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Stable Micelles Based on a Mixture of Coiled-coils: The Role of Different Oligomeric

States

Dan Ma®, Sinan Keten™"

Homomeric micelles with tunable size, shape and stability have been extensively studied for biomedical applications such as drug carriers. However,

designing the local valency and self-assembled morphology of nanophase-separated multicomponent micelles with varied ligand binding possibilities

remains challenging. Here, we present micelles self-assembled from amphiphilic peptide-PEG-lipid hybrid conjugates, where the peptides can be either 3-

helix or 4-helix coiled-coil. We demonstrate that the micelle size and sphericity can be controlled based on the coiled-coil oligomeric state. Using theory and

coarse-grained dissipative particle dynamics (DPD) simulations in an explicit solvent simulation, we studied the distribution of 3-helix and 4-helix conjugates

within the mixed micelles and observed self-organization into nanodomains within the mixed micelle. We discover that the phase separation behavior is

dictated by the geometry mismatch in alkyl chain length from different coiled-coil oligomeric states. Our analyses on the self-assembly tendency and drug

delivery potency of mixed micelles with controlled multivalency provide important insights into the assembly and formation of nanophase-separated

micelles.

Introduction

Micelle based on hybrid block copolymers has emerged as a new
platform  for nanocarriers that achieve tumor-selective
macromolecular drug targeting via the enhanced permeation and
retention (EPR) effect 5 The major challenge for drug targeting is
to acquire precise targeting and high delivery efficiency while
avoiding non-specific binding and steric
biological barriers. A tunable ligand density is necessary to
strengthen the ligand-receptor binding while avoiding entropic
repulsion.s'9 Controlling the number of copies of ligands on the
nanocarrier surface as well as their location is necessary to improve
the targeting efficiency of nanocarriers through multivalent linkages
that allow more targeted cell internalization. 1013 Meanwhile,
microphase segregation in micelles can be used to control not only
the spatial distribution of ligands, but also the self-assembly
characteristics of the bulk nanostructure. ™ However, in contrast to
multicomponent lipid mixtures that have a well characterized phase
separation behavior in membranes 15'20, there are limited reports
on nanophase-separated micelles that employ hybrid polymer-
peptide conjugates. In analogy with cell membranes, domain
budding is shown to depend on the geometric features of the lipid
units such as height, and it is expected that similar features with
possibly greater diversity exist in hybrid biomaterials as well. 2,2

A new design of 3-helix micelle (3HM) nanocarrier based on
amphiphilic peptide-PEG-lipid conjugates 2330 ¢ reported to have
the potential to provide control over the local multivalency of
presented ligand clusters. Polyethylene glycol (PEG), which has
good hydrophilic properties and biocompatibility, has been shown
to stabilize the secondary and tertiary structure of peptides
regardless of PEG conjugation site and density 26, 3133 pacent
simulation studies discovered that the micelle size and stability
were dictated by a combined effect of the confinement of PEG
chains under micelle morphology and the intermolecular cohesive
interaction among PEG chains »_ While these micelles form well-
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defined shapes and their size can be controlled through tuning
parameters such as PEG chain length, means to control the density,
distribution and orientation of ligands on the particle surface
remain limited with existing designs. To this end, amphiphilic
peptide-PEG-alkyl conjugates based on different coiled-coil
oligomeric states offer the possibility to create multicomponent
micelles with control over the availability of ligand binding sites. In
the work by Ang et al. 34, the formation of self-assembled patchy
micelles from mixtures of trimeric and tetrameric coiled coils was
observed through differential scanning calorimetry, fluorescence
recovery spectroscopy, and coarse-grained molecular dynamics
simulation. It was found that the mixed micelles had high stability in
serum albumin with controlled cluster size and local multivalency.
However, the driving force of the phase separation shown in mixed
micelles was not characterized in detail.

