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ABSTRACT: We use discontinuous molecular dynamics (DMD) computer simulation to
investigate the encapsulation efficiency and micellar structure of solute-carrying block copolymer
nanoparticles as a function of packing fraction, polymer volume fraction, solute mole fraction,
and the interaction parameters between the hydrophobic head blocks and between the head and
the solute. The encapsulation efficiency increases with increasing polymer volume fraction and
packing fraction but decreases with increasing head—head interaction strength. The latter is due
to an increased tendency for the solute to remain on the micelle surface. We compared two
different nanoparticle assembly methods: one in which the solute and copolymer coassociate and
the other in which the copolymer micelle is formed before the introduction of solute. The
assembly method does not affect the encapsulation efficiency but does affect the solute uptake
kinetics. Both head—solute interaction strength and head—head interaction strength affect the

density profile of the micelles; increases in the former cause the solute to distribute more evenly throughout the micelle, while
increases in the latter cause the solute to concentrate further from the center of the micelle. We explain our results in the context of a
model of drug insertion into micelles formulated by Kumar and Prud’homme; as conditions become more conducive to micelle
formation, a stronger energy barrier to solute insertion forms which in turn decreases the encapsulation efficiency of the system.

B INTRODUCTION

Nanoparticles formed by the micellization of block copoly-
mers in the presence of cancer drugs are now being investigated
as a way to reduce the low drug solubility and imprecise targeting
associated with standard chemotherapy."” For example, the
ability of micelles formed by PEG-b-poly(propylene sulfide) to
encapsulate the water-insoluble drug cyclosporin A is the subject
of areport by Velluto et al.”> Encapsulating a drug within a micelle
increases the drug’s effective solubility in the bloodstream,
allowing smaller doses to be delivered with the same effect.
Targeting ligands added to the nanoparticle surface increase the
likelihood that the drug will be released in the vicinity of cancer
cells and prevent them from killing healthy cells.” Researchers
studying these types of drug delivery systems have, however,
reported some problems, most notably with low encapsulation
efficiencies and undesirably fast release profiles.*

The aim of our work is to provide a theoretical framework that
describes the assembly of block copolymer micelles in the
presence of drug molecules. Motivation for this work is our hope
that this will serve as a guide that can assist researchers on the
front line to optimize the drug encapsulation efficiency of their
systems. Computer simulation can be used to provide this
theoretical framework. Although other researchers have used
computer simulation, as well as theoretical methods, to study
micellization of block copolymers,® '* none of them specifically
address what occurs when drugs are introduced into a block
copolymer system. This is the gap that we seek to fill.

Prud’homme and Kumar formulated a theory of drug encap-
sulation that describes the free energy necessary to insert a dru%
into the core of an already-formed block copolymer micelle."
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They determined that the free energy needed to insert a drug into
the core of the micelle increases with the number of drugs in the
micelle until the system reaches equilibrium and no more drug
can be inserted. Their model describes the case in which micelles
form before drug is introduced into the system and hence
does not apply to the case considered here in which the
micelle-forming block copolymer and the drug are introduced
into solution simultaneously.

In a previous study,'” we modeled drug encapsulation as a
solubilization process wherein generalized model solutes are
encapsulated in a block copolymer micelle immersed in a solvent.
Discontinuous molecular dynamics computer simulations were
used to investigate the structural phase behavior of this model
copolymer—solute—solvent system to determine (a) the effect of
hydrophobic solute particles on the phase behavior of the system
and (b) which system variables most affect that phase behavior.
We found that the presence of hydrophobic solute particles
makes micelles form more easily and that the key variable that
determines whether the system encapsulates solute well is the
head—solute interaction strength (&p4). The copolymer/solute/
solvent system formed five types of structural phases or mor-
phologies. In three of these phases, all of which occur at low
values of &4, the solute and copolymers act as coexisting separate
systems: micelles may form while the solute remains unaggre-
gated, the solute may aggregate outside the micelles, or the solute
may aggregate while the polymers do not. In the other two
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phases, encapsulation occurs, but the manner in which the solute
is encapsulated is significantly different. In the first of these
phases, which occurs at moderate values of &,q and at high
packing fraction, the solute particles form a large cluster that is
surrounded by copolymer. In the second phase, which occurs at
high 1,4 and all packing fractions, the micelles formed are much
smaller and the solute is evenly dispersed among them. This
phase, which we referred to as “micelles encapsulating dispersed
solute”, is characteristic of the kind of drug encapsulation sought
in the lab.

