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ABSTRACT: Hyperbranched block copolymers offer a simpler ] 5
and more efficient synthesis route compared to more traditional

dendritic systems while still providing exceptional control over \Xﬁy ‘ -/./'—_'
surface functionality and self-assembly. This makes them ideal “Mear+perbranched R

candidates for engineering nanoparticles with tailored properties for B I
applications such as drug delivery and sensing. Here we use self- Homopolymer Polydispersity index
consistent field calculations to compare the micelle structures H?ggg;;::; Encapsuilation
formed by copolymers with polydisperse hyperbranched (LHBC),

monodisperse dendritic (LDBC), and linear solvophilic blocks.

Representative LHBC structures were generated by molecular =p ‘ ‘
dynamics simulations mimicking the slow-monomer addition

protocol. We find that LHBC micelles are more stable, have a
lower critical micelle concentration, and are better at accommodat-
ing larger drug payloads than LDBC micelles, and these properties further improve with increasing polydispersity. LHBC micelles
also offer more terminal ends for functionalization than LDBC micelles for LDBCs with up to four branching generations, with the

number of terminal ends being surprisingly independent of the LHBC polydispersity. Our findings highlight the superiority of LHBC
micelles in flexibility and performance over LDBC micelles.
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1. INTRODUCTION delivery,”"** and many others.”* In the present article, we focus
on polymeric micelles, which hold promise as nanocarriers for
encapsulating and transporting drugs. Mlcelles do this by
incorporating the often hydrophobic drug** into their cores,
thus solubilizing and protecting it from the highly complex
environment in vivo."> In addition, as drugs need to circulate in
the body for some time to reach their target sites, it is vital that
the drug release from the nanocarrier happens over hours and
not immediately'’ after administration. After entering the
bloodstream, the nanoparticles find themselves in a highly
dilute environment, much below the critical micelle concen-
tration (CMC), whereupon they disassemble quickly and thus

Block copolymers have seen a long and sustained interest, both
in experiments and theory, mainly due to their ability to self-
assemble into a variety of nanoassemblies. This ability stems
from the fact that the constituting blocks of the polymers are
made from different types of often incompatible monomers that
would like to demix, however due to the connectivity of the
blocks they instead microphase separate.” In the melt regime, for
example, even the simplest type of block copolymer, the linear
diblock polymer, can self-assemble into a variety of periodic
structures like lamellar, hexagonal, spherical, gyroid, and
more' > with a periodicity determined largely by the macro- ) their d load. Pol ic micell the oth
molecular weight of the molecules themselves and thereby in the felease elr (g paylodd. tolymeric ficetes, on Hie e

1 167 Such bility is highly d di hand, have a relatively low critical micelle concentration, which
nanoscae range, uch a capability is highly desired in a raﬂglﬁ enhances their stability and slows down their disassembly to a

- T8 )
of applications, such as surface pattering, thin films, large extent.”* Moreover, rather than passively delivering drugs

filtration,'" and many more.'"? On the other hand, if a solvent . . . ! )
B 3 ; to a site, a more selective strategy involves actively targeting the
is present that is selective toward one of the types of blocks, but . . O

sites by releasing the drug payload near or inside the affected
poor toward the others, then the polymers may self-assemble

into a variety of states depending on the concentration of the
polymers, the molecular weight of the polymer, and other
parameters.'* Some common examples include spherical
micelles, elongated micelles, worm-like micelles, or
vesicles.”'>~"” Such structures have been intensely investigated
and have a wide range of applications, e.g,, in solubilization,'®
stabilization,'” as nanoreactors™’ for drug encapsulation and
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cells. In this regard, polymeric micelles offer a variety of
possibilities. For example, by introducing stimuli-responsive
functional groups or monomers, it is possible to induce the
release of a drug at a specific site using triggers such as light,
temperature, or pH.25 Lastly, decorating micelles with specific
moieties, such as ligands, enables targeting of desired sites that
have specific receptors for said ligand®®*” thereby minimizing
the contact with healthy cells. Thus, polymeric micelles that
serve as drug delivery vehicles should combine a variety of
attributes. Fortunately, the vast array of synthetic protocols*®
has made it possible to construct a variety of exotic polymers.
One such class that combines multiple benefits and has attracted
considerable interest in recent years is linear dendritic block
copolymers (LDBCs). These polymers consist of a linear
solvophobic block and a precise branched structure consisting of
hydrophilic blocks, resembling a tree.””*" In solvent, they self-
assemble into an even greater variety of structures than linear
block copolymers.*>** Additionally, LDBCs offer several other
advantages over linear block copolymers, including smaller
micelle sizes, lower aggregation numbers, and a greater number
of chain ends available for functionalization.®* However,
synthesizing LDBCs with a precise branch structure—i.e., with
controlled macromolecular we_i§ht and branch generations—
requires a multipot process.”>”® This complexity results in
relatively high production costs compared to simpler copoly-
mers. An alternative approach which has gained popularity in
recent years is to use their less precise cousins, the so-called
linear hyperbranched block copolymers (LHBCs).””** In
contrast to the case of LDBCs, the branched component of
LHBCs is highly random. This randomness arises from their
synthetic protocols, which are both blessings and a curse. For
example, LHBCs can be synthesized in a one-pot process,”
considerably reducing production complexity. However, this
simplification often comes at the cost of high macromolecular
weight and topological polydispersity."”*" As drug delivery
vehicles must be monodisperse in size and exhibit similar
physiological characteristics between batches, it is important for
the polymers to form well-defined structures.*” High macro-
molecular weight polydispersity can lead to undesirable
assemblies.*® To address this issue, methods that reduce
polydispersity, such as slow-monomer addition,"* have been
developed. It should be noted that a certain low degree of
macromolecular weight polydispersity may have a positive effect
on micelle size uniformity, as has been demonstrated for linear
block copolymers.*® Theoretical studies on micelle formation
have mostly focused on monodisperse linear block copoly-
mers*®™*" and LDBCs.***>™** A few simulation studies have
investigated micelle self-assembly and morphological transitions
in solutions of hyperbranched copolymers with irregular
architectures; > >® however, the systems were still monodis-
perse in the sense that all molecules were identical. Only few
studies have considered effects of molecular weight polydisper-
sity,*°?7%% and the effects of topological polydispersity remain
largely unexplored. Here, we attempt to elucidate some of the
properties of micelles composed of polydisperse LHBCs, and we
compare them with their counterparts made of monodisperse
linear diblock copolymers and LDBCs. Schematic pictures of
such polymers are shown in Figure 1b-e. In the case of LDBCs,
the solvophobic blocks comprising the dendritic part have the
same total number of monomers, and the number of terminal
ends doubles with each generation. We investigate a range of
metrics, such as the morphologies of the micelles, the terminal
end distributions, the stability of micelles, their CMC values, and
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Figure 1. Examples of molecular structures. Solvophobic part is shown
in red and solvophilic part in blue. (a) Example of an LHBC molecule
produced from a molecular dynamics simulation (see Section 2.1). (b)
Graph representation of the polymer molecule in (a) where each filled
circle represents a monomer. Note that the maximum number of
generations in this particular example is 10. (c) Representation of a
symmetric linear diblock molecule. (d, e) Representation of a LDBC
molecule of generation one (d) and generation two (e).

