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Abstract
1,10-Phenanthroline, phen, is a molecule with a wide variety of chemical and biological activities, being interesting from 
a pharmacological standpoint. Its metal complexes have been extensively studied during the last century. Considering the 
vast applications of phen and its metallic complexes for the development of potential metallodrugs, it becomes of utmost 
importance to study the molecule’s interaction with different molecular targets. So far, in-depth analyses of phen and 
metal–phen complexes’ interaction with DNA are abundant. Nevertheless, little has been reported on the interaction of this 
molecule with the first molecular “target” that it finds in the cell, the lipid membrane. Here, we present the characterization 
of the interaction of the phen molecule with model membranes of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) 
or 1,2-dipalmitoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (sodium salt) (DPPG) using a combination of differential scan-
ning calorimetry and molecular dynamics simulations. Our results indicate that phen diffuses into the membranes, being 
stabilized around the middle of the hydrocarbon chains in DPPC, while in DPPG, it is placed near the center of the bilayer.
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1  Introduction

The molecule 1,10-phenanthroline, phen (Fig. 1), presents 
a rich variety of biological activity. For instance, it is cyto-
toxic against tumor and leukemia cells. It induces the death 
of human ovarian carcinoma A2780 cell line (IC50 2.7 μM) 
[1] and murine leukemia cells (IC50 2.5 μM) [2]. It has 
recently been reported that phen can kill osteosarcoma can-
cer stem cells, responsible for osteosarcoma cancer relapse 

(IC50 2.9 μM) [3]. It also presents antifungal activity, and 
its reported mechanism of action includes mitochondrial 
damage. For instance, its minimum inhibitory concen-
tration against the opportunistic pathogen C. albicans is 
1.25–2.5 μg/mL, making phen an interesting new antifungal 
compound [4, 5]. Phen also presents antibacterial activity 
[6]. It is not mutagenic according to the AMES test [7]. 
The phen molecule is relatively tolerated in mammals, with 
doses up to 150 mg/kg weight tolerated by mice [8]. All the 
characteristics mentioned above make phen an interesting 
molecule from a pharmacological standpoint.

Phenanthroline forms highly stable metallic complexes 
with most transition metals in various oxidation states [9]. 
Akin to phen, its metal complexes also present a wide range 
of biological activity [10–12], usually more potent than the 
phen itself. The biological activity of this effective chelat-
ing agent boosted the use of metal–phen complexes for 
pharmacological ends, being widely employed in medicinal 
inorganic chemistry. Hitherto, various complexes, including 
phen or its derivatives, present biological activity, especially 
antitumor and antibacterial [6, 13, 14]. Levina et al. [15] 
proposed that the copper–phen complex may act as an iono-
phore, delivering copper into the cell.
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The interaction of biologically active compounds with 
cellular membranes influences their bioavailability, even 
when membranes are not regarded as the biological tar-
get of these compounds. Considering the vast amount of 
information about phen and metallic complexes containing 
phen with biological activity, it has become clear the need 
to study the complexes’ interactions with the first “target” 
they find in the cell: the membrane. Moreover, the study of 
the free phen can also contribute to further studies of the 
interaction of phen-containing complexes and membranes, 
as recommended for coordination compound biological 
studies [15]. To the best of our knowledge, there are no 
such studies of isolated phen and membranes in the field.

As a part of our studies on new copper-containing 
compounds with potential applications for cancer treat-
ment [16–28], we previously studied the cytotoxicity of 
copper complexes containing different ligands, including 
phen. However, as pointed out above, the initial step of 
analyzing the interaction between phen and membranes 
has been missing. Here, we investigate such interaction by 
experimental and theoretical methods, trying to understand 
the changes in the membrane induced by the phen at the 
molecular level.

