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A B S T R A C T

Novel lanthanide (Ln) compounds [Ln(L)2]Cl.xH2O (Ln ¼ La3þ, Ce3þ, Sm3þ) containing aromatic N,O-chelate
ligands [HL1 ¼ 4-amino-2-(1H-benzimidazol-2-yl)phenol; HL2 ¼ 5-amino-2-(1H-benzimidazol-2-yl)phenol]
have been synthesized and structurally characterized by elemental analysis, NMR and IR spectroscopy, molar
conductance measurements, and mass spectrometry (MS). The spectroscopic data suggested that the
benzimidazolyl-phenol ligands act as N,O-chelate ligands through the iminic nitrogen and phenolic oxygen atoms.
Elemental analysis indicated that lanthanide compounds were formed in a 1:2 stoichiometry (metal:ligand). In
vitro biological evaluation was carried out using these complexes, exhibiting moderate cytotoxicity against six
different human tumor cell lines (U251, human glioblastoma; HCT-15, colorectal carcinoma; MCF-7, breast
epithelial adenocarcinoma; PC-3, prostate cancer; K562, myelogenous leukemia; SKLU-1, lung carcinoma) and
lower toxicity against a non-cancerous cell line (COS-7, primate kidney). In addition, the antibacterial activity of
the compounds was assessed against two gram-positive strains (Staphylococcus aureus ATCC 25923, Listeria
monocytogenes ATCC 19115) and two gram-negative strains (Escherichia coli ATCC 25922, Pseudomonas aeruginosa
ATCC 27583) using the microdilution method. The results obtained show that the metal complexes exhibit higher
biological activity than the free ligands, confirming a synergistic effect. Further benzimidazolyl-phenol derivatives
were explored for the detection of bacteria using fluorescence imaging studies. Interestingly, the fluorescent
properties of these compounds make them potential candidates to monitor the morphology of bacteria at different
compound concentrations. Hence, the interaction of the ligand and complexes with model membranes mimicking
those of bacteria was studied by using differential scanning calorimetry (DSC) and molecular dynamics (MD),
showing that both compounds decreased the enthalpy of transition in two model membranes as the concentration
of the compounds increased. In addition, the main transition temperature was slightly reduced as a result of these
interactions.
1. Introduction

Metal coordination complexes have become very important in
medicinal chemistry, in great part due to their physicochemical
properties and their multiple oxidation states and stereochemistry,
making them suitable candidates for the development of new metal-
based therapeutic drugs. Besides, the biological effects and reactivity
of metal-based drugs can be easily tuned depending on the structure of
the ligand. Thus, the interaction of metal ions with biologically active
.co (D. Polo-Cer�on).

5 May 2020; Accepted 29 May 20
evier Ltd. This is an open access a
ligands, incorporates multifunctionality with a single metal coordina-
tion complex.

Benzimidazoles are a class of bioactive heterocyclic compounds that
display a wide range of useful biological and clinical applications [1].
The benzimidazole backbone represents a privileged structure in me-
dicinal chemistry due to its broad spectrum of pharmacological and
therapeutic applications, which include, antimicrobial, antiviral, anti-
parasitic, anti-inflammatory, antidiabetic and anticancer activities,
among others. However, the mechanism of action of these compounds is
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Figure 1. Synthesis of lanthanide complexes with ligands HL1 and HL2.
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still not sufficiently understood; but, it has been shown that
benzimidazole-based drugs are membrane-active, inhibitors of tubulin
polymerization and cause oxidative damage to DNA for the production of
reactive oxygen species (ROS) [2, 3].

The benzimidazole scaffold can be readily modified by adequate
choice of substituents to modify their biological and pharmacological
activities, for instance, to be used in membrane labeling studies in living
organisms taking advantage of their fluorescent properties in some
conjugated systems [4, 5]. In addition to their biological relevance, this
motif is broadly used as ligand in organometallic and coordination
chemistry. For example, 2-arylbenzimidazoles can form bonds through
substituents on the benzene ring (non-core) and the nitrogen atom (with
sp2 hybridization) of the imidazole, forming stable complexes with
various metals, either as monodentate ligands [6, 7], N,O-chelate
bidentate ligands [8, 9], or N,N,O-chelate tridentate ligands [10]. How-
ever, the studies of complexes of 2-arylbenzimidazoles with rare earth
elements are scarce [11]. Lanthanide (Ln) coordination complexes are of
interest due to their biological activities [12, 13, 14], specific physico-
chemical properties, unusual electronic configurations, and distinctive
multielectron redox chemistry. These properties being ideal for the
design and development of novel metal-based pharmaceutical drugs [15,
16, 17, 18].

Thus, considering the potential therapeutic application of lanthanide
complexes with N,O-chelate ligands based on 2-arylbenzimidazoles, and
in continuation of our work on synthesis and biological activity of metal
coordination complexes [19, 20, 21], we herein report the synthesis of
new lanthanide complexes with 4 and 5-amino-2-(1H-benzimidazol-2-yl)
phenol ligands, as well as their cytotoxic activities against COS-7
non-cancerous cell line (primate kidney) and a number of human can-
cer cell lines i.e. U251 (human glioblastoma), PC-3 (prostate cancer),
K562 (myelogenous leukemia), HCT-15 (colorectal carcinoma), MCF-7
(breast epithelial adenocarcinoma) and SKLU-1 (lung carcinoma). The
study of the in vitro antibacterial activity was carried out against S. aureus
(ATCC 25923), L. monocytogenes (ATCC 19115), E. coli (ATCC 25922),
and P. aeruginosa (ATCC 27583). In addition, the fluorescent properties,
and the interactions between model membranes and the synthesized
compounds, applying DSC and molecular dynamics were also studied.

2. Experimental Section

2.1. Materials

All chemicals were purchased commercially and used directly
without further purification. Microanalyses were performed using a Flash
2

EA 1112 Series CHN Analyzer. Metal concentrations were determined by
complexometric titration. Conductivity measurements of the lanthanide
complexes were performed in an Orion™ 131S using 1 � 10�3 M solu-
tions in ethanol. The infrared spectra were obtained using a Shimadzu
Affinity 1 (FT-IR) spectrometer. 1H and 13C{1H} NMR spectra of the
benzimidazolyl-phenol ligands and its lanthanide complexes were
recorded on the Bruker Avance II 400 spectrometer using DMSO-d6 as a
solvent. The thermal analysis was performed on the TGA 550 TA In-
struments analyzer under nitrogen atmosphere between 50 and 500 �C,
with a heating rate of 10 �C⋅min�1. The EPR measurements were recor-
ded on a JEOL JES-TE300 spectrometer operating at X-Band fashions at
100 kHz modulation frequency. The spectrometer settings for all spectra
were as follows: center field 336.5 mT; microwave power 8 mW; mi-
crowave frequency 9.15 GHz; sweep width �7.5 mT; modulation width
0.1 mT; time constant 0.1 s; amplitude 200; sweep time 120 s; accumu-
lation 3 scans. The g-factor values were calculated according to Weil
[22]. For ligands, mass spectra were recorded on a
Shimadzu-GCMS-QP2010 device with electronic impact ionization at 70
eV. The series of complexes were also analyzed by mass spectra in a JEOL
AccuTOF JMS-T100LC with DART (Direct Analysis in Real Time) ioni-
zation system.

