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Abstract
In this work, we developed a coarse-grained model of sumatriptan suitable for extensive molecular dynamics simulations. 
First, we confirmed the interfacial distribution of this drug in bilayers through cryogenic transmission electron microscopy 
and small-angle X-ray scattering techniques, as was predicted by our previous atomistic simulations. Based on these simu-
lations, we developed a coarse-grained model for sumatriptan able to reproduce its overall molecular behavior, captured 
by atomistic simulations and experiments. We then tested the sumatriptan model in a micellar environment along with 
experimental characterization of sumatriptan-loaded micelles. The simulation results showed good agreement with photon 
correlation spectroscopy and electrophoretic mobility experiments performed in this work. The particle size of the obtained 
micelles was comparable with the simulated ones; meanwhile, zeta-potential results suggest adsorption of the drug on the 
micellar surface. This model is a step forward in the search for a suitable drug-delivery system for sumatriptan.

Keywords Molecular dynamics · Sumatriptan · Coarse-grained model · SAXS · Cryo-TEM

Introduction

Triptans are a drug family designed for the treatment of 
acute migraine. All triptans share an indole structure with 
the neurotransmitter serotonin and most of them contain side 
chains, with a basic nitrogen and a sulfonamide group (Tep-
per et al. 2002). Sumatriptan (SMT) was the first and most 
used member of this family. The hydrophilicity of this drug, 
evidenced through its low partition coefficient in n-octanol/
water (log P = 1.2), hinders its access to the central nerv-
ous system (CNS) (Tfelt-Hansen 2010). The development of 
drug-delivery systems for hydrophilic drugs such as SMT is 
currently the most promising strategy aiming to minimize 
side effects, to sustain drug release/effect, and also to facili-
tate its permeation across the blood–brain barrier, targeting 
the brain. Recently, some attempts to encapsulate SMT in 
nanoparticles were made (Gulati 2013; Hansraj et al. 2015; 
Girotra and Singh 2016). However, just a few of them have 
resulted in viable pharmaceutical solutions; therefore, new 
strategies are still necessary to improve them. In this direc-
tion, the rational development of nanocarriers would be 
extremely useful, especially using computational methods 
(Haddish-Berhane et al. 2007).
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In order to get insight on nanoparticle structure and 
dynamics, molecular dynamics (MD) simulations repre-
sent a powerful tool (Karplus and McCammon 2002). Fully 
atomistic (AA) treatment of these kinds of systems could 
bring interesting information on its properties but, in this 
scheme, the systems must be represented partially or with 
over-simplification. Therefore, an attractive solution is to 
treat the whole system at a coarse-grain (CG) level, reducing 
the degrees of freedom by grouping atoms at specific sites 
(Horn and Kao 2014). In this direction, the systematic use 
of MD could help in the search for suitable drug-delivery 
systems for a specific drug (Haddish-Berhane et al. 2007). 
The first step within this approach is to obtain a CG param-
eterization for the drugs and macromolecules of interest. 
To the best of our knowledge, no SMT CG model has been 
reported in the literature.

In a previous work, using atomistic MD simulations, we 
addressed the SMT interaction with model membranes com-
paring different conditions (Wood and Pickholz 2013, 2014). 
The main results pointed out the interfacial distribution of 
SMT. Furthermore, the AA simulations allow us to iden-
tify the specific interactions responsible for this behavior: 
cation-π, salt bridges, and hydrogen bonds between SMT 
structure and lipid head groups. A reliable SMT CG model 
should be able to reproduce the atomistic simulated distribu-
tions, as well as SMT experimental behavior.

In this work, we propose a CG model for SMT based on 
atomistic simulations and experimental data. Experimental 
techniques, such as cryogenic transmission electron micros-
copy (Cryo-TEM) and small-angle X-ray scattering (SAXS), 
are used to study the interaction of SMT with liposomes. To 
further evaluate our model, we simulate the encapsulation 
of CG SMT into nanocarriers, such as polymeric micelles, 
and perform experimental measurements (photon correlation 
spectroscopy/electrophoretic mobility) to correlate with the 
simulation predictions.