their encapsulation capacities for a model solvophobic drug
molecule. We also investigated the limiting molecular weight
polydispersity that can still be tolerated. To this end, we employ
molecular dynamics (MD) simulations to model the slow-
monomer addition method*”**®* and construct a variety of
LHBCs with predetermined macromolecular length (weight)
polydispersity. The molecular architectures are then extracted
and the self-assembly of the molecules is evaluated in the grand
canonical ensemble using the Self-Consistent Field Theory
(SCFT) framework.*®

2. MODEL AND METHODS

2.1. Molecular Dynamics Model. We employed MD simulations
to mimic the slow-monomer addition protocol®” and used beads
labeled A to F to represent various components of the LHBC. Beads F
and C represent polystyrene and the macroinitiator, respectively, while
the rest are used to represent the AB, monomers and are configured in a
star-like fashion as shown in Figure 2. The center bead of the star (type
D) is connected to two beads B and one bead A such that the four of
them form a Y-shape, and further inert beads E are added to stabilize
this structure. Beads A can interact via an attractive potential with beads
C and B, simulating the irreversible conjugation of AB, monomers with
the macroinitiator and with each other.

The detailed interactions between each bead type are outlined
below:

harm, _ 1
Uijarm = Ekh(rij - Ta)z

for bonded beads , F—F, F—C, C—C, A—D, B—D, D—E, (1)
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Bead Types

A
I B

Figure 2. Sketch of the AB, monomer used in the MD simulations.
Each color corresponds to a different type of bead as indicated, and
bonds are depicted in black. In the SCFT calculations, this whole
monomer is turned into a single solvophilic segment.
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for bead pairs, A—C, A—B, 3)
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ij

~h(cos(0) = cos(@))"

for bonded bead triplets, A—-D—B, B—D—B, (4)

dihedral __ 1
Ugged™ = =
2

for beads E—E—E—E in the same star unit.

k(1 — cos(Zgbijkl))2

©)
Here r; denotes the distance between beads i and j, 6y is the angle
between particles i, j, and k, ¢y is the angle between the two planes
formed by beads i, j, k and beads j, k, ], respectively, and © refers to the
Heaviside function (@(x) = 1 for x > 0, ©(x) = 0 otherwise). The
parameters are k, = 100€, p, = 6, d = 100¢, r. = 6/2, k, = 100€, and 0, =
57/6 for A-D-B and 6, = 27/3 for B-D-B.

We simulated the aforementioned system under constant temper-
ature and volume conditions using Langevin dynamics as implemented
in the HOOMD-blue molecular dynamics package.”® Starting with a
linear chain of 84 F-beads followed by 8 C-beads connected in a
sequential arrangement, we then introduced a designated number of
AB, monomers. This number is sampled randomly from a Schulz—

Zimm distribution® with an average value of N, B, = 76 monomers,
and varying, but prescribed polydispersity index PDI = szsz/ NﬁBZ.
We note that the choice ofNAB2 = 76 is based on the fact that in SCF, F

beads act as solvophobic monomers, while C beads and AB, monomers
act as identical solvophilic monomers, thus the resulting LHBCs are, on
average, symmetric in terms of the solvophobic-to-solvophilic
monomer ratio. For the case of PDI = 1, the ensemble generated
consists of LHBCs that are monodisperse in length yet display a
diversity of topologies.

The AB, monomers are added sequentially, with the condition that
the preceding monomer must first be attached to the growing central
molecule before a new monomer can be introduced. This prevents
premature connections between free AB, monomers. A schematic
representation of such a polymer molecule and its graph structure is
shown in Figure 1a,b. The graph representation of this molecule, along
with others that constitute the polydisperse ensemble of LHBCs, is
subsequently recorded and used for further calculations within the SCF
framework. To avoid confusion, we note that, although more than two
types of MD monomers are introduced in the construction of the
LHBC polymers, the MD monomers are then mapped onto only two
types of segments, either solvophobic or solvophilic, in the SCFT
model.
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The SCF calculations are done in batches B1—B4, consisting of 128
different polymers each, which are a result of the “greedy algorithm”.
This algorithm sorts the 512 polymers, which we refer to as the BA
batch, into four equally sized sub-batches (B1—B4). It does this by
progressively filling these sub-batches while tracking the total sum of
monomers in each batch. It then assigns the next polymer to the sub-
batch with the lowest total, ensuring that no sub-batch exceeds the
target of 128 polymers. More details about the SCF simulations are
provided in Section 2.2.