2.2. Synthesis of ligands

The syntheses of the ligands 4-amino-2-(1H-benzimidazol-2-yl)
phenol (HL1) and 5-amino-2-(1H-benzimidazol-2-yl)phenol (HL2) were
performed by condensation reactions of o-phenylenediamine with the
corresponding carboxylic acid, by a slight modification of previously
reported procedures [23, 24, 25].

2.2.1. Synthesis of HL1
4-aminosalicylic acid (1.53 g, 10 mmol) and o-phenylenediamine

(1.08 g, 10mmol) weremixed and stirred in polyphosphoric acid (10mL)
for 4 h at 150 �C. After cooling the reaction mixture was neutralized with
potassium carbonate 20% and filtered. The gray precipitate was then
washed with distilled water (2 � 20 mL) and then recrystallized in
ethanol to give the final product HL1 as a beige powder. Yield: 1.58 g,
70%. C13H11N3O (225.2 g⋅mol�1): Calc. C, 69.32; H, 4.92; N, 18.66.
Found: C, 69.07; H, 4.81; N, 18.72%. IR (ATR cm�1): 3340 m, 3222 m,
2373 w, 1615 s, 1578 s, 1509 s, 1472 s, 1402 w, 1349 w, 1240 m, 1208
m, 1155 m, 942 w, 901 w, 845 m, 810 w, 754 s, 694 w, 622 w. 1H NMR
(DMSO-d6) δ (ppm) 13.00 (s, 1H), 12.14 (s, 1H), 7.69 (d, 1H, 3J ¼ 7.2
Hz), 7.58 (d, 1H, 3J¼ 6.8 Hz), 7.26 (t, 2H, 3J¼ 7.3 Hz), 7.23 (d, 1H, 3J ¼
2.5 Hz), 6.79 (d, 1H, 3J¼ 8.5 Hz), 6.72 (dd, 1H, 3J¼ 8.7, 2.6 Hz), 4.69 (s,
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2H). 13C{1H} NMR (DMSO-d6) δ (ppm) 152.3, 150.7, 139.4, 123.1,
120.5, 118.0, 112.9, 112.2. MS (EI, m/z (%)): 225/226 (Mþ/Mþ1þ, 100/
16), calc. 225/226 (Mþ/Mþ1þ, 100/15); 196 (26), 169 (16), 149 (17),
129 (17), 97 (39), 81 (49), 69 (100), 43 (89).

2.2.2. Synthesis of HL2
The ligand HL2 was obtained as a white powder according to general

procedure described for HL1 starting from 5-aminosalicylic acid (1.53 g,
10 mmol) and o-phenylenediamine (1.08 g, 10 mmol). Brown powder,
yield: 1.69 g, 75%. C13H11N3O (225.2 g⋅mol�1): Calc. C, 69.24; H, 4.73;
N, 18.79. Found: C, 69.07; H, 4.81; N, 18.72%. IR (ATR cm�1): 3403 m,
3309 m, 1638 w, 1590 w, 1505 s, 1454 m, 1404 m, 1322 m, 1275 m,
1253 m, 1225 m, 1146 w, 1077 w, 1013 w, 982 w, 944 w, 912 w, 849 m,
818 m, 799 m, 740 s, 699 m, 683 w, 636 w. 1H NMR (DMSO-d6) δ (ppm)
7.69 (d, 1H, 3J¼ 8.5 Hz), 7.57 (dd, 2H, 3J¼ 5.9, 3.2 Hz), 7.24 (dd, 2H, 3J
¼ 6.0, 3.1 Hz), 6.25 (dd, 1H, 3J ¼ 8.4, 2.1 Hz), and 6.19 (d, 1H, 3J ¼ 2.1
Hz). 13C{1H} NMR (DMSO-d6) δ (ppm) 160.1, 153.6, 152.5, 128.2,
123.0, 114.2, 107.0, 100.4. MS (EI, m/z (%)): 225/226 (Mþ/Mþ1þ, 100/
16), calc. 225/226 (Mþ/Mþ1þ, 100/15); 196 (30), 169 (16), 149 (14),
129 (15), 98 (29), 81 (50), 69 (100), 41 (65).

2.3. Synthesis of lanthanide compounds

The lanthanide complexes were prepared according to the literature
[26] (Figure 1). The numbering of the protons in the complexes is the
same used for the ligands.

2.3.1. Synthesis of [La(L1)2(Cl)]⋅CH3CN (La-L1)
A solution of LaCl3⋅7H2O (83 mg, 0.22 mmol) in MeOH (1 mL) was

added dropwise into 10 mL of acetonitrile solution of HL1 (2 eq: 100 mg,
0.44 mmol) giving place to the immediate formation of a precipitate. The
reaction mixture was set to reflux under stirring for 2 h and cooled to
room temperature. The separated brown solid was then filtered, washed
with ethyl acetate (2 � 20 mL) and then dried under vacuum. Yield: 123
mg, 84%. C28H23ClLaN7O2 (663.9 g⋅mol�1): Calc. C, 50.66; H, 3.49; N,
14.77; La, 20.92. Found: C, 50.50; H, 3.59; N, 14.54; La, 20.34%. IR (ATR
cm�1): 3382 w, 3306 w, 3164 w, 3048 w, 1618 m, 1558 s, 1492 s, 1464
m, 1322m, 1262 s, 1238m, 1143m, 1029m, 1007 w, 900 w, 812m, 749
s, 623 w. 1H NMR (DMSO-d6) δ (ppm) 7.66 (dd, 4H, 3J ¼ 6.0, 3.2 Hz),
7.53 (d, 2H, 3J ¼ 2.6 Hz), 7.28 (dd, 4H, 3J ¼ 6.0, 3.2 Hz), 6.98–6.89 (m,
4H), 4.14 (s, 4H). 13C{1H} NMR (DMSO-d6) δ (ppm) 152.5, 149.3, 141.2,
139.5, 134.5, 119.7, 118.0, 115.2, 100.0. TGAmass loss 6.23% (160–220
�C, 1 step, calc. 1 X CH3CN ¼ 6.18%), 27.62% (250–380 �C, 1 step, calc.
La2(CO3)3 formation ¼ 26.49 %). MS (DARTþ) m/z: [Mþ1]þ calculated
for C28H24ClLaN7O2

þ ¼ 664.0743, found ¼ 664.2148. Λ (Ethanol, 26 �C)
(Ω�1⋅cm2 ⋅mol�1): 0,007.

2.3.2. Synthesis of [La(L2)2(Cl)] (La-L2)
The synthesis of complex La-L2 was performed using the same pro-

cedure as that for compound La-L1. To afford a pink colored powder,
yield: 121 mg, 88%. C26H20ClLaN6O2 (622.8 g⋅mol�1): Calc. C, 50.14; H,
3.24; N, 13.49; La, 22.30. Found: C, 50.25; H, 3.34; N, 13.87; La, 22.11%.
IR (ATR cm�1): 3533 w, 3215 w, 3048 w, 2723 w, 2569 w, 1624 m, 1548
w, 1508 m, 1382 w, 1312 w, 1275 w, 1240 m, 1004 s, 824 m, 786 w, 742
s, 623m. 1H NMR (DMSO-d6) δ (ppm) 7.86 (d, 2H, 3J¼ 8.7 Hz), 7.74 (dd,
4H, 3J ¼ 6.0, 3.2 Hz), 7.44 (dd, 4H, 3J ¼ 6.0, 3.2 Hz), 6.37 (s, 4H). 13C
{1H} NMR (DMSO-d6) δ (ppm) 160.2, 153.3, 140.7, 137.0, 129.5, 128.1,
122.7, 106.8, 100.5, 100.0. TGA mass loss 66.12% (50–500 �C, 1 step,
calc. LaClO formation¼ 69.44 %). MS (DARTþ) m/z: [Mþ1]þ calculated
for C26H22ClLaN6O2

þ ¼ 624.0556, found ¼ 624.2272. Λ (Ethanol, 26 �C)
(Ω�1⋅cm2⋅mol�1): 0,030.