The membrane models used were 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC) and 1,2-dipalmitoyl-sn-
glycero-3-phospho-(1 − ′-rac-glycerol) (sodium salt) 
(DPPG). DPPC represents one of the most abundant lipid 
components of cell plasma membranes. The use of DPPG 
allows the comparison with the effects on negatively charged 
membranes, also common in cellular membranes [29]. The 
effects of phen on the phase transition of lipid bilayer mod-
els were studied by differential scanning calorimetry (DSC) 

and molecular dynamics simulations. In order to aid in the 
interpretation of the experimental results, molecular dynam-
ics simulations were carried out. The information obtained 
is potentially useful for understanding the mechanism of 
interaction of phen with cellular membranes.

2 � Experimental

2.1 � Materials

Lipids 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 
(DPPC) and 1,2-dipalmitoyl-sn-glycero-3-phospho-(1′-
rac-glycerol) (sodium salt) (DPPG) were obtained from 
Avanti Polar Lipids, Inc. HEPES buffer (4-(2-hydroxyethyl)-
1-piperizineethanesulfonic) and phenanthroline (phen) were 
purchased from Sigma-Aldrich. All reagents were used with-
out further purification.

2.2 � Sample Preparation

Lipid films were formed by drying chloroform/methanol 
(2/1, v/v) stock solutions of phospholipids under nitrogen 
flow and centrifuged under vacuum for at least 2 h to ensure 
complete removal of the organic solvent. The films were 
hydrated by adding 20 mM HEPES buffer pH = 7.4, vor-
texed for 15 min, and sonicated to a final concentration of 
5 mM. Phen was dissolved in the same buffer and added to 
the mixture to a final concentration of 0.5 mM. Before meas-
urements, it was left at least for 15 min at 60 °C.

2.3 � Calorimetric Measurements

Differential scanning calorimetry (DSC) experiments were 
carried out in a VP-DSC MicroCal MicroCalorimeter. A 
5 mM lipid suspension in 20 mM HEPES buffer pH = 7.4 
with 0.5 mM sample concentration in a 10:1 lipid:compound 
relationship was used. The mixture was stabilized at 25 °C 
for 20 min before each measurement. Scans were recorded 
in the heating cycle only and with temperatures varying from 
25 to 60 °C using a 20 °C/h heating velocity. Two scans 
were performed at each experiment to ensure reproducibility. 
Baseline correction and endotherm peak integration were 
performed on MicroCal Origin software.

2.4 � Molecular Biomodeling

Molecular biomodeling and simulations were carried out 
using a workstation with an Intel (R) CoreTM i7-6700 
CPU @ 3.40  GHz processor, with a Graphic Proces-
sor Unity (GPU) NVIDIA-GEFORCE GTX 1080 ti. The 

Fig. 1   Phen ligand scheme
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MD calculations were performed using NAMD [30] (Not 
Another Molecular Dynamics simulator) 2018 CUDA ver-
sion 9010. System topology (CHARMM36 force field) [31, 
32] was built using VMD [33].

The initial structure of the DPPC phospholipid bilayer was 
generated using a replacement method with the CHARMM-
GUI web-based membrane builder (http://​www.​charmm-​gui.​
org) [34, 35]. The lipid bilayer, containing 136 DPPC mol-
ecules, was oriented with its plane (4284 Å2) parallel to the xy 
plane and with the DPPC polar groups pointing towards the 
water phase. The latter consisted of 8898 tip3p water mole-
cules, which were considered rigid, and the SETTLE constric-
tion algorithm [36] was used for their simulation. The dimen-
sions of the periodic cell were 65.00 × 65.00 × 110.00 Å. Its 
center was set to the center of mass.

The input structure for 1,10-phenanthroline was opti-
mized at b3lyp/6–31 + G* level with Gaussian 09 [37]. To 
build the initial structure of the 1,10-phenanthroline-loaded 
DPPC membrane, the final MD conformation of the lipid 
bilayer was employed, and 4 solute molecules were ran-
domly placed inside the water phase, two on each side of 
the bilayer.

2.5 � Molecular Dynamics Simulations

The simulations involved three steps. Firstly, 10,000-step 
energy minimization was performed until an RMS gradient 
below 1 kcal mol‒1 Å‒2 was reached to avoid the system col-
lapse at the beginning of the MD. Secondly, an equilibration 
step of 10 ns at 310 K and 1 atm was run, letting the system 
adjust its density by varying only the z-dimension. Finally, 
a 100 ns (membrane) and 300 ns (phen-loaded membrane) 
MD simulation was performed under the same conditions, 
keeping the ratio of the unit cell in the xy plane constant 
while allowing fluctuations along all axes.

