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Abstract: In this work, we analyzed the behavior of Pluronic F127 through molecular dynamics
simulations at the coarse-grain level, focusing on the micellar and lamellar phases. To this aim, two
initial polymer conformations were considered, S-shape and U-shape, for both simulated phases.
Through the simulations, we were able to examine the structural and mechanical properties that are
difficult to access through experiments. Since no transition between S and U shapes was observed in
our simulations, we inferred that all single co-polymers had memory of their initial configuration.
Nevertheless, most copolymers had a more complex amorphous structure, where hydrophilic beads
were part of the lamellar-like core. Finally, an overall comparison of the micellar a lamellar phases
showed that the lamellar thickness was in the same order of magnitude as the micelle diameter
(approx. 30 nm). Therefore, high micelle concentration could lead to lamellar formation. With this
new information, we could understand lamellae as orderly packed micelles.
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1. Introduction

Poloxamers—commercialized as Pluronics (PL)—are linear nonionic triblock co-polymers of
polyethylene oxide (PEO) and poly-propylene oxide (PPO). In Figure 1, a schematic representation is
presented, where n is the number of hydrophilic ethylene oxide (EO) units, and m is the number of
hydrophobic propylene oxide (PO) units. The length of each polymer block can be tuned to modify
the poloxamer physical and chemical properties [1,2]. Many poloxamers have been approved by
the Food and Drug Administration [3–5] to be used in pharmaceutical products [6–9]. In particular,
Pluronic F127 (PL F127) is widely used in many applications due to its low toxicity, high drug loading
capabilities, and ability to gel in physiological conditions at relatively low concentrations [7,10–13].

The phase behavior of the different PLs has been widely studied [14]. In particular, for PL F127,
changes in temperature and concentration lead to micellization and gelation due to the transition
from the liquid to the soft solid phase. This transition could be affected by the presence of drugs [13].
Besides, PLs can form lyotropic liquid crystals, exhibiting lamellar, hexagonal, or cubic phases [15]. It is
difficult to access information on the internal organization of these system. In particular, for PL F127,
the lamellar phase is commonly represented in a bilayer conformation, in our knowledge, without any
experimental conformation [16]. This issue gains importance when considering the functionalization
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of liposomes with this polymer [16]. Therefore, understanding PL F127 organization at the molecular
level can help in the selection of the co-polymer composition for a given application.

Molecular dynamics (MD) simulations are a powerful tool to obtain structural information at the
molecular scale. Due to the large size of PL F127, even for relatively simple systems, it is difficult
to perform atomic-scale simulations. To bridge this gap, coarse-grain (CG) models are useful to
accurately simulate these types of system, solving the size and time scale limitations of atomistic
simulations [17,18]. Using these models in previous works, we were able to study the self-assembly,
stability, and drug-loading capabilities of F127 micelles and their interaction with lipid bilayers [19,20].

In this work, we studied the molecular, structural, and mechanical properties of F127 micellar
and lamellar phases through extensive molecular dynamics simulations from different initial polymer
configurations using a CG model previously reported in the literature [19–21] for PL F127.

2. Methodology

In this work, we performed MD simulations at the CG level for Pluronic F127 using the Martini
force field (MFF). The Martini CG model allows a systematic representation of molecules in terms of few
building blocks [22]. Broadly, within MFF, four heavy atoms are represented in one site or CG bead. For PL
F127, the parameters were taken from previous works [19–21]. In particular, detailed information of the
used parameters could be found in the supplementary material of reference [19]. In all cases, polarizable
water was used, where four water molecules are represent into one bead [23,24]. The parameters used are
available at the MFF website (http://cgmartini.nl/index.php/force-field-parameters).

Figure 1. (A). Schematic representation of the coarse-grain (CG) model used in this work and chemical
composition of Pluronics. (B). Representation of the F127 polymer in S-shape (top) and U-shape
(bottom). Schematic representation of the (C) two lamellar (L) and (D) two micellar (M) cases explored
in this work, composed of F127 polymers in S-shape (left, LS and MS) or U-shape (right, LU and MU)
initial configuration. EO: ethylene oxide, PO: propylene oxide.

