N

N

In Silico Self-Assembly of Nanoparticles with
Applications in Drug Delivery
Edithe Selwa, Bogdan Iorga

» To cite this version:

Edithe Selwa, Bogdan lorga. In Silico Self-Assembly of Nanoparticles with Applications in Drug
Delivery. Marc A. Ilies. Control of amphiphile self-assembling at the molecular level: Supra-molecular
assemblies with tuned physicochemical properties for delivery applications, 1271, American Chemical
Society, pp.95-113, 2017, ACS Symposium Series, 9780841232747. 10.1021/bk-2017-1271.ch004 . hal-
03164111

HAL Id: hal-03164111
https://hal.science/hal-03164111
Submitted on 9 Mar 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-03164111
https://hal.archives-ouvertes.fr

RESERVE THIS SPACE

In silico self-assembly of nanoparticles with
applications in drug delivery

Edithe Selwa and Bogdan 1. Iorga

Institut de Chimie des Substances Naturelles, CNRS UPR 2301, Université
Paris-Saclay, Labex LERMIT, 1 avenue de la Terrasse, 91198 Gif-sur-
Yvette, France

The use of nanoparticles for drug delivery applications has
known an increasing success during the last years, together
with the computational methods that are particularly useful for
modeling the self-assembly process. The granularity at which
particles are represented, force field parameters, initial setup
and system composition are important factors influencing the
outcome of simulations that have been the subject of intense
research. In this chapter, the applications of these in silico
approaches in drug delivery will be discussed, highlighting the
importance of nanoparticle’s composition:  peptides,
copolymers, lipids, or a mixture of them.

Introduction

During the recent years, nanotechnology has generated a great deal of
interest throughout the biological sciences, due to its potential to provide novel
approaches to therapeutic and diagnostic drug delivery. Traditional drug
formulations are often associated with poor protection of the active compound
from the biological environments and a lack of controlled release.! In this
chapter we will present briefly the computational methods that are currently
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used to investigate the self-assembly process, as well as the drug loading and
release from nanoparticles. In the second part, representative in silico studies
describing these processes will be presented, with a special emphasis on the
techniques that are specific for each step and on the innovative approaches
(multiscale simulations, doubly thermoresponsive nanoparticles, simultaneous
delivery of multiple drugs, etc.). A more detailed presentation and discussion of
some of these studies can be found in a recent review by Thota and Jiang.

Methods

The systems that are to be studied can be represented at different levels of
precision, depending on the size and the complexity of the system, the duration
of the self-assembly process, etc.

Full-atom (FA) representations allow a description of the system with
atomistic details. Among the all-atom force fields available, CHARMM? and the
associated CHARMM General Force Field (CGenFF),* as well as AMBER® and
GAFF,° are the most often employed for such molecular dynamics (MD)
simulations, together with GROMOS,” which is a typical united-atom force
field. However, the processes involving self-assembly of nanoparticles, drug
loading and release occur over a long-time scale, on the order of microseconds
or longer. Therefore, these processes are relatively difficult to reproduce by all-
atom simulations, since these time-consuming approaches are computationally
very expensive. However, recent advances in computation algorithms, especially
in GPU-based computation, expanded significantly the scope of these
simulations.

Coarse-grain (CG) models overcome these limitations by replacing full-
atomistic details by lower resolution particles, while retaining most of the
chemical specificity. MARTINI®? is one of the most used CG force field, which
can well describe peptides, lipids, membranes, a wide variety of copolymers and
other organic molecules. The main limitations of this force field are the rapid
freezing and nucleation of water that may be observed at about 290 K.* and the
fact that transition of secondary structures cannot be accessed.

