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Abstract 

The manganese(II) complexes with the quinolone antimicrobial agent sparfloxacin (Hsf) in 

the absence or presence of the nitrogen–donor heterocyclic ligands 1,10–phenanthroline (phen), 

2,2'–bipyridine (bipy), 2,2'–bipyridylamine (bipyam) or pyridine (py) were synthesized and 

characterized with diverse physicochemical and spectroscopic techniques. The crystal structure of 

complex [Mn(sf)2(phen)]·4MeOH was determined by X–ray crystallography. In the resultant 

complexes, the deprotonated sparfloxacinato ligands are bidentately bound to manganese(II) 

through the pyridone oxygen and a carboxylato oxygen. The antimicrobial activity of the complexes 

was tested against four different microorganisms (Escherichia coli, Xanthomonas campestris, 

Staphylococcus aureus and Bacillus subtilis) and was found similar or higher than free Hsf. The 

binding of the complexes to calf–thymus DNA (CT DNA) was monitored by UV spectroscopy and 

DNA viscosity measurements, which indicated intercalation as the most possible mode, and the 

DNA–binding strength of the complexes were calculated. The ability of the complexes to displace 

ethidium bromide (EB) from the EB–DNA complex was also investigated. Fluorescence emission 

spectroscopy was used to evaluate the interaction of the complexes with human or bovine serum 

albumin proteins revealing their binding with relatively high binding constant values. 
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Introduction 

Manganese is among the most significant biometals mainly due to its presence in the active 

centre of many enzymes exhibiting diverse functionality.1,2 The anticancer agent SC–52608 and the 

MRI contrast agent Teslascan are the only manganese–containing compounds used in medicine up 

today.3 Within the context of the attempt of bioinorganic chemists to develop novel metallodrugs, a 

lot of manganese compounds were tested for their in vitro bioactivity. The obtained preliminary 

results were quite interesting since some of the resultant manganese complexes exhibited 

noteworthy anticancer,4–6 antifungal7 and antimicrobial activity. The ligands of the manganese 

complexes showing antimicrobial activity present an interesting diversity; they may be drugs such 

as monensin A,8 thiopental sodium9, chloramphenicol10 or enrofloxacin11 or ligands such as Schiff 

bases,12–15 derivatives of coumarin16,17 and 8–hydroxyquinoline,18 carbazone derivatives,19,20 

carboxylic acids,21,22 hydrazides,23,24 and macrocycles.25,26 

Quinolones are a group of synthetic antibacterial agents used in the treatment of many 

infections.27,28 The main targets of quinolones are the participating in the DNA–replication enzymes 

gyrase (type II topoisomerases) and topoisomerase IV.29,30 Diverse metal complexes of quinolones 

have been reported exhibiting enhanced antiproliferative31–33 and antibacterial34,35 activity and 

increased binding affinity for DNA36–38 in comparison to the corresponding free quinolones.39 

Sparfloxacin (Hsf)† (Figure 1) is a third–generation quinolone, it is active against Gram–positive 

species such as Staphylococci and is used to treat chronic bronchitis and community–acquired 

pneumonia.28,29 The major advantages of Hsf are the good bioavailability and the long half–life 

which permit once–daily dosing, thus contributing to improved adherence to therapy and cost–

effectiveness.40 In the literature, a Zn(II),41 two Ni(II)42,43 and three Cu(II)44,45 sparfloxacinato 

                                                
† Abbreviations: B. subtilis = Bacillus subtilis; bipy =2,2'–bipyridine; bipyam = 2,2'–

bipyridylamine; BSA = bovine serum albumin; CT = calf–thymus; DMF = N,N–

dimethylformamide; DMSO = dimethylsulfoxide; E. coli = Escherichia coli; EB = ethidium 

bromide = 3,8–diamino–5–ethyl–6–phenyl–phenanthridinium bromide; Herx = enrofloxacin; Hlevo 

= levofloxacin; Hsf = sparfloxacin = 5–amino–1–cyclopropyl–7–(cis–3,5–dimethyl–1–

piperazinyl)–6,8–difluoro–1,4–dihydro–4–oxo–3–quinolinecarboxylic acid; HSA = human serum 

albumin; MIC = minimum inhibitory concentration; phen = 1,10–phenanthroline; py = pyridine; r = 

[compound] / [CT DNA] mixing ratios; r’ = [DNA]/[complex] mixing ratios; s = strong; S. aureus 

= Staphylococcus aureus; SA= serum albumin; sf = sparfloxacinato anion; sh = shoulder; vs = very 

strong; X. campestris = Xanthomonas campestris; ∆ = νasym(CO2) – νsym(CO2). 
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complexes have been structurally characterized and have exhibited enhanced biological behaviour  

in comparison to free Hsf.39 

 

Figure 1. Sparfloxacin (Hsf). 

 

Taking into consideration the wide–spread use of quinolones in medicine, the potential 

synergetic effects that occur in the presence of metals and as a continuation of our research,11,31–

34,37–39,41–44 the interaction of manganese(II) with the third–generation quinolone antimicrobial drug 

sparfloxacin was investigated in the presence or absence of nitrogen–donor ligands such as 1,10–

phenanthroline (phen), 2,2'–bipyridine (bipy), 2,2'–bipyridylamine (bipyam) or pyridine (py). The 

resultant complexes [Mn(sf)2(phen)]·4MeOH (1·4MeOH), [Mn(sf)2(bipy)] (2), [Mn(sf)2(bipyam)] 

(3), [Mn(sf)2(py)2] (4) and [Mn(sf)2(H2O)2] (5) were characterized with diverse physicochemical 

and spectroscopic techniques and the crystal structure of  [Mn(sf)2(phen)]·4MeOH (1·4MeOH) was 

determined by X–ray crystallography. The biological impact of complexes 1–5 was evaluated in 

relevance to: (i) their antimicrobial activity by determining the minimum inhibitory concentration 

(MIC) against four microorganisms (i.e. Escherichia coli NCTC 29212 (E. coli), Xanthomonas 

campestris ATCC 1395 (X. campestris), Staphylococcus aureus ATCC 6538 (S. aureus) and 

Bacillus subtilis ATCC 6633 (B. subtilis), (ii) their interaction with calf–thymus (CT) DNA 

investigated by UV spectroscopy, viscosity measurements in order to explore the binding mode and 

strength, (iii) their ability to displace the classical DNA–intercalator ethidium bromide (EB) from 

its CT DNA–EB complex as a means to investigate the existence of a potential intercalation 

monitored by fluorescence emission spectroscopy and (iv) their affinity to bovine (BSA) and human 

(HSA) serum albumins investigated by fluorescence spectroscopy, since the binding to these 

proteins which are involved in the transport of metal ions and compounds through the bloodstream 

may provide important information for the transportation of the compounds within the body, as a 

first means to potential applications.46 

 

Experimental 

Materials and instrumentation 
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Sparfloxacin, MnCl2⋅4H2O, bipy, phen, bipyam, py, KOH, NaCl, trisodium citrate, CT 

DNA, BSA, HSA and EB were purchased from Sigma–Aldrich Co and all solvents were purchased 

from Merck. All the chemicals and solvents were reagent grade and were used as purchased.  

