl]
PF6) (3) and ([(ƞ6-p-cymene)Ru(ppf)Cl]PF6) (4) with 
ppf = pyrido[2′,3′:5,6] pyrazino[2,3-f][1,10]phenanth-
roline we have embarked on further experiments with 
the best candidates to interactions with calf thymus 
DNA (CT-DNA) and bovine serum albumin (BSA), 
as well as examine antimicrobial properties.

Experimental

Chemicals and reagents

All standard chemicals, as well as CT-DNA, BSA, 
ethidium bromide, Hoechst 33258, Mueller–Hinton 
broth, were of analytical grade (or higher) and were 
purchased from Merck (Darmstadt, Germany) or 
associated companies. Solvents were used as received 
or dried over molecular sieves. RuCl3 was purchased 
from I2CNS. Complexes 1, 2, 3 and 4 were synthe-
sized according to published procedures from Nikolić 
et al. (2016), Pavlović et al. (2019) (Scheme 1).

Spectroscopic studies

UV–Vis measurements experiments

For DNA binding experiments, a calf thymus DNA 
(lyophilized, highly polymerized, obtained from 
Serva, Heidelberg) (CT-DNA) was dissolved in bicar-
bonate buffer (40  mM, pH 8.4) overnight at 4  °C. 
This stock solution was stored at 4  °C and was sta-
ble for several days. A solution of CT-DNA in buffer 
gave a ratio of UV absorbance at 260 and 280  nm, 
A260/A280 of 1.89–2.01, indicating that DNA was suf-
ficiently free of protein. The concentration of DNA 
(3.15 mg/mL) was determined from the UV absorb-
ance at 260  nm using the extinction coefficient 
ε260 = 6600  M−1  cm−1 (Reichmann et  al. 1954). All 
compounds (1, 2, 3 and 4) were dissolved before use 
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in dimethyl sulfoxide in concentrations of 10 mM and 
these solutions were used as stock solutions. UV–Vis 
spectra were recorded on a UV-1800 Shimadzu UV/
Visible spectrophotometer operating from 200 to 
800  nm in 1.0  cm quartz cells. Spectra of the com-
plexes of the same concentrations were also recorded, 
as well as spectra of CT-DNA before and after an 
interaction. Stability and solubility of the complexes 
was assessed by recording UV–Vis spectra of sam-
ple solutions in the bicarbonate buffer during time in 
applied concentration range. Reaction mixtures (1 mL 
in 40  mM bicarbonate buffer, pH 8.4) consisting of 
the complexes and CT-DNA were incubated at 37 °C 
for 60 min with occasional vortexing. The absorbance 
titrations were performed at 3  µM concentration of 
the complexes and gradually increasing the concen-
tration of CT-DNA (0.94–4.69 × 10–5 M for 1 and 2; 
1.88–6.57 × 10–5  M for 3; 1.98–6.92 × 10–5  M for 4. 
The binding constant Kb was determined using the 
Eq. 1 (Vijayalakshmi et al. 2000):

(1)
[DNA] ×

(

�a− �f
)−1 = [DNA] ×

(

�b− �f
)−1

+ K−1
b ×

(

�b− �f
)−1

where εa, εf, εb are absorbance/[compound], extinc-
tion coefficient of the free compound and the extinc-
tion coefficient of the bound compound, respectively.

Fluorescence measurements

The competitive interactions of Ru(II) complexes 1, 
2, 3 and 4 and the fluorescence probe either ethidium 
bromide (EB) or Hoechst 33258 (H), with CT-DNA, 
have been studied by measuring the change of fluo-
rescence intensity of the probe–DNA solution after 
addition of the complex. Reaction mixtures contain-
ing 47 µM of CT-DNA (calculated per phosphate) in 
1 mL of 40 mM bicarbonate solution (pH 8.4) were 
pretreated with 1.5 µL of 1% H probe solution (28 µM 
final concentration) or 1 µL of 1% EB solution 
(25 µM final concentration) (in separate experiments) 
for 20 min and the mixture was analyzed by fluores-
cence measurement. The final DNA concentration 
was constant while the gradually increasing concen-
trations of the complexes (from 0.25 to 11 × 10−5 M 
in EB displacement and 0.5–20 × 10−6  M in H dis-
placement) were successively added and the change 
in the fluorescence intensity was measured using a 
Thermo Scientific Lumina Fluorescence spectrom-
eter (Finland) equipped with a 150  W Xenon lamp. 

Scheme 1   Structures of the 
complexes 1, 2, 3 and 4 
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The slits on the excitation and emission beams were 
fixed at 10 nm. All measurements were performed by 
excitation at 350 nm for Hoechst 33258, and by exci-
tation at 500 nm for EB in the range of 390–600 nm 
and 520–700  nm, respectively. The control was the 
probe–CT-DNA solution. Complexes of Ru(II) (1, 
2, 3 and 4) did not have fluorescence under applied 
conditions. The obtained fluorescence quenching data 
were analyzed according to the Stern–Volmer equa-
tion (Lakowicz and Weber 1973): The obtained fluo-
rescence quenching data were analyzed according to 
the Stern–Volmer Eq. (2)

where I0 and I represent the fluorescence intensities 
of probe–CT-DNA in the absence and presence of the 
complex, respectively, K is the quenching constant, 
and Q is the concentration of the corresponding com-
plex. The K value is calculated from the ratio of the 
slope to the intercept from the plot of I0/I versus [Q].