In this paper we focus in on the encapsulation of drug (solute)
molecules in the “micelles encapsulating dispersed solute” phase
described in our previous paper on copolymer/solute/solvent
systems. Discontinuous molecular dynamics simulations are
applied to this three-component system (copolymer, drug,
solvent) with the copolymers modeled as square-well chains of
length 12 and the drugs modeled as square-well spheres. The
dependence of the encapsulation efficiency and micelle density
profile on the packing fraction, polymer volume fraction, head
—solute interaction strength, head—head interaction strength,
and solute mole fraction is analyzed. Our results are compared
to the predictions of the Prudhomme—Kumar model so as to
determine the degree to which their model can be applied to
systems where copolymer and solute coassociate. We also model
the encapsulation efficiency of a system where the micelles form
before the solute is introduced in order to compare the encapsu-
lation efficiency and kinetics of these two methods of nanopar-
ticle construction.

Highlights of our results include the following. Increasing
the system packing fraction increases the amount of solute
encapsulated and decreases the amount of solute that remains
on the micelle surface. Increasing the polymer volume fraction
increases the encapsulation efficiency of the system as expected,
but this effect saturates at high polymer volume fraction. The
encapsulation efficiency of the system depends quite sensitively
on the values of the interaction parameters, especially the
head—head interaction strength. Increases in the head—head
interaction strength strongly impede encapsulation ability by
forcing drug particles to remain on the micelle surface. An
increase in solute mole fraction changes the encapsulation
efficiency at high values of head—head interaction strength,
but not at lower values of head—head interaction strength. At
the higher head—head interactions, the system of micelles has a
fixed carrying capacity; once that capacity is exceeded, the
micelles start to encapsulate large clusters of solutes. Analysis of
the density profiles of the solute-encapsulating micelles indi-
cates that increases in head—solute interaction strength lead
the solute and head blocks to be distributed more evenly
throughout the core of the micelle, while an increase in
head—head interaction strength causes micelles to become
smaller and solute to shift from the center of the micelle to the
outside. There is surprisingly little difference in encapsulation
efficiency between the case in which solutes are introduced to a
preformed system of micelles and the case in which solutes and
copolymer coassociate. There is, however, a difference in the
kinetics of encapsulation between the two nanoparticle assem-
bly methods at high values of the head—head interaction
strength. Solute uptake for the case in which micelles coassoci-
ate with copolymer is faster than in the case in which micelles
are preformed; however, both cases result in the same overall
encapsulation efficiency. Our results can be interpreted in
terms of the model of Kumar and Prud’homme; as conditions

Table 1. Matrix of Interaction Parameters

head tail solvent solute
head Ehh 0 0 €Ehd
tail 0.4 0.4S 0
solvent 0 0
solute 1.0

become more conducive to micelle formation, a stronger
energy barrier to solute insertion forms, which in turn decreases
the encapsulation efficiency of the system.

B METHODS

As in our previous research, we used discontinuous molecular
dynamics (DMD) simulation. In DMD, particle interactions are
modeled by square-well potentials instead of by Lennard-Jones
potentials as in traditional molecular dynamics simulations,
eliminating the need to numerically integrate Newton’s laws at
discrete time steps. This saves computational time, making DMD
well suited to modeling large systems over long time periods."®
Since the encapsulation of solute within micelles occurs over a
long time and requires a large system to investigate properly,
DMD is ideal for our purposes.