In this work, we sought to explain our previously reported self-
organization of patchy phases in mixed coiled-coil micelles as a step
towards prospecting them as nanocarriers. Herein, we used coarse-
grained molecular dynamics (MD) simulations to investigate the
self-assembly of amphiphilic coiled-coil peptide-PEG-lipid hybrid
oligomeric states.
Specifically, we examined how micelles formed from 4-helix based

conjugates based on different coiled-coil

conjugates compared to 3-helix based conjugates in terms of self-
assembly kinetics as well as micelle size and shape. We revealed
differences in the conformation of alkyl chains under varied coiled-
coil oligomeric states through a systematic characterization of the
micelle structures. This analysis uncovered that alkyl chain
geometry and packing govern phase separation, where steric
restrictions were further quantified by measuring alkyl chain
extension in each case. We also demonstrated variations of micelle
stability and self-assembly tendency by calculating the interaction
energy between alkyl chains under different oligomeric states. Size
and hydrophobicity of the formulated micelles were also quantified
to see if micelles could be suitable for penetrating biological
barriers. We anticipate that our findings can help understand the
phase separation behavior in mixed micelles with different
oligomeric states and provide guidance to develop biomaterials
with controlled local multivalency for tunable stability, shape and
drug loading potency as nanocarriers.
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Materials and Methods

The molecular dynamics simulations presented in this work
included all-atomistic (AA) simulations and coarse-grained (CG)
simulations based on the dissipative particle dynamics (DPD)
technique. We first conducted AA simulations for studying the
conformational behaviors of alkyl chains on an isolated coiled-coil in
explicit water solvent. Considering the length and time-scale

36
coarse-

limitations of AA simulations, we chose to utilize a DPD 3,
grained simulation methodology for micelle formation simulations.
DPD is a Lagrangian thermostat technique that enables fast coarse-
grained simulations by employing hydrodynamics preserving
interactions to describe phase separation in materials. This method
has been widely used in studying the behavior of lipid membranes
33 In this research, we adopted the lipid model developed by
Groot and Rabone 40, PEG model developed by Ying 39, and peptides
model developed by us in our previous publications 232 Previously,
micelles were shown to be stable in vitro and in vivo when a drug or
radiotherapy agent was attached to validate the 3-helix micelles as
an effective drug carrier. 2, 30 Here, since we focus on micelle
characteristics, we did not include drug molecules in our model to
maintain generality and computational efficiency.

The two kinds of amphiphilic conjugates in AA simulations are
schematically shown in Figure 1(b)(d). The headgroup of both
amphiphiles is composed of a peptide-polyethylene glycol (PEG)
conjugate, in which the peptides are coiled-coils consisting of three
alpha helical strands in Figure 1(b) or four alpha helical strands in
Figure 1(d). The atomistic structure of trimer or tetramer coiled-coil
is available in the Protein Data Bank, referred as ‘lcoi’ for the
trimeric helix and “Im3w’ for tetrameric helix. To enable coupling of
maleimide end-functionalized PEG, we performed S14C and K14C
mutations on 3-helix strand and 4-helix strand respectively. PEG
chain with constant degree of polymerization DP = 44 (molecular
weight ~ 2000 Da) is conjugated on residue 14 of each helix. Two
C16 alkyl chains are attached to the peptide N-terminus through
Glutamic (GLU) residue as tail of the amphiphile, with a 6-
aminohexanoic acid linker inserted between peptide and alkyl
chains.

Figure 1. Schematic figure of MD models used in simulations (a) 3-
helix bundle (cyan) in CG DPD model with the PEG chain (pink)
and the alkyl chain (purple and green) conjugated to each strand.
(b) 3-helix bundle in AA model. For simplicity, only PEG (CPK
drawing method) and alkyl (Licorice drawing method) chain
conjugated to the blue helix bundle are shown here. (c) 4-helix
bundle (cyan) in CG DPD model with the PEG chain (pink) and the
alkyl chain (purple and green) conjugated to each strand. (d) 4-
helix bundle in AA model. For simplicity, only PEG (CPK drawing
method) and alkyl (Licorice drawing method) chain conjugated to
the blue helix bundle are shown here.