Primary spectra of all spectrometric measurements 
were imported into OriginPro 2018.

For BSA fluorescence measurements, BSA con-
centration in 40  mM bicarbonate buffer was kept 
constant in all samples, while the concentration of 
the compounds was increased: in 1 mL of buffer 5 µL 
of stock solution of BSA (3  mg/mL) and an aliquot 
of stock solution of the compound was added and 
incubated for 30  min and emission spectra in range 
295 to 500 nm were recorded (excitation wavelength 
280  nm). Aliquots of the solution of 1, 2, 3 and 4 
were successively added at final concentrations of 2.5 
to 20 µM for 1 and 4; 0.05 to 1.75 µM for 2 and 2.5 to 
25 µM for 3. The change in the fluorescence intensity 
was measured.

In order to avoid the effect of inner filter effect, 
very low concentrations of CT-DNA, BSA and the 
complexes are used (Tian et al. 2010).

DNA cleavage experiments

For DNA cleavage experiments the plasmid pUC19 
(pUC19, 2686  bp, purchased from Sigma-Aldrich, 
USA) was prepared by its transformation in chemi-
cally competent cells Escherichia coli strain XL1 
blue. Amplification of the clone was done according 
to the protocol for growing E. coli culture overnight 
in LB medium at 37 °C (Sambrook et al. 1989) and 

(2)I0∕I = 1 + K[Q]

purification was performed using Qiagen Plasmid 
plus Maxi kit. Finally, DNA was eluted in 10  mM 
Tris–HCl buffer and stored at − 20 °C. The concen-
tration of plasmid DNA 1.16 µg/µL) was determined 
by measuring the absorbance of the DNA-containing 
solution at 260 nm. One optical unit corresponds to 
50 µg/mL of double stranded DNA.

The cleavage reaction of supercoiled pUC19 DNA 
by Ru(II) complexes was investigated by incubation 
of different concentrations of the complexes with 
550  ng of pUC19 in a 20 µL reaction mixture in 
40 mM bicarbonate buffer 8.4 at 37 °C, for 90 min. 
The reaction mixtures were vortexed from time to 
time. The reaction was terminated by a short centrifu-
gation at 10,000 rpm and the addition of 7 µL of load-
ing buffer (0.25% bromophenol blue, 0.25% xylene 
cyanol FF and 30% glycerol in TAE buffer, pH 8.24 
(40  mM Tris–acetate, 1  mM EDTA)). The samples 
were subjected to electrophoresis on 1% agarose gel 
(Amersham Pharmacia-Biotech, Inc) prepared in TAE 
buffer pH 8.24. The electrophoresis was performed at 
a constant voltage (80 V) until bromophenol blue had 
passed through 75% of the gel. A Submarine Mini-gel 
Electrophoresis Unit (Hoeffer HE 33) with an EPS 
300 power supply was used. After electrophoresis, the 
gel was stained for 30 min by soaking it in an aqueous 
ethidium bromide solution (0.5 µg/mL). The stained 
gel was illuminated under a UV transilluminator Vil-
ber-Lourmat (France) at 312  nm and photographed 
with a Nikon Coolpix P340 Digital Camera through 
filter DEEP YELLOW 15 (TIFFEN, USA).

Primary spectra of all spectrometric measurements 
were imported into OriginPro 2018 and were pro-
cessed by this software package.

Antimicrobial activity

The antibacterial activities of all compounds were 
evaluated against pathogenic strains by applying the 
broth dilution method (Pasdar et  al. 2017; Nasiri 
Sovari and Zobi 2020). Five strains of Gram-posi-
tive bacteria (Clostridium sporagenes, Micrococcus 
flavus, Bacillus subtilis, Sarcina lutea and Staphy-
lococcus aureus), and four strains of Gram-negative 
bacteria (Salmonella enteritidis, Proteus vulgaris, 
Pseudomonas aeruginosa and E. coli) were used in 
the experiments. A commercially available, semisyn-
thetic, and broad-spectrum antibiotic Chlorampheni-
col was used as the positive control, while DMSO 



817Biometals (2022) 35:813–829	

1 3
Vol.: (0123456789)

served as a negative control. For determination of 
antibacterial activity each of the bacterial strains were 
cultured onto Mueller–Hinton broth (MHB) by incu-
bation overnight at 37 °C. A sample of each culture 
was then diluted 40-fold in fresh MHB and added to 
each well of the compound-containing plates. Trans-
parent sterile 96-well microtiter plates (NUNC) flat 
bottom clear wells were used for the experiments. 
100 µL of fresh MHB were added in each well and 
100 µL of each complex was added in the first col-
umn. Mixtures from the previous columns (100 µL) 
were withdrawn and added to the next column. 10 µL 
of bacterial inoculums were added to all wells then 
plates were covered and incubated at 37 °C for 24 h 
without shaking. Inhibition of bacterial growth was 
determined using media and DMSO as negative con-
trol and bacteria with Chloramphenicol as a positive 
control. The initial concentration of the complexes 
and chloramphenicol was 5 mg/L. MIC values were 
determined as the lowest concentration at which the 
growth was inhibited, with no visible growth by the 
eye.