The model used in this paper is the same model as that
employed in our previous paper on micelle formation in the
presence of solutes.'” The copolymer is modeled as a chain of 12
square-well spheres with four solvent-phobic head (H) spheres
and eight solvent-philic tail (T) spheres, represented symboli-
cally as H,Tg. Solute particles (D) are modeled as square-well
spheres. Solvent molecules (S) are modeled as single spheres
with square-well interactions with head and tail spheres and hard-
sphere interactions with other solvent spheres. All spheres have a
diameter of o = 1.0. The depth of the square well potential
between two particles, &; is a measure of the strength of the
interaction between them. The values for the interaction energies
in the model are given in Table 1; the head—solute, &,4, and
head—head interaction, &y, strengths are varied.

Other system variables are as follows. The packing fraction,
which is related to the density of the system, is defined as 17 =
6N0>/7V, where N is the number of spheres in the system and V
is the volume of the simulation box. The polymer volume fraction
is the number of polymer spheres divided by the total number of
spheres and is related to the polymer mole fraction, x,, as
follows:

o (Npol + Ng + Nyot)R
= Xpol
NpolR+Nd + Nool P

where R is the length of the copolymer and N; is the number of
spheres of component i. The reduced temperature is defined as
T* = kT/&*, where kis Boltzmann’s constant and &* is a reference
interaction energy.

We have maintained our system variables so that they fall in
the “micelles encapsulating dispersed solute” portion of the
phase diagram from our previous research.'” In this phase,
the copolymers form numerous moderately sized micelles with
the solute distributed evenly among them. The values for the
variables are packing fraction 7 = 0.3, polymer volume fraction
@ = 0.174, and solute mole fraction of x4 = 0.0174. The
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Figure 1. Percent of solute particles encapsulated at different system
packing fractions. &y, = 1.0, &g = 1.2, ¢ = 0.174.

head—solute interaction strength (&,4) and head—head interac-
tion strength (é&y,,) are varied. The reduced temperature T* is
held constant at 1.0 after a steady cooling from an initial
temperature of T = 4.0; this is done to ensure that the system
is well-mixed and to prevent it from becoming trapped in a local
energy minimum. The temperature is kept constant through the
use of the Anderson thermostat wherein “ghost particles” collide
with system particles regularly in order to keep the velocities of
the particles consistent with the Boltzmann distribution at a
given temperature."”*® The solute volume fraction and the
polymer volume fraction are higher than the values generally
used in experiments. These values were chosen for computa-
tional convenience: simulations of systems with smaller, more-
realistic values take much too long to equilibrate. We do not
expect that the high volume fraction and mole fraction used in
our research will have a significant qualitative effect on our results
regarding other variables.

DMD simulations are performed in the canonical ensemble
(constant N, V, T). The number of particles in the system is held
constant at 13 683, with 2400 copolymer spheres configured in
200 H4 T chains, 200 solute spheres, and 11 083 solvent spheres.
The number of copolymers in the system changes when the
polymer volume fraction changes; in order to hold the drug mole
fraction constant, we must change the number of solvent spheres
in the system when this occurs.

Each data point requires an equilibration run and a production
(data collection) run. In an equilibration run, the initial config-
uration is a system of randomly placed H4Tg chains in random
coil conformations, solvent molecules, and drug molecules. The
simulation proceeds for a total of 100000 reduced time units
(roughly 4 x 10° DMD events) though this depends upon the
system size and packing fraction. The final configuration is then
used as the initial configuration for a 5000 time unit production
run during which the number of encapsulated drugs in each
system and the density profile of each micelle is recorded.

The encapsulation efficiency and related terms are defined in
the following way. A solute particle is defined to be “encapsu-
lated” when it is within the square well of a head sphere that is
part of a micelle containing six or more copolymers but is not
on the surface of the micelle, meaning it is not also within the
square well of a tail sphere. A solute particle is defined to be
“surface bound” when it within the square well of a tail sphere
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Figure 2. Percent of solute particles encapsulated at varying polymer
volume fraction. &, = 1.0, &g = 1.2, 7 = 0.3.

that is part of a micelle containing six or more copolymers and
also within the square well of a head sphere. Surface-bound drug
molecules have been im}l)licated in poor release patterns of drug-
carrying nanoparticles.4’ %20 We restrict our attention to micelles
with copolymer aggregation number of 6 or greater because
aggregates with aggregation number less than 6 have also been
ignored by previous researchers.””*> We define encapsulation
efficiency as the percentage of solute spheres in the system that
are encapsulated.