Dissipative Particle Dynamics (DPD)''? is a MD-based approach with
higher level CG representation that is commonly applied to simulate drug
loading and delivery in large nanoparticles. This technique simultaneously
resolves both the molecular and continuum scales and reproduces the
hydrodynamic behavior, to examine phase segregation in multicomponent lipid
vesicles." In this way, the simulation length scales that are accessible are much
larger than those by conventional MD. The size of dissipative particles can be
freely tuned, but it cannot always be controlled with precision. The parameters
are not transferable.
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Energy-preserving dissipative particle dynamics (eDPD)" is an
extension of the classical DPD method to non-isothermal fluid systems,
predicting the diffusivity and viscosity consistent with experimental data. In this
model, each particle’s internal energy is explicitly modeled as a degree of
freedom.

These methodologies can also be combined to represent the same system,
either sequentially'> (CG or DPD representations are used for the self-assembly
step, then converted into a FA representation for more detailed analysis) or
simultaneously'® (multiscale models combining CG or DPD representations for
solvent and a FA representation for solute).

Applications

Peptide nanoparticles

Some synthetic polymers possess cell toxicity and therefore are not useful
for clinical applications. Ideal carriers for drug delivery must be non-toxic, non-
immunogenic, biocompatible, biodegradable and kinetically stable. The
amphiphilic peptides possess most of these properties and are therefore
increasingly used in drug delivery.” By controlling the ratio of hydrophobic and
hydrophilic residues in amphiphilic peptides, the peptide sequence or the
concentration in solution, various morphologies such as vesicles, micelles,
fibers, and hydrogels can be obtained by self-assembly. Typically, their sizes are
below2 11700 nm, small enough to avoid an immune reaction from the human
body.”

Short peptides

Extensive CGMD simulations of diphenylalanine (FF) peptides assembly
showed the formation of nanovesicles and nanotubes as the main products,
together with new ordered planar bilayers and a rich variety of other vesicle-like
structures including toroid, ellipsoid, discoid, and pot-shaped vesicles (Figure
1). The assembly pathways are concentration-dependent, the fusion of small
vesicles and bilayers being observed at low concentration, whereas at high
concentration the formation of a bilayer seems to be favored. Subsequent all-
atom MD simulations on a fine-grained structure of a spherical vesicle from the
CGMD trajectory shows that FF nanostructures are stabilized by a combination
of T-shaped aromatic stacking, interpeptide head-to-tail hydrogen-bonding, and
peptide water hydrogen-bonding interactions.'®
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Figure 1. Initial disordered state and seven representative well-organized
diphenylalanine peptide assemblies generated in MD simulations. For each
nanostructure, a side view (top row), a cross-sectional view through its center of
mass and the axis parallel to its principal axis (middle row), and a top view
(bottom row) are shown. The main-chain beads are in red, and the side-chain
beads are in white. There are three families of structures. vesicles with different
shapes: (a) toroid, (b) ellipsoid, (c) pot-shaped, (d) discoid, and (e) spherical
vesicles; nanotube (f),; and bilayer (g). For clarity, a close-up of one dipeptide
together with its atomistic structure is shown in the top-left corner. In the
atomistic structure, carbon atoms are in cyan, oxygen atoms in red, hydrogen
atom in white, and nitrogen atom in blue. Reproduced from reference '*.

In a complementary study, all-atom MD simulations in explicit water were
performed on both zwitterionic and capped (uncharged) versions of the FF
peptide to understand the early stages of self-assembly. The amphiphilic nature
of FF seems to be the key for understanding its self-assembly, and the early
precursors to nanotube structures are likely to involve substantial hydrophobic
clustering, rather than hexamer ring motifs." Similarly, detailed atomistic MD
simulations of FF and dialanine (AA) peptides were carried out in two solvents,
water and methanol. An important self-assembling propensity of FF in water
was observed, while in methanol this propensity was very weak. For AA the
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tendencies are the same, but the differences between the two solvents are
substantially smaller.”

Guo et al. described a study of triphenylalanine (FFF) peptides self-
assembly using CGMD simulations, showing that solid nanometer-sized
nanospheres and nanorods with substantial -sheet content are formed. In
contrast with the formation mechanism of water-filled FF nanovesicles and
nanotubes, intermediate bilayers were not observed during the self-assembly
process of FFF nanospheres and nanorods.”'