Statistical analysis

All experimental results reported in the results and 
discussion sections were based on averaging results 
of repeated experimental runs (triplicates), with the 
SD ranging from 2 to 5% of the reported average. Sta-
tistical significance is confirmed by Student’s t-test.

Results and discussion

DNA binding study

UV–Vis absorption study

Stability and solubility of arene ruthenium(II) com-
plexes 1–4 were studied by UV–Vis spectroscopy. 
UV–Vis spectra of the complexes (at three different 
concentration) were recorded in the sodium bicar-
bonate buffer at different time intervals (0 and 2 h), 
which is a longer period of time than the reaction 
time of DNA binding study. The obtained results 
revealed no significant change in either the intensity 
or the position of absorption bands indicating their 
satisfactory stability under the experimental condi-
tions (Fig. 1A–D).

DNA is one of the main targets of anticancer 
agents and it is well established that such com-
pounds can bind to DNA both via covalent (Sher-
man et  al. 1988) and/or non-covalent interactions. 
Non-covalent interactions include the interaction of 
a planar aromatic moiety between two base pairs of 
DNA via π-stacking, binding to the minor and major 
grooves of DNA, and electrostatic interactions with 
the negatively charged phosphate backbone (Stre-
kowski and Wilson 2007). Hyperchromism and 
hypochromism are regarded as spectral evidence 
for DNA double-helix structural change when DNA 
reacts with other molecules (Keene et  al. 2009). 
The hyperchromism originates from the disruption 
of the DNA duplex secondary structure and the 
hypochromism originates from the stabilization of 
the DNA duplex by either the intercalation binding 
mode or the electrostatic effect of small molecules 
(Li et al. 2012; Szekely and Gates 2006). The inter-
action of Ru(II) complexes with DNA was moni-
tored spectrophotometrically. Figure  2A–D shows 
the UV–Vis absorbance spectra of CT-DNA (lines 
a) and 1, 2, 3, and 4 before (lines b) and after inter-
action (lines d) with CT-DNA. Lines d in Fig. 2A–D 
represent calculated spectra and the percentage of 
hypochromism was determined from {[(εDNA + εC) 
– εb]/(εDNA + εC)} × 100, where εDNA is the extinc-
tion coefficient of CT-DNA, εC is the extinction 
coefficient of free complex and εb is the extinction 
coefficient of the bound complex (Vujčić Miroslava 
et  al. 2013). The spectrum of CT-DNA displayed 
one absorption maximum at 259  nm and complex 
1 displayed absorption maximum at a wavelength 
of 287  nm, and two smaller peaks at 374  nm and 
393  nm (Fig.  2A, line b). Comparing the sum of 
absorbances at 259 nm of free complex 1 and free 
CT-DNA with the observed absorbance of the 
1–CT-DNA (Fig. 2A), the hypochromisms of 12%, 
16% and 10% for all these bands, respectively, has 
been noticed. The obtained weak hypochromisms 
probably reflected changes in the conformation and 
structure of CT-DNA upon binding of the complex 
in the minor groove via planar part of the aromatic 
rings that favored electrostatic (π-anion) and hydro-
phobic (π-sigma) contacts with the exposed AT 
base pairs (Nikolić et al. 2019).

Complex 2 (Fig.  2B, line b) has a characteristic 
absorption band at 253 nm and three minor peaks at 
348 nm, 366 nm and 384 nm. Upon the addition of 2 
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to CT-DNA, the band corresponding to 2–CT-DNA 
(line d) was observed. No perturbations of the bands 
were observed in the visible region of the spectrum.

The absorption spectra of complexes 3 and 4 (lines 
b in Fig.  2C and D, respectively) exhibit intense 
absorption bands at about 263 nm and 357 nm as well 
as a shoulder at 285–302 nm. After interaction of CT-
DNA with the complexes, no significant changes of 
the bands at 357 nm were assigned to ligand-to-metal 
charge transfer (LMCT), but the shoulder (assigned 
to the intra-ligand π–π* transition) flatted (lines d in 
Fig.  2C and D). The observed maximum at 265 nm 
and 267  nm in spectra of 3–CT-DNA and 4–CT-
DNA, respectively, could be associated with over-
lapping of the absorption of nucleic base pairs and 
polypyridyl group from complexes 3 and 4. Figure 2C 
and D suggest very close fit between the calculated 
and measured spectra of CT-DNA + complex mix-
tures indicating indicate only subtle changes in the 
structure of DNA after the interaction. These spec-
tral changes accompanied by small hypochromism 
(4% and 0.5%, for 3–CT-D NA and 4–CT-DNA, 
respectively).

