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Abstract

The structure and properties of micelles formed by diblock and triblock copolymers containing
polypropylene oxide (PPO) and polyethylene oxide (PEO) in aqueous solutions are affected by
chain architecture and have important implications for applications, e.g. in the biomedical area.
Using atomistic molecular dynamics simulations we investigate and compare the molecular
structure of diblock copolymer PPO,9PEQ2s, Pluronic L64 and reverse Pluronic 17R4 micelles
formed by block copolymers of the same length and composition, but different distribution of
PPO and PEO blocks, in pure aqueous solution or with 5% (by volume) added co-solvents. We
show that while the diblock copolymer forms a tightly packed mostly spherical micelle, Pluronic
L64 micelles are non-spherical, contain 10-18% (by volume) of water in the loosely packed PPO
core partially interpenetrated by the PEO block. Reverse Pluronic 17R4 micelles are rather small,
but relatively well-packed. Addition of 5% (by volume) of alcohol to agueous micelle solutions
results in a minimal change in the case of ethanol, while addition of butanol or hexanol leads to
an increase of water content in the core and alcohol accumulation at the core-corona interface
for the PPO29PEO,6 micelle. For L64 micelles alcohol makes micelles more spherical, but enhances
defects, e.g. concentrates water in the core center or enhances PEO penetration, depending on
the aggregation number. For 17R4 micelles butanol and especially hexanol penetrate into micelle
core, swelling it. Even stronger core swelling occurs upon addition of 5% (by volume) of isobutyric
acid to aqueous solution of PPO,sPEO2s micelles. We show that the extent of co-solvent
penetration and its distribution within the micelles strongly depend on co-solvent
hydrophobicity, capability of hydrogen bond formation with polymer and micelle architecture

can affect micelle properties and performance in practical applications.



Introduction

Water-soluble responsive polymers and their self-assembled structures are actively used
in many (nano)technological applications including biomedicine.’> Polyethylene oxide
(PEO) and polypropylene oxide (PPO) and their self-assembled diblock and triblock
copolymer Pluronic micelles are among the most commonly used polymeric materials in
biomedical applications.>® While these micelles have been extensively investigated
experimentally, theoretically and by computer simulations,”-'2 some conformational and
structural details of the self-assembled structures remain unknown or under debate, e.g.
the presence of water in the core or block interpenetration within the micelles, especially
in the presence of co-solvents. One of the reasons for this uncertainty is the complex
competition between volume interactions and hydrogen bonding with solvent, both of
which affect polymer conformation and aggregation and are difficult to assess
experimentally or via coarse-grained simulations. Atomistic molecular dynamics
simulations can provide such insights, but so far there have been very few studies on the
subject.”® Here we apply atomistic molecular dymanics simulations to investigate and
compare structure and properties (including solvent distribution and polymer hydration)
of PPO-PEO diblock copolymer and triblock copolymer Pluronic and reverse Pluronic
micelles in aqueous solution and upon addition of co-solvents such as isobutyric acid and

alcohols of different hydrophobicity.

A large variety of diblock and triblock copolymers containing PPO and PEO blocks have
been developed and investigated experimentally and theoretically.>'3-'® Overall, it has

been shown that micelle formation (critical micelle temperature and critical micelle



concentration), stability and properties depend on the temperature and block lengths.
14,15,17-20 The solubility of PPO in water decreases with temperature and the polymer
becomes insoluble above a certain temperature which depends on its molecular
weight.2"?2 As a result, PPO-containing micelle formation and properties are strongly
affected by the temperature and PPO length. There is a general agreement that micelle
cores formed by PPO blocks are not as dense as in the case of more hydrophobic
polymers and these micelles have a relatively broad interface with interpenetration of
PPO and PEO blocks. There seems to be a large variation in estimates of micelle
aggregation numbers and core sizes for the same block copolymer, assessment of the
presence of water within the core or micelle shape (e.g. sherical vs ellipsoidal).923-25
Thus, for L64 Pluronic micelle PEO13PPO30PEO13 (further abbreviated as E13P3oE13)
Alexandridis et al %6 arrived at aggregation number 40 at 47°C, Booth et al 2* reported an
aggregation number 60 at 50C, Ulbright et al '°® estimated it to be 64 at 46°C, while Chu
et al 25 came up with an aggregation number of 88 at 42.5°C and 225 at 47.5°C and
Hasan et al 2% arrived at an estimate of 170 for the aggregation number at 45°C. These
reported differences might be attributed to possible variations in micelle preparation
methodology, which is known to affect the aggregation number for kinetically trapped
micelles, but the block lengths for L64 are short and weakly hydrophobic making kinetic
trapping less of an issue. On the other hand aggregation number estimates strongly
depend on the models and assumtions on solvent content of the core used to analyze
experimental scattering data.?62” One complexity in understanding the behavior of PPO-
and PEO-containing micelles is the reliance of these polymers on hydrogen bonding with

water for their solubility. Thus, understanding the distribution of water throughout the



micelles is important for prediction of their properties, stability and success of applications

in aqueous media, but it is not easy to assess experimentally.