In Figure 1B, we present a schematic representation of the initial configuration of the simulated
systems, S-shape and U-shape. Being PL F127 a linear triblock copolymer with two hydrophilic tails,
the lamellar (L) phase could be formed by an extended monolayer (here called S conformation in
the LS case) or a bilayer with the copolymer molecules directing their tails to the same water phase
(U conformation in the LU case), as shown in Figure 1C. In Figure 1D, and a schematic representation of
the micellar (M) system in both initial S (MS) and U (MU) polymer conformation is shown. All systems
were pre-assembled into micellar o lamellar phases using the packmol software [25]. A summary of
the four simulated systems discussed in this work is presented in Table 1. In this table, the term U
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identifies the systems where the polymer started in a U-shape configuration (MU and LU), whereas S is
used for the systems where the polymer started in a linear, straight, S-shape configuration (MS and LS).

Table 1. Summary of the four simulated systems considered in this study. In the second column
(Initial), the initial configuration of the polymer at the beginning of the simulation is reported. F127
indicates the number or polymer used in the system, and PW the number of water beads considered.

Structure Initial Case F127 PW Total Beads Run Time

Micelle
U MU 100 591,204 617,704 3 µs
S MS 100 593,910 620,410 3 µs

Lamella
U LU 100 191,500 218,000 7 µs
S LS 100 191,500 218,000 7 µs

It is important to remark that atomistic systems equivalent to the largest cases studied here
(MU and MS) would consist of approx. 7,127,000 atoms, being most of them water molecules atoms
(approx. 7,095,000). Even for simpler systems (LU and LS), all atom equivalents are challenging
to simulate (approx. 2,300,000 atoms). As an example, recently, with the same high-performance
computing resources, we carried out atomistic simulations of systems one order of magnitude smaller
than the LU and LS systems [26]. Within this context, we were able to reach 0.5 µs of simulation
run [27,28]. In the present study, the atomistic treatment for the kind of systems considered is hindered
by their size, and a CG scale is a suitable alternative approach.

MD simulations were performed using the GROMACS 2018 package [29]. All simulations were
carried out using the NPT ensemble (isotropic for micellar and semi-isotropic for lamellar systems),
periodic boundary conditions (PBC) in all directions, shifted Lennard–Jones (LJ) potential (cutoff radius
of 1.2 nm), shifted Columbic potential (cutoff radius of 1.2 nm). A global dielectric constant of εr = 2.5
was set to ensure a realistic dielectric behavior of the hydrophobic regions using the polarizable
water model [23]. The time step was of 20 fs, the temperature was equilibrated at 300 K using the
Nose–Hoover thermostat [30] with a coupling constant of 6.0 ps, and the pressure was kept at 1 bar
using the Parrinello–Rahman barostat [31] with a coupling constant of 6.0 ps and compressibility
of 4.5 × 10− 5 bar−1. The geometry of the water molecules was held fixed by means of the LINCS
algorithm [32].

Density profiles are an appropriate measurement for the structural characterization of these
systems [19,20,33–35]. For the micellar systems, the radial mass density profiles (rMDPs) were
computed by dividing the systems into spherical shells along the radial direction centered at the
micellar hydrophobic core and calculating the average density on the respective shells. For the
lamellar systems, the mass density profiles (MDPs) were obtained by dividing the systems in thin slabs
along the normal (z) direction and calculating the average density on the respective slabs. Pressure
profiles are a measurement to get insights into the mechanical behavior of these types of system at
the molecular level; different methods, depending on the system geometry, have been developed to
compute them. For spherical systems, we used the method developed by Nakamura et al. [36] and for
lamellas, we divided the systems in slabs along the z-direction (similarly to the MDPs) and computed
tangential pressure (PT)(z) and normal pressure (PN)(z) for each slab. Details of the calculation method
for PT(z) and PN(z) can be found elsewhere [37–39]. The calculation of the pressure profiles for
both planar and spherical systems was implemented in GROMACS 2018 and its freely available at
https://gitlab.com/damgrillo/gromacs-lpressure; it will be further discussed in a future publication.

3. Results and Discussions

3.1. Micellar Phase

In this section, we compare the structural and mechanical properties of two pre-assembled PL
F127 micelles, MS and MU. The inner organization of the micelles can be accessed by the rMDPs.
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In Figure 2A,B, we present the rMDP as a function of the radius for both micelle simulations. Each
group is plotted separately, together with the whole system. Both micelles contain a core with no water
access. From these figures, it is possible to see than inside the 6 nm sphere, both PPO and PEO are
present with little differences between the MU and MS simulations. A PEO crown water interface
and water phase is observed for both micelles at ~6 nm. The main difference between MU and MS
simulations is that the interfacial PEO distribution exhibits a more pronounced peak in the S case. This
feature leads to a more compact structure for the S case due to PEO accumulation.