2.2. SCFT Model. To model a system of copolymers with
solvophobic (H) and solvophilic (P) monomers in solvent (S), capable
of exchanging polymer chains with its environment (bath), we employ
SCEFT calculations in the grand canonical ensemble.

We consider a polymer solution in implicit solvent, modeled
according to the Sanchez—Lacombe theory®’® and characterize the
system in terms of spatially varying monomer volume fractions ¢by(r)
and ¢p(r) that depend on the corresponding monomer number
densities p,,(r) and the monomeric volumes v, = vp via ¢, = p,v,. Thus,
the solvent volume fraction is given by ¢hs(r) = 1 — ¢py(r) — ¢pp(r) and
the solvent number density is given by pg = ¢hs/vs, where vg is the
volslgme of a solvent molecule. The grand canonical free energy is given
by

ﬁFGC = (L]inter. - Vl_* /dr Zf'P (pav*)m/a - Z:’T exP(ﬁ.“i)Qi)

Unew = ([0 T 2,5, 0() + 2 T 1,11y (1)
+ (o (Nn((1) = py(r))

(6)
where v* is a reference volume, Uy, is the interaction potential which
also includes the translational entropy of the solvent molecules, y, 4 are
the Flory—Huggins parameters between species @ and 3, W, are the
self-consistent fields, y; and Q; is the chemical potential and the single
chain partition functions of chains of type i, respectively, ny is the
number of different types of polymers, and V is the volume of the
system.

In these grand canonical SCF calculations, we assume the polymers
in the micelle to be in chemical equilibrium with a homogeneous
solution of chains of type i with global average polymer volume fraction

¢. The chemical potentials y; are then given by

wpV

X +In(N)) =
exp(fu, + In(N)) 3

(7)

where Q; is the single chain partition function of chain type i in the
homogeneous state and w; is the fraction of chains of type i in the bath
such that )" w; = 1. Also, N = 7'" wN] is the average chain length
and N is the length of polymer type i. The derivation of eq 7 is given in
Appendix A.

In our study, we consider copolymers that are separated into blocks,
each consisting exclusively of either solvophobic or solvophilic
monomers. We categorize the blocks into three groups based on their
connectivity: (1) Stem (SM, one per molecule), (2) Internal (IL), and
(3) Terminal (TL). Stem and terminal blocks each have one free end,
while internal blocks have none. Blocks are delimited by junctions,
which encompass both the internal branch points and free ends. For
each molecule type i, the junctions are numbered consecutively, starting
from zero, which is assigned to the free end of the stem block. Thus, a
given block in a chain of type i can be identified by the pair [jj,]; of

confining junctions. Moreover, we assign orientations to molecules,
defining the forward direction as running from the stem to the terminal
blocks. An example illustrating the nomenclature is given in Figure 3.

For each block [ j, ];, we calculate a forward propagator 9, L(r’ s)

and a backward propagator qgj ](r, s), where s = n/N and n is a
V2h
monomer count. This is done by solving the modified diffusion

.71
equations
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q[01);

Figure 3. Cartoon representation of a hyperbranched polymer indexed
to i. Red indicates that block j is solvophobic, while blue indicates that
the block is solvophilic. Green indicates the junction points numbered
here from 0 to 9. For clarity, only some of the forward propagators are
shown.
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(8)
where we assumed the statistical segment length of the monomers b to
be the same throughout the polymer. Here, W), s either Wy; or Wy,
depending on the monomer type of block[j j, I, eq 9 is solved for values
of s in the interval s € [0, s[;;fi], where Ns[[;:si is the macromolecular

length of block [jj, ], with initial conditions given by the following
71

relations:
quizL(r’ 0) = 1 for ljj, )l = [01], € SM ©
9 (77 O = (1 i) (72 ©)
for [ j,1; & SMand,

l,j,)i € SMorlL, [jj,]; € ILor TL (10)
i max \ __ .

4y, (" 1) = Lhor [jj); € TL o
il max\ _ T -

q[iljz],(r’ S[/I/z]i) - q[jzjg]x(r’ O)q[/z];;]i(r’ 0)

for [jj, )i & TL, [ [jpj,); € IL or TL. (12)

Equations 9 and 11 are the initial conditions for the free ends of the
polymer, while eqs 10 and 12 are the initial conditions for the inner
junction points of the polymer. For example, in Figure 3, junction
points 1,2, 5, and 7 are inner junction points while the rest are free ends.
Based on these initial conditions, we first calculate the backward
propagators of the chain, starting from the terminal groups and
proceeding “backward” along the chain, up until the stem’s backward
propagator is calculated. Then, we repeat the procedure for the forward
propagator in the reverse order. Once the propagators have been
calculated, the volume fractions can be determined via the following
expression:

nr nr

0,00 =Y ¢,() = Y exp(Bu, + In(R))

i

1
Tyjph +
x[“zg /0 ds g3 (r )y ()00 00
V2

(13)

where ¢,(r) is the volume fraction contribution from chain i to
monomer type a and 9%“1’-2 , is one if the block [j j, ]; is of type @, and

zero otherwise. The single chain partition function of a chain of type i
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can be evaluated from the backward propagators of the corresponding
stem blocks,