Furthermore, micelle properties may also be significantly affected by the polymer
architecture. Thus, Booth et al ?* compared the properties of micelles formed by diblock
P29oE2s and triblock L64 (E13P30E13), copolymers of similar molecular weights, but
containing either one longer PEO block in the diblock or two shorter PEO blocks in
triblock. They found that while aggregation numbers were comparable (67 for diblock and
60 for triblock), diblock copolymer micelles were more tightly packed and have a different
area per chain than in the corresponding triblock copolymer micelle. An even stronger
difference in the behavior of Pluronic L64 (E13P30E13) micelles and reverse Pluronic 17R4
(P14E24P14) of comparable compositions but different monomer distribution along the
chain have been observed. 25 Chu et al 2 demonstrated that while L64 and 17R4
Pluronics both form micelles at 42.5°C and 40°C respectively, L64 has a lower critical
micelle concentration and noticiably higher aggregation number (88) compared to 17R4
(aggregation number 10). Reverse Pluronics exibit a weaker aggregation capability, not
only because of the longer PEO block (and therefore better solubility), but primarily
because of the shorter PPO block, for which the solubility is highly sensitive to
temperature.?'2228 As these examples demonstrate, for these polymers not only is the
total hydrophobic/hydrophilic balance important, but also the specfic distribution of PEO
and PPO monomers along the chain which in turn influences block packing in the micelle
and solvent distribution. Computer simulations can provide significant insights into these

properties.



Another line of research that has been explored experimentally is the effect of co-solvents
on the micellization and properties of Pluronics. Several experimental groups investigated
the effect of alcohols of different hydrophobicity (alkane lengths) on the micellization of
Pluronics.?®-33 It has been found that short alcohols, such as ethanol, increase the critical
micelle temperature (CMT) and increase polymer solubility while longer, more
hydrophobic alcohols such as hexanol have the opposite effect: decrease of CMT and an
increase in micelle aggregation number indicating a stronger tendency for micellization.?%-
34 Using NMR (NOESY) for micelles formed by P104 Parekh et al. demonstrated that the
hydroxyl group of the alcohol co-localized near the PEO and likely was located at the
interface, while the methyl tail of longer alcohols is located in the micelle interior,3?
attesting to alcohol penetration into the core leading to its dehydration.®®> Among other
solvents formamide and urea are found to decrease the aggregation number and micelle
size, while glycerol, glucose or glycine had the opposite effect.3%3* The influence of co-
solvents on Pluronic micelles can be rather complex, as they can simply change the
interfacial tension or preferentially interact with PPO or PEO blocks or compete for
hydrogen bonding with water. All of these factors can contribute to the experimentally
observed behavior and it is difficult to distinguish which factor plays the dominant role

without molecular level resolution, which can be provided by computer simulations.

Micellization of Pluronics has been investigated threoretically '41518.20.35 gnd by means of
computer simulations.”=1236.37 Predictions have been made regarding the PPO and PEO

block density distribution 782035 in Pluronic micelles, micelle capability to encapsulate



hydrocarbons and drugs 14151837 or interact with lipid bilayers.'"-2 Due to the large size
of the system significant computational resources are required and to date there have
been only a few studies that provide atomistic resolution of the micelle structure of
Pluronics.”® Roccarano et al. used an atomistic OPLS forcefield to investigate the
interaction of a few P85 Pluronic molecules with curcumin in aqueous solution.® As
expected, they found preferable interactions of curcumin with PPO, while the PEO
remains well solvated by water. Bedrov et al 78 used a coarse grained implicit solvent
model to equillibrate L64 and F127 pluronic micelles, which were consecutively
backmaped to an atomistic level and further equillibrated to investigate the micelle
structure. They obtained the volume fraction distribution throughout the micelle of the
PPO and PEO blocks and water and determined that the L64 micelle (with aggregation
number 40) has an ellipsoidal shape with a core of 3.4nm in radius (on average) and
contains about 8% (by volume) water distributed within the core.” Apart from these studies
we are not aware of any computer simulations at the atomistic level which elucidate the
structure of PPO/PEOQ diblock or triblock copolymer micelles in aqueous solution or mixed

solvents.

Here using atomistic OPLS-based molecular dynamics simulations we investigate and
compare micelle structures, polymer and water distribution in the diblock copolymer
P29E26 micelle, triblock copolymer E13P3oE13, Pluronic L64, and P14E24P14, reverse
Pluronic 17R4, micelles, all formed from block copolymers of nearly the same length, but
varying in block distribution. We compare the molecular level details of the micelle

structures and analyze the effect of block lengths and monomer distribution (diblock vs



triblock, Pluronic vs reverse Pluronic) on micelle shape and intrinsic structure. In the case
of the Pluronic L64 we also consider the impact of the aggregation number. Co-solvent
localization and potential changes in micelle structure occuring within the initial 130ns
after introduction of 5% (by volume) alcohols of different hydrophobicity (ethanol, butanol,
hexanol) are analyzed together with the dynamics of solvent exchange in the micelle core.
In the case of a diblock copolymer we also investigate the effect of addition of glycine or
isobutyric acid, which are capable of stronger hydrogen bonding with polyethers 383° than
simple alcohols. We compare our results with available experimental literature data and
make conclusions regarding the micelle sensitivity to the presence of co-solvent for
different polymer architectures, that provide important insights regarding the
interpretation of experimental data and applications of Pluronic micelles in the biomedical

area.