a1
under an

All the AA simulations were performed using NAMD
NPT ensemble with a constant pressure of 1 atm and a constant
temperature at 300 K. The amphiphiles were solvated in an explicit
42, and periodic
boundary conditions were applied in the three dimensions. The
bonded interactions were modeled using the CHARMM force field
43, long-range nonbonded interactions were modeled using the
standard Lennard-Jones potential, and the particle-mesh Ewald
technique electrostatics interactions. The
minimization of the systems run for 50,000 steps and was followed
by a 1 ns equilibrium simulation using a 1 fs timestep. The

water solvent using the TIP3P water model

were used for

equilibrium of the simulation system was assured by checking the
convergence of the radius of gyration and end-to-end distance of
alkyl chains.
In DPD simulations, three pairwise forces act as interactions among
bead i and j: a conservative force Fg, a dissipative force Fl-L}, and a
random force Fg-.

F= Z FC+ FR+ FE, 1y <1c )

Jj#i

The conservative force is a soft repulsion term of the form
Fl-? = aija)(rij)f‘”, where a)(ri,-) is a normalized distribution
function:

T[j
ol)=]"Tw s @
0 (rij > TC)
and a;; is the maximum repulsion, which can be derived from the
Flory-Huggins theory of polymers. The interactions between
different particles used in the presented simulations as well as their
validation can be found in our previous publications. 23,29
The other two forces have the forms Fi? = —ywz(ri,-)(f'i,-ﬁ”)f"”
and F§§ = ow(rij)adt™/27;;. They serve as heat sink and heat
source respectively and keep the thermostat of the system. 7.3 g
is a Gaussian random number with zero mean and unit variance,
6t = 0.006T is the timestep. Random noise parameter ¢ = 3,
dissipation parameter y = 4.5 were taken from the work of Groot
et al. and they related to each other as 62 = 2ykpT. 3
Here we employed the same mapping method for CG simulations as
we did in our previous study on 3-helix micelle, which has improved
its efficiency and accuracy in predicting peptide-PEG micellization
behavior. 2 ?° All CG simulations in this work were performed using
a variation of the DPD approach, with the open source MD
simulation package LAMMPS *_An NVT ensemble with a constant
temperature 300 K was adopted for simulations, and periodic
boundary conditions were applied in the three dimensions. Here
the time scale is T = 24.32 ps, length scale is R; = 0.8 nm. 37,39
We investigated systems with 3-helix amphiphiles, 4-helix
amphiphiles and a mixture of the amphiphiles. To reduce sampling
errors, we carried out 3 duplicate simulations with different random
seeds for each case. Each simulated system consists of 100
randomly distributed amphiphilic molecules (the mixture system
had 50 amphiphilic molecules for each type), and then solvated in
explicit DPD water beads. All CG simulations were carried out for
approximately 2.0 us~2.8 us, and tended to reach equilibrium
before 800 ns. The equilibration of the simulations was assured by
checking that the average micelle aggregation number was a stable
value that does not decrease or increase by more than 3 in 200 ns.
The last 150 ns of the whole simulations were chosen for data

analyses.
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Figure 2. The number of free subunits in system and the largest, average aggregation number defined as the number of helices in the (a)
3HM, (b) 3&4 mixture micelle, and (c) 4HM as a function of time. The sharp increases indicating micelle fusion process are highlighted in
dashed blue ovals. The results are obtained from DPD CG simulations with 100 subunits for each case.

For the theoretical investigation on the phase separation, sample
micelles with 3 different 3helix:4helix ratios were chosen for
fragmentation frequency distribution analysis (similar to MALDI
spectra 5 46). Here all the possible 8-bead-fragmentations in the
sample micelles were classified according to the number of 3-helix
component beads (from 0 to 8). The size of the fragmentation here
was chosen because the total number of beads in the double alkyl
chain except for connection beads was 8. To quantify micro-phase
separation, we compared the fragmentation density distribution of
sample micelles with a random model and calculated the sum-of-
squares error to provide a metric for phase separation.