Materials and methods

Sample preparation

Liposomes

Egg phosphatidylcholine liposomes (EPC) (Avanti Polar 
Lipids, Alabaster, AL, USA) were prepared at a final lipid 
concentration of 20 mM. First, lipids were dissolved in chlo-
roform. Then, the solvent was removed under nitrogen flux 
to form a thin lipid film (Cereda et al. 2006). In order to 
remove any chloroform residue, the film was left to dry in a 
vacuum for 2 h. Afterwards, it was hydrated with phosphate 
buffer (pH 7.4) containing SMT, at different concentrations. 
This solution was vortexed (3 min) to form the vesicles. The 

liposome was extruded through a polycarbonate membrane 
(400 nm) to narrow size distribution (Patil and Jadhav 2014). 
For SAXS and Cryo-TEM experiments, the samples were 
prepared at different drug:lipid molar ratios (0:1–1:3–1:2 
and 0:1–1:3–11:1, respectively).

Micelles

Pluronic (PL) F127 (MW 12,500  g/mol and 
CMC = 0.725 wt% at 25 °C) was purchased from Sigma-
Aldrich (USA) and used without further purification. Pure 
F127 suspensions were prepared above its critical micellar 
concentration (CMC) at 8 wt% by dissolving appropriate 
amounts of F127 in deionized water under vigorous stirring 
at cold condition (0–8 °C) for 6 h (Sharma and Bhatia 2004; 
Zhang and Lam 2007). Then, SMT was actively loaded into 
the micelles, at 0:1 and 1:1 molar ratio SMT:PL F127, under 
stirring.

Experimental setup

SAXS

SAXS measurements were performed using a Bruker-
NANOSTAR located at the Laboratory of Crystallography 
at the Institute of Physics of the University of São Paulo. 
This camera is equipped with a microfocus Genix 3D system 
(source and focusing mirrors) and two scatterless slit sets for 
collimation, both provided by Xenocs. The detection was 
performed by a Vantec-2000 area detector. Scattering experi-
ments on the liquid samples were performed using reusable 
homemade sample holders composed of quartz capillaries 
glued on stainless-steel cases. Background intensities were 
obtained based on scattering by the corresponding buffers 
measured using the same capillaries. The data were obtained 
by frames of 1800 s. Data treatment, normalization, and 
averaging were performed using the package SUPERSAXS 
(Pedersen et al. 2012).

Cryo‑TEM

Cryo-TEM grids were prepared using an automated vitrifi-
cation system (Vitrobot Mark IV, Thermo Fisher Scientific, 
Waltham, MA, USA) as discussed before (Gasperini et al. 
2015). Specimens were analyzed in low-dose condition with 
a defocus range of − 2 to − 4 μm using a Jeol JEM-1400 
Plus electron microscope operating at 120 kV. Images were 
acquired using a Gatan Multi-Scan 794 CCD camera.

DLS and Zeta potential

Photon correlation/dynamic light scattering (DLS), per-
formed in a Zeta sizer Nano ZS90 (Malvern, United 

Author's personal copy
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Kingdom) was used to determine the polymeric micellar 
hydrodynamic diameter and size distribution (polydisper-
sity) (Hassan et al. 2015). The samples were diluted in 
deionized water and measured three times at 37 and 45 °C 
with a scattering angle of 90°. Using the same equipment, 
the zeta potential of the particles was determined by elec-
trophoretic mobility (Ito et al. 2004).

Simulation setup

The development of the SMT CG model was based on 
MARTINI Force Field (MFF) (Marrink et al. 2007). The 
MARTINI CG model allows a systematic representation of 
molecules in terms of a few building blocks (CG beads) that 
can be used in a broad range of biomolecular applications 
(Monticelli et al. 2008). Within MFF, many kinds of water 
models and lipid molecules are fully parameterized (Marrink 
et al. 2007), including the POPC used here. For PL F127, the 
parameters were taken from our previous work (Wood et al. 
2016). In all cases, polarizable water was used (Yesylevskyy 
et al. 2010). MFF chlorine was added as counter-ion in the 
same amount as SMT in order to maintain charge neutrality.

All CG MD simulations were performed using 
GROMACS 4.5 software (Hess et al. 2008). A cut-off of 
12 Å was applied for the Lennard–Jones (LJ) and electro-
static interactions. A global dielectric constant of εr = 2.5 
was set to ensure a realistic dielectric behavior of the hydro-
phobic regions using the polarizable water model (Yesylevs-
kyy et al. 2010). We have carried out the simulations within 
an ensemble of a constant number of molecules, pressure, 
and temperature (NPT) within periodic boundary condi-
tions. The pressure and temperature were kept constant 
(P = 1 bar and T = 300 K) using the Berendsen thermostat 
and barostat (Berendsen et al. 1984) with a coupling con-
stant of 0.3 ps for temperature and pressure, and compress-
ibility of 3 × 105 bar−1. A time step of 10 fs was used.