Figure 2. Mass density profiles (MDPs) and pressure profiles as functions of the radius for MS (A,C)
and MU (B,D). For (A,B), total density (violet), total polymer (black), water (blue), poly-propylene
oxide (PPO, red) and polyethylene oxide (PEO, green) are depicted. For (C,D), the normal (cyan) and
tangential (magenta) pressure profiles are shown.

The normal and tangential pressure profiles for both systems are shown in Figure 2C,D. The systems
show similar pressure profiles, but with different magnitudes. For the tangential pressure, it is possible
to see large fluctuations for radius lengths less than 5 nm, followed by a minimum around 6 nm
associated with the region where PPO density drops. The MS case minimum is about 2.5 times deeper
than that of the MU case. The PEO water interface is characterized by a pressure peak, broader and
shorter for the MU case. The maxima are located at ~7 nm and ~8 nm for the MS and MU cases,
respectively, accounting for the extended micelles in the latest case. The normal pressure profiles also
show similar patterns. For the MS system, we can see higher pressure amplitudes for both components,
indicating higher accumulated stress at this interface. This can be related to the initial condition
from which each polymer started. Being the S-shape polymer crossed over the center of the initial
MS micelle, it is possible that these polymers keep memory of their initial condition. Self-assembled
micelles, as obtained in experiments, are expected to have low quantities of S-shaped polymers due to
the coil conformation of the copolymer in water [19]. However, the differences between S-shape and
U-shape conformations could be important when controlling micelle preparation. Besides, this issue is
more crucial for lamellar cases.
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3.2. Lamellar Phase

In this section, we discuss the results of the lamellar systems, LS and LU. A comparison of the
total energy and volume did not show any significant differences between them (as shown in Table 2).
The total system area of the LS case was wider than that of the LU case (see Figure 3A and Table 2).
This corresponds to the 40 nm reduction of the system box in z direction (Lz) of LS with respect to
LU, (see Figure 3B and Table 2). The average values are also reported in Table 2. Considering that the
volume of both cases was similar, a different overall organization of them was expected.

Figure 3. Total system area (A) and box in z direction (Lz) (B) are shown for both lamellar systems.
In both figures, LS and LU are in black and red, respectively.

Table 2. Summary of calculated properties for both S and U lamellar systems.

Property LS LU

Energy (kJ/mol) −1,762,565 −1,762,192
(3093) (3043)

Volume (nm3)
8045 8041
(6) (5)

Area (nm2)
198.8 160.9
(3.4) (1.9)

Lz (nm) 40.5 50.1
(0.7) (0.5)

The MDPs of total co-polymers and water are shown in Figure 4A for both cases. In this figure,
three well-defined regions are evident: bulk water, polymer–water interface, and a core with no water.
A comparison between the results of the LS and LU simulations showed some differences: the LS case
presented a narrower thickness than the LU case, in agreement with the results of the Lz box size.
The thickness difference between the two cases was approx. 2 nm.
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Figure 4. MDPs (A) and tangential pressure profiles along the z direction (B) for the total polymer
(full line) and water (dash line). In both figures, the LS (black) and LU (red) simulations are presented.

Figure 4B shows the tangential pressure profiles of the co-polymers and water. The water
tangential pressure profiles show similar patterns, and their differences could be correlated to the
interface shifted distributions. On the other hand, the polymer tangential pressure profiles are more
complex. For the LS simulation, as the system shifts to the center of the core, the pressure drops
smoothly, presenting two distinctive minima at the polymer–water interface. However, for the LU
case, the tangential pressure distribution at the polymer–water interface is more complex, showing
large oscillation in this region.

In Figure 5A, we present the mass density profiles of PEO and PPO separately. Both density
profiles are narrower for the LS case and wider for the LU case. Furthermore, it is possible to
identify a differential distribution of PEO and PPO. While PPO mainly presents a homogenous central
distribution, for PEO there are two distinctive peaks at the water–PEO interface. The PPO tangential
pressure profiles for LU present two low-pressure minima relative to the PEO–PPO interface, while
for the LS case, this is subtler as shown in Figure 5B. The most remarkable differences are present
when observing the PEO pressure profiles of the two systems (Figure 5C). While, for LS–PEO, the
tangential pressure progressively drops towards the center of the core with two distinct peaks at the
PEO–water interface, for LU–PEO, the same high oscillations present for the total polymer can be
observed. On the basis of these results, we can attribute a major role to the tangential pressure in the
interactions between PEO and water.