The density profile of any component across a solute/copo-
lymer aggregate is determined by finding the aggregate’s center
of mass, calculating the number of component spheres in a
spherical shell at each distance from the center of mass and then
dividing by the volume of the shell.

B RESULTS

We first investigated the effect that variations in the packing
fraction and polymer volume fraction had on the encapsulation
efficiency of the system. Figure 1 shows the percentage of solutes
encapsulated as a function of the system packing fraction at &,q =
1.2, &, = 1.0, and ¢ = 0.174. As the graph shows, the encapsu-
lation efficiency of the system increases moderately as the packing
fraction increases. This is due to the fact that increases in packing
fraction make it harder for micelles to form. As the Kumar—
Prudhomme model suggests,lé the harder it is for micelles to form,
the lower the energy barrier to solute entry into the micelle, thus
enhancing the amount of solute encapsulated within the micelle.
We will explore this phenomenon in more depth shortly.

Figure 2, which shows encapsulation efficiency as a function of
the polymer volume fraction at &4 = 1.2, &, = 1.0, and 17 = 0.3,
demonstrates that increases in polymer volume fraction increase
the encapsulation efficiency of the system. The existence of more
polymer in the system leads to more micelles and thus more
encapsulation. The effect of polymer volume fraction on en-
capsulation efliciency is not linear but instead levels off at ¢
greater than 0.175. This is likely due to the fact that at the higher
polymer volume fractions we are left with excess polymer.

It is interesting to examine how the chemical nature of the
copolymers and solutes affects the encapsulation efficiency. We
use the interaction parameters as a proxy for (or measure of)
the type of copolymer or drug molecule considered, focusing on
the head—head interaction strength, &y, and the head—solute
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Figure 3. Fraction of solute particles encapsulated at varying head—-
head interaction strength. £,q = 1.2, ¢ = 0.174.
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Figure 4. Number of surface-bound solutes versus packing fraction at
Enn = 1.0, &g = 1.2, and ¢ =0.174.

interaction strength, &p,4. While determining specific values of &,
and &4 are beyond the scope of this paper, our previous paper
contains a discussion of how these parameters relate to the type
of polymer and drug in the system and how one might calculate
these parameters for a particular copolymer—solute pair.'”
A change in ¢y, is indicative of a change in copolymer
hydrophobicity—a higher value of &y, means that the head block
of the copolymer is more hydrophobic. Meanwhile, a change in
€pq is indicative of increased or decreased affinity of the polymer
head for the solute.

Figure 3 shows how the encapsulation efficiency (percentage
of solute encapsulated) at @ = 0.174 and &p,4 = 1.2 varies with &y,
at three different packing fractions: 77 = 0.1, 0.2, and 0.3. We
examined values of &}, from 0.8 to 1.5; lower values of &3, did not
result in micelle formation. At 7 = 0.3, the encapsulation
efficiency is constant at nearly 90% as &y, increases from 0.8 to
1.1 but declines steeply thereafter, reaching an encapsulation
efficiency of less than 50% at &y, = 1.5. Thus, increasing the head
blocks’ self-affinity hinders the encapsulation efficiency of the
system. A plausible explanation for this is that the attraction
between the head blocks creates a high energetic barrier to entry
into the micelle core, so that solute particles that would normally
enter the micelle core get trapped on the surface. Thus, even
though the micelles form more easily as &, increases, they form
so tightly that they lock drugs out.

Amount of surface-bound solute

0.7 0.8 0.9 1 1.1 12 13 14 15 1.6
€pp

Figure 5. Number of surface-bound solute particles at varying head—-
head interaction strength. &4 = 1.2, 17 = 0.3, ¢ = 0.174.
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Figure 6. Percentage of solute encapsulated at varying solute mole
fraction, &g = 1.2, 7 = 0.3, ¢ = 0.174, and €}, = 1.2 and 1.5.