DNA stock solution was prepared by dilution of CT DNA to buffer (containing 15 mM 

trisodium citrate and 150 mM NaCl at pH 7.0) followed by exhaustive stirring for three days, and 

kept at 4°C for no longer than a week. The stock solution of CT DNA gave a ratio of UV 

absorbance at 260 and 280 nm (A260/A280) = 1.86, indicating that the DNA was sufficiently free of 

protein contamination.47 The concentration of the initial DNA solution per base pairs was 

determined by the UV absorbance at 260 nm after 1:20 dilution using ε = 6600 M–1cm–1.48  

Infrared (IR) spectra (400–4000 cm–1) were recorded on a Nicolet FT–IR 6700 spectrometer 

with samples prepared as KBr disk. UV–visible (UV–vis) spectra were recorded as nujol mulls and 

in solution at concentrations in the range 10–5–10–3 M on a Hitachi U–2001 dual beam 

spectrophotometer. Room temperature magnetic measurements were carried out on a magnetic 

susceptibility balance of Sherwood Scientific (Cambridge, UK) by the Faraday method. C, H and N 

elemental analysis were performed on a Perkin–Elmer 240B elemental analyzer. Molar conductivity 

measurements of 1mM DMSO solutions of the complexes were carried out with a Crison Basic 30 

conductometer. Fluorescence spectra were recorded in solution on a Hitachi F–7000 fluorescence 

spectrophotometer. Viscosity experiments were carried out using an ALPHA L Fungilab rotational 

viscometer equipped with an 18 mL LCP spindle. 

 

Synthesis of the complexes 

Synthesis of [Mn(sf)2(phen)]·4MeOH, 1·4MeOH 

A methanolic solution (10 mL) of Hsf (0.4 mmol, 157 mg) and KOH (0.4 mmol, 22 mg), 

after a 30–min stirring, was added simultaneously with a methanolic solution of phen (0.2 mmol, 36 

mg) to a methanolic solution (5 mL) of MnCl2·4H2O (0.2 mmol, 40 mg) and the reaction mixture 

was stirred for 30 min and left for slow evaporation. Pale yellow well–formed crystals of 

[Mn(sf)2(phen)]·4MeOH, 1·4MeOH (150 mg, yield: 65%) suitable for X–ray structure 

determination, were collected after a few days. Anal. Calcd. for C54H66F4MnN10O10 (MW = 1146.11) 

C 56.59, H 5.80, N 12.22%; found: C 56.45, H 5.68, N 12.28%. IR: νmax, cm–1; ν(C=O)pyridone, 

1631 (very strong (vs)); νasym(CO2), 1604(strong (s)); νsym(CO2), 1371 (s); ∆ = νasym(CO2) – 

νsym(CO2) = 233 cm–1 (KBr disk); UV–vis: λ, nm (ε, M–1 cm–1) as nujol mull: 375 (shoulder (sh)), 

306; in DMSO: 380 (400), 304 (10400). µeff = 5.97 BM. The complex is soluble in DMF and 

DMSO (ΛM = 10 µS/cm, in 1 mM DMSO solution). 

 

Synthesis of complexes [Mn(sf)2(bipy)], 2, [Mn(sf)2(bipyam)], 3, and [Mn(sf)2(py)2], 4 
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Complexes 2–4 were prepared in a similar way to complex 1 with the use of the 

corresponding nitrogen–donor ligand. 

[Mn(sf)2(bipy)], 2: A methanolic solution (5 mL) of bipy (0.2 mmol, 31 mg) was used 

instead of phen. A yellowish microcrystalline product [Mn(sf)2(bipy)], 2 (110 mg, yield: 55 %) was 

collected after three days. Anal. Calcd. for C48H50F4MnN10O6 (MW = 993.92) C 58.01, H 5.07, N 

14.09%; found: C 57.87, H 4.88, N 13.85%. IR: νmax, cm–1; ν(C=O)pyridone, 1632 (vs); νasym(CO2), 

1603 (vs); νsym(CO2), 1379 (vs); ∆ = 224 cm–1 (KBr disk); UV–vis: λ, nm (ε, M–1 cm–1) as nujol 

mull: 387 (sh), 307, 285; in DMSO: 382 (650), 305 (sh) (9500), 286 (14500). µeff = 6.01 BM. The 

complex is soluble in DMF and DMSO (ΛM = 14 µS/cm, in 1 mM DMSO solution). 

[Mn(sf)2(bipyam)], 3: A methanolic solution (5 mL) of bipyam (0.2 mmol, 39 mg) was 

used instead of phen. A pale–yellow microcrystalline product [Mn(sf)2(bipyam)], 3 (120 mg, yield: 

60 %) was deposited after a week. Anal. Calcd. for C48H51MnN11O6 (MW = 1008.94) C 57.14, H 

5.10, N 15.27%; found: C 57.27, H 4.92, N 15.08%. IR: νmax, cm–1; ν(C=O)pyridone, 1634 (vs); 

νasym(CO2), 1598 (s); νsym(CO2), 1384 (s); ∆ = 214 cm–1 (KBr disk); UV–vis: λ, nm (ε, M–1 cm–1) as 

nujol mull: 385 (sh), 309, 275; in DMSO: 380 (750), 308 (11500), 270 (15200). µeff = 5.95 BM. The 

complex is soluble in DMSO (ΛM = 8 µS/cm, in 1 mM DMSO solution). 

[Mn(sf)2(py)2], 4: 2 mL of py were added instead of phen. A pale–yellow microcrystalline 

product [Mn(sf)2(py)2], 4 (125 mg, yield: 63 %) was deposited after twenty days. Anal. Calcd. for 

C48H52F4MnN10O6 (MW = 995.94) C 57.89, H 5.26, N 14.06%; found: C 57.71, H 5.12, N 13.91%. 

IR: νmax, cm–1; ν(C=O)pyridone, 1632 (vs); νasym(CO2), 1603 (s); νsym(CO2), 1383 (s); ∆ = 220 cm–1 

(KBr disk); UV–vis: λ, nm (ε, M–1 cm–1) as nujol mull: 385 (sh), 306, 277; in DMSO: 381 (750), 

303 (12500), 280 (9700). µeff = 5.99 BM. The complex is soluble in DMF and DMSO (ΛM = 12 

µS/cm, in 1 mM DMSO solution). 

 

Synthesis of [Mn(sf)2(H2O)2], 5 

Complex 5 was prepared by the addition of a methanolic solution (10 mL) of Hsf (0.4 

mmol, 157 mg) deprotonated by KOH (0.4 mmol, 22 mg), after a 30–min stirring, to a methanolic 

solution (5 mL) of MnCl2·4H2O (0.2 mmol, 40 mg). A pale–yellow microcrystalline product 

[Mn(sf)2(H2O)2], 5 (115 mg, yield: 65 %) was deposited after a week and collected. Anal. Calcd. for 

C38H46F4MnN8O8 (MW = 873.77) C 52.24, H 5.31, N 12.82%; found: C 52.45, H 5.48, N 12.54%. 