The single polymer analysis was carried out through the combination of two tools: MDPs and
trajectory analysis. First, we looked at the MDP profile of each polymer to capture the time average
distribution. With this tool, it is possible to differentiate between the initial configurations. To define
the S criteria, we considered that the MDP should have a density outside the range of −5 nm and
5 nm, corresponding to the lamella core. Besides, we followed the trajectory of three specific beads
(the two terminal PEO beads and the central PPO bead) during the simulation time. For the LS case,
the trajectories of the two PEO terminals should be outside the core in opposite sides. An example
of a polymer that satisfies both conditions is shown in Figure 6A,B. For the LU single-polymer
organization, we considered similar criteria for the core, considering that the end bead trajectories
should be outside the core, on the same side. As an example, we show in Figure 6C,D the MDP and
trajectories characteristics of a U shape co-polymer. The analysis performed for all co-polymers in the
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systems showed that only a small percentage of the molecules remained in pure S or U conformation
(20%). Also, we observed that all single co-polymer chains had a memory of their initial configuration,
since no transition between S and U shapes was observed. Nevertheless, most copolymers had a more
complex amorphous structure, where the PEO beads were part of the lamellar-like core.

 

Figure 5. MDPs (A) for PEO (full line) and PPO (dash line). Tangential pressure profiles along the z
direction for PPO (B) and PEO (C). In all figures, the LS and LU are shown in black and red, respectively.

Figure 6. MDPs of a single polymer in the LS (A) and LU (B) cases, as functions of the z coordinate
(rotated). Trajectories of the terminal PEO beads (green and violet) and the central PPO bead (orange)
as functions of time for the same polymer of LS (C) and LU (D).

4. Conclusions

As a first step in this work, we compared the results of extensive MD simulations, at the CG level,
of PL F127 micelles, starting from two different initial conditions (MS and MU). We noticed that the
PPO and PEO distributions at the core of the micelles were similar. However, when looking at the
interface, key differences arose. For the MS case, a distinctive drop of the pressure was observed at
the PPO–PEO interface, followed by a positive pressure peak at the PEO–water interface. In the MU
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case, this was subtler. This characteristic could influence drug partition in PL F127-based nanocarriers.
Besides, this interface could also change with the pH, depending on a drug ionization state [13,37].

In the literature, it was reported that PL F127 could form lamellar phases [15], but information of
the inner structural organization of lamellar phases is difficult to obtain using experimental techniques.
Starting from two different initial conditions (LS and LU), we were able to find differences between them
through the analysis of their structural and mechanical properties. We found that the studied lamellar
properties were strongly influenced by the initial conformation. Under the described conditions, we
did not observe transitions between U and S shapes in either direction during the simulation time.
Nevertheless, different from what happens with lipid bilayers and other polymer-based systems [33,40],
an amorphous core was present, where PPO and PEO beads coexisted. In Figure 7, representative
snapshots of the two lamellar systems where the complex core structure can be observed are presented.
Moreover, even if the polymers did not present the transition criteria, it is possible to notice that PEO
was part of the lamellar core in both cases. Nevertheless, the size and flexibility of PL F127 prevented a
whole PEO tail to cross through a very packed core (necessary for the U–S transition). U–S transitions
are expected to be rare events, essentially driven by entropy. In the particular case of PL F127, specific
water–polymer interactions (such as hydrogen bonds) could play an important role in these transitions.
In coarse-grained simulations, these interactions affect free-energy barriers. In this way, the transition
state energy evaluation could be challenging and not necessarily subject to cooperative events. Being
out of the scope of this work, further exploration of this issue will be addressed in the future.

 

Figure 7. Snapshot of the LS (A) and LU (B) cases at the end of the simulation. For each snapshot, two
individual polymers are highlighted, one representative of the S (A) or U (B) polymer configuration,
and the other with a complex amorphous structure, where PEO beads are part of the lamellar-like core.

An overall comparison of micellar and lamellar phases discussed in this work showed that the
lamellar thickness was in the same order of magnitude as the micelle diameter (approx. 30 nm). This
is in good agreement with SAXS reported thickness [15]. In this way, a high micelle concentration
could lead to lamellae formation. With this new information, we could understand lamellae as orderly
packed micelles.