Figure 3 also shows how the packing fraction influences the
dependence of encapsulation efficiency on &y, At low &y, the
packing fraction has little effect on the encapsulation efficiency of
the system, and the three curves for 77 = 0.1, 0.2, and 0.3 overlap.
However, as &y, increases, the curves separate; the encapsulation-
diminishing effect of increasing &y, is far more pronounced at the
lower packing fractions. At the highest value of &y, the difference
is stark; at 17 = 0.3, the system still encapsulates over half the
solute in the system, while at 77 = 0.1, the system encapsulates
roughly 10% of the available solute. These results are consistent
with our earlier results that show that encapsulation efliciency
increases as packing fraction increases.

The connection between the conditions that encourage the
formation of micelles and the likelihood that a solute will be
surface-bound can be seen in Figures 4 and S. Figure 4 shows the
number of surface bound solutes as a function of packing fraction
when &, = 1.0, &, = 1.2, and ¢ = 0.174. The number of surface-
bound solutes decreases as packing fraction increases. Figure 5
shows the number of surface bound solutes as a function of the
head—head interaction strength, &y, at 77 = 0.3, @ = 0.174, and
&na = 1.2. As head—head interaction strength increases, more
solute becomes bound to the surface of the micelle. Since both
increasing the head—head interaction strength and decreasing the
packing fraction make micelle formation easier, this reveals that
increasing the tendency of copolymers to form micelles increases
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Figure 7. Snapshot of the system at equilibrium for &,4 = 1.2, &, = 1.5,
77 =0.3, ¢ = 0.174, and x4 = 0.0428. Note the large drug aggregate in the
system.

the number of solute particles on the surface of the micelle while
decreasing the amount of solute encapsulated within the micelle.

We also investigate the dependence of the encapsulation effi-
ciency on the mole fraction of solute. Figure 6 shows the percentage
of solutes encapsulated as a function of solute mole fraction at
@ =0.174,17 = 0.3, and &, = &pq = 1.2. The percentage of solutes
encapsulated is the same at all values of the solute mole fraction
investigated. Similar results are seen when &y, is increased to 1.5 as
is also indicated in Figure 6; ie., there appears to be no change in
encapsulation efficiency as the solute mole fraction increases.

The conclusion reached above, that encapsulation efficiency is
insensitive to solute mole fraction, is not entirely correct at higher
head—head interaction strength (&g, = 1.5). A fuller picture of
the phenomena can be obtained by distinguishing between
encapsulation of a single large aggregate of solutes (a solute
cluster) and encapsulation of solutes that are dispersed through-
out all of the micelles in the system. (The latter case corresponds
to the most desirable type of encapsulation as is discussed in our
previous paper.) Figure 7 shows a snapshot of the system after
equilibration at ¢ = 0.174, 7 = 0.3, &,, = 1.5, €pg = 1.2, and x4 =
0.0423, which suggests that both types of encapsulation are
occurring at these conditions. To discount the presence of the
large cluster, we have in Figure 8 subtracted the largest solute
cluster from the average to display the percentage of solutes at

enn = 1.2 and 1.5 that are “nicely encapsulated” versus solute
mole fraction. By “nicely encapsulated”, we mean that the solutes
are dispersed throughout the micelles in the system. At the lower
head—head interaction strength this new measure of encapsula-
tion efficiency remains constant throughout the range of solute
mole fractions tested, but at the high head—head interaction
strength, it decreases significantly as more solute is added to the
system. Thus, at lower head—head interaction strength, encap-
sulated solute is dispersed throughout the range of x4 tested, but
at the higher head—head interaction strength solute clusters
begin to be encapsulated as x4 increases. We conclude that at
higher values of &y, a system of micelles has a fixed carrying
capacity and that once that capacity is exceeded the micelles will
encapsulate large solute clusters.
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Figure 8. Percentage of solute encapsulated after subtracting the size of
the largest solute aggregate from the total number of solutes encapsu-
lated. &4 = 1.2, 77 = 0.3, @ = 0.174.