IR: νmax, cm–1; ν(C=O)pyridone, 1631 (vs); νasym(CO2), 1607 (s); νsym(CO2), 1380 (s); ∆ = 227 cm–1 

(KBr disk); UV–vis: λ, nm (ε, M–1 cm–1) as nujol mull: 380, 308 (sh), 288; in DMSO: 375 (250), 

305 (sh) (3500), 290 (10500). µeff = 5.93 BM. The complex is soluble in DMF and DMSO (ΛM = 11 

µS/cm, in 1 mM DMSO solution). 
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X–ray structure determination 

Single-crystal X-ray diffraction data were collected on Agilent Technologies SuperNova 

Dual diffractometer with an Atlas detector and Mo-Kα radiation (λ = 0.71073 Å) at room 

temperature. The data were processed using CrysAlis Pro.49 Structure was solved by direct methods 

implemented in SHELXS-97  and refined by a full-matrix least-squares procedure based on F2 with 

SHELXL-97.50 All the non-hydrogen atoms were refined anisotropically. Hydrogen atoms were 

readily located in difference Fourier maps and were subsequently treated as riding atoms in 

geometrically idealized positions, except in the NH group where they were refined freely with set 

isotropic temperature factors Uiso(H) = 1.2Ueq(N). Crystallographic data are listed in Table 1. 

 

Table 1. Crystallographic data for complex [Mn(sf)2(phen)]·4MeOH 

 [Mn(sf)2(phen)]·4MeOH 

Empirical formula C54H66F4MnN10O10 

Mw 1146.11 

T, K 293(2) 

Crystal system orthorhombic 

Space group P c c n 

a (Å) 14.9469(5) 

b (Å) 16.0111(5) 

c (Å) 23.5378(6) 

α (°) 90.00 

β (°) 90.00 

γ (°) 90.00 

V (Å3) 5633.0(3) 

Z 4 

Dcalc (g/cm3) 1.351 

µ (mm–1) 0.313 

Data collected / unique / [I>2σ(I)] 21804 / 6465 / 3788 

Restraints / parameters 0 / 366 

S 1.024 

R1, wR2 [I>2σ(I)] 0.0535 / 0.1180 

R1, wR2 (all data)  0.1068 / 0.1406 

Largest diff. peak / hole (e Å–3) 0.310/ –0.341 
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Determination of minimum inhibitory concentration 

The antimicrobial activities of the compounds under investigation, Hsf and complexes 1-5, 

were evaluated by determining their respective MIC values towards four bacterial species, namely 

two Gram negative (E. coli NCTC 29212 and X. campestris ATCC 1395) and two Gram positive (S. 

aureus ATCC 6538 and B. subtilis ATCC 6633). Cultures of the microbial strains were grown on a 

rich selective agar medium and stored at 4°C. The selective media used were Nutrient Agar or 

Broth for B. subtilis and S. aureus, Yeast Mold Agar or Broth for X. capestris and Luria Broth or 

Agar for E. coli. Cells picked from the surface of the stored cultures were used to initiate liquid pre–

cultures of the same selective medium at an initial turbidity of roughly 1 McFarland unit. Pre–

cultures were incubated for 24 h in a rotary shaking incubator and subsequently they were used to 

inoculate the test cultures used for the determination of MIC at an initial turbidity of 0.5 McFarland 

units. The test cultures consisted of Mueller–Hinton broth (Deben Diagnostics Ltd) containing 

different concentrations of the compounds. Different concentrations were achieved as follows: the 

compounds were freshly dissolved in DMSO to a concentration of 5 mg mL-1 and they were diluted 

by a solution containing 5% v/v DMSO in sterile water, using the method of progressive double 

dilution. Thus working solutions with decreasing concentrations of the compounds under 

investigation were achieved. The working solutions were subsequently diluted to the final desired 

concentration by addition to the growth medium at a proportion of 2:98. MIC values were 

determined as the lowest concentrations of the tested compounds that inhibited visible growth of 

each respective organism after a 24 h incubation.51 All test cultures were grown in triplicates and 

for the determination of MIC, growth had to be inhibited in at least two cultures of the triplicate. 

Incubation temperature at all stages was 37°C except for X. campestris that was cultivated at 28°C. 

 

DNA binding studies 

Study with UV spectroscopy: The interaction of complexes 1–5 with CT DNA was studied 

using UV spectroscopy in order to investigate the possible binding modes to CT DNA and to 

calculate the binding constants to CT DNA (Kb). The UV spectra of CT DNA were recorded for a 

constant CT DNA concentration in the presence of each complex for diverse r values (r = 

[complex] / [CT DNA] mixing ratios).  The binding constants, Kb (in M–1), of the complexes with 

CT DNA were determined by the Wolfe–Shimer equation (eq. 1)52 and the plots 
)(

]DNA[

fA ε−ε
 versus 

[DNA] using the UV spectra of the compound recorded for a constant concentration in the absence 

or presence of CT DNA for diverse r values. The Wolfe–Shimer equation is given below: 

)ε(εK

1

)ε(ε

[DNA]

)ε(ε

[DNA]

fbbfbfA −
+

−
=

−
  (eq. 1) 
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where [DNA] is the concentration of DNA in base pairs, εA = Aobsd/[compound], εf = the extinction 

coefficient for the free compound and εb = the extinction coefficient for the compound in the fully 

bound form. Control experiments with DMSO were also performed and no changes in the spectra of 

CT DNA were observed. 

Viscometry: Viscosity experiments were carried out using an ALPHA L Fungilab rotational 

viscometer equipped with an 18 mL LCP spindle and the measurements were performed at 100 

rpm. The viscosity of DNA ([DNA] = 0.1 mM) in buffer solution (150 mM NaCl and 15 mM 

trisodium citrate at pH 7.0) was measured in the presence of increasing amounts of the compounds 

(up to the value of r = 0.26). All measurements were performed at room temperature. The obtained 

data are presented as (η/η0)
1/3 versus r, where η is the viscosity of DNA in the presence of the 

compound, and η0 is the viscosity of DNA alone in buffer solution. 

EB competitive studies with fluorescence spectroscopy: The competitive studies of each 

complex with EB have been investigated using fluorescence spectroscopy in order to examine 

whether the compound can displace EB from its DNA–EB complex. The DNA–EB complex was 

prepared by adding 20 µM EB and 26 µM CT DNA in buffer (150 mM NaCl and 15 mM trisodium 

citrate at pH 7.0). The possible intercalating effect of the compounds was studied by adding a 

certain amount of a solution of the compound step by step into a solution of the DNA–EB complex. 