Trajectories were run up with a time step of 2 fs and a 
time sampling of 2 ps. Non-bonded interactions were cal-
culated with a switch distance of 8 Å and a cutoff of 10 Å 
(pair list distance = 12 Å). Long-range distance electrostatic 
interactions were taken into account using the particle mesh 
Ewald (PME) technique [38], with a grid size of 1 Å and a 
cutoff of 10 Å. Langevin dynamics was used to simulate the 
canonical ensemble (NPT), with a Langevin piston coupled 
to the heat bath (pressure = 1 atm; period = 100 fs; oscilla-
tion decay time = 50 fs).

To estimate the free energy change during the release of 
phen from the membrane into the cytosol, we carried out 
steered molecular dynamics simulations using the Colvars 
module (https://​www.​tandf​online.​com/​doi/​full/​10.​1080/​
00268​976.​2013.​813594). For that, a moving restrain was 
applied to a phen molecule, to progressively steer it along 
the z axis from the center of the membrane (0 Å) to the 

outside (40 Å), applying a harmonic potential of force con-
stant 20 kcal/mol Å2 over 12,000,000 simulation steps.

2.6 � Analyses and Visualization

All analyses took into account the last 30 ns of the trajec-
tories using MEMBPLUGIN [39] within VMD [33]. The 
results were rendered with Discovery Studio Visualizer [40].

3 � Results and Discussion

3.1 � Calorimetric Profile

The phase transition temperature and thermodynamics 
of lipid phase transitions are sensitive to the presence of 
exogenously added molecules, making calorimetric meth-
ods an adequate strategy to determine whether the added 
molecule disturbs the packing of the membrane. Therefore, 
the thermograms corresponding to DSC measurements of 
DPPC and DPPG membranes in the absence and pres-
ence of phen are presented in Fig. 2. Table 1 summarizes 
the thermodynamical parameters obtained from the DSC 
studies.

As the temperature of DPPC bilayers increased, two 
thermal transitions were registered in measurements in the 
presence or absence of phen. The first weak, broad peak 
corresponds to a pre-transition (P) between the gel phase 
Lβ′ and the ripple phase Pβ′ (around 35 °C). At higher tem-
peratures, a sharp peak corresponding to the main transi-
tion (M) between the Pβ′ and the liquid–crystalline phase 
Lα (at approximately 41 °C) is observed. In the DPPC 
bilayer, the addition of phen induced a shift towards lower 
temperatures and a broadening of the pre-transition. A 
broader peak and, therefore, a decrease of the cooperative 
unit are related to the phen being placed in the region of 
the cooperative unit, that is, around carbons C1–C8 [41]. 
The temperature shift can be related to the polar region of 
the lipids being disturbed [41, 42]. The DPPC main tran-
sition temperature was not modified, while ΔHCAL M and 
ΔT1/2 M increased. This behavior suggests that the phen 
can intercalate between the fatty acid chains, reducing the 
transition’s cooperativity (reflected in the increase of the 
ΔT1/2), therefore being placed in the C1-C8 region and 
inducing more substantial van der Waals interactions.

DPPG bilayers presented only a sharp peak correspond-
ing to the gel to liquid–crystalline phase transition around 
39 °C. The presence of phen in the membrane was evi-
denced by an increase of the enthalpy variation associated 
with the main transition (ΔHCAL M) and also the appearance 
of a broad low-energy transition seen as a shoulder on the 
lower temperature side of the main peak (Fig. 2B). They 
can be related to a degree of phen intercalation into the 
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acyl chains leading to augmented van der Waals interac-
tions. There is no evidence of phen being placed in the 
cooperative unit region in this lipid.

3.2 � Computational Results

To computationally assess the interaction of phen with a 
DPPC bilayer, we modeled the system by MD simulations. 