It is of interest to relate our findings to the theory of drug
encapsulation in previously formed micelles introduced by Kumar
and Prud’homme. They derive an expression for the change in
the surface energy of a micelle when solute is added to the micelle
core and discuss how this energy barrier is perturbed by the
encapsulation of additional solutes. As the drugloading increases,
the free energy required to load a drug into the particle increases
until an equilibrium solute loading value is reached. After this
equilibrium value is reached, the drug particles do not possess the
energy required to enter the micelle core, and loading stops."®
This theory can be used to explain the results of our simulations.
In our simulations, the amount of surface-bound solute increases
as encapsulation becomes less likely. Solute particles become
stranded on the micelle surface; a plausible explanation for this is
that the solute particles that are attempting to enter the micelle
core lack the energy to do so. Furthermore, our results show that
as the ease of forming micelles increases, encapsulation of solute
becomes less likely; this implies that the energy barrier to solute
entry grows stronger when micelle formation becomes more
favored. This is why changes in system variables that make
micelle formation easier—increasing # and increasing &,,—
decrease the encapsulation efficiency of the system while in-
creasing the amount of solute on the micelle surface.

Furthermore, the strength of this apparent energy barrier
influences the behavior of the system as more solute is added.
As shown in Figure 8, the carrying capacity for the micelles at
high head—head interaction strength (&), = 1.5) is reached at a
relatively low solute mole fraction but is not reached in the range
of solute mole fractions investigated at lower head—head inter-
action strength (&, = 1.2). These results are what we would
expect to see if the energy barrier to solute insertion grew
stronger as the head—head interaction strength increased. The
strong energy barrier present at high &y, limits the amount of
drug that could be encapsulated by the system, leading to a
system with a low carrying capacity. Meanwhile, the weaker
energy barrier present at lower &, would not prevent solute from
being encapsulated by the system, thus producing a system with a
much higher carrying capacity.

It is of interest to see how the nanoparticle assembly method
—coassociation of micelles and solute or introduction of solute
into preformed micelles—affects the encapsulation efficiency.
The simulations described in Figure 3 at 77 = 0.3 were rerun for
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Figure 9. Encapsulation efficiency at various values of &, for two
different nanoparticle assembly schemes. &, = 1.2, 7 = 0.3, ¢ = 0.174.

the case in which solutes were added to a system of preformed
micelles at ¢ = 0.174 and &,4 = 1.2. A solute-free system of Hy T
molecules in an initially random configuration was allowed to
equilibrate for 100000 reduced time units, resulting in the
formation of micelles. Solutes were then introduced, and the
resulting system was equilibrated for another 100 000 reduced
time units. Figure 9 compares the encapsulation efficiency as a
function of &y, in both cases. We can see that as we vary ey, there
is essentially no difference between the case where solute is
loaded with the copolymer and the case in which the solute is
loaded after micellization. This shows that the strength of the
energy barrier does not depend on the method of nanoparticle
assembly, and the encapsulation efliciency at which the barrier
becomes too difficult for solute to overcome is determined
thermodynamically, as Kumar and Prudhomme predicted.

We also compared the solute uptake kinetics for the two
nanoparticle assembly methods. Figure 10 shows the amount of
solute encapsulated in micelles at &4 =1.2,77 = 0.3, and ¢ = 0.174
for both preassembled micelles and coassociation over the first
1000 reduced time units for &, = 1.2 and &, = 1.5, At &, = 1.2,
the initial slopes of the curves for both assembly methods are the
same, meaning that the initial rate of uptake into micelles does
not depend strongly on the construction method. At &, = 1.5,
however, there is a marked difference in the initial uptake rate.
For the first 300 reduced time units, micelle uptake into
preassembled micelles is significantly slower than encapsulation
by coassociation.

We also investigate the manner in which the uptake kinetics
of the two assembly methods changes when &, is increased.
In the coassociation case, the rate of solute uptake is roughly
the same for both values of &y, until about 300 reduced time
units. At this point, the encapsulation of solute slows down
at both values of &, until the peak equilibrium value is
reached (which, at the lower value of &, does not occur within
the time frame represented in this graph). By contrast, the rate
of uptake in the preassembled micelle case is significantly faster
at &, = 1.2 than it is at &, = 1.5. Furthermore, both reach
their equilibrium encapsulation efficiency at about 700 reduced
time units.