The influence of the addition of each compound to the DNA–EB complex solution has been 

obtained by recording the variation of fluorescence emission spectra with excitation wavelength at 

540 nm. The sparfloxacinato complexes 1–5 do not show any fluorescence emission at room 

temperature in solution or in the presence of DNA under the same experimental conditions; 

therefore, the observed quenching is attributed to the displacement of EB from its EB–DNA 

complex. The values of the Stern–Volmer constant (KSV, in M–1) have been calculated according to 

the linear Stern–Volmer equation (eq. 2)53 and the plots 
I

Io
 vs [Q]. The Stern–Volmer equation is 

the following: 

]Q[K1
I

Io
SV+=   (eq. 2) 

where Io and I are the emission intensities in the absence and the presence of the quencher, 

respectively, [Q] is the concentration of the quencher (i.e. complexes 1–5). 

 

Albumin binding experiments 

The protein binding study was performed by tryptophan fluorescence quenching 

experiments using bovine (BSA, 3 µM) or human serum albumin (HSA, 3 µM) in buffer 

(containing 15 mM trisodium citrate and 150 mM NaCl at pH 7.0). The quenching of the emission 
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intensity of tryptophan residues of BSA at 342 nm or HSA at 351 nm was monitored using 

complexes 1–5 as quencher with increasing concentration. The fluorescence spectra were recorded 

from 300 to 500 nm at an excitation wavelength of 295 nm.53 The sparfloxacinato complexes in 

buffer solutions did not exhibit under the same experimental conditions (i.e. excitation at 295 nm,) 

any fluorescence emission. The influence and the extent of the inner–filter effect on the 

measurements was estimated with the following formula: 

2

cd)(

2

cd)(

meascorr

emexc

1010II
λελε

××=   (eq. 3) 

where Icorr = corrected intensity, Imeas = the measured intensity, c = the concentration of the 

quencher, d = the cuvette (1 cm), ε(λexc) and ε(λem) = the ε of the quencher at the excitation 

wavelength (295 nm) and the emission wavelength (342 nm for BSA and 351 nm for HSA), 

respectively, as calculated from the UV–Vis spectra of the complexes.54 

The Stern–Volmer and Scatchard equations (eq. 4–6)53 and graphs have been used in order 

to study the interaction of each quencher with serum albumins and calculate the dynamic quenching 

constant KSV (in M–1), the approximate quenching constant kq (in M–1 s–1), the association binding 

constant K (in M−1) and the number of binding sites per albumin n. According to the Stern–Volmer 

quenching equation: 

]Q[K+1=]Q[τk+1=
I

Io
SV0q   (eq. 4), 

where Io = the initial tryptophan fluorescence intensity of SA, I = the tryptophan fluorescence 

intensity of SA after the addition of the quencher, kq = the quenching rate constants of SA, KSV = 

the dynamic quenching constant, τo = the average lifetime of SA without the quencher, [Q] = the 

concentration of the quencher, the value of KSV can be obtained by the slope of the diagram 
I

Io
 vs 

[Q]. From the equation:  

KSV = kqτo  (eq. 5) 

and taking τo = 10–8 s as fluorescence lifetime of tryptophan in SA, the value of kq is calculated. 

From the Scatchard equation: 

Io

∆I
KnK

[Q]
Io

I
−=

∆

  (eq. 6) 

the value of K is calculated from the slope in plots 
[Q]

Io
I∆

 versus 
Io

∆I
 and n is given by the ratio of y 

intercept to the slope. 

 

Results and discussion 
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Synthesis and characterization of the complexes 

The complexes were synthesized via the reaction of sparfloxacin, initially deprotonated by 

KOH, with MnCl2⋅4H2O in the presence of the corresponding co–ligand (N,N'–donor = phen, bipy, 

bipyam) for 1–3, respectively, py for 4 and H2O for 5), according to the following equations: 

MnCl2⋅4H2O + 2 Hsf + 2 KOH + N,N'–donor →  [Mn(sf)2(N,N'–donor)] + 2 KCl + 6 H2O (1) 

MnCl2⋅4H2O + 2 Hsf + 2 KOH + 2 py →  [Mn(sf)2(py)2] + 2KCl + 6 H2O (2)  

MnCl2⋅4H2O + 2 Hsf + 2 KOH →  [Mn(sf)2(H2O)2] + 2 KCl + 4 H2O (3) 

The resultant complexes 1–5 are soluble in DMSO and are not electrolytes; the values of the 

molar conductivity (ΛM) of 1 mM DMSO solution of the complexes are in the range 8–14 µS/cm 

and indicate their non–dissociation in DMSO solution. The complexes were characterized by 

elemental analysis, IR and UV–Vis spectroscopic techniques and magnetic measurements at room 

temperature. Additionally, the structure of 1 was determined by X–ray crystallography. 

The deprotonation and the binding mode of sparfloxacin in complexes 1–5 were confirmed 

by IR spectroscopy. In the IR spectra of complexes 1–5, the band attributed to the ν(C=O)pyridone 

stretching vibration shifted from 1640 cm–1 in free Hsf to 1631–1634 cm–1 suggesting coordination 

of the sparfloxacinato ligands to manganese via the pyridone oxygen. Additionally, the absence of 

the ν(O–H) stretching vibration of free Hsf at 3460(broad, medium) cm–1 was indicative of the 

deprotonation of its carboxylate group upon binding to metal ion. The ν(C=O)carboxyl and ν(C–

O)carboxyl stretching vibrations of the carboxyl group (–COOH) of free Hsf at 1715(vs) cm–1 and 

1292(s) cm–1
, respectively, exhibited in the spectra of the complexes a shift in the range 1598–1607 

cm–1 and 1371–1384 cm–1; these bands may now be characterized as antisymmetric, νasym(CO2), and 

symmetric, νsym(CO2), stretching vibrations of the carboxylato group, respectively. According to the 

∆ values [∆ = νasym(CO2) – νsym(CO2)] which appear in the range 214–233 cm–1, a monodentate 

coordination mode of the carboxylate group of sparfloxacinato ligands is suggested.55 Thus, the 

deprotonated sparfloxacinato ligands are coordinated to manganese in a bidentate mode via the 

pyridone oxygen and a carboxylato oxygen forming a six–membered chelate ring.41–44 

The UV–vis spectra of complexes 1–5 were recorded in DMSO solution and as nujol mull 

and were similar showing that the compounds have the same structure in solution. The band at 375–

382 nm (ε = 250–750 M–1 cm–1) can be attributed to a charge transfer transition while the bands 

found in the UV region are assigned to intra–ligand transitions of the complexes. The stability and 

integrity of the compounds in solution may be concluded from: (i) the same UV–vis spectral 

features presented in solid state (nujol), in solution (DMSO) and in the presence of the buffer 

solution used in the biological experiments (150 mM NaCl, 15 mM trisodium citrate, pH=7.0), (ii) 

the molar conductivity measurements (8–14 µS/cm in 0.1 mM in DMSO) which suggest non–
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dissociation, (iii) the formation of multiple chelate rings as discussed below in the crystal structure 

description, and (iv) the comparison with previously reported metal-quinolone complexes.11,38,39,41-

44,56 

The observed values of µeff (=5.93–6.01 BM) for complexes are close to the spin–only value 

(=5.92 MB) at room temperature and typical for mononuclear high–spin Mn(II) complexes with d5 

configuration (S=5/2).57 

 

Structure of the complexes 

Crystal structure of complex 1·4MeOH 

A drawing of the molecular structure of complex 1 is presented in Figure 2 and selected 

bond distances and angles are listed in Table 2. The complex is mononuclear and the 

sparfloxacinato ligands are deprotonated and bidentately bound to manganese(II) ion via the 

pyridone oxygen and a carboxylate oxygen. There are four methanol solvate molecules. 