We used a step-by-step approach, starting by generating an 
equilibrated and representative model of the lipid mem-
brane. As it is depicted in Fig. S1a–d, the bilayer system 
is equilibrated after a 70 ns MD simulation, giving rise 
to a stable membrane model (Fig. S2). The parameters 
averaged over the production phase (last 30 ns of the MD 
trajectory) were also calculated to validate the computa-
tional model against previous experimental evidence. The 
results were satisfactory: the averaged calculated area per 

Fig. 2   DSC traces from MLVs 
of A DPPC and B DPPG in the 
absence (red lines) and presence 
(blue lines) of phen. The insets 
in A show a zoomed in view of 
the transitions
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Table 1   Thermodynamical parameters obtained from the DSC data. The subscripts refer to P, pre-transition, and M, main transition

TP (°C) ΔHP (kcal/mol) ΔT1/2 P (°C) TM (°C) ΔHCAL M 
(kcal/mol)

ΔT1/2 M (°C) ΔSCAL M (cal/
mol.K)

nM (°C−1)

DPPC 35.0 1.21 1.2 41.0 7.99 0.103 25.4 10.0
 + phen 34.0 1.07 1.8 41.0 9.15 0.142 29.1 7.1
DPPG –- –- –- 39.6 5.76 0.640 18.4 1.6
 + phen –- –- –- 39.5 7.46 0.620 23.9 1.6
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phospholipid and membrane thickness was 57.63 ± 0.02 
Å2 and 41.47 ± 0.01 Å, in complete agreement with the 
reported values of 47.9 – 64 Å2 and 38.3 – 44.2 Å, respec-
tively, registered between 20 and 50 °C [43]. Besides, 
the lateral diffusion coefficient (D) calculated from the 
MD simulation was 7.6 × 10‒8 cm2 s‒1, compared to the 
experimental results for fluorescent lipid analogs in DPPC 
membranes and vesicles (between 10‒8 and 10‒7 cm2 s‒1) 
[44]. Moreover, the calculated values for the order param-
eter ‒SCD (Fig. S3) varied around 0.21, in line with the 
empirical value found for phospholipid bilayers in the fluid 
phase (‒SCD ≈ 0.2) [45].

Starting from this equilibrated model of the DPPC bilayer, 
MD simulations in the presence of 1,10-phenanthroline and 
the results are depicted in Figs. 3 and 4. During the 295 ns 
MD simulation at 310 K, two of the four phen molecules 
placed in the water phase diffused into the lipid membrane 
(Fig. 3). According to the distance between the z coordinates 
of the phen and membrane centers of mass (Δz) (Fig. 4a), 
the two phen molecules entered the lipid phase around 20 ns 
and 45–85 ns. Both were stabilized inside the membrane 
at an average distance of 11.1–11.2 Å from the center of 
the bilayer, interacting with the middle of the hydropho-
bic hydrocarbon tails through dispersion forces and C–H/π 
interactions. This observation agrees with the calorimetric 
results, which evidenced a reduction of the cooperative unit 
in the presence of phen, indicating its localization in the 
cooperative unit region (C1–C8) and increased dispersion 
forces. Molecular dynamics results also agree with previous 
experimental evidence, which shows that other polycyclic 
aromatic hydrocarbons like anthracene, benz[a]pyrene, and 
dibenz[a,h]anthracene prefer the lipid phase [46–48].

The phen molecules placed inside the lipid bilayer also 
interact, through H-bonds, with the water molecules linked 
to the DPPC polar headgroups, pulling them towards the 
center of the membrane (compare Figs. 3 and S2). This 
phenomenon causes the formation of undulations over the 
surface of the lipid membrane. This effect can be responsible 
for modifying the calorimetric profile related to the polar 
heads observed for phen in DPPC.