The ability to predict the aggregation propensity (AP) of short peptides was
evaluated by the screening of 400 dipeptide combinations using CGMD
simulations, in order to determine the best precursors for self-assembly. Systems
with the best scores were selected for longer simulations, and overall the results
are in good agreement with data from literature.”> An extension of this work on a
dataset containing 8,000 tripeptides indicated only a weak correlation between
hydrophilicity and AP, confirming that self-assembly propensity is not simply a
measure of hydrophobicity. The analysis of these results provided a set of rules
for the design of tripeptides with improved self-assembly propensities: aromatic
amino acids are most favorable in positions 2 and 3 in a tripeptide, and positive
and hydrogen-bonding residues favor position 1 (N-terminus) and negative
residues position 3 (C-terminus). Following these rules, a number of peptides
were synthesized and characterized, allowing the identification of the first
unprotected full-L tripeptides (KYF, KYY, KFF and KYW) able to form a
hydrogel at neutral pH.*

Long peptides

The self-assembly of medium length amphiphilic peptides with the generic
structures F,,D, and F,K, was investigated by ps-scale CGMD simulations. The
most interesting results were obtained with F;K4 and F¢Kg, which formed quasi-
spherical micelles with distinct core/shell structure. This result suggests that the
optimal ratio of hydrophobic/hydrophilic residues is 3/4. Increasing this ratio led
to elliptical aggregates, whereas decreasing this ratio resulted in smaller and less
stable micelles.**

Three ionic peptides EAK16, containing the same 16 residues but different
amino acid sequences, were studied by CGMD simulations in bulk solution or in
the presence of a hydrophobic surface at different pH values. In bulk solution,
two peptides showed aggregation into fibrillar structures at all pH ranges. The
third one formed globular assemblies around the neutral pH and fibrillar
aggregates in low and high pH conditions. However, on the hydrophobic
surface, this last peptide formed disc-shaped assemblies under neutral pH
conditions.”
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CGMD simulations were used to explore the self-assembling behavior of a
FA32 amphiphilic peptide, (AF)sHsK,s. The formation of micelles is observed,
with Ala and Phe residues in the hydrophobic core, Lys in the hydrophilic shell,
and amphiphilic His at the interface. The self-assembly is a three-step process,
involving the formation of small clusters, their aggregation and merging into
large clusters, and finally the formation of micelles. Higher peptide
concentrations induces the formation of bigger micelles and a change in their
shape, from quasi-spherical into elongated forms.”® A follow-up study from the
same group provided more detailed information about the role of hydrophilic
and hydrophobic residues in the self-assembly of FA32-like peptides. The self-
assembly capability is reduced by increasing hydrophilicity, with the formation
of smaller micelles or the presence of individual peptide chains, whereas
increasing hydrophobicity leads to an increase in micelle size and to a
morphology shift from spherical to fiber-like.*’

The loading and the release of ibuprofen (IBU) in FA32 and its derivatives
F,HsK 5 and F¢HsK;s was studied using CGMD simulations. IBU loading in
FA32 led to quasi-spherical core/shell structured micelles, where IBU was
predominantly located at the core along with Phe and Ala, while Lys and His
were in the shell and at the core/shell interface, respectively. After loading, due
to increased hydrophobic interactions, the micelles become larger,
proportionally with the increase in the ratio drug/peptide. The morphology of
IBU-loaded nanoparticles depends on the type of peptide and has a significant
effect on IBU release profile. In FA32 derivatives, IBU loading led to different
morphologies, a well-structured nanofiber being formed in F;sHs;K;s. IBU
release from FA32 micelles upon pH change is slower than from F;sHsK;s
nanofiber, suggesting that the former might be more appropriate for the
controlled release.”®

The amphiphilic self-assembling decapeptide 2 (SA2 peptide, sequence Ac-
AAVVLLLWEE-COOH) was shown to spontaneously self-organize into hollow
spheres. CGMD simulations were used to get more insight into the
supramolecular structure of SA2 nanocarriers and the intermediates involved in
the self-assembly process. The coarse-grained system was then converted into
an atomistic representation, with a system containing 41 millions atoms.
Subsequent FAMD simulations provided a more accurate knowledge on the
atomic level geometry and dynamics of assembled peptides in relation to the
supramolecular organization of the SA2 nanocarrier. It was shown that this
organization involves interdigitated antiparallel B-sheets and not the liposome-
like tail-to-tail orientation that is generally observed for the amphiphilic
molecules."