 

Figure 2. A drawing of the molecular structure of 1 with only the heteroatoms labelling. Hydrogen 

atoms and methanol solvate molecules are omitted for clarity. 

 

Table 2. Selected bond distances and angles for complex 1. 

Bond Distance (Å) Bond Distance (Å) 

Mn(1)–O(1) 2.1190(18) O(1)–C(1) 1.258(3) 

Mn(1)–O(3) 2.1381(17) O(2)–C(1)   1.254(3) 

Mn(1)–N(1) 2.276(2) O(3)–C(4) 1.264(3) 

Bond angle (°) Bond angle (°) 

O(1)–Mn(1)–O(1´) 162.09(10) O(3)–Mn(1)–O(3´) 95.44(10) 

O(1)–Mn(1)–O(3) 81.90(7) O(3)–Mn(1)–N(1) 96.12(7) 

O(1)–Mn(1)–O(3´) 86.07(7) O(3)–Mn(1)–N(1´) 168.42(8) 
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O(1)–Mn(1)–N(1) 94.79(8) N(1)–Mn(1)–N(1´) 72.34(11) 

O(1)–Mn(1)–N(1´) 99.66(7)   

 

The Mn(II) atom, Mn(1), is six–coordinated exhibiting a distorted octahedral geometry with 

a MnO4N2 chromophore consisted of four oxygen atoms from two sparfloxacinato ligands and two 

nitrogen atoms from the bidentate phen ligand occupying the six vertices of octahedron. The Mn–

Ocarb distances [Mn(1)–O(1) = 2.1190(18) Å] are close to Mn–Opyr distances [Mn(1)–O(3) = 

2.1381(17) Å] and shorter than the Mn–N distances [Mn(1)–N(1) = 2.276(2) Å]. The two pyridone 

oxygen atoms [O(3)–Mn(1)–O(3´) = 95.44(10)°] are cis to each other and the two carboxylato 

oxygen atoms [O(1)–Mn(1)–O(1´) = 162.09(10)°] are in a trans arrangement. Similar arrangement 

of the coordinated oxygen atoms of the sparfloxacinato ligands around the metal ion (i.e. cis 

pyridone and trans carboxylato oxygen atoms)39 has been also observed in the crystal structures of 

the complexes [Ni(sf)2(py)2] (O(2)–Ni(1)–O(21) = 89.05(6)° and O(1)–Ni–O(22) = 174.54(6)°),42 

[Ni(sf)2(phen)] (O(1)–Ni(1)–O(1)’ = 90.78(8)° and O(2)–Ni–O(2)’ = 172.26(7)°),43 and 

[Zn(sf)2(phen)] (O(28)–Zn(1)–O(28)’ = 94.00(12)° and O(27)–Zn(1)–O(27)’ = 169.90(11)°).41 

The overall arrangement of the two sparfloxacinato ligands in the molecule could be 

considered as a pincer trapping the phen ligand of a neighbouring molecule creating a pair of host–

guest molecules and a chain is formed (Figure S1), as it was previously observed and thoroughly 

described in the crystal structure of [Zn(sf)2(phen)].41 The host–guest structure is stabilized by the 

formation of a hydrogen bond between the piperazine nitrogen atom of the host molecule (donor) 

and the unbonded carboxylic oxygen of the sparfloxacinato ligand in the guest molecule (acceptor) 

(Figure S2). This structure is further stabilized by weak π···π [3.9982(16) Å] and CH···π 

interactions. The Mn(phen) plane of the guest molecule creates a torsion angle of about 103o with 

the Mn(phen) plane of the host molecule. In the crystal lattice there are four methanol solvate 

molecules. Two of them are hydrogen bonded to the piperazine nitrogen atoms and additional two 

methanol molecules act as hydrogen bond donors to carboxylic groups and as acceptors to amino 

moieties of the sparfloxacinato ligands (Table S1, Figure S2).   

The phen ligand is almost planar with the manganese atom lying in this plane. The Mn–N 

bond distances [Mn(1)–N(1) = 2.276(2) Å] and the N(1)–Mn(1)–N(1´) angle [72.34(11)°] are 

within the range of reported values of other chelating polycyclic α–diimines.11,58,59 

 

Proposed structures for complexes 2–5 

Based on the experimental data (IR spectroscopy, elemental analysis, molar conductivity 

and magnetic measurements at ambient temperature) and after a comparison to the recent literature, 
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we may propose a structure for complexes 2–5. Complexes [Mn(sf)2(bipy)], 2 and 

[Mn(sf)2(bipyam)], 3 are expected to have similar structure to that of complex 1, while for 

complexes 4 and 5 a structure similar to that of [Ni(sf)2(py)2],
42 [Co(erx)2(py)2] (Herx = 

enrofloxacin),60 [Zn(erx)2(py)2],
61 and [Zn(levo)2(H2O)2] (Hlevo = levofloxacin)41 is anticipated, as 

described below. According to the IR spectra, the sparfloxacinato ligands are deprotonated being in 

bidentate binding mode coordinated to manganese ion via the pyridone and a carboxylato oxygen. 

On the basis of the magnetic data at room temperature, the complexes are mononuclear exhibiting 

an octahedral geometry around Mn(II) ion. The octahedron is formed by four oxygen atoms of the 

two sparfloxacinato ligands and two nitrogen or oxygen atoms from the pyridine or aqua ligands in 

complex 4 or 5, respectively. 

 

Antimicrobial activity of the complexes 

The antimicrobial activity of Hsf and its manganese(II) complexes 1–5 were evaluated by 

monitoring the growth of two Gram–positive (B. subtilis, S. aureus) and two Gram–negative (X. 

campestris, E. coli) bacterial strains in the presence of various concentrations of the complexes 

ranging from 0 to 32 µg mL−1; the obtained minimum inhibitory concentration (MIC) values are 

presented in Table 3. 

 

Table 3. Antimicrobial activity of Hsf and complexes 1–5 evaluated by MIC (in µg mL–1). 

Compound B. subtilis S. aureus X. campestris E. coli 

Hsf 0.500 0.250 0.500 0.0625 

[Mn(sf)2(phen)], 1 0.500 0.500 0.250 0.0625 

[Mn(sf)2(bipy)], 2 0.250 0.500 0.500 0.0625 

[Mn(sf)2(bipyam)], 3 1.000 2.000 1.000 0.125 

[Mn(sf)2(py)2], 4 0.250 0.500 0.500 0.0625 

[Mn(sf)2(H2O)2], 5 0.250 0.500 0.500 0.0625 

 

The results suggest that Hsf and complexes 1–5 are active against both Gram-positive and 

Gram-negative bacteria with MIC values being in the range 0.0625–1.000 µg mL–1. In most cases 

the complexes exhibit similar or higher antimicrobial activity than free Hsf. Especially, complexes 

2, 4 and 5 were more active than Hsf against B. subtilis, as well as complex 1 against X. campestris. 