2.3.3. Synthesis of [Ce(L1)2(Cl)]⋅CH3CN (Ce-L1)
The synthesis of complex Ce-L1 was performed using the same pro-

cedure as that for compound La-L1. To afford an olive green colored
powder, yield: 132 mg, 90%. C28H23CeClN7O2 (664.1 g⋅mol�1): Calc. C,
3

50.56; H, 3.49; N, 14.74; Ce, 21.07. Found: C, 50.68; H, 3.60; N, 14.57;
Ce, 21.24%. IR (ATR cm�1): 3564 m, 3180 w, 3048 w, 2560 w, 2361 m,
2333m, 1665 m, 1621 s, 1555 s, 1496 s, 1464m, 1325 s, 1272 s, 1237 w,
1149 m, 1074 m, 1007 m, 884 m, 812 m, 752 s, 670 w, 623 w. TGA mass
loss 6.34% (160–230 �C, 1 step, calc. 1 X CH3CN ¼ 6.18%), 27.70%
(230–500 �C, 1 step, calc. Ce2(CO3)3 formation¼ 26.25 %). MS (DARTþ)
m/z: [Mþ1]þ calculated for C28H23CeClN7O2

þ ¼ 664.0656, found ¼
664.2174. Λ (Ethanol, 26 �C) (Ω�1⋅cm2⋅mol�1): 0,005.

2.3.4. Synthesis of [Ce(L2)2(Cl)]⋅(CH3CN) (CH3OH) (Ce-L2)
The synthesis of Ce-L2 was performed using the same procedure as

that for compound La-L1. To afford a salmon colored powder, yield: 114
mg, 74%. C29H27CeClN7O3 (697.1 g⋅mol�1): Calc. C, 49.96; H, 3.90; N,
14.06; Ce, 20.10. Found: C, 50.10; H, 3.99; N, 14.18; Ce, 20.24%. IR
(ATR cm�1): 3514m, 3208w, 3041w, 2830m, 2585m, 2361w, 1665w,
1621 s, 1571 m, 1549 m, 1505 m, 1479 m, 1385 m, 1348 m, 1310 m,
1278 m, 1237 s, 1051 s, 1001 s, 881 m, 821 s, 793 m, 740 s, 623 m. TGA
mass loss 5.02% (50–100 �C, 1 step, calc. 1 X CH3OH ¼ 4.59%), 5.89%
(180–240 �C, 1 step, calc. 1 X CH3CN ¼ 6.18%). MS (DARTþ) m/z:
[Mþ1]þ calculated for C29H29CeClN7O3

þ ¼ 698.1075, found¼ 698.2314.
Λ (Ethanol, 26 �C) (Ω�1⋅cm2⋅mol�1): 0,010.

2.3.5. Synthesis of [Sm(L1)2(Cl)]⋅2H2O (Sm-L1)
The synthesis of Sm-L1 was performed using the same procedure as

that for compound La-L1. To afford an olive green colored powder, yield:
135 mg, 97%. C26H20ClN6O2Sm (634.3 g⋅mol�1): Calc. C, 49.23; H, 3.18;
N, 13.25; Sm, 23.70. Found: C, 49.40; H, 3.19; N, 13.34; Sm, 23.65%. IR
(ATR cm�1): 3394 w, 3274 w, 3174m, 3104 w, 2991 w, 2368 w, 2081 w,
1668 w, 1612 s, 1558 s, 1496 s, 1461 m, 1416 w, 1385 w, 1325 s, 1278 s,
1231 w, 1152 m, 1080 w, 1007 w, 963 w, 941 w, 884 w, 821 s, 784 m,
755 s, 623 m. TGA mass loss 5.46% (50–100 �C, 1 step, calc. 2 X H2O ¼
5.52%), 23.93% (230–450 �C, 1 step, calc. Sm2(CO3)3 formation¼ 24.21
%). MS (DARTþ) m/z: [Mþ1]þ calculated for C26H20ClN6O2Smþ ¼
635.0534, found ¼ 635.2128. Λ (Ethanol, 26 �C) (Ω�1⋅cm2⋅mol�1):
0,002.

2.3.6. Synthesis of [Sm(L2)2(Cl) (H2O)]⋅(CH3OH) (Sm-L2)
The synthesis of Sm-L2 was performed using the same procedure as

that for compound La-L1. To afford a light pink colored powder, yield:
132 mg, 88%. C27H25ClN6O4Sm (683.3 g⋅mol�1): Calc. C, 47.39; H, 3.83;
N, 12.28; Sm, 21.97. Found: C, 47.50; H, 3.91; N, 12.51; Sm, 22.14%. IR
(ATR cm�1): 3419 m, 3218 w, 3041 w, 2834 m, 2582 w, 2361 m, 2336
m, 1665 w, 1624 s, 1568 m, 1508 m, 1483 w, 1385 m, 1350 m, 1316 m,
1278m, 1240 s, 1162 w, 1067 s, 1001 s, 907m, 821m, 743 s, 689 w, 626
m. TGAmass loss 4.30% (100–160 �C, 1 step, calc. 1 X CH3OH¼ 4.68%),
3.06% (160–220 �C, 1 step, calc. 1 X H2O ¼ 2.76%), 25.85% (250–500
�C, 1 step, calc. Sm2(CO3)3 formation ¼ 24.21 %). MS (DARTþ) m/z:
[Mþ1]þ calculated for C27H25ClN6O4Smþ ¼ 684.0823, found ¼
684.23106. Λ (Ethanol, 26 �C) (Ω�1⋅cm2⋅mol�1): 0,016.

2.4. Cytotoxic activity

2.4.1. Tumor cell culture
U251 (human glioblastoma), PC-3 (prostate cancer), K562 (myelog-

enous leukemia), HCT-15 (colorectal carcinoma), MCF-7 (breast epithe-
lial adenocarcinoma) and SKLU-1 (lung carcinoma) cells were grown at
37 �C in RPMI-1640 medium (Gibco) enriched with 10% fetal bovine
serum (FBS, Gibco), 1% penicillin:streptomycin:amphotericin B solution,
1% nonessential amino acids (Gibco), and 2 mM L-glutamine (Invi-
trogen) in a humidified atmosphere of 5% (v/v) CO2. Human tumor
cytotoxicity was determined under protocols approved by the NCI 1 [27].
Trypan blue was used as indicator of cell viability.

2.4.2. Cytotoxicity assay
Cytotoxic activity of the compounds was determined using a fluo-

resecent dye sulforhodamine B (SRB) in a microculture assay [27]. 100
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μL cell suspensions in fresh media were pipetted into 96-well microtiter
plates (Costar), and the material was incubated for 24 h at 37 �C (5%
CO2). Consequently, dilutions of the lanthanide complexes (100 μL in
DMSO) were added to each well. The same concentration of vehicle was
used as positive control. The cancer cell lines were exposed to the tested
compounds at concentrations of 25 μM for 48 h. Cell culture medium
without tumor cells and compounds was tested as a negative control,
while cisplatin was used as reference drug.