Results and discussions

First, we present DPD CG simulations that investigate micelle
formation behaviors for 3HM, 4HM and 3&4 mixture micelles, given
the same initial subunit concentration in each system. The driving
force of all three kinds of micelle formation processes is the
hydrophobic effect induced by the explicit water solvent molecules,
which interact unfavorably with the alkyl chains. This effect causes
the subunits to aggregate into larger clusters with the hydrophobic
alkyl chains forming the micelle core and hydrophilic PEGylated
peptides forming the shell. The most common simulation outcome
for all three different cases is the formation of spherical micelles.

To quantify micelle size and formation kinetics, we look at two
metrics, the average micelle size and the largest micelle size. Here
the micelle size refers to aggregation number, i.e. the number of
helices in each micelle. We observe similar micelle sizes for the
three different kinds of micelles as shown in Figure 2. However, the
simulation time that each system takes to form the largest micelle
varies, suggesting that the subunits exhibit different kinetics of self-
assembly. More specifically, 3HM takes the longest time to form its
largest micelle (approximately 1000 ns on average), while 4HM
takes the shortest time (approximately 130 ns on average), and 3&4
mixture micelle lies in between (approximately 250 ns on average),
as shown in Sl Figure 1. Under the hydrophobic driving force, an
individual micelle can increase its size by either combining with free
subunits nearby or by fusing with other neighboring micelles. To
explain the differences witnessed in the largest micelle formation
time, we investigate the micelle growth behavior under these two
conditions respectively. As shown in Figure 2(a), the largest micelle
size in 3HM increases twice sharply (highlighted in blue oval),

indicating that micelle fusion happens at around 800 ns and 1000 ns
respectively. Regarding 3&4 mixtures and 4HM cases, we observe
similar micelle fusion processes, but they occur much earlier in the
simulation, at around 300 ns for 3&4 mixture micelle and at around
100 ns for 4HM respectively as shown in Figure 2(b) and (c). A
possible explanation to this phenomenon is the fact that 4HM has a
stronger hydrophobic driving force due to higher alkyl monomer
density and tighter packing. On the other hand, we also observe the
number of free subunits in system decrease to 0 before 200 ns for
all the three cases as shown in Figure 2, which indicates that no
more free subunits are available to join formed micelles. Beyond
this early aggregation phase, the dominant mechanism of micelle
size increase are the fusion events. In summary, the 4HM has the
fastest micelle formation process resulting in the largest micelles,
due to a combined effect of a stronger hydrophobic driving force
and better packing efficiency at its core to form a spherical micelle.
These effects are also present in 3&4 mixture micelles, and thus
influence the shape of the mixed micelles and accelerate their
formation process.

As discussed above, one of the major differences in the micelle
formation processes between 3HM and 4HM is that, the 4HM
appears to have a stronger hydrophobic driving force. In order to
study the alkyl chain density and provide an explanation for the
difference in  hydrophobic interactions, we study the
conformational behavior of alkyl chains on isolated subunits and in
micelles using CG DPD simulations. We also corroborate these
results with AA simulations that examine the conformational
behavior of alkyl chains on an isolated subunit in solution. As shown
in Table 1 below, both simulation methods reach the same
conclusion that the alkyl chains on isolated 3-helix subunit bundle
or in 3HM have less extended conformations than those on isolated
4-helix or in 4HM. The alkyl chains in CG DPD simulations are
shorter than those in AA simulations because they have fewer
degrees of freedom in CG DPD simulations than in AA simulations,
and thus exhibit less steric hindrance. For star shaped polymers, M.
Daoud et al. reported that if the number of polymers is sufficiently
high, the structure of each polymer is stretched due to confinement
effects . This theory can be used to explain our observations on
micelle core size: the alkyl chains in 4HM are slightly extended due
to higher packing density than in 3HM.