On the other hand, [Mn(sf)2(bipyam)] 3 was less active than Hsf against all bacteria tested. The 

lowest MIC values presented by all compounds were against E. coli. 

The reported Mn(II)–quinolone complexes are rather limited up to date; thus, we cannot 

firmly propose the main factors that affect the antimicrobial activity according to the 
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literature.11,27,39,62 As a first approach, among the five universally accepted factors (chelate effect of 

ligands, nature of ligands, nuclearity, total charge, existence and nature of counter–ions)63 

responsible for the antimicrobial activity of the complexes, the chelate effect and the nature of the 

ligands (sparfloxacinato and N–donor ligands) may be the prevailing factors present in complexes 

1–5 that contribute to improved antimicrobial activity. 

 

Interaction of the complexes with CT DNA 

The activity of quinolone compounds as potent antibacterial agents is mainly focused on the 

inhibition of DNA–replication by targeting essential type II bacterial topoisomerases such as DNA 

gyrase and topoisomerase IV;27–29,64 thus, the evaluation of the interaction of quinolones and their 

complexes with DNA is of great significance. In general, metal complexes bind to double–stranded 

DNA via covalent (replacement of a labile ligand of the complex by a nitrogen base of DNA) or 

noncovalent interactions, including intercalation inside the DNA helix (via π�π* stacking 

interaction of the complex and DNA nucleobases), groove binding along major or minor groove of 

the DNA helix (presence of van der Waals interaction or hydrogen–bonding or hydrophobic 

bonding) and external/electrostatic interactions (development of Coulomb forces between metal 

complexes and the phosphate groups being on the surface of DNA).39,65,66.  

 

Study of the DNA–binding using UV spectroscopy 

UV spectroscopy is a technique that provides useful information concerning the interaction 

mode and the strength of binding of complexes with DNA. In this context, the UV spectra either of 

a CT DNA solution (C ~ 0.75–1.2 ×10–4 M) were recorded in the presence of the complexes 1–5 at 

increasing amounts (for different [complex]/[DNA] mixing ratios (=r)) or of a DMSO solution of 

the complexes 1–5 (1–2×10–5 M) in the presence of CT DNA at diverse r values, since any 

interaction between the complex and CT DNA may perturb the band of CT DNA at 258–260 nm or 

the intra–ligand transition bands of the complexes, respectively, during the titrations.41–43 

The UV spectra of a CT DNA solution in the presence of the complex 3 at increasing r 

values are shown representatively in figure 3(A). Quite similar is the behavior of CT DNA in the 

presence of the other complexes. The slight decrease of the intensity at λmax = 258 nm indicates that 

the interaction of CT DNA with the complex takes place resulting in the formation of a new 

complex with double–helical CT DNA. 
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Figure 3. (A) UV spectra of CT DNA (7.5×10–5 M) in buffer solution (150 mM NaCl and 15 mM 

trisodium citrate at pH 7.0) in the absence or presence of [Mn(sf)2(bipyam)], 3. The arrow shows 

the changes upon increasing amounts of the complex (up to r = 0–0.6). (B) UV spectra of DMSO 

solution (1×10–5 M) of [Mn(sf)2(phen)], 1 in the presence of increasing amounts of CT DNA. The 

arrows show the changes upon increasing amounts of CT DNA (r’ = 0–0.8). 

 

In the UV spectra of complex 1 (1×10–5 M) upon the addition of increasing amounts of CT 

DNA (up to r’ = [DNA]/[complex] = 1.6), the intraligand band at 306 nm (band I) shows a 

hypochromism up to 29% with a slight hypsochromism (Figure 3(B) for (r’ = 0–0.8)). Quite similar 

is the behavior of complexes 2–5 upon the addition of CT DNA with the hypochromism being in 

the range 6–40% (Table 4). In general, the observed hypochromism may be attributed to π � π* 

stacking interaction between the aromatic chromophore (from sparfloxacinato and/or the N–donor 

ligands) of the complex and DNA base pairs consistent with the intercalative binding mode. The 

existing results suggest that the complexes can bind to CT DNA, possibly by intercalation, although 

the exact mode of DNA–binding cannot be concluded only by UV spectroscopic titration studies; 

nevertheless, more experiments are necessary in order to further clarify the binding mode and 

possible verify the existence of intercalation.67 

 

Table 4. The DNA spectral features and DNA–binding constants (Kb) of complexes 1–5. 

 Band (λ, nm) (∆A (%),  ∆λ(nm)) Kb (M
–1) 

Hsf 43 308 (–12, –12) 1.71(±0.02)×105
 

[Mn(sf)2(phen)], 1 306 (–29, –3) 1.01(±0.13)×106
 

[Mn(sf)2(bipy)], 2 304 (sh) (–8 , 0) 1.15(±0.20)×106
 

[Mn(sf)2(bipyam)], 3 309 (–40, 0) 3.84(±0.22)×105
 

[Mn(sf)2(py)2], 4 303 (–10,  +5) 1.25(±0.05)×105
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[Mn(sf)2(H2O)2], 5 308(sh) (–6, 0) 3.42(±0.14)×105
 

 

The values of the DNA–binding constant (Kb) of complexes 1–5 were calculated using 

Wolfe–Shimer equation (eq. 1)52 and plots 
)(

]DNA[

fA ε−ε
 versus [DNA] (Figure S3) and are presented in 

Table 4. The Kb values are high and most of them are higher than that of free Hsf suggesting a 

significant increase of the Kb value when coordinated to Mn(II). The Kb values indicate a strong 

binding of the complexes to CT DNA, with complexes 1 and 2 having the highest Kb values 

(=1.01(±0.13)×106 M–1 and 1.15(±0.20)×106 M–1, respectively) among the compounds, which are 

higher than that of the classical intercalator EB (=1.23(±0.07)×105 M–1) as calculated in reference 

68.68 The Kb values of complexes 1 and 2 are among the highest of values of the metal–quinolone 

complexes reported so far.11,39,41–43,60,61 

 

DNA–binding study with viscosity measurements 

The measurement of the viscosity of a DNA solution upon addition of the complexes is a 

method that provides useful information in the attempt to clarify the DNA–binding mode, since the 

DNA–viscosity is quite sensitive to DNA–length changes; this relation is given by the equation 

L/L0 = (η/η0)
1/3, with η/η0 denoting the relative solution viscosity and L/L0 the DNA length.65 In 

many cases, the DNA–viscosity measurements may be used complimentary to the UV 

spectroscopic titration studies. 

In the present case, the viscosity measurements were carried out on CT DNA solutions (0.1 

mM) upon addition of increasing amounts of complexes 1–5 (up to the value of r = 0.35) (Figure 4). 