Processes 2019, 7, 606 9 of 11

Author Contributions: Conceptualization, J.M.R.A. and M.P.; methodology, D.G., J.M.R.A., and M.P.; software,
D.G.; validation, D.G., J.M.R.A., and M.P.; formal analysis, J.M.R.A. and M.P.; investigation, J.M.R.A. and M.P.;
resources, J.C.F.; data curation, D.G., J.M.R.A., and M.P.; writing—original draft preparation, J.M.R.A., M.P.;
writing—review and editing, D.G., M.B.F., and J.C.F.; visualization, D.G., J.M.R.A., and M.P.; supervision, M.P.;
project administration, M.P.; funding acquisition, M.P., J.C.F., and M.B.F.

Funding: MF was funded by UBACYT 20020170100456BA, from Universidad de Buenos Aires; PIP 11220130100377,
from CONICET. The Center for High-Performance Computing at The Utah University provided computer resources
for High-Performance Computing, which was partially funded by the N.I.H. Shared Instrumentation Grant
1S10OD021644-01A1. J.C.F. was partially supported by the University of Utah Center for Clinical and Translational
Science under NCATS Grant U01TR002538. M.P. was supported by CONICET No. 0131-2014 - 0131-2014 and
ANPCyT No. PICT-2014-3653.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Schott, H. Hydrophilic-lipophilic balance, solubility parameter, and oil-water partition coefficient as universal
parameters of nonionic surfactants. J. Pharm. Sci. 1995, 84, 1215–1222. [CrossRef] [PubMed]

2. Jansson, J.; Schillen, K.; Olofsson, G.; Cardoso, R.; Loh, W. The Interaction between PEO-PPO-PEO Triblock
Copolymers and Ionic Surfactants in Aqueous Solution Studied Using Light Scattering and Calorimetry.
J. Phys. Chem. B 2004, 108, 82–92. [CrossRef]

3. Sosnik, A. Reversal of multidrug resistance by the inhibition of ATP-binding cassette pumps employing
“Generally Recognized As Safe” (GRAS) nanopharmaceuticals: A review. Adv. Drug Deliv. Rev. 2013, 65,
1828–1851. [CrossRef] [PubMed]

4. Alakhova, D.Y.; Kabanov, A.V. Pluronics and MDR Reversal: An Update. Mol. Pharm. 2014, 11, 2566–2578.
[CrossRef] [PubMed]

5. FDA. Lnactive Lngredient Search for Approved Drug Products; 2019; U.S. Food and Drug Administration.
Maryland, USA. Available online: https://www.accessdata.fda.gov/scripts/cder/iig/getiigWEB.cfm.
(accessed on 20 August 2019).

6. Jeong, B.; Bae, Y.H.; Lee, D.S.; Kim, S.W. Biodegradable block copolymers as injectable drug-delivery systems.
Nature 1997, 388, 860–862. [CrossRef] [PubMed]

7. Coeshott, C.M.; Smithson, S.L.; Verderber, E.; Samaniego, A.; Blonder, J.M.; Rosenthal, G.J.; Westerink, M.A.J.
Pluronic® F127-based systemic vaccine delivery systems. Vaccine 2004, 22, 2396–2405. [CrossRef]

8. Bleul, R.; Thiermann, R.; Marten, G.U.; House, M.J.; St Pierre, T.G.; Häfeli, U.O.; Maskos, M. Continuously
manufactured magnetic polymersomes—A versatile tool (not only) for targeted cancer therapy. Nanoscale
2013, 5, 11385–11393. [CrossRef]

9. Kwon, S.H.; Kim, S.Y.; Ha, K.W.; Kang, M.J.; Huh, J.S.; Im, T.J.; Kim, Y.M.; Park, Y.M.; Kang, K.H.; Lee, S.;
et al. Pharmaceutical evaluation of genistein-loaded pluronic micelles for oral delivery. Arch. Pharm. Res.
2007, 30, 1138–1143. [CrossRef]

10. Oh, K.T.; Bronich, T.K.; Kabanov, A.V. Micellar formulations for drug delivery based on mixtures of
hydrophobic and hydrophilic Pluronic® block copolymers. J. Control. Release 2004, 94, 411–422. [CrossRef]