Computational Details

We performed atomistic molecular dynamics simulations of micelles in aqueous solution.
The simulations were performed using the GPU-enabled version of GROMACS 2020.4
on the Extreme Science and Engineering Discovery Environment (XSEDE)* cluster
using the OPLS force-field 4! with SPC/E water model.#?43 The force-fields for PPO and
PEOQO are the same as in our earlier papers on the behavior of corresponding polymers in
aqueous solutions.?®3% The standard OPLS force fields for isobutyric acid (IBA) and
glycine have been used, while for alcohols (ethanol, butanol, hexanol) refined force fields
4445 were employed. The polymer micelles were pre-assembelled from monodisperse
copolymers using packmol 4647 and had the following aggregation numbers based on

experimentally reported values: 67 for P2oE2s and 12 for P14E24P14, reverse Pluronic
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17R4, and several aggregation numbers: 40, 50 and 76 for E13P30E13, Pluronic L64.
8,13,19,24-26,48 The details of micelle simulations and methodology of co-solvent addition is
discussed in Supporting Information. The simulations were performed with NPT ensemble
with a pressure of 1 bar in periodic boxes ranging from 12 x 12 x12 nm3 to 20 x 20 x 20
nm3. The simulations were perfomed at 47 °C, where all micelles are known to be stable.
The temperature coupling was done using the v-rescale thermostat with a coupling
constant of 1 ps. The bonds were constrained using the LINCS algorithm. Pressure
coupling was carried out using the Berendsen barostat for the initial 30 ns of equilibration
time. Then the production run was continued with the Parinello-Rahman barostat for
100ns with a coupling constant of 1ps. The integration time step for simulations were 2fs.
Electrostatic interactions were calculated using PME (Particle-Mesh Ewald) summation.

A long range dispersion correction was applied for energy and pressure.

To characterize the micelle core shape we used anisotropy (i?).

2 3 At+25+ 2%

1
S L Ak T 1
2(A2+22+22)° 2 (1)

Where, 4,, 1, and 15 are the principal moments (eigen values) of the gyration tensor with

Ay > A, > A3, where the radius of gyration for the micelle core is R, = /(12 + 23 + 23).

The anisotropy changes between 0 and 1, where zero indicates a spherically symmetric

core and 1 corresponds to an elongated rod-like shape.

The volume fraction profiles of the polymer micelles in aqueous solutions and mixed
solvent were calculated with respect to the center of mass of the micelle core using

spherical shells of 0.6nm thickness using 2500 frames spaning 20ns of the producition
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run. The following volumes were considered for the oxygen atoms: 0.016nm?3; for the CHz
group: 0.025nm3, for CHs groups: 0.033nm3, for CH and NH groups: 0.02nm?3 and for
water molecules 0.03nm?3.4%%0 To characterize the interfacial width the number density
distribution for the PPO carbon atom closest to the chemical bond between PPO and
PEO blocks was calculated with respect to the center of mass of the core over the same

number of frames and time as the volume fraction calculations.

To further understand the dynamics of water and co-solvent molecules within the micelle

core the following residence time correlation C(t) was calculated:

C(t) = (20 (2)

Ng(to)

where Ns(to) is the number of water or co-solvent molecules in the micelle core at time to
= 0 and Ns(t) is the number of the original molecules that remain within the core at time t.
The visualization of the simulation results was performed using Visual Molecular

Dynamics (VMD).®

Results and Discussion

First, we analyzed the properties of an equillibrated PEO26PPO29 (P29E26) diblock
copolymer micelle (aggregation number 67 based on experimental data'®2#) in aqueous
solutions. As is seen in the cross-sectional computer simulation shapshot shown in Figure
1a at T=47°C P2gE26 forms a well-defined mostly spherical micelle. The anisotropy of the

core is rather low, 0.008 indicating shape close to a perfect sphere (Table 1). The volume
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fraction distribution (Figure 1b) shows that the core contains mainly PPO and is well-
separated from the PEO corona region by a relatively sharp interface of about 1nm width

(Table 1). The corona region contains well-hydrated PEO blocks.
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Figure 1: (a) Computer simulation snapshot (cross-sectional view) and (b) radial volume
fraction profiles for PPO (yellow circles), PEO (green diamonds) and water (blue triangles)
in P2gE2e micelles. Vertical dashed lines indicate the interfacial region. PEO blocks are

shown in green, PPO in yellow, water is not shown for clarity in the snapshot.
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We have also investigated Pluronic L64 micelles formed by triblock E13P30E13 with similar
PPO length as in the diblock copolymer, but two twice shorter PEO blocks. For this system
there have been several experimental reports of aggregation numbers from 40 to
225,1923-26 g0 we studied three aggregation numbers: 40, 50 and 76. The results are
shown in Figure 2. For all aggregation numbers of this triblock copolymer we observe the
presence of water within the core: for the smaller aggregation number (40) water is
distributed thoughout the core, at the intermediate aggregation number (50) water is
localized closer to the center and at the highest aggregation number both water and the
PEO block are present in the core in the immediate vicinity of the inteface (Figure 2).
Furthermore, the shape of the micelles is rather irregular with the asphericity ranging
between 0.08 and 0.1 with considerable interpenetration of PPO and PEO blocks within
the broad interface of 1.5-1.8nm thickness (Table 1). The PEO corona is rather narrow
with a noticeable fraction of the PEO chains present within the interface as well as some
fraction of PPO chains that reside in the corona region (Figure 2). In this case, the core