MD simulations were carried out to provide insight into the effect of
secondary structure on the self-assembly of B-peptides using hydrophobic
blocks (composed of 10-mer or 20-mer of B-valine residues) and hydrophilic
blocks (composed of 10-mer or 20-mer of positively charged 2-aminomethyl-
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3,3-dimethyl B-amino acid residues). In a good agreement with experimental
data, all-atom free energy calculations showed that the association of a pair of
homochiral hydrophobic blocks promotes self-assembly compared to the same
hydrophobic blocks in a heterochiral form. CGMD simulations of mixtures
containing hydrophobic and hydrophilic blocks showed that these molecules
spontaneously form spherical micelles.”

A mixture of 15 and 23-residue branched, amphiphilic peptides that mimic
phosphoglycerides in molecular architecture was shown to produce
supramolecular self-assembly and form solvent-filled vesicles with 50-200 nm
diameters. In contrast, CGMD simulations of the same system produced a well-
defined bilayer.® Further theoretical investigations would be needed, using
bigger systems and possibly different peptide/water ratio, to determine the
optimal conditions for obtaining an in silico model of the vesicles.

Atomistic MD simulations of an amphiphilic peptide with the sequence
SLSLAAAEIKVAV®' and two simplified variants (V,A4E; and V4A,E;)*
showed a self-assembly process resulting in the formation of cylindrical micelles
and nanofibers. In a subsequent study, the self-assembly of the same peptide was
investigated using CGMD simulations. A three-step mechanism was evidenced
in the formation of nanofibers: i) formation of spherical micelles, ii) their
aggregation into a three-dimensional network, and finally iii) the formation of a
cylindrical nanofiber (Figure 2).” A careful analysis of the free-energy
landscape for this process showed the formation of a pillar-like intermediate
state before the final cylindrical semifiber structure. Additionally, the head
group assembly was found to occur on a much shorter time scale than tail group
assembly. Although CGMD simulations might not be precise enough to draw
such conclusions, it was proposed that the driving force leading to the formation
of the micelle structure is enthalpic, originating from several factors, including
the conformational energy of amphiphilic peptides and the electrostatic and van
der Waals interaction energy between solvent molecules and between solvent
and peptides.****
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Figure 2. Coarse-grained molecular dynamics simulations showing self-
assembly of peptide amphiphiles into spherical micelles, a three-dimensional
network of micelles, and finally a cylindrical micelle fiber. Reproduced from

reference
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Amphiphilic copolymer nanoparticles

Amphiphilic polymeric nanostructures have long been well-recognized as
an excellent candidate for drug delivery applications. With the recent advances
in the "top-down" and "bottom-up" approaches, development of well-defined
polymeric nanostructures of different shapes has been possible.’® Under
appropriate conditions, the amphiphilic copolymers can assemble into a variety
of morphologies (spheres, cylinders, bicontinuous structures, lamellae, vesicles,
micelles, fibers, and many other complex or hierarchical assemblies). These
morphologies  may  be affected by  polymer  concentration,
hydrophobic/hydrophilic ratio, end-group, and solvent content.