Q,‘ = /drq[zljx(r’ O) (14)

Finally, to close the self-consistent loop, the fields W,(r) are
calculated from the functional derivatives of Uy, with respect to the
monomeric number densities® p, = /v, as

OUinter 9]

5p,(r)

Vy H,P v
=tsts + Xy Uy — 255085 — V_Sln(‘ll’s))

W, (r) =

(15)

Given an initial field W,, we solve eq 9, calculate new volume
fractions using eq 13, calculate new fields using eq 15, mix the new fields
with the old ones using lambda mixing,”> and repeat the loop until the
following convergence criterion is reached:

H,P
CF = Z fdr(@:ew _ ¢;Id)2 < 10712
a (16)
All SCF calculations were performed with periodic boundary
conditions in a simulation box of volume V = 15 X 15 X 15 [R g3 1,
using 1024, 128 X 128, and 64 X 64 X 64 grid points for one-, two-, and
three-dimensional simulations, respectively. The rest of the parameters
were chosen as ypN = 30, ysN = 61, ypsN = 27, v/ (v¥N) = 0.02, and
v* = vp such that the equilibrium morphology in a system of symmetric
diblock copolymers is a spherical micelle. To accelerate the numerical
computation of the propagators for highly symmetric architectures like
LDBCs, we implemented schemes similar to those in Yong and Kim,”?
which avoid redundant calculations of identical propagators.

3. RESULTS AND DISCUSSION

In this section, we first examine the results related to the size and
topological polydispersity of LHBCs generated from MD
simulations. We then present results from SCF calculations,
comparing micelles formed by polydisperse ensembles of
LHBCs with those formed by monodisperse ensembles of
linear diblocks or LDBCs of various generations. Key
experimentally relevant quantities such as the critical micelle
concentrations (CMC), the equilibrium morphologies, the
volume fraction profiles, the terminal end distributions, the
number of chains n; and terminal ends cy; per micelle, the
micelle size distributions, and the energy penalty associated with
asphericity are discussed. Finally, we investigate the drug
encapsulation capacity of these micelles by evaluating the
encapsulation of solvophobic homopolymers. For a fair
comparison, we limit the study to systems with solvophobic-
to-solvophilic monomer ratio maintained at 1:1 for all
monodisperse LDBC and linear diblock systems, and on
average, at 1:1 for the polydisperse LHBC systems. We note
that, in some of the following plots, we refer to the linear diblock
chain as zeroth generation LDBC. Below, lengths are mostly

given in units of the average radius of gyration Kg = b/N/6
and the free energy F will be given in units of kg T = ' and
rescaled with the Ginzburg parameter C = K; /v*N.

3.1. Generation of Representative LHBC Polymer Sets.
As noted in the introduction, slow monomer addition can yield
polymers with low macromolecular length polydispersity, which
shows particular promise for applications. Therefore, we focus
on LHBCs synthesized by using this approach. Specifically, we
modeled the slow-monomer addition protocol outlined in
Barriau et al.** In this process, a linear polystyrene block is
initially conjugated to a short linear hydroxylated polybutadiene

https://doi.org/10.1021/acs.macromol.5c00615
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block, which serves as a macroinitiator for the subsequent
gradual addition of glycidol, ultimately forming the LHBC
molecule. Here, glycerol acts as an AB,-type monomer, thus the
branching points in the resulting hyperbranched polyglycerol
have a degree of three.

To model the slow monomer addition protocol, we used
single-chain coarse-grained MD simulations. In such simu-
lations, a linear block was conjugated to a linear macroinitiator
and a predetermined number of AB, monomers, that can
irreversibly bond with the macroinitiator and other AB,
monomers, were added sequentially to the growing molecule.
This predetermined random number followed a Schulz—Zimm
distribution with a specific polydispersity index (PDI) and
average number (Section 2.1).

We investigated different values of PDI, and for each PDI, we
simulated the creation of 512 independent polymers. To keep
the SCF simulations manageable and enable assessing statistical
errors in the SCF results, we divided the complete batch (BA)
into four subbatches (B1, B2, B3, B4) of 128 polymers each.
Instead of randomly selecting polymers from the BA batch, we
used a “greedy number partitioning” algorithm to assign
polymers to sub-batches (see Section 2.1).

This method ensures that the four sub-batches have similar
average chain lengths and was also found to preserve other key
characteristics. For instance, the degree of branching74 which is
defined as

DB =2D/(2D + L) (17)

where D and L are the number of dendritic monomers
(branching points) and linear monomers, is also preserved
along with the length polydispersity. This is illustrated in both
Figure 4 and Table 1, which demonstrate that the characteristics
of both the topological and chain length polydispersity are
overall inherited from the large BA batch in the sub-batches B1—
B4. Note that as explained in Section 2.1, the macroinitiator and
the AB, monomers are considered solvophilic and compose the
entire hyperbranched part of the polymer. The results are
consistent with previous Monte Carlo simulations.”
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Figure 4. Probability distributions of the degree of branching (DB) for
the LHBCs with different values of polydispersity index PDI. The whole
colored distribution represents the complete batch (BA), while the
other four colors represent the sub-batches (B1—B4). Note that the DB
values are calculated only for the solvophilic part of the polymer.
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3.2. Equilibrium Micelle Structures. To determine the
equilibrium morphology and the CMC of the systems, we
conducted one-, two-, and three-dimensional SCF calculations
in the grand canonical ensemble, which resulted in lamellae,
cylindrical, or spherical micelles, respectively. For simplicity, we
only consider solvophobic (H), solvophilic (P), and solvent (S)
in these calculations and do not distinguish between the
macroinitiator and the AB, monomers, to which we all refer as P.
In particular, we assume that all monomers have the same
monomeric volume vp. We further assume that the polymers in
the micelle are in chemical equilibrium with a homogeneous
solution (bath) of chains of type i with global average polymer
volume fraction ¢. The chemical potentials y; (eq 7) of each type
are then given in terms of w;, which is the fraction of chains of
type i in the bath. We set w; = 1/ny, meaning that chains of all
types i are incorporated into the micelle with the same a priori
probability. The actual fraction of chains i in the micelle may of
course differ from w;,