To obtain information on the stability of the newly 
formed complexes 1–CT-DNA, 2–CT-DNA, 3–CT-
DNA and 4–CT-DNA, spectroscopic titration of the 
solution of all complexes with increasing concentra-
tion of CT-DNA was performed (Fig.  3A–D). The 
absorbances at 374  nm and 384  nm, for 1 and 2, 
respectively, and at 357 nm for 3 and 4 were moni-
tored for each concentration of DNA (insets in Fig. 3 
show plots after linearization). The spectra shown in 
Fig. 3 are not subtracted by the absorbance of DNA 
and binding constants Kb of complex 1, complex 2, 
complex 3 and complex 4 were calculated using 
Eq.  1 (Vijayalakshmi et  al. 2000). The values of 
4.97 × 104 M−1, 2.75 × 104 M−1, 1.043 × 104 M−1 and 
4.03 × 104  M−1, respectively, were obtained. These 
values are lower for 2 orders of magnitude than those 
reported for classical intercalators i.e., 106 to 107 M−1 
(Cory et al. 1985) and comparable with results of pre-
viously published for Ru(II) based complexes (Ruiz 
et  al. 2019; Colina-Vegas et  al. 2015), suggesting 
non-intercalative binding interaction among com-
plexes 1, 2, 3 and 4 and CT-DNA. The results indi-
cate the interaction of all Ru(II) complexes with helix 

Fig. 1   UV–Vis spectra of 
1 (A), complex 2 (B), com-
plex 3 (C) and complex 4 
(D) with varying concentra-
tions of the complexes (1, 2 
and 3 µM, green, blue and 
red lines, respectively) at 
time interval of 0 h (solid 
lines) and 2 h (dashed 
lines). (Color figure online)
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DNA due to processes such as base modification and/
or nick formation. An exception is complex 2 that can 
be partially intercalated between bases in the grooves 
due to properties of a planar aromatic anthryl-imida-
zol moiety which resulted in higher hypochromism, 
compared to the other complexes.

Fluorescence quenching study

To provide additional insight into the interactions 
between DNA and the Ru(II) complexes, the fluores-
cence spectrometry was performed by fluorescence 
competitive experiments with two different dyes: eth-
idium bromide (EB), a typical intercalator, and Hoe-
chst 33258 (H), a minor groove binder. EB is known 
to be a planar cationic molecule that intercalates in a 
DNA double helix with a strong binding affinity (Gar-
bett et al. 2004; Shi et al. 2011). The emission spectra 
of EB bound to CT-DNA in absence and presence 1, 
2, 3 and 4 are given in Fig. 4A–D, respectively. The 
binding of EB to CT-DNA was followed by excitation 
at 500 nm with fluorescence maximum at 602 nm and 

emits intense fluorescence due to its strong intercala-
tion between the adjacent DNA base pairs. The addi-
tion of an increasing concentration of the Ru(II) com-
plexes 1, 2, 3 and 4 to EB–CT-DNA system caused a 
significant reduction in fluorescence intensity of the 
band at 602  nm. The maximal decrease of EB–CT-
DNA fluorescence intensity was 64% by 1 (Fig. 4A), 
27% by 2 (Fig. 4B), 54% by 3 (Fig. 4C) and 37% by 
4 (Fig. 4D), with the maximal applied concentration 
of the complex. In the work, Ru(II) complexes 1, 2, 
3 and 4 had no obvious fluorescence under applied 
experimental conditions. The obtained results suggest 
that the complexes competed with EB in binding to 
DNA to a different extent. The extent of this quench-
ing of EB by these complexes was estimated using the 
Stern–Volmer Eq.  (2). The fluorescence quenching 
constant (K) was calculated from the ratio of the slope 
to the intercept from the plot I0/I versus [complex] as 
shown in the insets in Fig. 4. Some deviation of lin-
earity of the plot I0/I versus [1] (R2 = 0.94) (Fig. 4A) 
might be a consequence of stronger electrostatic 
interaction of the Ru(II)-arene complex cation (which 

Fig. 2   Changes in UV–Vis 
absorption spectra of CT-
DNA (9.89 µM, curve a) 
after interaction with 3 µM 
of complex 1 (A), complex 
2 (B), complex 3 (C) and 
complex 4 (D). Curves b 
denote spectra of the com-
plexes, curves c calculated 
spectra, and curves d spec-
tra of complex–CT-DNA
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formed in water environment) with DNA helix. By 
linear regression of the plots I0/I versus [1], the cor-
responding quenching constant K for Ru(II) com-
plexes 1 was calculated as 4.81 × 104 M−1. The plots 
for 2 (Fig. 4B), 3 (Fig. 4C) and 4 (Fig. 4D) displayed 
a good linear relationship (R2 = 0.99) for the inves-
tigated concentration ranges, suggesting a singular 
mode of quenching and the corresponding quench-
ing constant K were calculated as 5.58 × 103  M−1, 
1.05 × 104 M−1 and 4.85 × 103 M−1, respectively. The 
results indicate the complex 1 had grater DNA bind-
ing propensity comparing to 2, 3 and 4. The structural 
changes in DNA arise from electrostatic binding by 

the complexes, which reduce the binding affinity of 
EB (Spillane et al. 2007).