Results and discussion

Sumatriptan interaction with lipid bilayers: building 
up the coarse‑grained model

Liposomes are lipid vesicles of spherical shape widely 
used as a versatile tool for biomimetic systems (Steichen 
et al. 2013). Their composition can vary from naturally 
derived phospholipids with mixed lipid chains like EPC, 
to pure lipid components like POPC. Because of the 
amphipathic nature of these lipid molecules, they sponta-
neously assemble in water into bilayer structures. In these 
kinds of bilayers, the lipids’ hydrophilic heads interact 
with the water, forming a complex interface, and their 
acyl chain tails compose the hydrophobic core. Besides, 

liposomes are composed of one or more bilayers that 
present a characteristic repetitive inter-bilayer spacing, 
called D-spacing. This D-spacing represents the bilayer 
thickness or lamellar size (δm) plus the water between 
the bilayers, as schematized in Fig. 1. Both D-spacing 
and δm characterize the vesicle, being very sensitive 
to small perturbations (i.e., the presence of small mol-
ecules, temperature, and pH). Cryo-TEM and SAXS are 
experimental techniques that can yield D-spacing and 
δm properties. The first technique allows estimating the 
D-spacing and δm of selected liposome images while the 
second has better precision since the results are obtained 
from an average of a large number of particles. The δm 
can be correlated with the bilayer thickness obtained by 
MD simulations. Because of the fix number of water mol-
ecules considered in a given simulation, the relation with 
D-spacing is not straightforward.

The goal of this section is to get insights into SMT inter-
action with lipid bilayers. In this direction, for experimen-
tal studies, EPC liposomes where used as a model of lipid 
bilayer. First, cryo-TEM was used to analyze EPC liposomes, 
plain (control) or loaded with different concentrations of 
SMT. We observed a wide range of liposome sizes (e.g., 
0.03–0.5 μm) and structures (e.g., multilamellar, multive-
sicular, unilamellar, and different combinations). A rough 
estimation of δm (~ 40 Å) and D-spacing of (~ 90 Å) was 
made by image analysis. When comparing plain (Fig. 2a) 
with the SMT loaded (Fig. 2b, c, d) EPC liposomes, we 
observed that the latter shows more circular shapes. Further-
more, liposomes with 11:1 SMT:EPC concentration were 
found to be mainly unilamellar and smaller than the others 
(Fig. 2d). In the inset of Fig. 2d, we present a snapshot of a 
typical multilamellar vesicle found in all studied systems. 

Fig. 1  Schematic representation of multilamellar bilayers. Lipid 
heads are in green, lipid tails are in brown, and water is in light blue. 
D represented the D-spacing and δm the bilayer thickness
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The observed differences in size and shape could be due to 
the SMT intercalation at the interface, stabilizing the surface 
tension as a result of its amphiphilic nature and small size.

Then, using SAXS we were able to access more detailed 
information on the effects of SMT in EPC liposomes. In 
Fig. 3a, we show the SAXS results for the neat liposomes 

Fig. 2  Cryo-TEM images of a 
plain EPC liposomes and b 1:1, 
c 1:3 and d 11:1 SMT loaded 
liposomes (SMT: EPC ratio). 
The inset in d is a typical mul-
tilamellar structure, observed in 
all liposome preparations