2.5. Antibacterial activity

Four bacterial strains (S. aureus ATCC 25923, L. monocytogenes ATCC
19115, E. coli ATCC 25922, P. aeruginosa ATCC 27583) were used to
determine the in vitro antibacterial activity of the benzimidazolyl-phenol
ligands and their complexes by broth microdilution assays [28, 29]. The
final concentration of the compounds was in the range 4–2000 μg⋅mL�1.
Free medium (or with DMSO) was used as a negative control, while the
positive control consisted of bacterial medium without an inhibiting
agent. Furthermore, the standard antibiotics ciprofloxacin (CP) and silver
nitrate were used as additional controls. After overnight incubation at 37
�C, the minimum inhibitory concentration (MIC) was determined. Assays
were carried out in triplicate to verify that the inhibition observed in the
wells corresponded to the same MIC in all cases.

2.5.1. Stability studies of the complexes in culture media
The stability of the complexes in culture solution was evaluated by

electronic absorption experiments using an UV-visible Evolution 220
Thermo Scientific spectrophotometer equipped with Single Cell Peltier
System for temperature control. Quartz cells 1 cm of thickness were used
and measurements were carried out in a range of 300–700 nm. Mueller
Hinton broth (MHB) was used as a cell culture media. Stock solutions of
compounds (10�3 M in DMSO) were prepared on the day of experiments,
then, 2, 4, 6, 8 and 10 μL of each solution were added to the MHB media,
obtaining 2 mL of each with concentrations between 1–5 � 10�6 M;
immediately, the UV-Vis spectra were taken at 37 �C. The solutions were
then left under the same bacterial growth conditions for 24 h and the UV-
Vis spectra were measured again. For blanks, the corresponding amount
of DMSO added to the culture media was used.

2.6. Fluorescence studies

The ultraviolet-visible spectra were collected using a UV-Visible V-
630BIO spectrophotometer (JASCO) equipped with peltier cell changer
(JASCO, PAC-743). The fluorescence spectra were obtained using an FP-
8500 spectrofluorometer (JASCO), using quartz cells 1 cm of thickness
over the range from 200 to 700 nm. The fluorescence microscopy images
were obtained using a Unico G500 Epi-Fluorescence microscope equip-
ped with blue (B-1), green (G-1), and UV-1 filters.

2.6.1. Bacteria labeling
E. coli (ATCC 25922) labeling was performed, according to the liter-

ature [30]. The culture media (MHB) was inoculated with the bacterial
strain and incubated overnight, at 37 �C. Then, the culture was diluted
1:200 in fresh culture media until reaching the exponential growth phase
at 37 �C. To label the bacteria at a fixed concentration, 1 mL of the
bacterial solution was added to media containing compound La-L1, at a
final concentration of 125 μg⋅mL�1, and further incubated for 1 h at 37
�C. To study the effects of different compound concentrations on bacte-
rial morphology, 100 μL of the bacterial solution was aliquoted each well
of a 96-well plate, and media containing different concentrations of
ligand or complex were added, followed by incubation for 12 h at 37 �C.
After labeling, the samples were washed 3 times with culture media and
subjected to chemical fixation (2.5% formaldehyde in 1 X PBS), for 1 h at
room temperature. The slides were imaged using fluorescence micro-
scope equipment. Fluorescence was excited at the wavelength of
maximum absorption.
4

2.7. Interaction with model membranes

2.7.1. Membrane preparation
In a 2:1 (v/v) chloroform/methanol mixture, 1,2-dimyristoyl-sn-glyc-

ero-3-phosphocholine (PC) and 1,2-dimyristoyl-sn-glycero-3-phosphor-
ylglycerol (PG) lipids were suspended in a 3:1 ratio (PC/PG),
mimicking a model of synthetic bacterial membranes [31]. The PC/PG
mixture was dried with nitrogen and under vacuum to obtain lipid films
that were subsequently hydrated with HEPES buffer. After vortexing and
incubating at 37 �C, multilamellar vesicles (MLVs) were obtained [32].

2.7.2. Differential scanning calorimetry
MLVs with ratios 1:50 and 1:10 (compound/lipids) were obtained

from 1 mg of lipids. The samples and the reference solution (HEPES
buffer) were placed in DSC Tzero hermetic pans and taken to a DSC Q25
TA instruments equipment to obtain the thermograms over a range of
10–40 �C at a heating rate of 1 �C⋅min�1. The phase transition temper-
ature (Tm), as well as the enthalpy of transition (DH), were obtained
using the Trios software (TA Instruments).

2.7.3. Construction of the ligand 3D model
The ligand molecule was modeled in 3D using the Molview tool [33];

later, its topology was obtained with Swissparam web service [34] which
offers data for small organic molecules compatible with the CHARMM or
GROMACS force field.

2.7.4. Construction of gram-negative and gram-positive bacterial membrane
models

The CHARMM-GUI platform [35] was used to develop a
gram-negative membrane model (E. coli) and another of normal human
cells including neutral and negative phospholipids, following the meth-
odology suggested by Epand and Wasan et al. [36, 37]. 160 molecules of
1-palmitoyl-2-oleoyl-sn-glycerol-3-phosphatidylethanolamine (POPE)
and 40 molecules of 1-palmitoyl-2-oleyl-sn-glycerol-3-[phospho-rac-(1--
glycerol)] (POPG) were distributed in internal and external monolayers
for the construction of the gram-negative membrane. Moreover, the
phospholipids used for the liposome model were organized in both outer
and inner monolayers with 50 molecules of dimyr-
istoylphosphatidylglycerol (DMPG) and 150 molecules of dimyr-
istoylphosphatidylcholine (DMPC) in both outer and inner monolayers.
The four molecules of 5-amino-2-(1H-benzimidazol-2-yl)phenol (HL2)
were localized over the surface of each membrane in each one of the
systems.

2.7.5. Molecular dynamic simulation
GROMACS software version 2019.3 was used for molecular dynamics

simulation [38]. The ion placement method was used with 0.15 M KCl,
with a water thickness of 22.5 Å and CHARMM36 as a force field, which
is suitable for describing the distribution of molecules within large sys-
tems such as membranes [39]. To ensure there are no steric clashes be-
tween an HL2 molecule and the system, it was adjusted by heating to a
temperature of 310 K at 1 fs (femtosecond)/step for 75 ps (picosecond),
relaxing the structure in a process called energy minimization with 300
ps at 2 fs/step for the equilibration step. With a descent algorithm
(tolerance value of 1000 kJ⋅mol�1 nm�1) in 5000 steps, the energy
minimization of the system was obtained. To equilibrate the temperature
and pressure, the Berendsen algorithm was used. After the system was
equilibrated, we ran production MD for data collection for 10 ns, using
the Nose-Hoover and Parrinello–Rahman algorithms to adjust the tem-
perature and pressure. The particle mesh Ewald (PME) summation was
applied to correct for long-range electrostatic interactions [40]. The
SHAKE algorithm was used to minimize the energy values [41], which
allowed a numerical integration time step of 2 fs to be used in the
simulation [40].

The interaction analysis was performed between the molecule and the
phospholipids to obtain relevant information that could suggest the



Table 1. IR bands of HL1 and HL2 ligands and their lanthanide complexes (values in cm�1).