An interesting multiscale (dual resolution) approach that combines
atomistic (GROMOS96) and coarse-grain (MARTINI) force fields was used to
simulate the drug-polymer nanoparticle assembly by nano-precipitation from
mixed solvents. The interaction between three poly(glycerol adipate) (PGA)
polymer variants and the anticancer drug dexamethasone phosphate (DXMP)
was studied (Figure 3), and the relative encapsulation efficiency and drug
loading retrieved for the PGA polymers were in agreement with the
experimental data. The water and acetone co-solvents were modeled as purely
coarse-grained entities, whereas PGA and DXMP were modeled at both
atomistic and coarse-grained levels, using virtual sites. In this way, all solute-
solute interactions were treated fully atomistically, and the solute-solvent and
solvent-solvent interactions were treated at the coarse-grain level. The
simulations results showed that a balance between hydrophobic and hydrophilic
moieties in the polymer is important for optimal drug incorporation. The C18
chains are required to interact favorably with DXMP, but having too many C18
chains decreases solubility, preventing the polymer from interacting with
surrounding DXMP molecules.'
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Figure 3. Snapshots taken during the 80 ns multiscale simulation of PGA20-co-
CI18PGA80 with DXMP: (4) 5 ns (with acetone shown), (B) 5 ns, (C) 30 ns, (D)
50 ns, (E) 80 ns (with acetone shown), and (F) 80 ns. DXMP (multi), PGA
(white with C18 chains yellow), acetone (blue). For clarity, water and coarse-
grain virtual sites are not shown. Reproduced from reference '°.

CGMD simulations were used to explore the self-assembly process of
polyamidoamine (PAMAM) amphiphilic dendrimers (ADs) with different alkyl
chains and generations, and the interaction of the resulting aggregates with
siRNA. These simulations evidenced that hydrophobic tail length and
hydrophilic head size, or dendron generation, have a critical impact on the size,
shape, and self-organization of the aggregates, as well as on interactions with
nucleic acids.”’

A method, based on all-atom MD simulations using the AMBER/GAFF
force field,” was developed for the calculation of Flory-Huggins interaction
parameters as a measure for the loading capability (solubility) of lipophilic
drugs into polymer micelles. Very good agreement with experimental data was
observed for four different drugs with significantly different lipophilicities.*®

In a similar work, FAMD simulations allowed the prediction of solubilities
for two drugs, fenofibrate and nimodipine, in a series of micelle-forming
poly(ethylene oxide)-b-poly(e-caprolactone) (PEO-b-PCL) block copolymers
with combinations of blocks having different molecular weights. The results
were in a good agreement with experimental data.”® The same protocol applied
for two water insoluble anticancer drugs, cucurbitacin B (CuB) and cucurbitacin
I (Cul), showed that in both cases the drug affinity increases with increasing
PCL/PEO ratio.*” When the branched PEO-5-3PCL block copolymer was used,
the solubility of cucurbitacin drugs CuB and Cul increased considerably
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compared to PEO-b-PCL, whereas the opposite behavior was observed in the
case of the fenofibrate and nimodipine molecules.”’

Diffusion of the hydrophobic drug CuB in linear PEO-b-PCL and branched
PEO-b-3PCL was studied using FAMD simulations in conjunction with
different amounts of water. It was found that the drug diffusivity is insensitive to
the water amount and double in linear PEO-b-PCL compared with those in the
branched PEO-5-3PCL, due to a cumulative effect of stronger hydrogen bonding
and lower swelling.*

Subtle structural characteristics (size, flexibility, rigidity) play a significant
role in the efficiency of drug loading. A computational model to predict the
affinity between the drug and its nanoparticulate carrier, e.g. DTO-SA/5K
nanospheres, was developed by combining FAMD simulations with docking
calculations. The model was able to successfully rank order three drugs
(nutraceutical curcumin, anti-cancer drug paclitaxel and pre-hormone vitamin
D3) in terms of experimentally observed drug loading at maximum into the
nanospheres, by comparing it with computationally calculated binding
energies.*”