Fig. 3  Experimental SAXS pro-
file for plain liposome (magenta 
circles), 1:3 (green circles), 
and 1:2 (orange circles) SMT: 
lipid molar ratios. The black 
line corresponds to the fitting 
of experimental data using the 
Gaussian deconvolution method 
mentioned above. b Total EDP 
obtained from SAXS data for 
plain liposomes (magenta line), 
1:3 (green line), and 1:2 (orange 
line) SMT: lipid ratios
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and two different molar ratios (1:3 and 1:2 SMT: EPC). The 
black line corresponds to the fitting of experimental data 
using the Gaussian deconvolution method (Oliveira et al. 
2012). Experimental data are shown as intensity I(q) ver-
sus the momentum transfer q = (4/λ) sin θ, where λ is the 
radiation wavelength and 2θ is the scattering angle. After 
treatment, the data were normalized to an absolute scale 
using water as the primary standard as shown in Fig. 3b. 
The comparison between different concentrations showed 
differences in the region corresponding to the phosphate 
peak, indicating that the drug is absorbed in the lipid–water 
interface. In this direction, SAXS measurements confirmed 
the interfacial partition of the drug, predicted by MD simula-
tions (Wood and Pickholz 2013). In Table 1, we present the 
D-spacing, δm, and the number of lamellae (N) for each of 
the systems, based on the fitting of the modified Caillé the-
ory (Oliveira et al. 2012). The D-spacing increases with the 
SMT concentrations, going from 62.1 ± 0.4 to 65.8 ± 0.4 Å. 
However, no significant differences were observed for δm. In 
this way, the increased hydration of the lipid bilayer in the 
presence of SMT could be responsible for the differences in 
the D-spacing.

Both SAXS and cryo-TEM gave us evidence of the inter-
action of SMT with EPC liposomes. Cryo-Tem pointed 
out that the shape of the liposomes and the number of 
lamellae depend on the SMT concentration. In this direc-
tion, SAXS supports this behavior, showing a decreasing 
number of lamellae while increasing SMT concentrations. 

Moreover, the δm values quantitatively agree between both 
techniques (~ 4Å). Comparing SAXS, a more precise quan-
titative method, with Cryo-TEM, we observed a difference 
in D-spacing values, probably due to the vesicle selection 
bias and low-temperature conditions in this last technique.

In light of the SAXS results, we revisited MD simulations 
corroborating the molecular interfacial behavior (Wood and 
Pickholz 2013). In the referred work, we reported a molecu-
lar dynamics simulations study of SMT in a fully hydrated 
bilayer of POPC at the fluid lamellar phase. These previ-
ous simulations were carried out at three different drug/
lipid stoichiometries, 1:75, 1:10, and 1:3, under NPT con-
ditions. Our results showed the partition of SMT between 
the lipid head group–water interface and water phase. The 
main interactions that stabilized the drugs in this region were 
hydrogen bonds, salt bridges, and cation-π. Nevertheless, 
the samplings using AA simulations are restricted in both 
time and size.

In order to investigate more complex systems involving 
SMT by MD simulations at a coarse-grained level, such as 
SMT drug-delivery systems, an SMT CG model is needed. 
In this direction, we here developed a SMT CG model based 
on AA simulations. We chose to build up our model within 
the widely used MARTINI force field scheme, and in order 
to do so, we have mapped the 42 atoms in seven beads 
accounting for the molecular shape and chemical nature, 
as shown in Fig. 4 (Marrink et al. 2007; Monticelli et al. 
2008). Our model represents the protonated form of SMT 
that prevails at physiological pH (Wojnar-Horton et al. 1996; 
Wood and Pickholz 2013). To assign the particle type to 
each bead, we first looked to the chemical functional groups 
in MARTINI biomolecular structures (Marrink et al. 2007). 
The indole ring skeleton was taken from that of tryptophan 
amino acid due to their similarity (Monticelli et al. 2008). 
For lateral sulfonamide and lateral amino substituents, 
we made a thoughtful particle selection, among the MFF 

Table 1  Values of adjusted parameters from SAXS experiments

SMT: EPC D (Å) N δm (Å)

Plain 62.1 ± 0.4 2.8 ± 0.2 43 ± 5
1:3 63.4 ± 0.5 2.5 ± 0.1 41 ± 2
1:2 65.8 ± 0.4 2.3 ± 0.1 42 ± 9

Fig. 4  Sumatriptan all-atom 
(AA) to coarse-grain (CG) map-
ping scheme. The indole ring 
skeleton (S2, S4, S5) was taken 
from that of the tryptophan 
amino acid in the MFF (sC4). 
For lateral sulfonamide (S6, 67) 
and lateral amino substituents 
(S1, S3), we made a thought-
ful particle selection among 
the MFF particles for different 
molecular substructures (P5, 
P3–Qd)
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particles for different molecular substructures (Marrink 
et al. 2007). Van der Waals interactions were based on the 
chosen CG particle types, while bond lengths, angles, and 
dihedrals were obtained from geometry optimization of the 
molecule using quantum chemical calculations (Wood and 
Pickholz 2013). We performed a fine-tuning of the CG SMT 
parameter aiming to reproduce the atomistic behavior (Wood 
and Pickholz 2013). For this purpose, we carried out several 
simulations of a small POPC lipid bilayer (150 lipids) at 3 
SMT:lipid concentrations. The chosen concentrations were 
1:75, 1:10, and 1:3 SMT:lipid ratio, following the reference 
of Wood and Pickholz (2013). We chose the parameters that 
were able to reproduce semi-quantitatively the atomistic 
percentages of molecules in different regions, at the three 
different drug concentrations (Wood and Pickholz 2013). 
These parameters could be found in additional material sec-
tion (Supplementary Material).