To study the packing density of alkyl chains, we plot the
conformational distribution of alkyl chains on the cross-sectional
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3HM 4HM 3-helix 4-helix
in in
mixture mixture
R,®) | R R, A)| R R,B)| Red)| RyA)| Ree
on an 4.9 12.5 5.0 14.0
isolated +0.2 +1.0 +0.1 +0.6
helix
bundle
[ 4.1 10.7 a7 1.5
P +0.1 +0.4 +0.2 +0.5
n [ 4.2 11.2 4.9 12.1 4.3 1.2 4.9 121
micelle PO +0.1 +0.1 +0.1 +0.2 +0.1 +0.1 +0.1 +0.2

Table 1. Average conformational size of alkyl chains, including radius
of gyration R, and end-to-end distance R in DPD simulations. The
results in table are given by the present DPD CG simulations for alkyl
chains in 3HM, 4HM and 3&4 mixture micelle, alkyl chains on the
isolated 3-helix or 4-helix, and compares the CG DPD and AA
simulation results for alkyl chains on isolated 3-helix and 4-helix.

plane as shown in Figure 3. Note that alkyl chains in both cases have
the highest probabilities within the boundary marked by the
conjugation points and at the center of the helix bundle, indicating
the fact that alkyl chains have relatively high attraction between
each other. Comparing a 3-helix vs. 4-helix sample micelle with the
same number of subunits, 4HM has much higher values of the
probability distribution in its center than 3HM due to the larger
number of beads in the sample micelle with the same number of
subunits. Comparing Figure 3(b) for the distribution area of alkyl
chains in 3HM and Figure 3(c) for 4HM, we can conclude that the

alkyl chains have very similar area distribution sizes for each subunit.

Considering a distribution probability larger than 1 X 10™* to define
the area, 3HM displays a distribution area size of 1.58 nm? on xy
plan, while 4HM displays a slightly larger area size of 1.80 nm?.
Since 6 alkyl chains are conjugated on a 3-helix while 8 alkyl chains
are conjugated on a 4-helix, we saw a higher alkyl chains
concentration for 4HM (4.46 chains/nmz) than for 3HM (3.80
chains/nmz). This explains the fact that 4HM has larger aggregation
number and better stability. With increase in alkyl chain length,
there is a corresponding higher hydrophobic interaction between
alkyl chains in the micelle formation process.

Next, we present an analysis of the packing behavior of the 3-helix
and 4-helix components in 3&4 mixture micelles. Combined with

(a) (b) (@)
510 10 §10
7
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- - r15
£ £ e
- > i
2
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Yo 5 5 10 °

0
X (nm)

0
X (nm)

Figure 3. Distribution behavior of alkyl chains on the helix bundle
cross section plane in micelles, including alkyl chains conjugated on
(b) 3-helix peptide and (c) 4-helix peptide. A schematic figure (a) on
left shows the axis setting method in both figures: with the alkyl
bead distribution projected onto the xy plane that is orthogonal to
the helix bundle (radial) direction. In the figure (b)(c), the color bars
in show the probability distribution decrease from red to blue, the
black dashed in indicate the estimated conjugation location on helix
terminus, and the orange point dash lines indicate alkyl chain
distribution area that has a probability density value larger than
1 x 10~%. The results are given by the present DPD CG simulations
for 3HM and 4HM sample micelles with the same number of
subunits over the last 150 ns after convergence.

experimental observations and phase separation analysis
presented in Figure 4, we can conclude that the 3-helix and 4-helix
components have a phase separation behavior in their mixture.
Typically, experimental techniques such as MALDI are used to
quantify micro-phase separation, where comparison with a
binomial (random) model and subsequent calculation of the sum-
of-squares error provides a metric for phase separation. The same
analysis can be done on the simulated systems to quantify
microphase separation. From the analysis of the trajectories, we
find that the 3-helix subunits tend to assemble into a hemisphere of
the mixture micelle, while 4-helix subunits assemble into the other
hemisphere of the mixture micelle. The phase separation behavior
shown here is more clear than what were reported in the previous
copolymer self-assembly phase separation behaviors 8,4
the assembled subunits in our system have relatively large subunit
volume. To differentiate the effects of core and shell, we first
calculate the radius of gyration and end to end length of PEG in free
solution, on isolated 3-helix bundle, in 3HM and in 4HM as in SI
Table 1. The PEG chains have very similar