is obviously not shielded by the corona from the surrounding solution.
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Figure 2: Computer simulation snapshots (cross-sectional view) and radial volume
fraction profiles for PPO (yellow circles), PEO (green diamonds) and water (blue triangles)
of Pluronic L64 (E13P30E13) of different aggregation numbers: 40 (a), 50 (b) and 76(c).
Vertical dashed lines indicate the interfacial region. In the inset snapshots PEO blocks

are shown in green, PPO in yellow, water (red-and-white) is shown only within the core

for clarity.
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It is also informative to compare the Pluronic L64 (E13P30E13) micelle structural properties
to the reverse Pluronic 17R4 (P14E24P14), which contains a similar PEO block length as
the P29E26 diblock and twice shorter PPO blocks and forms rather small micelles with an
aggregation number around 10.2%52 One could expect a rather ill-defined micelle with
significant solvent presence in the core, but this is not the case (Figure 3). We observe
practically no water in the inner region of the core. The interface is relatively broad for the
micelle size, ~1nm, but more well-defined than in the L64 case and the corona is narrow,

therefore providing little shielding of the core from contacts with solvent, as expected.

Volume Fraction

r (nm)

Figure 3: Computer simulation snapshots (cross-sectional view) and radial volume
fraction profiles for PPO (yellow circles), PEO (green diamonds) and water (blue triangles)
of reverse Pluronic 17R4 (P14E24P14). Vertical dashed lines indicate the interfacial region.
In the inset snapshot PEO blocks are shown in green, PPO in yellow, water is not shown

for clarity.
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To compare the structural properties of the micelles numerically we have calculated the
radial distribution of the junction points (taken as the PPO carbon closest to the PPO-
PEO junction) shown in Figures S1 and S2 of Supporting Information. The distributions
have been fitted by a Gaussian function with the maximum corresponding to the core
boundary and the width at the half maximum was taken as the interfacial width (with the
lower boundary considered as the borderline of the inner core and the upper one as the
beginning of the corona region). The values obtained for the core radius and interfacial
width are shown in Table 1. As is seen the diblock copolymer micelle P2gE2s has the
largest core (~3.6nm radius) and the narrowest interface (~1nm). Depending on the
aggregation number, L64 has a core radius ranging from 2.9 (for Nagg=40) to 3.9nm for
(Nagg=76) with wider interfaces, 1.5-1.8nm and higher core anisotropy, while the 17R4
(P14E24P14) micelle has the smallest core of about 2.0nm. It is also informative to compare
the average radius of gyration for the blocks and chains in these micelles. Compared to
the diblock copolymer, the PPO block and the chain overall in L64 (E13P30E13) micelles
have smaller Rg values (Table 1) consistent with the bent PPO block conformation within
the core. Similarly, the radius of gyration of the PEO block and the overall chains are
smaller in the 17R4 (P14E24P14) micelle than in the diblock copolymer P29E26 micelle,

which reflects the fact that the 17R4 triblock copolymer assumes hairpin conformation.%3
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Table 1. The core radius and interface width obtained using Gaussian fitting of junction

point distribution (supporting information, Figures S1 and S2), core anisotropy (eq. 1),

radius of gyration for blocks and the overall chain and estimated micelle size for

different micelles.
Micelle Core Interface Core PPO PEO Chain micelle
Radius Thickness Anisotro Rg (nm) Rg (nm) Rg (nm) size?
nm
P2oE26 3.6 1.04 0.008 1.14+0.19 1.13+0.25 1.88+0.43 7.0
L64 (Nagg =40) 2.9 1.8 0.078 1.04+0.18 | 0.87+0.18 | 1.59+0.37 | 6.0
L64 (Nagg = 50) 3.25 1.5 0.076 1.06£0.18  0.83+0.15 1.60+£0.37 6.0
L64 (Nagg = 76) 3.9 1.8 0.103 1.08+0.19 | 0.81+0.15  1.63+0.38 | 7.0
17R4 2.0 1.0 0.067 0.80+0.14 0.93%0.20 1.37+0.31 4.0

a Estimated based on volume fraction distributions in Figures 1-3.