To further clarify the nature of interactions of the 
compounds with CT-DNA, a displacement study was 
performed with the minor groove binder Hoechst 
33258. Hoechst 33258 (H) binds strongly and selec-
tively with high affinity to double-stranded B-DNA 
structure and like other minor groove binders, it rec-
ognizes at least four AT base pairs. It binds by a com-
bination of hydrogen bonding, van der Waals contacts 
with the walls of the minor groove and electrostatic 
interactions between its cationic structure and DNA 
(Kakkar et  al. 2002). The binding of H 33,258 to 

Fig. 3   Absorption titration curves of complex 1 (A); com-
plex [2] (B); complex 3 (C) and complex 4 (D) at fixed con-
centration (3 µM) with increasing concentrations of CT-DNA 

in 40  mM bicarbonate buffer (pH 8.0). The arrows show the 
changes in absorbance upon increasing amounts of CT-DNA. 
Insets: plot of [DNA]/(εA – εF) versus [DNA]
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CT-DNA was followed by excitation at 350 nm with 
the maximum fluorescence at 443 nm. Figure 5A–D 
shows the characteristic changes in fluorescence 
emission spectra of H 33,258 after binding to the CT-
DNA and changes in the fluorescence intensity after 
successively addition an increasing concentration of 
1, 2, 3 and 4. The obtained fluorescence quenching 
data were analyzed according to the Stern–Volmer 
Eq.  (2) (Lakowicz and Weber 1973). The fluores-
cence intensity of the band at 443 nm of the H–CT-
DNA system decreased by 75% with the maximal 
performed concentration of ligand 1 (Fig.  5A). The 
quenching constant was calculated by linear regres-
sion of a plot I0/I against [Q] (Inset in Fig.  5A) as 
Ksv = 7.03 × 105 M−1 (R2 = 0.98). Fluorescence of the 
H–CT-DNA system upon binding complex 2 to CT-
DNA was decreased by 66% and the corresponding 
quenching constant was calculated as 1.03 × 105 M−1 

(R2 = 0.99). (Fig.  5B). When complex 3 was added 
to H–CT-DNA solution, a decrease of 55% was 
observed and the quenching constant was determined 
as Ksv = 2.24 × 105  M−1 (R2 = 0.99) (Fig.  5C). The 
fluorescence intensity of the band at 443  nm of the 
H–CT-DNA system decreased by 58% with the maxi-
mal performed concentration of 4 and corresponding 
constant Ksv = 2.03 × 105  M−1 (R2 = 0.99) calculated 
from the ratio of the slope to the intercept from the 
plot of I0/I against [Q] (Fig. 5D). It can be concluded 
that fluorescence intensity of the band at 443 nm of 
the H–CT-DNA decreased remarkably (more than 
50% of the initial value) at a maximal applied con-
centration of the complexes, indicating the propensity 
of [Ru(η6-arene)(XY)Cl](PF6) to bind to DNA minor 
groove. Insets in Fig. 5 show the plots demonstrating 
that quenching of H bound to CT-DNA by 1, 2, 3 and 

Fig. 4   Fluorescence displacement study—changes in emis-
sion spectra of ethidium bromide (EB, 2.5 × 10−5 M) bound to 
CT-DNA (4.7 × 10−5 M) and quenching EB—CT-DNA system 
by increasing concentrations of 1 (0.25, 0.5, 0.75, 1, 1.25, 1.5, 
2, 2.5, 3, 3.5 and 4 × 10−5 M; panel A), 2 (0.25, 0.5, 0.75, 1, 
1.25, 1.5, 2, 2.5, 3, 3.5, 4, 5 and 6 × 10−5 M; panel B), 3 (0.25, 
0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9 and 11 × 10−5 M; panel C) and 4 
(0.25, 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9 and 11 × 10−5 M; panel D). 
The arrows show that fluorescence intensity decreased with 

increasing concentration of the complex. The insets show 
fluorescence quenching curves of ethidium bromide bound to 
DNA at λmax = 602  nm by 1 (Panel A), 2 (Panel B), 3 and 4 
(Panel D). The quenching constants Ksv were calculated using 
Eq. (1) by linear regression of a plot I0/I against [Q], where I0 
and I represent the fluorescence intensities of EB–CT-DNA in 
absence and presence of the complex, and [Q] is the concentra-
tion of the corresponding complex
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4 agrees with the linear Stern–Volmer Eq. (2) for the 
investigated concentration ranges of the complexes.

Comparing the K values, it may be concluded that 
complex 1 carrying p-cymene as an arene was more 
efficient as a DNA binder than the other two com-
plexes (2 and 4) and from complex 3 (with toluene as 
arene moiety), suggesting that structural differences 
in aromatic moiety contributed to binding with the 
macromolecule.