The addition of the complexes into a DNA solution resulted in a significant increase of the relative 

viscosity of DNA; this increase may be explained by an increase of the overall DNA length caused 

by the insertion of the complexes in between the DNA base pairs which increases the separation of 

base pairs at intercalation sites.41–43,65 The observed increase of the DNA viscosity in the presence 

of compounds is evidence of an intercalative binding mode to DNA; a conclusion which clarified 

and enforces the preliminary findings from UV spectroscopic studies showing a hypochromism 

which can now be considered evidence of intercalation.65 
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Figure 4. Relative viscosity (η/ηo)
1/3 of CT DNA ([DNA] = 0.1 mM) in buffer solution (150 mM 

NaCl and 15 mM trisodium citrate at pH 7.0) in the presence of complexes 1–5 at increasing 

amounts (r = [Complex]/[DNA]). 

 

Competitive study with ethidium bromide 

Ethidium bromide (EB = 3,8–diamino–5–ethyl–6–phenyl–phenanthridinium bromide) 

intercalates to DNA through the planar EB phenanthridine ring. The result of the intercalation is the 

appearance of an intense fluorescence emission band at 592 nm, when excited at 540 nm, due to the 

formation of the EB–DNA compound. Thus, EB is considered a typical indicator of intercalation 

since a quenching of the DNA–induced EB fluorescence emission may appear when an equal or 

stronger intercalating compound is added into a solution of the EB–DNA compound.69 Complexes 

1–5 do not show any significant fluorescence emission at room temperature in solution or in the 

presence of CT DNA under the same experimental conditions and their addition to a solution 

containing EB does not provoke quenching of free EB fluorescence and new peaks do not appear in 

the spectra. Therefore, the changes observed in the fluorescence emission spectra of a solution 

containing the EB–DNA compound upon addition of the complexes can be used to investigate the 

ability of the complexes to displace EB from the EB–DNA complex. 

The fluorescence emission spectra of pre–treated EB–DNA ([EB] = 20 µM, [DNA] = 26 

µM) were recorded for increasing amounts of the complexes up to the value of r = 0.27 (for 1 in 

Figure 5(A)). The addition of complexes 1–5 at diverse r values resulted in a moderate to 

significant decrease of the intensity of the emission band of the DNA–EB system at 592 nm (the 

final fluorescence is up to 19–51% of the initial EB–DNA fluorescence intensity in the presence of 

the complexes, Table 5) indicating a moderate to significant competition of the complexes with EB 

in binding to DNA (Figure 5(B)). The observed quenching of DNA–EB fluorescence by the 

complexes suggests that the complexes can displace EB from the DNA–EB compound, thus 

revealing the interaction with CT DNA by the intercalative mode. 11,39,41–43,61,65 
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Figure 5. (A) Emission spectra (λexit = 540 nm) for EB–DNA ([EB] = 20 µM, [DNA] = 26 µM) in 

buffer solution in the absence and presence of increasing amounts of complex 1 (up to the value of r 

= 0.065). The arrow shows the changes of intensity upon increasing amounts of 1. (B) Plot of EB 

relative fluorescence intensity at λem = 592 nm (%) vs r (r = [complex]/[DNA]) (150 mM NaCl and 

15 mM trisodium citrate at pH = 7.0) in the presence of complexes 1–5 (up to 23% of the initial 

EB–DNA fluorescence intensity for 1, 37% for 2, 19% for 3, 37% for 4 and 51% for 5). 

 

Table 5. Percentage of EB–DNA fluorescence quenching (∆I/Io, %) and Stern–Volmer constants 

(KSV) for complexes 1–5. 

Compound EB–DNA fluorescence quenching, (∆I/Io) (%) KSV (M–1) 

Hsf 43 80% 2.13(±0.09)×106 

[Mn(sf)2(phen)], 1 77% 1.54(±0.06)×106 

[Mn(sf)2(bipy)], 2 63% 5.13(±0.21)×105 

[Mn(sf)2(bipyam)], 3 81% 2.12(±0.06)×106 

[Mn(sf)2(py)2], 4 63% 6.61(±0.17)×105 

[Mn(sf)2(H2O)2], 5 49% 2.85(±0.14)×105 

 

The Stern–Volmer plots of DNA–EB for complexes 1–5 (Figure S4) illustrate that the 

quenching of EB–DNA by the complexes was in good agreement (R = 0.99) with the linear Stern–

Volmer equation (eq. 2) proving that the replacement of EB from EB–DNA by each complex 

results in a decrease in the fluorescence intensity.41–43,65 The obtained values of KSV (Table 5) are 

relatively high showing the tight binding of the complexes to DNA with complex 3 exhibiting the 

highest Ksv value (=2.12(±0.06)×106 M–1) among the complexes. The KSV values of complexes 1–5 

are of the same magnitude to those of a series of metal complexes with quinolones as ligands.39 
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Interaction of the complexes with serum albumins 

Serum albumin (SA) is a protein in plasma responsible for the transport ions and drugs 

through the bloodstream to cells and tissues. Thus, the interaction of potential drugs with SA as a 

first means of their transport towards their targets in the body is worth studying for future medical 

use.46,70 Human serum albumin (HSA) and its homologue bovine serum albumin (BSA) were used 

to study the interaction with complexes 1–5 from tryptophan emission–quenching experiments. 

HSA has a tryptophan (Trp–214) and BSA has two tryptophans (Trp–134 and Trp–212); their 

solutions exhibit an intense fluorescence emission when excited at 295 nm, with λem,max = 351 nm 

and 343 nm, respectively. The sparfloxacinato complexes 1–5 did not show any significant 

fluorescence emission under the same experimental conditions (i.e. λexc = 295 nm).41 The inner–

filter effect was calculated with eq. 3 and slightly affected the measurements.54 

The addition of complexes 1–5 to a HSA solution results in relatively significant 

fluorescence quenching, as calculated after the correction of the initial fluorescence spectra, (up to 

~85% for 5, Figure 6(A)). The quenching of BSA fluorescence upon addition of complexes 1–5 is 

much more pronounced up to ~8% for complexes 1 and 2 (Figure 6(B)). This quenching may be 

attributed to possible changes in protein secondary structure of SA indicating the binding of the 

compounds to SA.70 
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Figure 6. (A) Plot of relative fluorescence intensity at λem = 351 nm (%) vs r (r = [complex]/[HSA]) 

for complexes 1–5 (up to 16.5% of the initial HSA fluorescence for 1, 25.5% for 2, 35% for 3, 

25.5% for 4 and 15% for 5) in buffer solution (150 mM NaCl and 15 mM trisodium citrate at pH 

7.0). (B) Plot of relative fluorescence intensity at λem = 343 nm (%) vs r (r = [complex]/[BSA]) for 

complexes 1–5 (up to 8% of the initial BSA fluorescence for 1 and for 2, 22% for 3, 17% for 4 and 

13% for 5) in buffer solution (150 mM NaCl and 15 mM trisodium citrate at pH 7.0). 