Compound υ (N-H) δ(N-H) υ(C¼N) υ(C¼C) υ(C-O) δ(-OH)ip1 δ(-OH)op2 δ(C-H)

HL1 3500–3300 1615 1578 1509 1240 1402 942 754

La-L1 3500–3300 1618 1558 1492 1262 - - 749

Ce-L1 3500–3300 1621 1555 1496 1272 - - 752

Sm-L1 3500–3300 1612 1558 1496 1278 - - 755

HL2 3500–3300 1638 1590 1505 1253 1404 944 740

La-L2 3500–3300 1624 1548 1508 1275 - - 742

Ce-L2 3500–3300 1621 1549 1505 1278 - - 740

Sm-L2 3500–3300 1624 1568 1508 1278 - - 743

1 ip ¼ in plane.
2 op ¼ out of plane.
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possible mechanism of action and its correlation with the experiment
performed. For this process, GROMACS [38] and VMD (visual molecular
dynamics) [42] were used. In the VMD analysis, phospholipid in-
teractions with the molecule were observed to determine how to pene-
trate the membrane model and whether the molecules remained insite or
outside of the membrane.

The root-mean-square deviation (RMSD) and the hydrogen bonds of
the molecule (HL2) were determined using the gmx rms and gmx hbond
commands, respectively. The partial density distribution of the molecule
and phospholipids in the z-axis was counted using the gmx density
command.

3. Results and discussion

3.1. Synthesis and characterization

3.1.1. Synthesis and characterization of ligands
Benzimidazolyl-phenol ligands (HL1 and HL2), were obtained, in

traditional manner by the condensation reaction of o-phenylenediamine
with the corresponding carboxylic acid. The ligands were isolated as
white crystalline solids that were soluble in methanol, ethanol, acetone,
DMSO and DMF but slightly soluble in water and acetonitrile. The results
obtained by NMR spectroscopy, MS and elemental analysis are in good
agreement with previous reports [23, 24]. Due to tautomerism (ketoe-
nolic equilibrium) among these ligands and because hydroxyl protons are
interchangeable with the deuterated solvent, the peaks corresponding to
OH and NH (imidazole) could decrease or disappear from the 1H NMR
spectrum [24]. Hydrogen bonding elongates the O-H bond and decreases
the electron density around the proton (deshielding effect), resulting in a
higher frequency shift compared to NH, as suggested by other authors
[25, 43].

3.1.2. Synthesis and characterization of lanthanide complexes
The reaction of LnCl3⋅nH2O (Ln ¼ La(III), Ce(III), Sm(III)) with the

corresponding benzimidazolyl-phenol ligand in acetonitrile affords
complexes La-L1, La-L2, Ce-L1, Ce-L2, Sm-L1 and Sm-L2 in good yields.
The Lanthanide complexes were obtained as microcrystalline powders
and were soluble in DMSO and DMF and slightly soluble in methanol and
acetone. The results obtained by elemental analysis (C, H and N), EDTA
complexometry, TGA analysis and mass spectrometry agree well with the
structures proposed (metal:ligand ratio 1:2) [23, 44]. The molar con-
ductivity measurements of 1 � 10�3 M complexes in ethanol at 26 �C
were very low, in the range of 0,002–0,030 Ω�1⋅cm2⋅mol�1, indicative of
the nonelectrolyte nature of the complexes [45, 46].

FT-IR spectroscopy provides complementary information to elucidate
the way that the ligands bind to the metal ions. Experimental FT-IR data
of HL1 and HL2 and their complexes are presented in Table 1 (S1–S8.
Supplementary Material). The characteristic absorption bands (O-H and
N-H) of the ligands appear separately because of weak intramolecular H-
bond between the OH and the N atom of the heterocyclic ring.
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In the infrared spectra of the metal complexes, the ν(C¼N) vibration
frequencies are shifted to lower wavenumbers (20�40 cm�1) indicating
coordination of nitrogen to themetal atom (Ln-N). The lack of the ν(O–H)
band in the FT-IR spectra of the complexes indicates coordination
through the deprotonated phenolic oxygen to the Ln (III) ions. This
conclusion is also supported by the phenolic ν(C–O) stretching vibrations
that are shifted to higher wavenumbers upon complex formation. All
these metal-based vibrations were similar to those of other metal coor-
dination complexes previously published [47].

For all the compounds, the characteristic bands of different vibrations
of the N-H bonds corresponding to primary and secondary amines (N-H
of imidazole) were observed between 3550–3300 (N-H stretching) and
1640–1610 (N-H bending). The frequencies between 1600-1490 cm�1

are attributed to υ(C¼C) and υ(C¼N) stretching absorptions in the aro-
matic rings, while the strong bands ca. 750 cm�1 could be assigned to C-H
out-of-plane bending vibrations of the aromatic hydrogen atoms [48].

The complexes (except those of La(III)) are paramagnetic. Complexes
La-L1 and La-L2 were characterized by nuclear magnetic resonance (1H
and 13C{1H}) (see Experimental Section). Thus, 1H NMR spectra of
complexes La-L1 and La-L2 exhibit the expected signals in line with the
proposed structures (Figure 2 and Figure S20).

The phenolic proton of the ligand (HL1 and HL2) are missing in the
1H NMR spectra of the lanthanum complexes upon deprotonation of the
benzimidazolyl-phenol compounds. The absence of the signal corre-
sponding to the N-H group of the imidazole could be explained by the
rapid exchange between this proton and the solvent, and both the OH
signal and the NH signal could disappear in the presence of metal [23];
however, in the 1H-NMR spectrum of La-L2 (Figure S20), a low-intensity
signal was observed near 11.5 ppm, which confirms that the proton
signal corresponding to NH is that with the lowest frequency between the
two signals, suggesting that the NH signal can be found in the low field,
whereas the signal corresponding to OH does not appear upon formation
of the La-O bond. On the other hand, the chemical shifts due to H3, H5,
H6 and H7' protons were also affected by deprotonation of phenolic
group and nitrogen coordination (C¼N) to the La(III) ion (for La-L1).
Finally, the H3 signal in La-L1 is shifted downfield with respect to the
L1 ligand, whereas NH2 protons resonances are shielded (Figure 2). 13C
{1H} NMR spectra showed the expected carbon signals for the ligands.
For La(III) complexes, the hydroxilic carbon signal was recorded at δ �
141 ppm and 160 ppm for La-L1 and La-L2, respectively, while the car-
bon of the amine group was observed at 140 ppm and 153 ppm,
respectively. Quaternary carbons of benzimidazole (C10, C30, C80) were
found in the characteristic chemical shift range, between 130-140 ppm,
and were confirmed by dept-135 experiment.

The presence of the paramagnetic lanthanide ions in the complexes
were confirmed via room temperature X-band EPR spectroscopy
(Figures S22–S25). The EPR spectra showed broad resonance peaks,
with g values (approx. 2.00) and line widths similar to those reported
for other lanthanide complexes at room temperature [49, 50, 51]. A
highly anisotropic complex spectrum was obtained in all cases;



Figure 2. 1H-NMR spectra: (a) superposition of HL1 (red) and La- L1 (blue); (b) comparative 1H-NMR spectrum expansion of (a).
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however, a hyperfine interaction generated by the Ln-N bond, could be
observed if the experiments are brought at 5 K, as suggested by other
authors [52]. For Ce-L2, the fine structure is lacking, due to Ce(III)
zero-field splitting. The broad signals obtained by EPR showed that the
Ce(III) complex is located in a disordered environment. Random
H-bonds formed by solvent molecules (in this case methanol) and
complexes induce small distortions, resulting in line broadenings. This
phenomenon, called g-strain, explains the broad asymmetric EPR line
shapes [53, 54]. In addition, mass spectrometric analysis (DART-MS)
provides complementary information on the formation of the metal
complexes, showing the molecular ion peak [Mþ1] with percentage
error values of less than 0.03% respect to the calculated values reported
in the Experimental Section. Figures S28–S33 show the similarity of
6

isotopic patterns for molecular ion peaks compared to simulated mass
spectra (isotopes).