First, we varied the average polymer volume fraction, @, of the
bath and evaluated the free energy difference (AF) between the
inhomogeneous and homogeneous states for each case. Selected
curves for AF as a function of ¢ are shown in Figure 5ab. The
critical volume fraction, ¢, is defined as the lowest value of ¢
among the three morphologies for which AF = 0. This
represents the lowest polymer volume fraction at which micelles
begin to form, with the corresponding morphology being the
equilibrium micelle morphology. The resulting values of ¢, and
the respective morphologies are shown in the insets of Figure 5:
as a function of PDI for LHBCs in Figure 5a, and as a function of
generations for LDBCs in Figure Sb. In LDBC systems, ¢,
increases with increasing generations, consistent with prior
ﬁndings.34 In LHBC systems, ¢, decreases with increasing PDI,
which aligns with observations from micelles formed by linear
block copolymers with a polydisperse solvophilic block.” For all
polymer systems tested, the equilibrium morphology was
spherical micelles, except for LHBCs at PDI = 1.5, which
transitioned to cylindrical micelles. In Figure Sc, the differences
in the length distribution of the solvophilic part between the
micelle and bath are shown for the different LHBC systems.
Greater polydispersity results in a larger proportion of both
smaller and larger chains in the bath. Smaller chains, being
overall more solvophobic, are preferentially attracted to the
micelle, while larger chains are preferred in the bath.
Additionally, chains with smaller solvophilic parts lose less
configurational entropy upon incorporation into micelles
compared to larger chains, which explains the decrease in ¢,
with increasing PDI The eventual transition of the equilibrium
morphology from spherical to cylindrical can be attributed to
smaller chains having a higher packing parameter.”® Figure 5d
demonstrates that the effects of topology are minimal as the
differences in the degree of branching within the micelle and the
bath for the PDI = 1 case are negligible. At PDI = 1, all chains
have equal molecular weight, so there is no size-based driving
force, unlike in the other cases. Thus, the differences observed
for the other PDI cases can be primarily attributed to indirect
effects of molecular weight polydispersity, rather than
topological polydispersity. However, this does not rule out a
potential impact of topological polydispersity in systems with
fewer chains than those tested.

Next, we compare the properties of the equilibrated spherical
micelles. We define the terminal end distribution c(r), the
number of chains n,;, and the number of terminal ends in the
micelle, ¢y, as
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Table 1. Statistical Properties of Polymers in Each Representative Batch of LHBC Molecules (See Text), with Notation “Average

Number of AB, Monomers”(“PDI”)/”DB + Error of DB”*

13 14 LS

Target PDI 1.0 1.1 1.2
BA 76.0(1.00)/0.56+0.05 76.1(1.10)/0.56+0.05 74.3(1.18)/0.56+0.05
Bl 76.0(1.00)/0.56+0.05 76.1(1.10)/0.56+0.05 74.3(1.18)/0.56+0.05
B2 76.0(1.00)/0.56+0.04 76.2(1.10)/0.56+0.05 74.3(1.18)/0.56+0.05
B3 76.0(1.00)/0.56+0.04  76.2(1.10)/0.56+0.05 74.3(1.18)/0.56+0.05
B4 76.0(1.00)/0.56+0.05 76.0(1.10)/0.56+0.05 74.3(1.18)/0.56+0.05

75.6(1.33)/0.57+0.05
75.6(1.34)/0.5740.05
75.6(1.33)/0.57+0.06
75.6(1.33)/0.5740.05

73.4(1.37)/0.57+0.05
73.5(1.37)/0.57+0.05
73.4(1.37)/0.56£0.05
73.4(1.37)/0.57+0.05

74.7(1.56)/0.57+0.06
74.7(1.56)/0.57+0.06
74.7(1.56)/0.56+0.05
74.7(1.55)/0.57+0.06

75.6(1.32)/0.56+£0.06  73.4(1.37)/0.56+0.06  74.7(1.55)/0.57+0.06

“Note that the calculation of DB involves only the solvophilic part of the polymer, while the calculation of the PDI involves only the AB,
monomers. Small deviations from the target values arise due to sampling.