Plasmid DNA interaction study

The type of DNA metal complex interactions has 
been further established by investigation of dam-
age to circular plasmid DNA using an agarose gel 

electrophoretic assay. The assay allows assessment of 
DNA strand cleavage by monitoring the conversion 
of compact circular supercoiled form DNA (FI) into 
a more relaxed, open form FII and linear form FIII. 
These three conformations are distinguishable when 
subjected to agarose gel electrophoresis. Relative fast 
migration is observed for supercoiled form FI, while 
open circular form FII migrates slowly, and linear 
form FIII migrates between FI and FII. The abili-
ties of ruthenium(II)-arene complexes 1, 2, 3 and 4 
to cleave plasmid pUC19 DNA were investigated. As 
shown in Fig.  6A–D (lanes 1) plasmid pUC19 con-
sisted mainly of supercoiled form FI and nicked form 
FII, with an also small quantity of linear form FIII. 
Upon addition of complex 1 to the plasmid, changes 

Fig. 5   Fluorescence displacement study:– changes in emission 
spectra of Hoechst 33258 (H, 2.5 × 10−5 M) bound to CT-DNA 
(4.7 × 10−5 M) and quenching H–CT-DNA system by increas-
ing concentrations of 1 (0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5 and 
5 × 10−6  M; panel A), 2 (2.5, 5, 7.5, 10, 12.5, 15, 17.5 and 
20 × 10−6 M; panel B), 3 (0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5 and 
5.5 × 10−6 M; panel C) and 4 (0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 
5, 5.5, 6 and 6.5 × 10−6 M; panel D). The arrows show that flu-
orescence intensity either decreased or increased with increas-

ing concentration of the complex. The insets show fluores-
cence quenching curves of H bound to DNA at λmax = 443 nm 
by 1 (Panel A), 2 (Panel B), 3 and 4 (Panel D). The quenching 
constants Ksv were calculated using Eq. (1) by linear regression 
of a plot I0/I against [Q], where I0 and I represent the fluores-
cence intensities of H–CT-DNA in absence and presence of 
the complex, and [Q] is the concentration of the corresponding 
complex
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in the intensity of fluorescence of ethidium bromide 
and mobility of a supercoiled form of pUC19 were 
observed in comparison to the control (Fig. 6A, lane 
1). The absence of linear forms indicates that Ru(II) 
complex 1 has no nuclease activity. The interaction 
of complex 1 with plasmid produces conformational 
changes of supercoiled circular DNA in concentra-
tion dependent way. Additionally, the increase in the 
concentration of complex 1 already from 0.025 mM 
(Fig.  6A, lane 3) produced the appearance of indis-
tinguishable small fragments of DNA resulting in 
the smear in the gel (Fig.  6A, lanes 4–7). At maxi-
mal performed concentration (0.25  mM, Fig.  6A, 
lane 8) the fluorescence of the electrophoretic band 
almost completely disappears. No strand scission was 
observed at increasing concentration of complex 2 
(Fig. 6B, lane 2–8). At a concentration of 0.25 mM, 
the fluorescence of the electrophoretic band (Fig. 6B, 

lane 4) almost completely disappeared. Upon addi-
tion of complex 3 (Fig.  6C, lanes 2–8) to the plas-
mid pUC19, the conversion of supercoiled DNA in a 
concentration dependent double strand scission into 
linear forms FIII was observed. The result indicates 
strong nuclease activity of complex 3.

As can be seen in Fig. 6D, a decrease in the mobil-
ity of the FI form on the gel in comparison to the con-
trol (lane 1) and the appearance of band smears on 
concentration-dependent way is due to nuclease activ-
ity of complex 4. The conversion of FI form into form 
FIII was much more efficient with much less applied 
concentration (0.0625–1  mM, Fig.  6D, lanes 2–8, 
respectively), compared to other complexes.

From the obtained results it can be concluded that 
all complexes exhibit strong concentration-dependent 
cleavage activity of supercoiled DNA molecules. 
Considering the concentration of the complexes 
required to completely conversion of plasmid pUC19 
and the electrophoretic pattern, it can be concluded 
that the most pronounced effect on supercoiled circu-
lar DNA has complex 1, followed by complex 2, then 
complex 4 and the least activity showed complex 3.

Interaction with BSA

BSA has often been used as a model protein to meas-
ure the albumin-binding ability of drugs and metal 
complexes. Figure  7 shows that BSA exhibited an 
intense fluorescence emission band at 332 nm when 
excited at 280 nm, due to the presence of tryptophan 
residues Trp-134 and Trp-212 (Protogeraki et  al. 
2014). The addition of increasing concentrations 
of complexes 1, 2, 3 or 4 to BSA solution resulted 
in a significant quenching of fluorescence intensity 
by 71%, 53%, 72% and 64%, respectively indicat-
ing the interaction of the complexes with protein 
(Fig.  5A–D). The obtained strong decrease in fluo-
rescence intensity at maximum wavelength suggested 
that the complex caused conformational changes in 
the secondary structure of albumin which led to a 
more hydrophobic, less exposed to the solvent, the 
tryptophan residue present in the hydrophobic cav-
ity of the protein. The effect of complex 3 and 1 were 
the greatest, followed by complex 4 and finally 2. The 
fluorescence quenching data were further analyzed 
with the Stern–Volmer Eq. (3) as follows (Lakowicz 
and Weber 1973).