3.2. Biological studies

In vitro biological properties of the series of compounds was explored
through cytotoxicity and antibacterial susceptibility tests, while fluo-
rescence microscopy and membrane model studies supported the results
found.

3.2.1. Cytotoxic activity
The cytotoxic activity of all benzimidazolyl-phenol derivatives (li-

gands and complexes) was explored over six tumor cell lines and one



Table 2. Inhibition of the growth (%) of human tumor cell lines at 25 μM.*

Compound U251 PC-3 K562 HCT-15 MCF-7 SKLU-1 COS-7**

HL1 NA 19.6 � 0.7 21.6 � 1.1 NA NA 29.3 � 1.1 NA

HL2 NA NA NA NA NA NA NA

La-L1 1.1 � 0.9 51.3 � 1.8 70.9 � 2.3 15.7 � 1.0 23.3 � 0.7 44.1 � 0.9 13.7 � 0.5

Ce-L1 59.6 � 2.1 53.3 � 0.7 55.8 � 0.6 23.2 � 0.9 30.9 � 1.2 37.0 � 0.8 10.4 � 0.4

Sm-L1 30.3 � 1.3 47.7 � 1.6 56.3 � 1.5 42.8 � 1.2 18.7 � 0.5 47.7 � 1.1 10.4 � 0.7

La-L2 NA 31.5 � 1.3 42.1 � 2.2 NA NA 27.3 � 1.6 NA

Ce-L2 NA 26.1 � 0.7 34.9 � 1.4 NA NA 14.3 � 1.0 NA

Sm-L2 NA 17.5 � 0.5 36.5 � 1.0 7.9 � 1.2 NA 13.4 � 0.7 NA

Cisplatin*** 90.3 � 2.0 64.8 � 1.3 55.3 � 2.2 50.2 � 1.4 79.9 � 1.6 94.8 � 2.3 ND

* The results are the average of three runs. Values are expressed as mean � SD. NA ¼ Not active, ND ¼ Not determined.
** Non-cancerous cell line (primate kidney).
*** Reference drug.

Figure 3. Minimal inhibitory concentrations (MICs) found for the series of compounds in antibacterial assays (μg⋅mL�1): (a) gram-negative strains; (b) gram-
positive strains.
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noncancerous cell line (primate kidney). Table 2 presents the results of
these experiments. From here one can easily see that the free ligands
exhibited lower or null activities compared to their complexes. Thus, it is
clear that the presence of the lanthanides produces an enhanced syner-
gistic regardless of the metal. Hence, the derivatives of HL1 produced
higher inhibition percentages compared to complexes including ligand
HL2, being clear that the position of the -NH2 substituent group, plays a
key role in the biological behavior of this complexes.

For the series of complexes including HL1, some activity was pre-
sented against the examined cancerous cell lines. Having complex La-L1
exhibiting 70.9 � 2.3 of % inhibition for K562, even more active than
reference drug (55.3� 2.2), while for the rest of cancer cell lines i.e.HCT-
15, MCF-7, PC-3, and SKLU-1, the activities observed were from low to
moderate. A similar trend was observed for the Ce(III) and Sm(III) de-
rivatives, with modest cytotoxic activities in all tumor cell lines. Not very
much change was observed for the series of lanthanide complexes con-
taining ligand HL2, producing low to modest activities for the PC-3, K562
7

and SKLU-1 cell lines. However, worth to note the fact that they did not
show activity against the healthy cell line (COS-7), thus revealing the
better specificity of the lanthanide derivatives of HL2. Based on the
above, potential targets can be provided from benzimidazole compounds
to understand this selectivity. For instance, in a previous study, triaryl-
substituted imidazole served as a telomeric G-quadruplex ligand
altering telomere maintenance, a crucial event for the unlimited prolif-
erative potential of cancer cells. Additionally, the membrane interaction
studies discussed below showed that hydrogen bonds can occur in the
benzimidazole region of the ligand, which can be related to mechanisms
involving inhibition of human DNA topoisomerase I, a process well
known to occur with benzimidazole derivatives [55]. Another selective
target can be the cell membrane of the tumor cells, since it contains
phosphatidylserine, an anionic phospholipid, located only in the outer
membrane leaflet of tumor cells. Thus, the cancer cell membrane surface
could electrostatically attract selectively the ligand when is positively
charged in a state of keto-enol equilibria.



Figure 4. Fluorescence studies: (a) the series of compounds dissolved in ethanol, in the absence of light (above), in the presence of normal light (medium) and under
ultraviolet light (λ 365 nm) (below); (b) UV-Visible spectra for ligand HL2 and their complexes of La(III), Ce(III) and Sm(III); (c) emission spectra (at λ 343 nm) of
ligand HL1 and their complexes; (d) emission spectra (at λ 343 nm) of ligand HL2 and their complexes.
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3.2.2. Antibacterial activity
All the benzimidazolyl-phenol ligands and its complexes were tested

for their antibacterial activities in vitro against gram-positive bacteria
(S. aureus ATCC 25923, L. monocytogenes ATCC 19115) and gram-
negative bacteria (E. coli ATCC 25922, P. aeruginosa ATCC 27583). The
minimal inhibitory concentrations (MIC) of the ligands and its metal
complexes were determined by the microdilution assays.

As Figure 3 shows, the synthesized ligands (HL1 and HL2) and its
lanthanide complexes were found to be inactive against P. aeruginosa,
suggesting a pronounced resistance towards the antibacterial action of the
series of compounds tested, this being in agreement with previous reports
where these bacteria had greater resistance to antibiotics [56, 57]. With
regard to E. coli, S. aureus and L. monocytogenes, the MIC values obtained
for the HL2 ligand and their lanthanide complexes were lower to those
obtained from HL1 ligand and its complexes. The remarkable activity of
the HL2 ligands and their lanthanide complexes may arise from the po-
sition of -NH2 substituent group in the phenolic ring, which may play a
very important role in the biological behavior of the compounds.

The MIC values obtained for the gram-positive and gram-negative
bacteria are evidence of the broad antibacterial activity of the synthe-
sized compounds [58]. Interestingly, for the analysis with gram-positive
strains, the presence of the metal decreases the bacteriostatic effect
compared to the ligand, while for the E. coli the same MIC values were
observed; being complex Sm-L2 the only one exhibiting a lower value
(125 μg⋅mL�1). Hence, based on these results above we can suggest that
indeed coordination of the metal to the ligand hampers the antibacterial
activity of the free ligand, since the -OH group of the aminophenol is not
able to participate anymore in the interaction with the membranes via
H-bonds (DMPG-aminophenol). And the decreasing in the MIC value for
Sm-L2 could be rationalized in terms of the molecules present on the
external coordination sphere of the complex, being the only compound of
the series having hydration water molecules, thus enhancing its solubility
in physiological media and thus its biodisponibility ultimately increasing
also its activity.
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3.2.3. Fluorescence studies
All compounds exhibited fluorescence when their ethanolic solutions

were exposed to ultraviolet light (λ 365 nm). Further studies were per-
formed to obtain the fluorescence spectra. First, the UV-Visible spectra
used to determine the excitation wavelength, which indicated that the
fluorescence experiments should be performed at a fixed excitation of
343 nm, as strong absorption was expected for all compounds at this
wavelength. For the subsequent epifluorescence study, a fixed excitation
wavelength was also used. The UV-Visible spectrum for HL2, and fluo-
rescence spectra for the whole series of ligands and complexes are pre-
sented in Figure 4.