20 (a) v = f dv c(r)/vp
PDI =1 A (19)
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Figure S. (a,b): Rescaled free energy difference AF between 1011121314 012345

homogeneous and inhomogeneous states against the average polymer
volume fraction in the bath ¢ for polydisperse LHBCs (a) and
monodisperse linear and LDBCs (b). Each color corresponds to a
different polymer system, while the style of the line corresponds to
lamella (solid line), cylindrical (dashed line), and spherical (dotted
line) micelle states. For LHBCs (a), errors obtained from averaging
over batches are also shown. The insets in (a) and (b) show the state
with the lowest critical concentration ¢, against PDI and number of
generations, respectively. The circular (@) and rectangular (M)
symbols represent spherical micelles and cylindrical micelles,
respectively, as the equilibrium morphology, in both the main and
inset plots. (c,d): Differences in the distribution of chain lengths and
degree of branching between the bath and micelle were observed for
LHBCs. The macromolecular weight and DB are calculated only for the
hyperbranched part of the LHBCs.
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Figure 6. (a) Volume fraction profiles for spherical micelles at their
CMC vs the distance from the center. The opaque lines correspond to
the solvophobic monomers while the translucent lines correspond to
the solvophilic monomers. (b) Normalized average chain end profiles
vs the distance from the center of the micelles. The colors and line style
for each polymer system are shown in the legend. For the LHBC
systems, errors are also shown. (¢, d): Number of solvophilic chain ends
in the micelle ¢, (red) and number of chains in the micelle n,; (blue)
normalized by the corresponding number for monodisperse linear
diblock chains for LHBCs as a function of PDI (c) and LDBCs as a
function of generation number (d).

fraction profiles of equilibrium micelles are shown for a selection
of polymer systems. These profiles are only marginally
influenced by polydispersity, with the LHBC systems exhibiting
profiles that lie between those of the linear and the other LDBC-
based micelle systems. The results indicate that the impact of
polydispersity on the equilibrium volume fraction profiles is
relatively minor compared to other factors, such as polymer
architecture or the generation of LDBCs. These findings are
consistent with a grevious study on micelles formed by linear
block copolymers™ which showed that polydispersity in the
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solvophobic block had a strong effect on the volume fraction
profiles, whereas polydispersity in the solvophilic block had little
to no effect. We note that the solvent content in the micelle core
is relatively high in these calculations, around 25%. This is a
consequence of the monomer—solvent interactions (ys = 0.61)
being relatively small. This value is inspired by an empirical
estimate for polystyrene in n-decane based on Hansen’s
solubility parameters.”” The yyg values for hydrophobic
components of pharmaceutical micelles in water, such as
polylactate, are typically about twice as high; therefore, the
solvent content in the micelle core will be lower. However, this
should not change the general trends.

An interesting effect is observed in the high PDI case (PDI =
1.4). As shown in Figure 6a,b, a sizable amount of solvophilic
monomers enters the predominantly solvophobic core, leading
to a corresponding decrease in the solvophobic contribution.
High PDIs can result in polymers with small solvophilic
contributions, which makes them nearly entirely solvophobic.
Consequently, the polymers tend to position themselves deeper
within the micelle core. As a result, polymers with small
solvophilic blocks may occasionally flip with their solvophilic
segments pointing inward rather than outward. This flipping
behavior explains the reduced solvophobicity and the slight
increase of the solvophilic contributions within the core. It
highlights the complex nature of micelle formation at high
polydispersity, where the distribution of solvophobic and
solvophilic monomers becomes less predictable. The phenom-
enon may also explain the paradoxical observation that the
equilibrium micelle size increases with increasing PDI, despite
being composed of smaller chains. In other words, the shorter
chains, which behave almost entirely as solvophobic molecules,
contribute to swelling of the micelle core. When comparing the
volume fraction profiles of LHBC and LDBC micelles to those
of micelles composed of linear chains, as shown in Figure 6a, one
finds that the LHBC micelles at high PDI exhibit the highest
resemblance. In contrast, the normalized terminal end
distributions in Figure 6b present a different picture. Here,
LHBCs show greater similarity to LDBCs than to their linear
counterparts, as they feature a much more concentrated corona.
Increasing the PDI shifts the peak of the distribution toward
larger values, which is consistent with the expected increase in
the micelle size. Unexpectedly, the number of terminal ends, ¢y,
for LHBCs appears to remain relatively constant with respect to
PDI, showing only a minute increase as PDI increases, as
illustrated in Figure 6¢ (red curve). This results from the
interplay of two opposing factors: As can be seen in Figure 6¢
(blue curve), the number of chains, 1y, increases with increasing
PDI in LHBC micelles, consistent with the increase in the
micelle size discussed above. On the other hand, the ratio ¢);/ny,,
which corresponds to the average number of terminal ends per
polymer in the micelle, decreases with PDI due to the preference
for shorter chains in such micelles. Therefore, despite larger
PDIs leading to larger micelles, which would typically result in a
higher ¢y, the presence of shorter chains with fewer terminal
ends keeps the ¢y, relatively unchanged. In LDBC micelles, a
similar competition arises. The number of terminal ends per
chain increases exponentially with increasing number of
generations, but the number of chains n,, decreases (see Figure
6d, blue curve). However, in this case, the first effect dominates
by far, such that the number of chain ends in LDBC micelles still
increases exponentially as a function of the generation number
(Figure 6d, red curve), at least up to the fifth generation.
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3.3. Micelle Size and Shape Fluctuations. After we
discussed the properties of equilibrium micelles, we now turn to
the free energy penalties associated with deviations from the
preferred micelle size and shape. This analysis gives information
on the stability and polydispersity of micelles and on their
resistance to deformations. The small statistical errors observed
in Figures 5 and 6 for LHBCs indicate that a single sub-batch is
sufficient to capture the behavior of the entire ensemble.
Therefore, from this point onward, the results for the LHBC
ensembles will be based on the B1 batch for each PDL

We first examine the energy difference Fy(R,,) between the
equilibrium spherical micelle and a micelle of radius R, in a bath
with an average polymer volume fraction ¢, To this end, we
introduce a constraint potential in eq 21,

2
d _
( '/Ven. ’ ¢H(r> d)conJ (1)

where the integral is performed over an ellipsoid of volume V.
concentered with the micelles. We note that the additional
energy term from eq 21 is not explicitly added to the free energy
Fy(Ryy), only the field contribution of this potential is included,
as was similarly done in Mantha et al.”> We define the micelle
radius (R,,) as the radius at which ¢;; = 0.5, and the radius is
calculated post hoc following the SCF calculations.