We found good agreement between the AA and CG simu-
lations results. The partition of the molecules in the dif-
ferent regions is a dynamical process also captured by the 
CG model. In order to illustrate this, in Fig. 5 we show the 
electron density profile (EDP) for the AA and CG simula-
tions for the three studied concentrations. z = 0 corresponds 
to the bilayer center. As have we already discussed, SMT 
partitioned between the water and lipid–water interface in 
all cases. We quantified the amount of SMT for AA and CG 
simulation at the three concentrations in different regions. 

Because the integration was done over the EDP, it was aver-
aged the SMT is a dynamical process in each region both 
in AA as well as CG simulations. The bilayer was divided 
into three main regions: a bulk aqueous phase (ranging from 
the z-box edge until ± 27 Å), a bilayer–water interface (co-
existence of polar heads and associated waters ranging from 
± 27 to ± 15 Å), and a hydrophobic region of the bilayer, 
where water density is very low (in the range of ± 15 Å). 
Results are summarized in Table 2 were the good agreement 
between the AA and CG models can be observed. We then 
had a suitable SMT CG model to study different systems 
involving SMT. In this direction, in the following section, we 
present the results obtained when testing it in a PL micelle.

Sumatriptan in Pluronic F127 polymeric micelles

We have chosen PL F127 micelles as a model to test the 
CG SMT in a drug-delivery system. PL F127 micelles are 
well-defined physicochemical systems that could be acces-
sible by MD simulations as we have already explored in 
previous work (Wood et al. 2016). In this section, we first 
simulated the micelles with and without SMT at a coarse-
grained level followed by experimental validation of these 
micellar systems.

In our simulations, 100 PL F127 molecules were arranged 
to have the hydrophobic PPO beads inside the core sur-
rounded by the PEO ones, resulting in a pre-assemble plain 
micelle. The micelle was solvated in polarizable water beads 
(Yesylevskyy et al. 2010), as explained in the Materials and 
methods section. The plain micelle was equilibrated and ran 
up to 1 μs. The micelle overall organization was studied by 
centering it at PPO center of mass. We calculated its radial 
density profile (rDP), averaged over the last 500 ns of the 
simulation run, as a function of the radius r (see Fig. 6a) 
(Pickholz and Giupponi 2010). In Fig. 5b, we show the rDP 
of the different system components: total poloxamer (black), 
separated in hydrophilic (PEO) (green), and hydrophobic 
blocks (PPO) (red), and water (blue). PPO distribution is 
localized and does not have contact with the aqueous face. 
Around PPO, PEO blocks have shown an extended distribu-
tion, with little access to the hydrophobic region. Also, PEO 
blocks form a PEO water interface. Besides, we observed 
the presence of a small amount of water and PEO inside the 
micellar core.

Fig. 5  Overlap of the electron density profiles of all atom (dashed 
lines) and coarse-grained simulations (solid lines) at three different 
SMT:lipid molar ratios: 1:75 (a), 1:10 (b), and 1:3 (c). The POPC 
electron density profile is depicted in green, water is in blue, and 
SMT is in red

Table 2  Number of SMT molecules from AA and CG simulations at 
different concentrations

SMT:Lipid 1:75 1:10 1:3

Level AA:CG AA:CG AA:CG
Water 21:23 32:46 64:65
Interface 77:76 66:53 36:35
Membrane 2:1 2:1 0:0
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Our next step was to investigate the SMT interaction with 
these preassembled systems. In this regard, we have added 
SMT molecules from two different initial conditions: plac-
ing the drug in the external phase (SMT-out) and inside, in 
the PPO core (SMT-in). In both cases, the SMT:F127 molar 
ratio was 3:1. We ran both systems, up to 1 μs. In Fig. 7a 
and b, we show a snapshot of each simulated system. At first 
glance, both systems seem similar: SMT molecules parti-
tioned between the aqueous phase and the micelle structure. 