The presence of phen molecules inside the lipid phase signifi-
cantly influences the bilayer structure. According to Fig. 4b–c, 
the area per phospholipid decreased, while the bilayer thick-
ness increased. Indeed, the averaged calculated area per phos-
pholipid and membrane thickness was 51.90 ± 0.01 Å2 and 
44.023 ± 0.006 Å, in comparison with the analogous parameters 
calculated for the pure DPPC membrane: 57.63 ± 0.02 Å2 and 
41.47 ± 0.01 Å, respectively. This is in line with previous com-
putational evidence for similar ligands [46]. Additionally, the 
computational results showed that the phen molecules inside 
the membrane increased the order of the phospholipid chains 
(lower SCD values) (see Fig. S3). Consequently, the phospholipid 
bilayer becomes less fluid, confirmed by the decrease in the lat-
eral diffusion coefficient from 7.6 × 10‒8 cm2 s‒1 (DPPC bilayer) 
to 2.1 × 10‒8 cm2 s‒1 (DPPC bilayer + phen). This effect has 
been previously observed for analogous systems [46], potentially 
being the structural basis behind the sharp increase of the inter-
digitation width upon insertion of the phen ligand (Fig. S4). The 
release of phen from the membrane into the cytosol involved a 
free energy change, estimated using steered molecular dynam-
ics, is 13.4 kcal/mol. This suggests that the release of phen from 
the membrane would likely require the participation of other 
molecules or processes (for instance, the transition to a more 
fluid membrane state).

Fig. 3   Snapshot of the MD 
simulation of 1,10-phenanthro-
line-loaded DPPC membrane 
at 295 ns. H-bonds and C–H/π 
interactions are represented as 
dashed lines. DPPC hydrogen 
atoms are omitted for clarity. 
Atom color code: C (gray), N 
(blue), O (red), P (orange), H 
(white)
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4 � Conclusions

1,10-Phenanthroline can diffuse into the DPPC and 
DPPG model membranes. It induces modifications in the 
membrane, which can be part of the diverse biological 
effects of the phen. In DPPC membranes, it appears to 
be stabilized near the middle of the hydrocarbon chains 
interfering with the cooperative unit, while in DPPG 
membranes, it appears to be stabilized in the deeper, 
hydrophobic region of the membrane. Molecular 
dynamics were able to explain the effects observed 
by DSC at the molecular level. In addition, it shows 
that the insertion of the ligands triggers an increase 
in the interdigitation, with a concomitant reduction of 
membrane fluidity.

Despite the extensive use of inorganic compounds in 
medicinal chemistry, the essential aspects governing their 
cytotoxicity and mechanism of action have remained poorly 
understood [49]. The general rules that dictate the behavior 
of inorganic systems in medicinal chemistry have not yet 
emerged. That is likely the result of the significant reactivity 
and plasticity shown by metal binding in those compounds. 
To that end, understanding the free ligands’ behavior com-
pared with the complexes can give crucial information on the 
more complicated situations found in the cell.

In particular, phen inhibits cellular DNA synthesis, which 
was assumed to be its only mechanism of cytotoxic action [50, 
51]. This idea is being revisited with the increasing use of phen 
and related ligands on metallodrugs. The impact of cellular 
uptake of phen and congeners on cytotoxicity is underexplored. 

Fig. 4   a Distance between the z coordinates of the phen and mem-
brane centers of mass (Δz), b membrane area per DPPC molecule, 
and c bilayer thickness of the phen-DPPC membrane system moni-
tored along with the MD simulation. In a, the curves for the four 
phen molecules are plotted with different colors (black, red, green, 

and blue), and the membrane–water boundary is depicted as a dashed 
line. The time range during which the solute molecules entered the 
lipid bilayer is highlighted. DPPC hydrogen atoms are omitted for 
clarity. Atom color code: C (gray), N (blue), O (red), P (orange)
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Diffusion is the most accepted model of transport [49]. As 
there are plenty of factors that may influence the activity, 
in our contribution, we started from a basic aspect trying 
to understand phen interaction with model membranes as a 
step to understanding its biological activity. Whether or not 
the observed membrane modifications may contribute to the 
mechanism of action cannot be yet fully answered. Notwith-
standing, they are a very likely part of the phen uptake process.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s13538-​022-​01114-7.
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