Fig. 6   DNA cleavage activity of Ru(II)-arene complexes: the 
agarose gel electrophoretic pattern of supercoiled form FI, 
open form FII and linear form FIII of pUC19 (0.34 µM; lanes 
1) after an interaction with 1 (gel A—0.0125, 0.025, 0.05, 0.1, 
0.15, 0.2 and 0.25 mM concentration, lanes 2–8, respectively); 
2 (gel B—0.0625, 0.0125, 0.25, 0.375, 0.5, 0.625 and 0.75 mM 
concentration, lanes 2–8, respectively); 3 (gel C—0.25, 0.5, 1, 
1.5, 2, 2.5 and 3  mM concentration, lanes 2–8, respectively) 
and 4 (gel D—0.0625, 0.125, 0.25. 0.5, 0.75, 0.875 and 1 mM 
concentration, lanes 2–8, respectively)
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where I and I0 are the steady state fluorescence inten-
sities in the presence and absence of a quencher, 
respectively. Ksv is the Stern–Volmer constant and 
[Q] is a concentration of the quencher i.e., the com-
plex; τ0 is the average lifetime of the protein without 
the quencher. As shown in insets in Fig. 5, good linear 
fitting linearity (R2 > 0.95) of the plot suggests that 
the Stern–Volmer model is appropriate for studying 
the binding mechanism between the Ru(II) complexes 
and BSA. Stern–Volmer constant Ksv was calculated 
from the plot I0/I versus [complex] using Eq.  (3). 
The results interaction of 1 (Fig. 7A), 2 (Fig. 7B), 3 

(3)I0∕I = 1 + kq�0[Q] = 1 + Ksv[Q]

(4)Kq = Ksv∕�0

(Fig. 7C) and 4 (Fig. 7D) with BSA are summarized 
in Table  1. A linear Stern–Volmer plot is generally 
indicative of a single class of fluorophores, all equally 
accessible to the quencher, and as can be seen in 
an inset on Fig.  7D, BSA can be quenched both by 
collision and by complex formation with 4. In case 
of 1 (inset on Fig. 7A) and 3 (inset on Fig. 7C), the 

Fig. 7   Fluorescence spectra of BSA in the absence and pres-
ence of increasing concentrations of 1, 2, 3 and 4 (panels A, 
B, C and D, respectively). Values of Ksv were calculated from 

the plot I0/I versus [Q] shown in insets. The arrows show the 
decreasing in fluorescence intensities with increasing concen-
trations of the compounds

Table 1   The fluorescence quenching data for binding 1, 2, 3 
and 4 to BSA

Complex Ksv (M−1) Kq (M−1 s−1)

1 1.66 × 105 1.66 × 1013

2 6.02 × 105 6.02 × 1013

3 1.20 × 105 1.20 × 1013

4 0.95 × 105 0.95 × 1013
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Stern–Volmer plot exhibit an upward curvature and 
in the case of 2 (inset on Fig.  7B) the plot exhibits 
a downward curvature at high [Q], followed modified 
form of the Stern–Volmer equation (Papadopoulou 
et al. 2005)

where KD and KS are, the dynamic and static quench-
ing constants respectively. These observations sug-
gest that quenching can occur by dynamic and static 
fluorescence quenching mechanisms. Static quench-
ing can be caused also by the formation of a complex 
between the Ru(II) complexes and BSA that does not 
fluorescence by returning to an excited state. Using 
Eq. (4), the values of bimolecular quenching constant 
Kq for 1, 2, 3 and 4 calculated from KSV and τ0 assum-
ing that the average lifetime of the biomolecule is 
around 10–8  s–1 (Banerjee et al. 2009) and presented 
in Table 1. The values are greater than the maximum 
value for dynamic quenching (2.0 × 1010  M−1  s−1) 
(Shi et al. 2011), indicating static quenching mecha-
nism by present Ru(II) complexes i.e., formation of 

(5)I0∕I =
(

1 + KD[Q]
)(

1 + KS[Q]
)

nonfluorescent complex forms between the complex 
and BSA.

During the static quenching process, the relation 
between the fluorescence intensity and concentra-
tion of quenching can be described as in Eq.  (6) 
(Ghosh et al. 2016)

where Kb denotes a degree of interaction of the pro-
tein with quencher and n is the number of binding 
sites. The values of Kb have been derived from the 
plots of log [(I0 – I)/I] versus log [complex] for 1, 2, 3 
and 4 (Fig. 8A–D) were calculated as 2.01 × 105 M−1, 
1.65 × 105  M−1, 2.02 × 105  M−1 and 2.04 × 105  M−1, 
respectively.

The obtained results showed a similar strong 
binding propensity of the tested Ru(II) complexes 
with BSA and confirmed the previous conclusion 
that a hydrophobic interaction takes place between 
BSA and the compound.