 

The quenching constant values (kq) for the interaction of complexes 1–5 with the albumins 

were calculated using the Stern–Volmer quenching equation (eq. 4) and the corresponding Stern–
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Volmer plots (Figures S5 and S6) and are given in Table 6. The kq values (>1012 M–1 s–1) are higher 

than diverse kinds of quenchers for biopolymers fluorescence (2.0×1010 M−1 s−1) indicating the 

existence of static quenching mechanism.71 These values indicate good SA quenching ability and 

the kq values of the complexes are similar or higher, in most cases, than the corresponding values of 

free Hsf, with 5 exhibiting the highest quenching ability for HSA (kq(HSA),5 = 3.53(±0.20)×1013         

M–1s–1) and complexes 1 and 2 for BSA (kq(BSA),1 = 5.26(±0.23)×1013 M–1s–1 and kq(BSA),2 = 

5.30(±0.23)×1013 M–1s–1). The values of quenching constant are within the range found for a series 

of metal–quinolone complexes.39 

 

Table 6. The BSA and HSA binding constants and parameters (Ksv, kq, K, n) derived for Hsf and 

complexes 1–5. 

Complex Ksv (M –1) kq (M –1 s–1) Κ (M –1) n 

HSA     

Hsf 41 1.26(±0.04)×105 1.26(±0.04)×1013 6.04(±0.31)×104 0.65 

[Mn(sf)2(phen)], 1 2.35(±0.13)×105 2.35(±0.13)×1013 5.66(±0.35)×104 1.58 

[Mn(sf)2(bipy)], 2 1.33(±0.05)×105 1.33(±0.05)×1013 2.27(±0.11)×105 0.89 

[Mn(sf)2(bipyam)], 3 8.39(±0.10)×104 8.39(±0.10)×1012 7.76(±0.30)×104 1.03 

[Mn(sf)2(py)2], 4 1.16(±0.11)×105 1.16(±0.11)×1013 7.67(±0.24)×105 0.74 

[Mn(sf)2(H2O)2], 5 3.53(±0.20)×105 3.53(±0.20)×1013 7.59(±0.30)×105 0.90 

BSA     

Hsf 41 1.04(±0.05)×105 1.04(±0.05)×105 6.30(±0.25)×104 1.40 

[Mn(sf)2(phen)], 1 5.26(±0.23)×105 5.26(±0.23)×1013 2.66(±0.13)×105 1.08 

[Mn(sf)2(bipy)], 2 5.30(±0.29)×105 5.30(±0.23)×1013 4.42(±0.31)×105 1.04 

[Mn(sf)2(bipyam)], 3 1.73(±0.08)×105 1.73(±0.08)×1013 3.31(±0.16)×105 0.88 

[Mn(sf)2(py)2], 4 2.03(±0.11)×105 2.03(±0.11)×1013 3.40(±0.40)×105 0.93 

[Mn(sf)2(H2O)2], 5 4.83(±0.32)×105 4.83(±0.32)×1013 6.83(±0.04)×105 0.94 

 

The values of the association binding constant (K) of the complexes to the SAs were 

calculated using the Scatchard equation (eq. 6) and the corresponding Scatchard plots (Figures S7 

and S8) and are given in Table 6. The K values of complexes 1–5 are relatively high and higher than 

of free Hsf with complexes 4 and 5 having the highest K value for HSA (K(HSA),4 = 7.67(±0.24)×105 

M–1, K(HSA),5 = 7.59(±0.30)×105 M–1), while in the case of BSA complex 5 exhibits the highest K 

value among the compounds (K = 6.83(±0.04)×105 M–1). Comparing the affinity of the complexes 
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for BSA and HSA (K values), it is obvious that all complexes except 4 show higher affinity for 

BSA than HSA. In general, the K values of the complexes are of the same magnitude with those 

calculated for a series of metal–quinolone complexes.39 

In general, the values of the binding constants (K) of the complexes to SA are in the range 

5.66(±0.35)×104 – 7.67(±0.24)×105 M–1 which could be considered rather optimum suggesting their 

binding to SAs and possible transfer. All the K values are significantly lower than the value of the 

association constant of the protein avidin with diverse compounds (K ≈ 1015 M–1), an interaction 

which is considered the strongest known non–covalent one;72,73 indeed, the binding constants are 

reasonably low so that they can get reversibly released when arriving at their targets. 

 

Conclusions 

The synthesis and characterization of the mononuclear manganese(II) complexes with the 

third–generation quinolone antibacterial agent sparfloxacin in the absence or presence of the 

nitrogen–donor heterocyclic ligands 1,10–phenanthroline, 2,2'–bipyridine, 2,2'–bipyridylamine or 

pyridine was successfully achieved. In the resultant complexes, sparfloxacinato ligands are 

deprotonated being bidentately coordinate to manganese via the pyridone and a carboxylato oxygen. 

The crystal structure of the complex [Mn(sf)2(phen)] was determined by X–ray crystallography 

revealing a distorted octahedral geometry for Mn(II) presenting a similar arrangement of the atoms 

around manganese with previously reported Zn–sparfloxacinato complexes. 

UV spectroscopy studies and viscosity measurements were employed to investigate the 

interaction of the complexes with CT DNA. Complexes [Mn(sf)2(phen)], 1 and [Mn(sf)2(bipy)], 2, 

exhibit the highest DNA binding constants, Kb (Kb(1) = 1.01(±0.13)×106 M–1 and Kb(2) = 

1.15(±0.20)×106 M–1, respectively)), among the complexes examined, which are among the highest 

of values of the reported metal–quinolone complexes39 and higher than the Kb value of EB 

calculated in our lab.68 Competitive binding studies with EB revealed the significant EB–displacing 

ability of the complexes from the EB–CT DNA complex indicating indirectly the intercalation as 

the most possible interaction mode to CT DNA, a conclusion which is in accordance to the 

viscometry measurements. 

The antimicrobial activity of the complexes was estimated by MIC determination; in most 

cases and with the exception of complex 3, the complexes show similar or slightly better activity 

than free Hsf against the bacteria tested. 

The interaction of all complexes with bovine or human serum albumins was studied using 

fluorescence emission spectroscopy. The complexes bind to both albumins BSA and HSA and 

having relatively high binding constants, K; the K values are in the range 5.66×104 – 7.67×105  M–1 
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and are indicative of the complexes’ ability to bind to the albumin in order to get transferred 

towards their targets where they can get released since they are not too high.  

In conclusion, the existing biological studies concerning the Mn(II)–sparfloxacinato 

complexes 1–5 are promising in regard to their potential application as antimicrobial agents; 

although the antibacterial activity of the complexes is similar or slightly higher than free Hsf, it is 

significant since their MIC values are very low. 
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Appendix A. Supplementary material 

CCDC 1026288 contains the supplementary crystallographic data for this paper. These data 

can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the 

Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (+44) 

1223–336–033; or deposit@ccde.cam.ac.uk). 

Supplementary data associated with this article can be found, in the online version, at doi: … 
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