The results, shown in Figure 7, indicate that the most stable
micelles, as characterized by the height of the energy barrier, are
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Figure 7. Rescaled free energy of the micelle Fy,(R,,) vs the radius of the
micelle R, for different PDIs (a) or linear and LDBCs (b) at their
respective critical volume fractions ¢, The results were obtained by
varying ¢, in the constraint potential of eq 21, while k., N = 1 and V;,
which is a sphere of radius R/ l_lg =5, were kept constant. A fourth-order
polynomial was fitted to each system.

those composed of linear polymers, followed by the system with
PDI = 1.4. Increasing the PDI leads to a moderate increase in the
energy barrier, while, for LDBCs, increasing the number of
generations slightly reduces it. Both behaviors can be attributed
to the growing and decreasing number of chains within the
micelle for increasing PDI and number of generations,
respectively.

Furthermore, we can inspect the curvature of Fy(R,,) at the
minimum, which is related to the size distribution of micelles via
P(R,)  exp(fSF(R,,)). For micelles composed of monodisperse
copolymers, the curvature appears to be largely independent of
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the copolymer architecture. It is very similar for linear
copolymers, LDBCs, and LHBCs with PDI = 1. However, if
one increases the PDI in the LHBC systems, then the curvature
decreases, indicating a broadening of the micelle size
distribution. We attribute this to the greater number of smaller
chains within the micelles. These smaller chains contribute to
the swelling of the micelles and help stabilize a broader range of
micelle sizes.

In a similar manner, we investigate the penalty associated with
deforming the equilibrium micelles, thus making them
aspherical. To define this quantity we consider the normalized
moment of inertia tensor, which we define as

L ZP ¢Igp)(|r(p)|25ij _ xi(P)x](p))
;=
z, 40
where the sum over p runs over all grid points obeying ¢ ;> 0.05,

(»
Xi

fori,j=1,2,3
(22)

) and ()| are the Cartesian components and the distance
from the center of the micelle, respectively. The asphericity of a
micelle is then defined as

e (A +4))

A=)2-=2

‘ 2 (23)
where 4, are the eigenvalues of the tensor in eq 22.

To impose different asphericities, we again use the constraint
potential defined in eq 21. However, since this time we wish to
study the response of a given equilibrium micelle to mechanical
deformation, we fix the total number of chains in the system, n,,
as well as the chain composition and perform the SCF
calculations in the canonical ensemble.

Figure 8 presents the energy penalty for deforming micelles as
a function of asphericity in the systems of interest along with two
example morphologies depicting the change from a spherical
micelle to a cigar like micelle. The figures show that LDBC
micelles and LHBC micelles at PDI = 1 case exhibit similar

1.44 — PDI=1 Linear
PDI= 1.2 Gen. = 2
1.2 PDI= 1.4 Gen. = 4
1.0 4
o O |8(7>z71
0.8 0.52
< 40
= |827
w
@ 0.6 4
0.4 1 ks
e
0.2 Ih:%7
0.0 =" T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
A

Figure 8. Free energy penalty F,, for deforming a micelle from spherical
to aspherical vs asphericity A for LHBC micelles (solid lines) and
micelles composed of monodisperse LDBCs and linear copolymers
(dashed lines). To enforce different asphericities, the constraint
potential of eq 21 was used, with V; representing a spheroid with
increasing size in the x-direction and decreasing size in the y and z
directions such that V,;; matches the volume of the equilibrium micelle
core, which was defined as the volume that obeys ¢y > 0.5. k., N was
set to 1 while ¢, was determined by the volume contribution of the
solvophobic micelle core at A = 0. Also shown with corresponding
arrows are contour plots of the resulting morphology for the linear
diblock results at A = 0 and A = 0.84.
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resistance to deformation from their spherical shape, featuring
the highest structural stability compared to other, more
deformable systems. This is expected, as the topology of
LDBCs aligns naturally with spherical micelles, and PDI = 1
polymers, although slightly more flexible, mimic LDBCs. This
minor increase in malleability in LHBC micelles at PDI = 1 can
be attributed to the diversity of polymer topologies within the
micelle, which can arrange themselves in favorable positions so
that for a given asphericity a smaller energy penalty is paid.
Conversely, increasing the PDI in LHBC systems enhances the
structural flexibility of the micelles, making the PDI = 1.4 system
even more flexible than the linear micelle.

As the PDI increases, the diversity in chain topology and size
also grows. Consequently, chains of different lengths adopt
different spatial conformations within the micelle, as shown in
Figure S2a,b. The increased diversity enhances adaptability to
stress since chains can adjust to micelle deformations by
repositioning and reorientating. This is illustrated in Figure S2d
which demonstrates that in a stretched micelle, the proportion of
long chains oriented along the stretched axis, relative to short
chains, is higher along the long axis than along the short axis.

3.4. Encapsulation of Solvophobic Drug Molecules. To
conclude our investigation, we analyzed the encapsulation
properties of the micelle systems using a solvophobic
homopolymer made of type A monomers with a length
equivalent to the linear solvophobic segment of each system.
We fixed this homopolymer’s contribution to the total polymer
volume fraction at ¢, 107%, to maintain consistent
encapsulation conditions across all micelle configurations.
Simulations were then rerun for each system of interest. The
resulting data are presented in Figure 9.
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Figure 9. Critical volume fraction ¢, (excluding the contribution from
the homopolymers ¢,) (red) and average number of homopolymer
chains in the simulation box ..., normalized by the corresponding
number for monodisperse linear diblock chain (blue) vs the
polydispersity of LHBCs (a) and the number of generations of
LDBCs (b). The homopolymer volume fraction in the reservoir
solution is kept fixed at ¢, = 107>,

The CMC follows trends similar to those observed without
encapsulation; however, CMC values across all systems are
lower, a phenomenon commonly reported with the addition of
solvophobic drugs.”® Encapsulation also affects the equilibrium
morphology in LHBCs such that they adopt a cylindrical
morphology already at PDI = 1.4.