11. Albano, J.M.; de Morais Ribeiro, L.N.; Couto, V.M.; Barbosa Messias, M.; Rodrigues da Silva, G.H.;
Breitkreitz, M.C.; de Paula, E.; Pickholz, M. Rational design of polymer-lipid nanoparticles for docetaxel
delivery. Colloids Surf. B Biointerfaces 2019, 175, 56–64. [CrossRef]

12. Pitto-Barry, A.; Barry, N.P.E. Pluronic® block-copolymers in medicine: From chemical and biological
versatility to rationalisation and clinical advances. Polym. Chem. 2014, 5, 3291–3297. [CrossRef]

13. Basak, R.; Bandyopadhyay, R. Encapsulation of Hydrophobic Drugs in Pluronic F127 Micelles: Effects of
Drug Hydrophobicity, Solution Temperature, and pH. Langmuir 2013, 29, 4350–4356. [CrossRef] [PubMed]

14. Atkin, R.; De Fina, L.M.; Kiederling, U.; Warr, G.G. Structure and self assembly of pluronic amphiphiles
in ethylammonium nitrate and at the silica surface. J. Phys. Chem. B 2009, 113, 12201–12213. [CrossRef]
[PubMed]

15. Oshiro, A.; Silva, D.C.; De Mello, J.C.; De Moraes, V.W.R.; Cavalcanti, L.P.; Franco, M.K.K.D.; Alkschbirs, M.I.;
Fraceto, L.F.; Yokaichiya, F.; De Rodrigues, T.; et al. Pluronics F-127/L-81 Binary Hydrogels as Drug-Delivery



Processes 2019, 7, 606 10 of 11

Systems: In fl uence of Physicochemical Aspects on Release Kinetics and Cytotoxicity. Langmuir 2014, 30,
13689–13698. [CrossRef] [PubMed]

16. Li, Z.; Huang, Y.; Peng, S.; Chen, X.; Zou, L.; Liu, W.; Liu, C. Liposomes consisting of pluronic F127 and
phospholipid: Effect of matrix on morphology, stability and curcumin delivery. J. Dispers. Sci. Technol. 2019,
1–7. [CrossRef]

17. Pickholz, M.; Giupponi, G. Coarse grained simulations of local anesthetics encapsulated into a liposome.
J. Phys. Chem. B 2010, 114, 7009–7015. [CrossRef]

18. Pickholz, M.; Saiz, L.; Klein, M.L. Concentration Effects of Volatile Anesthetics on the Properties of Model
Membranes: A Coarse-Grain Approach. Biophys. J. 2005, 88, 1524–1534. [CrossRef]

19. Wood, I.; Martini, M.F.; Albano, J.M.R.; Cuestas, M.L.; Mathet, V.L.; Pickholz, M. Coarse grained study of
pluronic F127: Comparison with shorter co-polymers in its interaction with lipid bilayers and self-aggregation
in water. J. Mol. Struct. 2016, 1109, 106–113. [CrossRef]

20. Wood, I.; Albano, J.M.R.; Filho, P.L.O.; Couto, V.M.; de Farias, M.A.; Portugal, R.V.; de Paula, E.; Oliveira, C.L.P.;
Pickholz, M. A sumatriptan coarse-grained model to explore different environments: Interplay with
experimental techniques. Eur. Biophys. J. 2018, 47, 561–571. [CrossRef]

21. Li, J.; Chu, M.K.; Lu, B.; Mirzaie, S.; Chen, K.; Gordijo, C.R.; Plettenburg, O.; Giacca, A.; Wu, X.Y. Enhancing
thermal stability of a highly concentrated insulin formulation with Pluronic F-127 for long-term use in
microfabricated implantable devices. Drug Deliv. Transl. Res. 2017, 7, 529–543. [CrossRef]

22. Monticelli, L.; Kandasamy, S.K.; Periole, X.; Larson, R.G.; Tieleman, D.P.; Marrink, S.J. The MARTINI coarse
grained force field: Extension to proteins. J. Chem. Theory Comput. 2008, 4, 819–834. [CrossRef] [PubMed]

23. Yesylevskyy, S.O.; Schäfer, L.V.; Sengupta, D.; Marrink, S.J. Polarizable water model for the coarse-grained
MARTINI force field. PLoS Comput. Biol. 2010, 6, e1000810. [CrossRef] [PubMed]

24. Ingólfsson, H.I.; Lopez, C.A.; Uusitalo, J.J.; de Jong, D.H.; Gopal, S.M.; Periole, X.; Marrink, S.J. The power
of coarse graining in biomolecular simulations. Wiley Interdiscip. Rev. Comput. Mol. Sci. 2014, 4, 225–248.
[CrossRef] [PubMed]