To gain additional insights into the block interpenetration and solvent distribution within
the micelle, we calculated the volume fraction of water and each block within the inner
core, interface and corona (Table 2). Comparing different micelles, we can notice that for
the diblock copolymer micelle P2gE26 and reverse Pluronic 17R4, PPO occupies about
95% of the core volume with about 5% of water present mainly near the interfacial region.
In contrast, in Pluronic L64, depending on the aggregation number, PPO occupies 80-
90% of the core volume with about 18-10% of water that is present mainly within the inner
core. For instance for L64 with aggregation number 40, there is 18% (by volume) of water
in the core in agreement with experimental data by Alexandridis.?® In all cases the fraction
of PEO in the core is less than 1% by volume, except for L64 with N.,=76, where the
volume fraction of PEO reaches 4% by volume. In the interfacial region, both PPO and
PEO blocks and water are present. PEO occupies only about 10-17% of the interfacial
region volume with the largest participation of PEO observed for the L64 triblock
copolymer micelles with Nagg=76. The PPO fraction in the interfacial region ranges

between 23-40% (by volume), while the water content is about 50-60% of volume with
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the largest fraction in L64 triblock copolymer micelles with Nagg=76. The shell region is
predominantly filled by water (~90% of volume) with 8-9% of PEO and 1-3% of PPO (by

volume) in all cases.

We have also performed additional simulations of P29E2s, Pluronic L64 (with aggregation
number 50) and reverse Pluronic 17R4 at 37°C, where the polymer solubility in water
improves. The results are shown in the Supporting Information, Figure S3. As is seen at
37°C the changes in the micelle structure for diblock copolymer and 17R4 micelles are
rather minor, while the L64 micelle shape becomes even less regular with more water in

the center and larger penetration of PEO block within the core.

Co-solvent effect. \We have also investigated the initial stage of co-solvent interactions
with P2gE26, Pluronic L64 and reverse Pluronic 17R4 micelles in mixed aqueous solutions.
Following experimental reports on the different influence of alcohols (depending on
alkane length) on micelle stability (critical micelle temperature or concentration),3'32:54 we
analyzed the structural properties of P2gE2s micelles obtained after 130ns of equillibration
in mixed aqueous solutions following homogeneous addition of 5% (by volume) of
ethanol, butanol or hexanol to equilibrated micelle aqueous solutions. The results are
shown in Figure 4. As is seen, overall the micelle properties have not dramatically
changed. Indeed, simulation snapshots and volume fraction profiles (as well as junction
point distribution, Figure S4 of supporting information) demonstate that the micelle retains
a spherical shape and does not change its size. Alcohol is mostly present at the core-
corona interface and the amount consistently increases from ethanol to hexanol (Figure

4). According to Table 2, the presence of co-solvent in the interfacial zone increases from
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5% (by volume) for ethanol, to 9% for butanol and 15% for hexanol. Interestingly, the total
presence of water plus co-solvent remains at about 50% (by volume) similar to pure
aqueous solution (Table 2). The presence of PEO at the interface slightly decreases from
10% of volume in pure water to 7-8% in mixed alcohol/water solutions, while the fraction
of PPO accordingly slightly increases from 39% to 42% of volume. As to the core, the
ethanol presense in the core is rather minor (ca. 1%), butanol is somewhat higher (ca.
4% of volume) and the hexanol presence is more substational, (10% of volume) (Figure
4 and Table 2). This is not suprising as the solubility of alcohols in water noticeably
decreases with an increase in alkane length °°. The total presence of solvent (water +
alcohol) in the core of the P29E26 micelle increases from, 4.5% of volume in pure water to
5.5% in ethanol/water solvent, to 8% in butanol/water solvent and to 13% of volume in
hexanol/water solvent. In the latter case the fraction of water in the core is minimal, about

3% of volume.
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Figure 4: The radial volume fraction profiles for PPO (yellow circles), PEO (green
diamonds), water (blue triangles) and alcohol (purple up triangles): ethanol (a), butanol
(b) and hexanol (c) in P29E2s diblock copolymer micelles in mixed aqueous solution
containing alcohol (5% by volume) after 130ns equillibration. Vertical dashed lines
indicate the interfacial region. Computer simulation snapshots (cross-sectional view) of
P29E 26 diblock copolymer micelles with alcohol within the micelle core are shown as insets
of the corresponding graphs. PEO blocks are shown in green, PPO in yellow, alcohols in

purple and water is not shown for clarity.
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Besides alcohol as a co-solvent, we have also investigated (within first 130ns period after
co-solvent addition) P29E26 micelles in mixed aqueous solution containing 5% (by volume)
glycine or isobutyric acid (IBA). These molecules contain carboxylic acid, which is capable
of hydrogen bonding with PEO and PPO,%3° but they differ in their solubility in water.
Glycine is very soluble in water and has a relatively weak interaction with the P29Ez2s
micelle forming hydrogen bonds with about 4-6% of oxygens of PPO and PEO. As is seen
in Figure 5, glycine is present primarily at the interface (12% by volume) and slightly
penetrates into the core (4%). IBA is less soluble in water, but at the composition
considered IBA and water form a homogeneous solution.3%:%¢ Being amphiphilic like PPO
and capable of hydrogen bonding with PPO, IBA prefers to be in the micelle core (Figure
5) forming hydrogen bonds with 10% of all PPO oxygens. In the P29E2s micelle IBA is
nearly homogeneously distributed throughout the core with some enhancement near the
core-corona interface (Figure 5b). Overall, IBA occupies 33% (by volume) of the core of
P29E26 micelles resulting in a 1.2 time increase of the core radius (Table 2). We note that
the volume fraction of water within the core remains minor, 0.025. Furthermore, IBA
occupies 21% (by volume) of the interfacial region bringing the total fraction of the solvent
(water +IBA) to 64% of volume compared to ~50% of volume in pure aqueous solution.
Accordingly, the fraction of PPO decreases from 39% to 23% of volume and the PEO
slightly increases from 10% to 13%. Thus, comparing glycine and IBA interactions with
P29E26 micelle one can see that more hydrophobic IBA has stronger tendency to penetrate
and swell the core of the micelle. A somewhat similar trend is seen for alcohol with an
increase of hydrophobicity (Figure 4), but the extent of IBA interpenetration in the core is