DPD simulations were used to get more insight into the structural
organization and properties of pure paclitaxel and paclitaxel-loaded PEO-5-PLA
systems. Alone, paclitaxel molecules formed ribbon or fiber-like structures in
water. With the addition of the copolymer block, paclitaxel acted as a template
and polymer molecules assembled around the paclitaxel structure to form
core/shell structured fibers having a paclitaxel/PLA core and a PEO shell.*
DPD simulations were also carried out by the same group to study drug
diffusion abilities into the core of micelles after the core-shell structure of the
micelle is formed, which is the main issue affecting the drug loading efficiency.
Important parameters such as topological structure of the drug, the hydrophobic
block length of the polymer, and the compatibility between the drug and the
hydrophobic block were shown to have significant effects on drug loading
efficiencies and drug distributions inside micelles.” Similar results were
obtained from the investigation of doxorubicin (DOX) loading and pH-
controlled release from pH-sensitive 4AS-PCL-b-PDEAE-MA-b-PPEGMA™
and (PCL),(PDEA-b-PPEGMA),""** micelles. More advanced in silico studies
tried to rationalize the relationship between the structure of pH-sensitive
polymers and drug release behaviors from the micelles, showing that the
“fireworks-like” three layer structure is very important for the drug release, and
different drug distributions (e.g. i) in the pH-sensitive layer, ii) both in the pH-
sensitive layer and in the core, or iii) in the core of micelles) generally induce
different drug release processes.*’

In some cases, a loading-dependent morphology transition can be observed,
suggesting the maximum payload that the considered copolymer nanocarrier can
accommodate under the selected conditions. In a representative study, the self-
assembly of (D-L)-PLA/PEO di/triblock copolymers in aqueous environment
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and in the presence of a model drug (nifedipine) was investigated, based on a
hybrid molecular simulation recipe. Atomistic MD simulations were used to
obtain DPD input parameters, and this mesoscale technique was employed to
derive the entire phase diagrams for these systems. It was observed that
spherical aggregates are formed at low drug concentrations, which rearrange
their assembly into cylindrical or eventually membrane-like aggregate as the
payload amount increases.”

In another multiscale in silico study, FAMD simulations were used to
estimate the Flory-Huggins interaction parameters and miscibility of binary
components from a system representing the anti-cancer drug camptothecin
(CPT) in a pH-sensitive amphiphilic copolymer, composed of hydrophobic
poly(B-amino ester) (PAE) and hydrophilic methyl ether-capped poly(ethylene
glycol) (PEG). DPD simulations were then employed to examine the
micellization of PAE-PEG, CPT loading in PAE-PEG, and CPT release upon
protonation from micelles/vesicles by a swelling-demicellization-releasing
mechanism.”'

An interesting multiscale approach was used to investigate the self-
assembly of telodendrimer-based nanocarriers for anticancer drug delivery.
CGMD simulations were carried out to represent the self-assembly process,
followed by reverse mapping of the coarse-grained system to atomistic
representation for structural analysis. This procedure provided important
parameters like average size, drug-telodendrimer micellar stoichiometry,
optimal drug loading capacity, and atomistic details such hydrogen-bonding and
solvent accessible area of the nanocarrier. The computed results were in good
agreement with the experimental data.>

Recent findings showed that the nanoparticle shape can be an important
factor for modulating the efficacy of drug delivery process. Flexible, worm-like
nanocarriers (Worms) increase the amount of drug delivered to tumors and
shrink the tumors more effectively than spherical micelles (Spheres). A rational
coarse grain (rCG) model based on all-atom MD simulations was built and used
to investigate the shape-dependent effects in the delivery of the anticancer drug
Taxol by block copolymer micelles. In this way, it was evidenced that twice as
much drug loads into Worms than Spheres, fully consistent with experiments.”