All LHBC systems exhibit superior encapsulation capacities
compared with LDBC systems, and increasing PDI further
increases this capacity. We attribute this to the fact that, as the
homopolymer is incorporated within the micelle, the micelle
swells and its size deviates from the equilibrium values in the
absence of the drug, as illustrated in Figure S3a. As we noted
before, swelling is penalized more strongly in LDBCs compared
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with LHBCs (Figure 7). Indeed, Figure S3 shows that the
micelle core size of LDBCs does not change upon incorporation
of the homopolymer. Therefore, LHBCs can accommodate a
higher payload due to their flexibility in size fluctuations.

4. CONCLUSION

We investigated self-assembled micelles composed of polymers
with a monodisperse linear solvophobic block and a solvophilic
block of equal average molecular weight, which are either
polydisperse hyperbranched (LHBC), monodisperse dendritic
(LDBC), or monodisperse linear (diblock). To do so, we first
constructed a set of polydisperse topologies for the hyper-
branched case, mimicking the slow-monomer addition synthesis
protocol in MD simulations. Subsequently, we continued our
investigation using self-consistent field (SCF) numerical
calculations. For this purpose, we developed a methodology
that incorporates the random branching characteristics of
LHBCs and we simulated these systems in the grand canonical
ensemble to account for the exchange of polymers between
micelles and their environment.

We found that increasing the polydispersity in LHBCs
improves the stability of micelles and lowers the critical micelle
concentration (CMC). This effect is largely driven by smaller
chains that are relatively more solvophobic and therefore exhibit
an increased tendency to be incorporated into micelles. In
contrast, the topology of the polymers appears to have a smaller
impact in these systems, resulting in only slight differences in the
aforementioned characteristics compared to LDBC systems.

Volume fraction profiles and terminal end distributions were
also found to be broadly similar between the LHBC and LDBC
micelles. However, the number of chain ends in LHBC micelles
was found to be surprisingly independent of polydispersity and
comparable to micelles composed of LDBCs with five
generations. This independence is attributed to a combination
of two factors: an increase in the number of chains within the
micelle with increasing polydispersity and a simultaneous
decrease in the average number of terminal ends per chain in
the micelle due to the higher content of shorter chains, which
naturally have a smaller number of terminal ends.

Our calculations suggest that LHBC micelles are generally
more diverse in size and offer less resistance to deformations
from their spherical shape compared to that of LDBC micelles.
Finally, we probed the capability of the micelles to encapsulate
solvophobic drugs by testing them with a solvophobic
homopolymer. We found that due to their increased
malleability, LHBCs can accommodate a larger payload than
LDBCs, although encapsulation can influence their equilibrium
morphologies and may induce a transition from spherical to
cylindrical morphologies.

In summary, we have demonstrated that LHBC micelles
exhibit behaviors similar to those of LDBC micelles, with
findings indicating that the random topology of LHBC:s is not
the primary determinant of their characteristics. The poly-
dispersity in size plays a more significant role. Additionally, the
increased diversity in LHBCs proves advantageous, contributing
to the enhanced encapsulation capacity and improved stability.
We believe, therefore, that the randomness inherent in LHBCs
can be thought of not as a drawback but as an attribute that can
be explored and taken advantage of.

Future research could explore reverse micelles, where the
branched blocks form the core, as in this type of systems, the
influence of topology is expected to be more pronounced
compared to the systems examined here.”>”” Additionally,
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exploring the effects of terminal group modifications on these
polymers could further refine our understanding of micelle
behavior. We have made our code available as part of the SCF
package published in Qiao et al.** which can be used to simulate
multiblock copolymers of any tree-like graph topology and is
parallelized for polydisperse systems.

Bl APPENDIX A

Additional calculations

In homogeneous systems, the fields and propagators do not vary
spatially and the propagator equations, eq 9, can be solved
analytically. This results in

Q, )
q[jljzlx(s)q[zjzlx(s) = > for all [jj,]; and s

and the following expression for the contribution of chain i to
the volume fraction of type a:

&, = vpexp(Bu, + In(N)) X Z[jljzll /ds
i
ROLOL AT}

_ Q1 A
= vpexp(By, + In(N ))Vf,,,,%

where 6,

, is 1 if the block [jj,]; has the type a and 0

Ui
otherwise, the sum [j j, ]; runs over all blocks in the chain i and f,,
is the fraction of chain type i that is of type @. The average
volume contribution of the polymer i of monomer type @ can
also be written as

Mfa,il\li

5 7

¢%1,i -

Equating the two equations above leads to eq 7. We should
note that eq 7 remains valid even if Q; is not evaluated in SCF
approximation, but by more sophisticated means. Taking into
account effects of nonideal chain conformations, e.g., due to the
fact that solvophobic blocks of isolated chains might collapse®’
would shift the values of Q; and hence ;. Here, we neglect such
effects for consistency. In full inhomogeneous SCF calculations,
the micelles are also surrounded by a homogeneous solution,
and we design the study such that this solution is equivalent to
the reservoir solution.
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