In order to make a quantitative analysis of the components 
distribution, in Fig. 7c and d we show the radial distribution 
function (rDP) for the different components of both systems. 
The PPO distribution was essentially observed at micelle 
core, and PEO distribution extends along the whole sys-
tem, with higher density at the water–micelle interphase, 
as described for F127 plain micelles (Wood et al. 2016). 
Also, a few water molecules were found on the micelle 
core, as previously described for similar systems, without 

Fig. 6  a Preassembled F127 micelle representation: PPO beads are in 
red, PEO beads are in green, and water is in blue. Radius r is also 
shown, r = 0 Å, which corresponds to the center of mass of the PPO 

core. b Radial density profile of F127 preassembled system over 
~ 500 ns. The F127 density is depicted in black, the PPO in red, the 
PEO in green, and water in blue

Fig. 7  a SMT-in and b SMT-out 
systems representative snap-
shots: molecules are represented 
in purple, PEO in green, and 
PPO in red. Water molecules 
are not explicitly shown for 
better visualization. c SMT-in 
and b SMT-out systems. Radial 
density profile: SMT in purple, 
F127 density is depicted in 
black, PPO in red, PEO in 
green, and water in blue
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the drug. SMT essentially partition between the hydrophilic 
core–water interface and the water phase. Besides, for the 
SMT-in case, few molecules are trapped in the micelle core, 
where a little hydrophilic environment is found (presence of 
PEO and water, as discussed). The SMT distribution, at the 
hydrophilic crown, matches for both cases. This behavior is 
in line with the interfacial distribution observed for proto-
nated SMT in lipid bilayers discussed here in “Sumatriptan 
interaction with lipid bilayers: building up the coarse-
grained model” section.

To determine the dynamics of the encapsulation of SMT 
within the micelles, we calculated the number of SMT mole-
cules “inside” as a function of time. Because of the interface 
extension, the radius defining the boundaries of the micelle 
is not strictly well defined. In this way, we have consid-
ered three different radii (r = 8, 8.5, and 9 nm) in order to 
account for this range/variation/fluctuation. In Fig. 8, we 
show the number of SMT inside for both initial conditions 
and the three r values. Considering shorter radius, we were 
able to quantify two molecules trapped in the micellar core 
for the SMT-in case. Furthermore, the average number of 
SMT at the interface matched between both in and out cases 
(~ 276 ± 6 molecules). The encapsulation time evolution 
accounts on the SMT attaching and detaching dynami-
cal behavior (Fig. 8), also observed by trajectory analysis 
(results not shown).

To contrast our simulation with experimental data, PL 
F127 micelles with and without SMT were also studied 
using experimental techniques, as explained in the Materi-
als and methods section. The plain and SMT-loaded micelles 

(1:1 molar concentration of SMT: F127) were characterized 
by DLS and z-potential measurements. Given the thermo-
sensitive behavior reported for these systems, we choose to 
work at two temperatures, T = 37 and 45 °C (Basak and Ban-
dyopadhyay 2013). Because of the similarity of the results 
obtained at both temperatures, in most of the discussion we 
will refer to 37 °C.

Size information about these systems was obtained by 
DLS measurements. In these experiments, the normalized 
temporal autocorrelation functions of the experimental 
intensity fluctuations (raw correlation) were obtained. This 
function, together with an exponential fitting, is shown in 
Fig. 9a for both cases (Meller et al. 1998). Besides, these 
raw correlation data were analyzed to extract information on 
size distribution (Bhattacharjee 2016). The diffusion coef-
ficients were obtained by fitting the raw correlation function 
with a suitable algorithm. Two methods of analysis are used: 
cumulants and distribution analysis. Through cumulants 
analysis, we determined the mean size and polydispersity 
index (PDI, shown in Fig. 9b (Maulucci et al. 2005). On 
the other hand, distribution analysis determined the actual 
size distribution with the CONTIN algorithm (Varga et al. 
2014) (see Fig. 8c). Mie theory (Ross and Sigel 2012) can 
be applied to represent the size distribution in volume. From 
it, the number size distribution can then be calculated from 
simple geometrical considerations. The distribution analysis 
transformation from intensity to volume or number makes 
the following assumptions: all particles are spherical; all 
particles have a homogeneous equivalent density, and the 
optical properties are known (Bhattacharjee 2016). A similar 