more significant, most likely due to favorable hydrogen bonding interactions with PPO.
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Figure 5: Computer simulation snapshots (cross-sectional view) and the radial volume
fraction profiles for PPO (yellow circles), PEO (green diamonds), water (blue down
triangles) and (a) glycine (open hexagons) and (b) isobutyric acid (orange up triangles),
in P29E26 diblock copolymer micelles after 130ns equillibration. In the snapshots PEO
blocks are shown in green, PPO in yellow, glycine in blue, IBA in orange and water (red-

and-white) is shown only within the core for clarity.

It is also informative to consider the effect of alcohols (ethanol, butanol) on Pluronic L64
and reverse Pluronic 17R4 micelles. The volume fraction distributions for PPO, PEO
block, water and co-solvent for L64 micelles with aggregation numbers of 50 and 76 are
shown in Figure 6 together with the micelle snapshots. As is seen for Pluronic L64 the

presence of alcohol makes micelle shape more spherical (cf. Figure 2 and Figure 6) and
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also changes the distribution of solvent in the core. Indeed, for L64 micelle with
aggregation number 50 in aqueous solution 8-10% of water is distributed within the core
volume. In contrast, in the presence of ethanol or butanol (5% by volume) in solution we
observe penetration of co-solvent into the core center, especially butanol, and
enhancement of water in the micelle core center (Figure 6 a, b). As is seen from Table 2,
about 9% by volume of butanol is present in the micelle core and the fraction of water
(~8%) remains the same as in pure aqueous solution, but now it is located together with
butanol in the core center. The overall presence of solvent (water + butanol) in the micelle
core nearly doubles compared to water in pure aqueous solution and furthermore, it is
concentrated in the core center. Furthermore, an additional 10% of butanol (by volume)
is present at the core-corona interface where it replaces water while the overall fraction
of solvent (water + butanol) remains close to 50% of volume similar to what we observed
for P2gE26 diblock copolymer micelles. Interestingly, in L64 micelles with aggregation
number 76 (Figure 6c¢,d), there is a rather minor redistribution or enhancement of water
within the core, but we observe some enhancement of interpenetration of PEO within the
core together with alcohol. On one hand, the overall effect of butanol can be viewed as
somewhat stabilizing due to the presence of the hydrophobic alkane tails at the core
center and interface that helps the micelles to achieve a more regular spherical shape.
On the other hand, alcohols exploit and enhance existing “defects” in these micelles, i.e.
redistribute water to the core center (for smaller aggregation number) or enhance PEO

content in the micelle core (for the larger aggregation number).
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Figure 6: The radial volume fraction profiles for PPO (yellow circles), PEO (green
diamonds), water (blue triangles) and alcohol (purple up triangles): ethanol (a), butanol
(b) in Pluronic L64 triblock copolymer micelles with aggregation number 50 and ethanol
(c), butanol (d) in Pluronic L64 triblock copolymer micelles with aggregation number 76 in
mixed aqueous solution containing alcohol (6% by volume). Vertical dashed lines indicate
the interfacial region. Computer simulation snapshots (cross-sectional view) of L64
micelles with alcohol within the micelle core are shown as insets of the corresponding
graphs. PEQO blocks are shown in green, PPO in yellow, alcohols in purple and water is

not shown for clarity in the snapshots.
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Table 2. Volume fraction of PPO, PEQO, water and co-solvent within the core and the
interface of PxoE2s , L64 (of different aggregation numbers) and 17R4 micelles in mixed

aqueous solutions containing 5% (by volume) of co-solvent.

Water .0 0.9 0.045 - 1.04 3 0. 0.5 -

+ Ethanol 3.08 0.93 0.054 0.01 1.04 042 0.08 0.45 0.05

+ Butanol 3.08 0.92 0.038 0.04 1.04 0.40 0.07 0.44 0.09
P29-E26
+ Hexanol 3.08 0.87 0.03 0.10 1.04 043 0.07 0.35 0.15
+ IBA 3.725 0.64 0.025 0.33 0.95 0.23 0.13 0.43 0.21
+ Glycine 3.08 0.92 0.03 0.04 1.04 042 0.08 0.38 0.12
L64
(Nags = 40) Water 2.0 0.78 0.18 1.8 0.31 0.12 0.57
Water 25 0.90 0.08 - 1.5 0.37 0.15 0.48 -
Lo64
(Nagg = 50)  *+ Ethanol 25 0.89 0.07 0.02 1.5 039 0.13 0.43 0.05
+ Butanol 25 0.81 0.08 0.09 1.5 0.42 0.10 0.37 0.11
Water 3.0 0.80 0.16 - 1.8 023 0.17 0.60 -
L64 + Ethanol 3.0 0.79 0.14 0.02 1.8 0.24 0.16 0.55 0.05
(Nagg = 76)
+ Butanol 3.0 0.76 0.12 0.07 1.8 0.25 0.14 0.51 0.10
Water 1.5 0.934 0.06 - 1 0.34 0.10 0.56 -
+ Ethanol 1.5 0.94 0.06 0 1 0.35 0.06 0.55 0.04
17R4
+ Butanol 1.5 0.79 0.054 0.15 1 0.34 0.08 0.48 0.10