9
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Figure 4. Phase separation and fragmentation measurements (red) compared to well mixed theoretical micelles (black) for three
sample micelles (a-c). Panels (a-c) show 6, the number fraction of 8-bead fragmentation as a function of the number of 3-helix
component in the 8 beads. The aggregation number of the sample micelles are 50, 56 and 57, with 3helix:4helix ratio 6:8, 8:8 and 7:8
respectively. The calculated sum of squared error (SSR) are high as 0.504, 0.438 and 0.492, which are anticipated for phase separated
mixed micelles.
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860 ns 3700 ns

3000 ns

Figure 5. Schematic figure of the micelle fusion process, with the
initial configuration of the small micelles at 860 ns, and the merged
micelle at 3000 ns and 3700 ns. This figure shows the migration of
coiled-coils into nanodomains within the mixed micelle. Only alkyl
chains are shown in this figure for simplicity, with 4-helix
components in red and 3-helix components in blue.

behavior in 3HM and 4HM, which excludes the possibility that PEG
can be the driving force of phase separation. Combined with the
aforementioned analysis on conformational behaviors of alkyl
chains, we can conclude that the alkyl chains from different
components phase separate in the cores during micelle formation
process and thus lead to the phase separation in the whole micelle.
More specifically, due to the favorable interaction between alkyl
beads, the alkyl chains prefer to assemble with other alkyl chains
which have similar conformational distribution and length. As such,
subunits from the same components assemble quickly into clusters.
It should be noted that in Figure 4 (a)(b)(c), the fractions of all 4-
helix component fragmentations are dominant, which indicates that
the rapid self-assembly process of 4-helix components leads to the
phase separation in mixed micelles, while the 3-helix components
fill up the

rest of the space. In the micelle fusion process, small micelles with
phase separation behavior merge into a larger cluster with the
phase separation behavior preserved, as shown in Figure 5. We can
also conclude from the visualization of the simulation trajectories
that fusing with other neighboring micelles is the dominant route to
increase the size of individual micelles. Subunit migration is
observed during the micelle fusing process as shown in Figure 5.

Since some subunits may not find other subunits with the same

3HM 4HM 34mix
AG number 45 60 50
Alkyl core radius (nm) 3.2 3.7 3.2
Vacancy in core (nm®) 80.7 132.0 85.3
Micelle radius (nm) 7.0 1.7 7.4
Water content in micelle  4.2x10°  53x10°  45x10°
SASA(hm?) 18.0+6.0 31.8+6.8 241164

Table 2. Aggregation number, alkyl core radius, vacant volume in
micelle core, water beads permeability and micelle SASA in
comparison of 3HM, 4HM and 3&4 mixture micelles. The results
are given by sample micelles in the present DPD CG simulations
including all the three helix components. The water content in
micelle is defined as the number of water beads inside the sample
micelle (the micelle boundary here is defined as a PEG weight
fraction at 10%).

oligomeric state nearby due to steric hindrance, some flaws and
imperfect phase separation in large micelles can be seen.

Next, we present more details about the geometric characteristics
of sample micelles from the DPD CG simulations as shown in Table 2
below to further investigate micelle size and hydration rate, as a
step towards prospecting these nanocarriers for drug delivery
applications. We can conclude from this table that, under the
circumstances that each micelle has the similar number of subunits,
3HM, 4HM and 3&4 mixture micelles have comparable micelle sizes
and core sizes. The 4HM has the greatest vacancy in the core and
largest water content in the micelle, due to stretched alkyl structure,
suggesting some packing frustration that may arise due to stronger
driving forces and faster kinetics. Meanwhile, 3&4 mixture micelles
have a larger vacant volume in the core than 3HM with the same
alkyl core size, which may offer advantages for serving as a drug
carrier. A possible explanation to this phenomenon can be that the
phase separation in 3&4 mixture micelles leads to a more compact
geometry with better packing. More specifically, subunits from
different components separate and have different conformation
distributions. This difference in distribution enlarges the vacant
volume in core. As for the degree of hydration, both SASA and
number of water beads permeating the micelle indicate that the
3&4 mixture micelle has a median degree of hydration in all the