Fig. 8  Time evolution of the 
number of SMT molecules 
inside the micelle (red and 
black curves correspond to 
-in and -out initial conditions, 
respectively). We consider three 
different radii: a r = 8.0 nm, b 
r = 8.5 nm, and c r = 9.0 nm
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size distribution between intensity, number, and volume (all 
of them analyzed here) is expected for a homogeneous col-
loidal system. In Fig. 9, we show the intensity (Fig. 9d), 
number (Fig. 9e), and volume (Fig. 9f) percentage of the 
populations as a function of the diameter size. Combining 
the three-distribution analysis, we can characterize a homo-
geneous population of 25 nm of hydrodynamic diameter. 
Moreover, the differences between the plain (black) and 
loaded (red) micelles are subtle, indicating that the presence 

of SMT in the polymeric micelles does not affect the average 
size. In Table 3, we summarized the main results including 
the T = 45 °C. We would like to remark that the results are 
very similar at both temperatures; the main differences were 
observed for PDI, which decrease from 0.211 to 0.193 when 
increasing the temperature. These results were also in good 
agreement with DLS measurements done by Oshiro et al. 
(2014) for sumatriptan-loaded micelles at 37 °C. With our 
simulations, we were able to reach experimentally relevant 

Fig. 9  DLS measurements. Raw correlation data (a), cumulants 
fit (b), and distribution fit (c) data from DLS analysis. In cyan and 
green the data from SMT and plain micelles are plot with a fit in red-
dashed and black-full representations. Intensity (d), number (e), and 

volume (f) percentage of populations against the hydrodynamic size 
where the black line is the plain micelles and the red dashed line is 
the SMT-loaded ones

Table 3  Comparison of micelles, with and without SMT, at different temperatures

Z-potential changes were observed between the two formulations regardless of the temperature

Temp (°C) 37 45

SMT:PL Size (nm) PDI Z-potential (mV) Size (nm) PDI Z-potential (mV)

0:1 24.22 ± 0.471 0.063 ± 0.030 − 1.71 ± 1.75 24 ± 0.1372 0.049 ± 0.015 − 2.1 ± 1.87
1:1 25.22 ± 0.248 0.211 ± 0.024 2.96 ± 0.672 25 ± 0.3635 0.193 ± 0.031 2.96 ± 0.96
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micelle size. The simulated micelles are approximately 
17 nm, according to the experimental range. It is important 
to take into account the over-estimation of the hydrodynamic 
diameter and the PDI. Besides, both experimental and simu-
lation approaches showed no changes on micelle size in the 
presence of SMT. Evidence of SMT encapsulation needs to 
be obtained by other methods.

The electron kinetic surface potential, also known as the 
Zeta-potential, yields information on the surface charge 
distribution of colloidal systems (Ito et al. 2004). In this 
direction, we measured this property in order to evalu-
ate the SMT effects on the poloxamer micelle surface. In 
Table 2, we show the results for the studied systems, where 
no differences were found between the two studied tempera-
tures. The main results observed with this technique were 
that the presence of the drug had a significant impact on 
Z-potential, shifting it from − 1.71 mV (plain) to 2.96 mV 
(SMT-loaded). This is strong evidence of SMT affecting the 
micelle surface charge distribution. The simulations carried 
out in this work could give an explanation of these phenom-
ena, considering the described SMT partition in PEO–water 
interface that would alter the surface charge.

The simulated micelles reproduced both micelle size and 
interfacial distribution of the drug in good agreement with 
DLS and Z-potential analysis. In this sense, micelles systems 
were a good environment under which we were able to test 
our newly developed SMT CG model.

Conclusions

In this work, we successfully developed and tested a CG 
model for sumatriptan. This development was based on 
results from atomistic simulation (Wood and Pickholz 2013, 
2014), corroborated by experimental techniques shown here. 
The SMT CG model presented here expands the possibili-
ties to explore the encapsulation of sumatriptan in differ-
ent drug-delivery systems. In this sense, we would like to 
highlight the power of computer simulations at the coarse-
grained level, when combined with experiments, as a tool 
to shed light on biological and nanotechnological systems.
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