The mechanism of transportation and delivery of hydrophilic drug
components such as anticancer doxorubicin and mitoxantrone are of highest
importance and poorly understood. CGMD simulations were employed to study
how “patchy” polymeric micelle can assist the transportation of a hydrophilic
drug across a lipid membrane and deliver it inside a biological lipid vesicle.
Extensive simulations demonstrated successful encapsulation, transportation of
the hydrophilic drug by “patchy” polymeric micelles and the release of a
significant portion of drug inside the lipid vesicle (Figure 4).>*
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(C) 30ns

(E) 200ns (F) 350ns "

(G) 400ns (H) 400ns
Figure 4. CGMD simulation snapshots of a binary AB+CB polymeric micelle
interaction with DPPC lipid vesicle are shown. Polymeric patches in the micelle
are shown in blue along with hydrophobic (cyan) and hydrophilic (vellow)
polymers. One of the CG beads in the lipid headgroup is shown in bead
representation, while the rest of the lipid is drawn in stick representation. Water
is not shown for clarity. The initially separated polymeric micelle (at 0 ns)
gradually penetrates the lipid vesicle (400 ns). The cross-sectional view of the
final snapshot is shown in part H. Reproduced from reference **.

The interaction of Pluronic L64 block copolymer micelles with DPPC lipid
bilayers was investigated using CGMD simulations showing, in agreement with
experimental data, the release of triblock chains from the micelle inside the
bilayer. The presence of a drug molecule inside the hydrophobic core of the
micelle has a strong influence on this process, the micelle stability being the
result of a complex interplay of drug-core and block-co-polymer-bilayer
interactions modulating the structures of both the micelle and the bilayer.”

A recent study investigated the behavior of doubly thermoresponsive
micelles and vesicles through computer simulations, using the recently-
developed eDPD methodology."* Mesoscopic simulations were used to simulate
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the thermally induced self-assembly of LCST-UCST diblock copolymers,
process triggered by the evolution of temperature over time and space. Both
external and intrinsic factors can influence the assembly pathway of
thermoresponsive micelles and thus determining the final morphology of the
aggregate. It was found that thermoresponsive unilamellar vesicles can sustain
repeated heating-cooling cycles in a thermal loading test, and the collapse
probability and half-life of the vesicles under frequencies that cause vesicle
destruction were quantified. The thermoresponsive bilayer membranes exhibit a
very high ratio of molecular migration between the two leaflets during thermally
induced inversion, process dominated by two molecular movement modes, flip
and slip (Figure 5).%

291 K 309 K

Collapsed

Figure 5. Thermoresponsive vesicles invert by diffusion and respond differently
to various thermal loading frequencies. A vesicle formed by L2N5U2
thermoresponsive block copolymer can invert repeatedly when subjected to
thermal loading cycles and may colla]gge irreversibly. Adapted from reference

Lipid nanoparticles

Implicit solvent CGMD simulations were used to investigate the self-
assembly and phase segregation of stable single and binary vesicles composed
of two-tail phospholipids. It was shown that the degree of dissimilarity between
the tail groups of the lipid species composing the vesicle can be used to tune the
phase segregation in the vesicle bilayer. Accordingly, the interfacial tension
increases with the difference between the tail groups, driving the phase
segregation process to minimize the interfacial tension."

A coarse-grained DPPC liposome model was loaded with varying amounts
of hypericin, a natural compound proposed for use in photodynamic therapy. In
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agreement with experimental data, CGMD simulations performed on the
microsecond time scale of liposomes with varying hypericin concentration
showed that the liposome expands as the amount of hypericin is increased.
These simulations also provided valuable information about the distribution of
hypericins, their orientations within the lipid bilayer, and the potential of mean
force for transferring a hypericin molecule from the interior aqueous “droplet”
through the liposome bilayer (Figure 6).”’

24 hypericin 42 hypericin 84 byparicin a4 hyperitin

2% hypedicin 42 hypericin B4 hypedicn a4 hyericin

Figure 6. (a) Final snapshots from the 10 us molecular dynamics simulations of
liposomes (red and green beads correspond to hydrophilic entities and gray
beads to hydrophobic ones) loaded with hypericin molecules (in yellow). (b)

Snapshots with some lipids removed in order to illustrate the binding of
hypericin; the hydrophilic parts of hypericin are shown in red and the
hydrophobic parts in yellow. Reproduced from reference ”’.