b) (c)
(a) (
6 25 . .
16 —3HM —3HM —3HM
—4HM —4HM —4HM
—34mix —34mix 22 —34mix
15 MM'MN 4
= [ ~ 19 y
g 14 g U _ g [ A~ w———~
Y s e M A a2 T v ] WO
N~ — 13 b= \
12 MMM
0 10
0 500 1000 1500 0 500 1000 1500 0 500 1000 1500
time (ns) time (ns) time (ns)

Figure 6. Average interaction energy between alkyl beads and (a) alkyl beads, (b) other beads, including peptide, PEG and water, (c) all
beads as a function of simulation time. This energy function compares pure 3-helix micelle (black), pure 4-helix micelle (red) and 3&4
mixture micelles (blue). The blue triangles indicate the convergence time for the two systems, at 300 ns for 3HM, 1000 ns for 4HM, and
330 ns for 3&4 mixture micelles. The results are given by DPD CG simulations including 3HM, 4HM and mixture micelles.
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three cases, while 4HM has the highest.

The orientation of the helix bundle controls the orientation of
ligands conjugated to the helix end, which determines the
nanoparticle surface chemistry and the availability of ligand binding
sites. Characterization of the ligand availability on the surface gain

additional insights into the micelle shape, which we obtain by i

studying the helix orientation in micelles and the principal moments
of inertia *° >

for 3HM, 4HM and 3&4 mixture micelle are 1.31+0.07, 1.474+0.07
and 1.16 + 0.05 respectively, with eccentricity (n =1 — Imin

lavg

0.1340.03, 0.21+0.03, 0.0840.03 respectively. We also analyze the
micelles, we find the orientation for helix bundle in 3HM to be
P3uM-pure = 19.4°% while in 4HM, @4py—pure = 25.5°. As for 3&4
mixtures, we calculate helix bundle orientation with regards to
micelle radial direction to gain further insights into the micelle
sphericity. From the sample mixture micelle @35py—mix = 16.3°,
Panm-mix = 18.8° |, Qayg_mix = 17.4° The higher helix
disorientation seen in 4HM is caused by a minor angle deviation in
the 4-helix bundle structure. A better helix bundle orientation
indicates a more spherical micelle shape, corresponding well with
the aforementioned orientation analyses. An explanation for this
phenomenon may be the more efficient packing of the micelle core
due to the mixing of alkyl chains from different components which
resolves packing frustration by allowing irregular subunit shapes to
fill up the free volume more effectively. In a recent study on the
shape effect of PEGylated nanoparticles on cellular uptake, Ying Li
et al. reported that spherical nanoparticles encounter minimal
internalization energy changes and thus should be most efficient as
drug carriers. ¥ Based on this observation, we suggest that the
higher sphericity of the 3&4 mixture micelle may make it a better
nanocarrier for drug delivery applications.

In order to quantify the interaction energy for alkyl chains beads in
different components, we take the soft repulsive potential between