+ Hexanol 23 0.41 0.06 0.53 1 0.13  0.06 0.5 0.3
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For reverse Pluronic 17R4 micelles addition of alcohol (5% by volume) to aqueous
solution resulted in similar, but somewhat more noticeable effects. The volume fraction
distributions for PPO, PEO block, water and co-solvent together with the micelle
snapshots for reverse Pluronic 17R4 micelles are shown in Figure 7. As is seen the
presence of ethanol (5% by volume) in solution has a rather minor impact on the 17R4
micelle core (no ethanol present) or interface (4%), as ethanol mainly remains in the
corona region and solution (Figure 7a and Table 2). In contrast, butanol propagates
throughout the small micelle core contributing 15% of the core volume and bringing the
total fraction of solvent in the core to 20%. There is also about 10% of butanol present at
the interface. All together butanol results in some destabilization of the micelle as we
observe 2 of the 10 chains separate from the core of the micelle (Figure 7b). Interestingly,
addition of 5% by volume of the less water soluble hexanol to aqueous solution results in
formation of a large spherical droplet of hexanol dominating the core, while the reverse
Pluronic plays the role of stabilizer (Figure 7c). The overall micelle size increases with the
inner core radius reaching 2.3nm compared to 1.5nm in pure aqueous solutions. Hexanol
occupies 53% (by volume) of the core and 30% of the interface. As is seen, the presence
of a more hydrophobic alcohol in solution results in an increase of micelle size for 17R4
reverse Pluronic in agreement with experimental observations.?®3' This increase is
primarily due to co-solvent encapsulation within the micelle, rather than the result of
micelle stabilization as is seen for reverse Pluronic the co-solvent may actually destabilize
the small micelle. Thus, the effect of alcohol addition is less straightforward than in the

more stable diblock copolymer micelles (Figure 4).
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Figure 7: The radial volume fraction profiles for PPO (yellow circles), PEO (green
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(b) and hexanol (c) in reverse Pluronic 17R4 micelles in mixed aqueous solution
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To investigate the stability of co-solvent and water within the micelle cores, we have
analyzed how quickly solvent molecules are replaced within the core. To this end we
selected solvent within the core at a given time and monitored the fraction of these solvent
molecules remaining in the core at time t, C(t), eq.2. The results for butanol and water
within the core of L64 Pluronic with aggregation number 50 and 17R4 inverse Pluronic
micelles are shown in Figure 8. As is seen water exchange occurs very quickly in 17R4
micelles with effective exchange time of 0.3ns (Table S2 of Supporting Information) and
nearly all water is exchanged within 2ns. This is not surprising as micelle size is small
and water is located near the interface (Figure 7b). Butanol exchange occurs more slowly
with effective exchange time of about 2.4ns (Table S2 of Supporting Information): about
1/3 remains in the core after 4ns. Obviously, the butanol molecule is larger than water, so
it diffuses more slowly plus butanol is spread throughout the core with a relatively small
fraction present in the corona region of the 17R4 micelle. In contrast, in the L64 micelle
(with aggregation number 50) water and butanol exchange occurs more slowly than in
17R4 micelle: more than 60% of the original solvent remains within the core after 4ns.
The L64 micelle is larger is size and furthermore the solvent is localized near the core
center, as shown in Figure 8a (and Figure 6b) making exchange particularly slow. Water
exchange in the presence of butanol occurs much slower (effective decay time of about
4ns, Table S2 of Supporting Information) than in the same L64 micelle in pure water
(effective exchange time of about 1ns, Table S2 of Supporting Information). In the
presence of butanol water is localized closer to the micelle center, while in L64 micelle in
pure aqueous solution water is more homogeneously distributed throughout the core,

facilitating water exchange between the interface and corona regions. The likely reason
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for significant slowing down of the water exchange in the presence of butanol is that
molecular transport occurs collectively. As is seen in Figure 8a, there is co-localization of
butanol and water within the core and a channel forms between the inner water pool and
interface, along which both water and butanol travel. Another interesting observation is
the butanol hydroxyl group orientation towards the nearby water. For butanol located at
the interface its orientation is either radial with hydroxyl groups located at the interface
and alkane tails within the core or along the core surface. In both cases this allows
hydrogen bonding with water for the hydroxyl groups and interaction with PPO for the
alkane tails. This is consistent with experimental results by Parekh et al. who concluded
based on NMR results that the hydroxyl group of the alcohol co-localized near the PEO
at the interface, while the methyl tail of longer alcohols is located in the micelle interior.
31.32 As is seen from Figure 8a for the butanol located closer to the L64 micelle core the
orientation can also be radial but with hydroxyl groups oriented towards the core center