Hybrid nanoparticles

Using a novel coarse-grained peptide/polymer model, the spontaneous self-
assembly process of a hybrid, lipid-like peptide amphiphile (palmitoyl-V;A;E;)
was studied using large-scale CGMD simulations. The formation of
nanostructures of various sizes and shapes is observed as a function of the
electrostatics and temperature. At optimal conditions, the self-assembly process
starts by a quick micellization whose driving force is the hydrophobic
interactions between alkyl tails, followed by a slow ordering process of
neighboring peptide residues within a micelle and the formation of B-sheets
exposing the hydrophobic core. Finally, spherical micelles merge together
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through an end-to-end mechanism to form cylindrical nanofibers.”® The
assembly process was found to occur through multiple steps with transient
intermediates that ultimately leads to the stabilized nanostructures including
open networks of B-sheets, cylindrical nanofibers, and elongated micelles.*
Further work showed the important role of an increased hydrophobicity, which
favors the progression from open networks of secondary structures toward
closed cylindrical nanostructures containing either B-sheets or random coils.”’

DPD simulations are generally the most appropriate tools for studying the
loading and release of drugs from nanoparticles. In a representative study,
micelles self-assembled from cholesterol-conjugated HisjoArg;, (HR20-Chol)
were used for the encapsulation of doxorubicin (DOX) at different pH
conditions. Stronger DOX loading ability was observed at pH>6.0, due to the
hydrophobicity of histidine residues. At pH<6.0, the dense structures of micelles
adopted swollen conformations, thus facilitating the release of DOX from the
core of micelles.”" Further atomistic simulations were performed to study the
compatibility between each pair of components and to calculate the Flory-
Huggins interaction parameters between water, DOX, and other components in
this system.”” A similar study was carried out later using doxorubicin-loaded
micelles prepared from block polymers His(x)Lys10 (x = 0, 5, 10) conjugated
with docosahexaenoic acid.”?

The nanoparticles can accommodate simultaneously several drugs and
release them specifically in different experimental conditions, as shown in a
recent study in which a dual-drug-loaded micelle was designed and constructed
by self-assembly from a mixture of poly(propylene oxide)-b-poly(y-benzyl-L-
glutamate)-b-poly(ethylene glycol) (PPO-b-PBLG-b-PEG) triblock terpolymers
and two model drugs, doxorubicin (DOX) and naproxen (Nap). In the micelles,
the DOX is covalently linked to PBLG through an acid-cleavable hydrazone
bond, whereas the Nap is physically encapsulated in the cores. DPD simulations
were used for studying the drug loading and releasing behaviors of these
micelles (with one or two drugs loaded simultaneously), which revealed that the
micelles possess a core—shell-corona structure in which the PPO/Nap,
PBLG/DOX, and PEG aggregate to form the core, shell, and corona,
respectively. The release of DOX and Nap is pH- and thermosensitive and these
dual-drug-loaded micelles were shown to be biocompatible at normal
physiological conditions.*

In an elegant study, DPD simulations were used to investigate the self-
assembly process of core-polyethylene glycol-lipid shell (CPLS) nanoparticles
and their potential as drug delivery vehicles. The spherical core was
functionalized on surface by PEG chains with the free ends covalently bonded
with lipid molecules (lipid heads). The simulations showed the formation of a
complete lipid bilayer shell at the surface of the PEGylated particle core upon
addition of free lipids, leading to the formation of a CPLS nanoparticle. In order
to evaluate the potential of CPLS nanoparticles as drug carriers, the
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internalization of nanoparticles (unloaded or loaded with hydrophilic molecules)
into liposomes (lipid vesicles) was studied through DPD simulations. During
this process, the rearrangement of the lipid bilayer around nanoparticles was
evidenced, and this represents the most important step for the nanoparticle
internalization via endocytosis into diseased cells. Overall, this work highlights
the significant potential of CPLS nanoparticles as drug carriers with high
efficacy and non-toxicity, as their surface chemistry is identical to liposome yet
their stability is superior.®
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