Electronic absorption spectra of all compounds were collected using
UV-Visible spectroscopy in the 200–800 nm wavelength range. The ab-
sorption spectra of HL1 and HL2 display a broad band at ca. 343 nm,
which correspond to π→ π* transitions of the conjugated system in the
ligand and it was shifted to higher wavelengths (red shift) upon
complexation. The occurrence of red shifts for lanthanide complexes
indicates a decrease in the corresponding energy gaps (HOMO-LUMO) in
the electronic energy levels of the ligands as a result of chelation [59]. In
addition, fluorescence spectra were taken at the same concentration
(10�6 M) for each compound in ethanol at an excitation wavelength of
343 nm, finding maximum emission bands at λ 424 nm for the complexes
including ligand HL1 and at λ 365 nm for the series of complexes having
ligand HL2. Noteworthy the fact that the intensities of the bands
increased with the presence of the lanthanide ions, confirming the ex-
pected enhancing effect after chelation.

From the fluorescence spectra, it is found that for the HL1 ligand and
its complexes, the wavelength range where emission occurs reaches
almost up to 600 nm for HL1 and their complexes, while for HL2 and
their lanthanide derivatives, the emission occurred at almost λ 450 nm.
Because of this, epifluorescence was studied in E. coli using Blue (B-1)
and Green (G1) filters emitting at λ 450 and λ 535 nm respectively. Both
filters were used to obtain images with the La-L1 complex at 125 μg⋅mL�1

(concentration below the MIC). Figure 5 (above) presents the



Figure 5. Images obtained by fluorescence microscopy on the E. coli: contrast with two microscope filters for E. coli using a solution of compound La-L1 at a con-
centration of 125 μg⋅mL�1 (above) and the effect of increasing the concentration of HL1 (below).
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comparative images using the two filters, where it is possible to observe
the morphology of a bacillus at 100X.

In order to improve the definition of the antibacterial effect of the
series of compounds, 40X images were obtained with a blue filter for the
bacteria media using different concentrations of ligand HL1. In Figure 5
(below) it can be observed that in the absence of the compound, it is not
possible to observe any bacillus of E. coli, while even at concentrations as
low as 125 μg⋅mL�1 marked bacillus units can be clearly observed.
However, at a concentration of 250 μg⋅mL�1, agglomeration and elon-
gation of the bacillus begins to be observed, a phenomenon that increases
Figure 6. Absorption spectra of the Sm-1 complex at different concentrations (1.0–5
[Sm-1] (a) at the beginning of the experiment (b) after 24 h of interaction.
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with concentration, to a maximum of concentration of 2000 μg⋅mL�1

where the morphology of the bacteria is highly affected, suggesting
growth inhibition could occur due to genotoxic, epigenetic effects [60] or
membrane disturbance [61]. These results motivated the further studies
on the effect of the compounds on the integrity of the bacterial
membrane.

The excited state intramolecular proton transfer (ESIPT) sites of the
ligands explain the ability of the compounds to act as fluorochromes in
imaging by epifluorescence microscopy, the use of similar ligands for the
morphological analysis of fungi [62] and confluent monolayer of human
.0 � 10�6 M) in MHB media and the double reciprocal plot of 1/(A�Ao) vs. 1/



Table 3. Absorption values (A) obtained from lanthanide complexes at different concentrations (λ ¼ 330 or 340 nm) and stability constants in MHB media at the
beginning of the experiment and after 24 h.

Concentration x 10�6 [M] La-L1 La-L2 Ce-L1 Ce-L2 Sm-L1 Sm-L2

0 h 24 h 0 h 24 h 0 h 24 h 0 h 24 h 0 h 24 h 0 h 24 h

1.0 0.1992 0,1980 0.4362 0.5542 0.1526 0.1838 0.1963 0.2141 0.1048 0.1199 0.2562 0.2897

2.0 0.3923 0,3829 0.8409 0.9483 0.3317 0.3634 0.3990 0.4028 0.2166 0.2247 0.4748 0.5517

3.0 0.5995 0,5580 1.2763 1.2763 0.4968 0.5188 0.6075 0.5980 0.3327 0.3390 0.7272 0.7882

4.0 0.8297 0,7394 1.5980 1.4708 0.6993 0.6963 0.7951 0.7930 0.4491 0.4371 0.9871 1.0198

5.0 1.0291 0,9252 1.7367 1.6156 0.8831 0.8487 0.9527 1.0410 0.5583 0.5441 1.2376 1.3005

Constant, K x 104 [M¡1] 8.37 8.91 9.24 9.90 4.51 4.38 2.95 3.53 3.75 3.29 3.55 3.59
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stem-cells (tissue) has been reported with results comparable to DAPI
[63]. Since, the fluorescence microscopy images allowed the observation
of the morphology of the bacilli of E. coli, we can conclude that both the
ligands and the series of complexes may serve as biomarkers for bacterial
membrane. This statement it is supported by molecular dynamics studies
(see below section 3.3.2), from which we concluded that there is a
membrane insertion mechanism where the benzimidazole moiety of the
ligand remains on the hydrophobic region of the membrane. In addition,
it was found that, of the four ligands, after only 10 ns one manages to
fully enter the membrane, while the other three remain stoked on the
membrane surface.

3.2.4. Stability studies of the complexes in culture media
The stability studies for the complexes in MHBmedia were performed

by monitoring changes in the electronic absorption spectra at different
concentrations and interaction times. UV-Vis spectroscopy is one of the
most widely used methods to determine binding constants and the sta-
bility of systems because it is a simple and easy-to-understand method for
monitoring complex formation or decomposition [64, 65]. To compare
the stability results of the complexes, with respect to time, stability
constants were determined at the beginning of the test and 24 h after the
compound-culture media interaction. The absorption band was followed
at 340 nm and 330 nm, for the Ln-L1 and La-L2 series complexes,
respectively, and a constant increase in intensity was observed as the
concentrations of each complex increased (Figure 6 and
Figures S40–S42).

These studies were based on the methodology suggested by the
literature for the determination of binding constants [66], assuming one
type of interaction between the complexes and the media:

½LnðIIIÞL� þMHB⇄ ½LnðIIIÞL� : MHB (1)

K¼ ½½LnðIIIÞL� : MHB�
½LnðIIIÞL�½MHB� (2)

where Ln (III)L is either La(III), Ce(III) or Sm(III) complex, K is condi-
tional stability constant for the complex in the culture media. Assuming
½½LnðIIIÞL� : MHB� ¼ CB:
Figure 7. DSC thermograms showing peaks of the phase transition of MLVs formed
different compound-lipids molar ratios: 0:1 ( ); 1:50 ( ); 1:10 ( ).
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K¼ CB

ðC½LnðIIIÞL� � CBÞðCMHB � CBÞ (3)
where C½LnðIIIÞL� and CMHB are the analytical concentration of complexes
and media, respectively. According to the Beer-Lambert law:

CMHB ¼ Ao

εMHB ⋅ l
(4)

CB ¼A� Ao

εB ⋅ l
(5)

where, Ao ¼ absorbance of MHB media in the absence of the lanthanide
complexes, and A ¼ absorbance of MHB media in the presence of the
lanthanide complexes. εMHB and εB are the corresponding molar extinc-
tion coefficient, and l is the light path of the cuvette (1 cm). By replacing
Eqs. (4) and (5) in Eq. (3), Eq. (6) can be deduced [64]:

Ao

A� Ao
¼ εMHB

ε½LnðIIIÞL�
þ εMHB

ε½LnðIIIÞL� ⋅ K
⋅

1
C½LnðIIIÞL�

(6)

The stability constant (K) can be obtained from the double reciprocal
linear graph, by the relationship between the slope and the intercept.
Absorption values and stability constants are reported in Table 3. The
values found at the beginning of the experiment were similar to those
after 24 h of interaction with each complex in the culture medium,
suggesting that these lanthanide complexes were stable in MHB medium
and that biological activity was not dependent on the interaction be-
tween the compound and the medium but, instead, was reliant on the
structure and properties of the molecule.
3.3. Model membrane studies

3.3.1. Thermotropic behavior of model membranes
In order to shed further light on the antibacterial mechanism of the

series of compounds, interactions with model membranes imitating
bacterial membranes were performed applying DSC. Thermograms of
MLVs composed of DMPC/DMPG (3:1) in the presence and absence of
compounds are represented in Figure 7, where the pretransition and
by DMPC/DMPG (3:1) before and after the addition of HL2 (a) and La-L2 (b) at



Table 4. Tm and enthalpy transition (DH) values of MLVs constituted by DMPC/DMPG (3:1) before and after the addition of either HL2 and La-L2 at different
compound-lipid molar ratios.

MLV Compound-lipid molar ratio Pretransition temperature (�C) Tm (�C) DH (J.g�1)

DMPC/DMPG (3:1) 0:1 12 22.92 0.39

DMPC/DMPG (3:1)-HL2 1:50 23.11 0.39

1:10 22.51 0.08

DMPC/DMPG (3:1)-La-L2 1:50 22.85 0.22

1:10 21.95 0.11

Figure 8. RMSD analysis of the HL2 atoms in DMPC-DMPG (a) and E. coli (b) model membranes.
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transition peaks showed an endothermic behavior. Ligand HL2 showed a
modest effect on the model membrane at a 1:50M ratio (Table 4), slightly
increasing the Tm from 22.92 to 23.11 �C. Additionally, in all cases, the
pretransition peak disappeared after the compounds were added
Figure 9. Partial density profile in the z direction in the DMPC-DMPG and POPE-POP
(b) represents the DMPC-DMPG model membrane at 10 ns; (c) represents the POPE-PO
10 ns.
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(Figure 7), suggesting that small amounts of either HL2 or La-L2 may
alter these MLVs since pretransition is very sensitive to the presence of
other molecules in the polar region of the phospholipids [67]. On the
other hand, by increasing the amount of either La-L2 or HL2 at a molar
G membrane systems: (a) represents the DMPC-DMPG model membrane at 0 ns;
PG model membrane at 0 ns; (d) represents the POPE-POPG model membrane at



Figure 10. Mechanism of insertion of the ligand into the DMPC-DMPG (a) and POPE-POPG (b) membrane systems. The ligand shown is constituted by the red spheres
representing oxygen, blue for nitrogen, white for hydrogen and green for carbon.
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ratio of 1:10, the Tm and enthalpy were considerably reduced (Table 4).
Based on MD simulations (see below), a lower gel-to-fluid phase transi-
tion is observed because the series of compounds can penetrate the
phospholipid bilayer [61]. Thus, the hydrophobic moiety of aryl ring of
the benzimidazole would be inserted into the hydrophobic core of the
bilayer, hence decreasing the enthalpy by hampering the interactions
between acyl lipid chains [68], such as inter and intra-molecular van der
Waals interactions.

Interestingly, the complex showed a stronger effect on the mem-
branes than the free ligand, in accordance with the antimicrobial activity
observed, suggesting that the mechanism for bacterial death would be
related to cell membrane disruption. The differences between HL2 and
La-L2 could be due to the contributions of the La to the destabilization of
the bilayer, specifically in the polar head of phospholipids, since this has
the ability to make contact with the phosphate group of the phosphati-
dylcholine [69].

3.3.2. Analysis of molecular dynamics
Due to the effect of the molecule HL2 on both the E. coli membrane

(POPE and POPG) and the membrane composed of DMPC and DMPG,
interaction analysis was performed between this molecule and the
phospholipids with the aim to shed further insight on the mechanism of
biological action of these compounds and their correlation with the
experiment results above. For this process, GROMACS [38] and VMD
(visual molecular dynamics) [42] were used. In the VMD analysis,
phospholipid interactions with the molecules were observed to deter-
mine how the molecule would penetrate them and whether they would
remain in or out of the membrane.

Figure 8 shows the behavior of the ligand through the 10 ns of the
simulation, for both membrane models DMPC-DMPG and POPG-POPE. It
can be observed that the larger variation for both models occurs at the
beginning of the simulation, this being due to the starting position of the
molecules, because they were located above the membrane without
being in contact with it. As time passes by, the variation decreases at 6 ns
for the DMPC-DMPG model and at 8 ns for the POPE-POPG. This effect is
caused by the interaction between the ligand molecules and the phos-
pholipids, allowing the molecules to be anchored on the surface of the
membrane, moderating its structural variation.
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We obtained the density profile of the DMPC-DMPG and POPE-
POPG bilayers in the presence of the ligand along the z-axis
(Figure 9) in order to analyze the distribution of these components in
the system at 0 ns and 10 ns. The peak ligand density is found in the
lowest region of all phospholipids at both 0 ns and 10 ns. This indi-
cating that the ligand is preferentially located near the phospholipids
type DMPG and POPG. The decrease in density after 10 ns in both
models is an indicator of the interaction and insertion of the molecule
into the membrane.

Figure 10 shows the mechanism of insertion of the ligand HL2 in the
DMPC-DMPG and POPE-POPGmembrane systems through 10 ns. In both
models, it is detailed how a molecule begins by interacting with phos-
pholipid heads through the nitrogen atom located in its aminophenol
moiety; however, this type of interaction is not strong enough to allow
the molecule to be trapped, but the stronger interaction with the oxygen
atom of the phenolic moiety of the ligand causes its anchorage. Subse-
quently, the molecule is inserted into the membrane and remains stable
(slight changes in its position) with the aminophenol facing towards the
membrane surface and the benzimidazole facing towards the hydro-
phobic region of the membrane.

Figure 11 show the H-bonds between the aminophenol/benzimid-
azole regions of the ligand and the phospholipids DMPC-DMPG
(Figure 11a) and POPE-POPG (Figure 11b). The null interaction be-
tween the aminophenol/benzimidazole region and DMPC is clear.
However, with DMPG, H-bonds are formed from the middle and end of
the simulation. This being due to the fact that the molecules were placed
on the membrane models without being in contact with it. Additionally,
it is clear how up to two H-bonds are formed with the DMPG and the
benzimidazole region of the ligand.

The POPE-POPGmembrane model shows a null formation of H-bonds
in the aminophenol region with the phospholipids. But, the benzimid-
azole region exhibits interactions with both the POPG and POPE, the
latter being the one forming the largest number of H-bonds. The pref-
erence for H-bond formation of the membrane models with the benz-
imidazole region of the ligand is clear. This being caused by the increased
presence of atoms prone to form H-bonds such as nitrogen and oxygen.
This interaction is critical for the insertion and stabilization of the ligand
in the membrane models shown.



Figure 11. Number of H-bonds between the two parts of the ligand, namely, the aminophenol region and the benzimidazole region, with DMPC-DMPG (a) and POPE-
POPG (b).
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