and located in the water pool, while alkane tails remain in the PPO vicinity.
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Figure 8: a) Computer simulation snapshot (cross-sectional view) of the core of L64
triblock copolymer micelle with aggregation number 50 (inner area is circled) showing
water (red and white) and butanol (cyan with hydroxyl group in purple), PPO block is
shown in yellow, PEO blocks and the micelle corona are not shown. (b) The fraction of
solvent (water or butanol) remaining within the inner core of Pluronic L64 triblock
copolymer micelle with aggregation number 50 (blue curves) and reverse Pluronic 17R4
micelles (green curves) as a function of time in mixed aqueous solution containing (5%
by volume) butanol (solid curves) in comparison to time dependence for the water

residence in L64 (with N.gg=50) and in 17R4 in pure aqueous solutions (dashed curves).
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Conclusions.

Using atomistic molecular dynamics simulations we investigated and compared the
structure of P29E2s diblock copolymer micelles, Pluronic L64 and reverse Pluronic 17R4
micelles formed by monodisperse diblock and triblock copolymers of similar length but
with different distributions of PPO and PEO blocks in pure aqueous solution and or with
added co-solvents. For the case of L64 Pluronic we also considered the impact of micelle
aggregation number, which so far as we know has not been done in previous simulation
studies. In pure aqueous solutions we found that P29E26 diblock copolymer micelles and
reverse Pluronic 17R4 micelles form well-defined spherical micelles with a negligible
amount of water present in the inner micelle cores (Figures 1 and 3). In contrast, the
shape of Pluronic L64 micelles is not perfectly symmetric and the core contains about 10-
18% of water (by volume) either distributed throughout the core for L64 micelles with
smaller aggregation numbers (Nagg=40,50) or localized closer to the interface for the
larger aggregation number (Nagg=76) (Figure 2, Table 1) in agreement with previous
computer simulation and experimental results.”-82%57 Accordingly, L64 micelles have
broader interface, where PPO, PEO and water are all present (Figure 2). The observed
differences in micelle structure, which are consistent with earlier experimental
observations'32?4 reflect the PPO packing in diblock or reversed PPO-PEO-PPO
Pluronics where the PPO block(s) have a nearly straight (linear) conformation in the core,
while for the PEO-PPO-PEOQO Pluronics the PPO assumes a bent conformation. The PPO
block bending and interpenetration of PEO and water in the core result in a non-spherical
micelle shape for L64 compared to a PPO-PEO diblock copolymer micelle. These

differences in micelle structure have important implications for micelle stability and
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applications e.g. in drug delivery. For example, the presence of water in the micelle core
may not be desirable for e.g., hydrolysable drug delivery, and the broad interface may
result in poor shielding of the core that can compromise micelle longevity during the drug

delivery process.

The influence of co-solvents (5% by volume) on micelle properties during the first 130 ns
after their introduction has been investigated and the results for diblock and triblock
copolymer micelles are compared. We found that in all cases ethanol does not penetrate
the micelle core but is located mainly at the core-corona interface (Figure 4, 6, 7, Table
2). For L64 micelles the presence of ethanol at the interface stimulated re-distribution of
water within the core towards the center (for the smaller aggregation number Nagg=50) or
enhanced PEO interpenetration to the core (for the larger aggregation number Nagg=76)
(Figure 6). With an increase of alcohol hydrophobicity the extent of co-solvent penetration
into the core and the interface increased for all micelles (Figure 4, 6, 7, Table 2). For the
diblock copolymer micelle alcohol penetration is accompanied by a decrease in water
within the core and at the interface, while in triblock copolymers the presence of co-
solvent does not necessarily result in a decrease of incorporated water. We found that a
long-tail alcohol orients its hydroxyl group towards the water, i.e. in the interfacial region
while the alkane tails are directed towards the center in agreement with experimental
expectations®'32 or along the interface to maintain hydrogen bonding with water.
However, within the micelle core the orientation may be reversed in the vicinity of water
pool at the core center (Figure 8). Furthermore, for the reverse 17R4 Pluronic we

observed that butanol insertion into the core of this small micelle resulted in chain
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extraction from the core, i.e. caused some destabilization of the micelle (Figure 7) while
hexanol causes swelling of the micelle core. In contrast to alcohols that have a rather
weak propensity to form hydrogen bonds with PEO or PPO, glycine and especially
isobutyric acid (IBA) more actively form hydrogen bonds with PPO (and to a lesser extent
with PEO) and their incorporation resulted in more dramatic micelle changes for the
diblock copolymer micelle. Significant encapsulation of IBA is observed in the core
(occupying 33% of volume) resulting in swelling of the PPO core and an increase of the
core size by 1.2 times (Figure 5). IBA penetration into the core was accompanied by water
escape. Our results on the initial structural changes of the micelles in the presence of co-
solvents provide insights on the propensity of co-solvent penetration and the effect of co-
solvent on the amount of water present in the micelle core and interface. These results
provide useful insights in the interpretation of experimental data and practical applications

of PPO-PEQO micelles and Pluronics in solubilization and drug delivery.
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