1
two particles as Urep(rnm) _ {Eaij(l - rnm)z for0 <rm, < T'C’
0 for rym = 1¢
where 7, is the distance between bead n and m, and q;; is the
repulsive parameter between bead type i and j. 32 First, the pair
correlation functions between alkyl beads and all types of beads are
calculated, and when implemented into the repulsive potential
above, we can come up with the interaction energy for alkyl beads.
Given the repulsive nature of the potential, lower numerical values
of the interaction energy indicate more favorable interactions. To
compare different systems, we plot the alkyl interaction with alkyl,
alkyl interaction with all other types of beads (including peptide,
PEG and water), and finally alkyl interaction with all the beads as a
function of time in Figure 6. Comparing alkyl to alkyl interactions in
3HM and 4HM in Figure 6(a), we see that alkyl beads have more
favorable interactions in 4HM. This confirms our previous
conclusion that alkyl beads in 4HM have a larger driving force in
micelle formation. In Figure 6(b), we see the same trend for alkyl
beads and peptide, PEG and water interaction, that alkyl beads
have less interaction energy to other repulsive beads. This again
ascertains our previous conclusion on micelle driving forces and
indicates that alkyl chains have a more extended conformation in
4HM relative to 3HM. Furthermore, we see that the alkyl energy
declines continuously until convergence in Figure 6 (b)(c), which
indicates that the energy decreases with self-assembly events that
lead to micelle formation. In order to quantify and compare the free
energy for micelle formation in 3HM, 4HM and mixture micelles, we
tabulate the energy terms of sample micelles in Table 3. All the
three energy terms for alkyl beads interaction energy in sample

. The average ratios of the largest to smallest principal ;
moments of inertia (I;nax/Imin) Over the last 150 ns of simulations |

mixture

3-helix 4-helix
3HM 4HM Ratio= H Ratio= Ratio= } single single
34 H 75 11:5 i
U,
U:“‘T’)‘ 14.91£0.01 | 11.67+0.04 12.93 13.38 13.62 15.99 13.74
5
Untrrs | 2.63+0.02 1.28+0.02 174 | 193 208 | 274 | 323
UesT) | ! 1 1
Yau 17.5440.03 | 12.95+0.02 14.66 15.31 15.70 18.73 16.97
(kgT)
o | i 1
| 1.17+0.03 | -4.02+0.02 294 | 256 237 |
(kgT)

Table 3. Alkyl beads to alkyl beads, others repulsive beads, all beads
average interaction energy in sample 3HM, 4HM and mixture
micelle; and alkyl beads interaction energy in 3-helix and 4-helix
conjugates isolated in water solution. The free energy off 3HM,
4HM, and mixture micelle formation is also calculated as the energy
in micelle minus the energy in isolated single helix bundle. The 3HM
and 4HM results are given by the average and standard deviation
values of 3 micelle samples with different sizes, and mixture micelles
results include 3 different sample micelles with an increasing 3-helix
component: 4-helix component ratio. Given that DPD has the
repulsive interaction potential nature, larger interaction energy
value here indicates less favorable interaction.

micelles agree well with the results in Figure 6. Moreover, we see
that the free energy of 4HM formation is the largest in the three
cases, while the 3HM has the least favorable free energy and
mixture micelles have free energy in between. Meanwhile,
increasing the ratio of 3-helix component in mixture micelles lowers
the free energy value. These indicate that 4-helix conjugates have a
large free energy in micelle formation, and thus lead to a faster
micelle formation process, and a more stable micelle. Additionally,
this energy difference also enables the phase separation behavior
seen in simulations and experiments 4

Conclusion

Motivated by the desire to design mixed micelles with multivalent
ligand cluster sizes, we show how coiled coil-alkyl amphiphiles side-
conjugated with a PEG chain exhibit variation in micelle formation
kinetics and morphology due to the differences in their coiled-coil
oligomeric states. We demonstrated that the alkyl chains in
different confinement states lead to different micelle stability
properties. In mixed micelles, 3-helix and 4-helix components self-
associate into nanodomains to improve alkyl chain packing.
Characterization of the ligand orientation, micelle hydrophobicity
and drug carrier capacity in different micelle cases revealed
advantages of using mixture micelles. Additionally, the 4HM
displays stronger interaction energy and higher stability than 3HM,
further confirmed by the enthalpy of alkyl chains, which appears as
the driving force for phase separation in mixed micelles. These
analyses should provide useful guidance for the design of
nanophase-separated micelles for multivalence ligand conjugation.
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