25. Martinez, L.; Andrade, R.; Birgin, E.G.; Martínez, J.M. PACKMOL: A package for building initial
configurations for molecular dynamics simulations. J. Comput. Chem. 2009, 30, 2157–2164. [CrossRef]
[PubMed]

26. Albano, J.M.R.; Mussini, N.; Toriano, R.; Facelli, J.C.; Ferraro, M.B.; Pickholz, M. Calcium interactions with
Cx26 hemmichannel: Spatial association between MD simulations biding sites and variant pathogenicity.
Comput. Biol. Chem. 2018, 77, 331–342. [CrossRef] [PubMed]

27. Albano, J.M.R.; Facelli, J.C.; Ferraro, M.B.; Pickholz, M. Magnesium interactions with a CX26 connexon in
lipid bilayers. J. Mol. Model. 2019, 25, 232. [CrossRef]

28. Albano, J.M.R.; Jara, G.E.; Fernández, M.L.; Facelli, J.C.; Ferraro, M.B.; Pickholz, M. The Effects of Calcium
on Lipid–Protein Interactions and Ion Flux in the Cx26 Connexon Embedded into a POPC Bilayer. J. Membr.
Biol. 2019. [CrossRef]

29. Abraham, M.J.; Murtola, T.; Schulz, R.; Páll, S.; Smith, J.C.; Hess, B.; Lindah, E. Gromacs: High performance
molecular simulations through multi-level parallelism from laptops to supercomputers. SoftwareX 2015, 1–2,
19–25. [CrossRef]

30. Evans, D.J.; Holian, B.L. The Nose-Hoover thermostat. J. Chem. Phys. 1985, 83, 4069–4074. [CrossRef]
31. Parrinello, M.; Rahman, A. Polymorphic transitions in single crystals: A new molecular dynamics method.

J. Appl. Phys. 1981, 52, 7182–7190. [CrossRef]
32. Hess, B.; Bekker, H.; Berendsen, H.J.C.; Fraaije, J.G.E.M. LINCS: A linear constraint solver for molecular

simulations. J. Comput. Chem. 1997, 18, 1463–1472. [CrossRef]
33. Grillo, D.A.; Albano, J.M.R.; Mocskos, E.E.; Facelli, J.C.; Pickholz, M.; Ferraro, M.B. Diblock copolymer

bilayers as model for polymersomes: A coarse grain approach. J. Chem. Phys. 2017, 146, 244904. [CrossRef]
[PubMed]

34. Braun, A.R.; Sachs, J.N. Determining Structural and Mechanical Properties from Molecular Dynamics
Simulations of Lipid Vesicles. J. Chem. Theory Comput. 2014, 10, 4160–4168. [CrossRef] [PubMed]

35. Marrink, S.J.; Mark, A.E. Molecular Dynamics Simulation of the Formation, Structure, and Dynamics of
Small Phospholipid Vesicles. J. Am. Chem. Soc. 2003, 125, 15233–15242. [CrossRef] [PubMed]

36. Nakamura, T.; Shinoda, W.; Ikeshoji, T. Novel numerical method for calculating the pressure tensor in
spherical coordinates for molecular systems. J. Chem. Phys. 2011, 135, 094106. [CrossRef] [PubMed]



Processes 2019, 7, 606 11 of 11

37. Grillo, D.A.; Albano, J.M.R.; Mocskos, E.E.; Facelli, J.C.; Pickholz, M.; Ferraro, M.B. Mechanical properties of
drug loaded diblock copolymer bilayers: A molecular dynamics study. J. Chem. Phys. 2018, 148, 214901.
[CrossRef] [PubMed]

38. Lindahl, E.; Edholm, O. Spatial and energetic-entropic decomposition of surface tension in lipid bilayers
from molecular dynamics simulations. J. Chem. Phys. 2000, 113, 3882–3893. [CrossRef]

39. Sonne, J.; Hansen, F.Y.; Peters, G.H. Methodological problems in pressure profile calculations for lipid
bilayers. J. Chem. Phys. 2005, 122, 124903. [CrossRef] [PubMed]

40. Pickholz, M.; Fraceto, L.F.; de Paula, E. Preferential location of prilocaine and etidocaine in phospholipid
bilayers: A molecular dynamics study. Synth. Met. 2009, 159, 2157–2158. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