(6)log
[(

I0− I
)

∕I
]

= logKb + nlog[Q]

Fig. 8   Determination of Kb 
values for 1 (A), 2 (B), 3 
(C) and 4 (D) from the plots 
of log [(I0 – I)/I] versus log 
[complex]



826	 Biometals (2022) 35:813–829

1 3
Vol:. (1234567890)

Antimicrobial activity

The high cytotoxic activity of Ru(II) complexes 
against cervical (HeLa) and breast (MDA-MB-231) 
cancer cells was proved (Nikolić et  al. 2016), and 
its further biological activity need to be investi-
gate. The antimicrobial activity of ruthenium com-
plexes 1–4 was determined against selected refer-
ence strains of bacteria—C. sporagenes, M. flavus, 
B. subtilis, S. lutea and S. aureus (Gram-positive); 
S. enteritidis, P. vulgaris, P. aeruginosa and E. coli 
(Gram-negative) by broth microdilution method. 
The antibacterial activities of all the complexes 
were compared to the standard drug—chloram-
phenicol. The results are summarized in Table 2.

Complex 1 showed the best antimicrobial 
activity compared to other tested complexes and 
was comparable to Chloramphenicol against all 
selected pathogenic strains. In addition, this com-
plex showed better antimicrobial activity against E. 
coli than Chloramphenicol. Complex 3 also dem-
onstrated good antimicrobial activity against all 
tested pathogenic strains, opposite to complex 4 
which had weak antimicrobial activity. The tested 
ruthenium complexes showed very similar MIC 
values against all nine tested pathogenic strains and 
this result rarely could be found in the literature. 
The most of ruthenium complexes represented in 
literature shown good activity against some bacte-
rial strains, but weak or no activity against other 
strains (Kumar et  al. 2016; Liao et  al. 2017; Li 
et  al. 2016). However, the complexes investigated 
in this paper showed similar activity against nine 
different pathogenic bacterial strains.

Conclusion

The main purpose of this work was to inves-
tigate the effect of biologically active previ-
ously synthesized arene ruthenium(II) complexes 
([(η6-p-cymene)Ru(Me2dppz)Cl]PF6 (1) with 
Me2dppz = 11,12-dimethyldipyrido[3,2-a:2′,3′-c]
phenazine, [(η6-p-cymene)Ru(aip)Cl]PF6 (2) 
with aip = 2-(9-anthryl)-1H-imidazo[4,5-f][1,10] 
phenanthroline), ([(ƞ6-toluene)Ru(ppf)Cl]PF6) 
(3) and ([(ƞ6-p-cymene)Ru(ppf)Cl]PF6) (4) with 
ppf = pyrido[2′,3′:5,6] pyrazino[2,3-f][1,10]phenan-
throline on DNA and BSA. Spectrophotometric stud-
ies showed that all complexes interact with CT-DNA 
with moderate activity. Complexes 1, 3 and 4 possible 
interact with A-T reach region of minor groove due 
to phenazine phenanthroline moieties in way that pla-
nar part of the aromatic rings made favorable electro-
static (π-anion) and hydrophobic (π-sigma) interac-
tions with DNA functional groups. Complex 2 can 
be partially intercalated between bases in the groove 
due to a planar anthryl aromatic-imidazol moiety. 
The fluorescence competition study with the interca-
lator ethidium bromide and the minor groove binder 
Hoechst 33258, also demonstrated that differences in 
aromatic moiety contribute to binding in the: 1 car-
rying p-cymene as an arene was more efficient as a 
groove binder than the other two complexes (2 and 
4) and than complex 3 (with toluene as arene moi-
ety). The gel electrophoresis results showed that the 
complexes have nuclease activity and produced con-
formational changes of supercoiled circular plasmid 

Table 2   Minimal inhibitory concentration values (µg/mL) for Ru complexes against pathogenic strains

*There are no measurable results for complex 2 because of very low solubility of the compound in MHB media

Compound Gram-positive Gram-negative

C sporogenesis M. flavus B. subtilis S. lutea S. aureus S. enteritidis P. aeruginosa P. vulgaris E. coli

Complex 1 39 39 19.5 78 19.5 39 78 39 1.22
Complex 2* – – – – – – – – –
Complex 3 78 312.5 – 625 312.5 312.5 312.5 78 312.5
Complex 4 625  > 1000  > 1000  > 1000 625  > 1000  > 1000 625 625
Chloramphenicol 19.5 19.5 4.88 19.5 19.5 19.5 39 19.5 9.76
DMSO  > 1000  > 2000  > 1000  > 1000  > 1000  > 1000  > 1000  > 2000  > 1000
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DNA on strong concentration-dependent way. The 
most pronounced effect on supercoiled circular DNA 
has complex 1 bearing p-cymene. Without any doubt 
Ru(II) ion is very important for damaging activ-
ity of the complexes, however, complex anions can 
also affect results substantially and more studies are 
needed to better understand this process. Interactions 
of studied complexes on the protein model system 
(BSA) showed that all Ru(II) complexes under study 
strongly bind to BSA and the intrinsic fluorescence of 
BSA was quenched through static quenching mecha-
nism. All the complexes showed a significant anti-
bacterial activity. Considering previously reported 
cytotoxic activity (Nikolić et al. 2016; Pavlović et al. 
2019) it can be concluded that DNA damage is at 
least in part, responsible for the activity of the com-
plexes. Additionally, interaction with BSA suggested 
that the complexes are suitable for distribution and 
transportation as potential DNA targeting drugs.
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