These kinetic phenomena can be explained by the presence of
an energy barrier to solute uptake in micelles that is stronger in
systems where micelles form more easily. Solute uptake into a
preassembled micelle at &, = 1.2 is faster than at &, = 1.5
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Figure 10. Amount of solute encapsulated versus time for two different
methods of nanoparticle assembly (preassembled micelles and
coassociation) at two different values of &y, Blue: preassembly, ey, =
1.2. Red: coassociation, &, = 1.2. Green: preassembly, &, = 1.5. Purple:
coassociation, &y, = 1.5. &g = 1.2, 7 = 0.3, and ¢ = 0.174.

because micelles form less easily at lower &, leading to a weaker
energy barrier to entry into the empty micelle at the lower &,
Meanwhile, in the coassociation case, the energy barrier to uptake
does not exist initially because the micelles do not exist initially.
Therefore, the initial rate of uptake is similar at both values of &y,
and the rate of uptake changes only as micelles form with already-
encapsulated solute inside.

We can gain useful information from looking at the density
profiles of the solute-encapsulating micelles. A density profile is a
plot of the concentration of a particular type of sphere (head, tail,
solute, or solvent) as a function of the sphere’s distance from the
aggregate’s center of mass. Figure 11 shows the density profiles of
the micelles at packing fractions # = 0.15, 0.3, and 0.4 when at
&na = 1.2, &y, = 1.0, and ¢ = 0.174. The solute density profile
contains a sharp peak near the center of the micelle, demonstrat-
ing the existence of a tightly packed core of solute spheres. The
head profile contains a broader, lower peak that reaches its
maximum outside the drug peak; this means that the tightly
packed core of solute is surrounded by a less-tightly packed layer
of copolymer. The tail profile contains a low peak well beyond
the head peak. As can be seen from Figure 11, as we increase the
packing fraction there is little change in the profiles; the peak
heights and location do not change much, and the radius of the
micelle—determined by the crossover point between head and
tail—remains the same. This is surprising because as the system
compresses, one would expect the size of the micelles to decrease
and the density of particles within the micelles to increase. This
suggests that although the system is being compressed, it is
compressed in a manner that pushes solvent spheres closer to
one another and that such compression does not affect the
micelles much. This could explain why encapsulation efficiency
appears to not be affected by packing fraction, as well as why
packing fraction does not change the phase behavior of the
system at high &4 as determined in our previous paper.

We also looked at how the density profiles of micelles change
as &g increases—the density profiles at £,4 = 1.1, 1.3, 1.4, and 1.5
when &g, = 1.0, 17 = 0.3, and ¢ = 0.174 are shown in Figure 12. As
we can see, at the lower values of &4 (1.1—1.3), the profile
suggests the existence of a well-defined core of solute surrounded
by a well-defined layer of block copolymer head. However, as €4
increases, the head peak broadens to develop a more pronounced
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inner layer and the solute broadens to develop a second outer Figure 13 shows the density profiles of the micelles at &, = 1.2,
layer. This shows that solute is distributed more evenly through- 1.3, 1.4, and 1.5 when ¢&,4 = 1.2, 7 = 0.1, and ¢ = 0.174. The
out the micelles as €4 increases and that block copolymer head first interesting thing to notice is that the micelles appear to get
blocks are beginning to unfold themselves toward the center of smaller in size as &y, increases; that is, the point at which the head
the micelle. and tail curves cross moves closer to the center of mass of the
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micelle. The second is that the head and solute peaks exchange
places over the range of values of &y, investigated. As &,
increases, the head peak becomes larger and moves toward the
center while the solute peak shrinks and moves toward the
outside. At the lowest value of &y, 0.8, there is a core of solute
surrounded by a layer of head spheres; at &y, = 1.5, this has been
reversed, so that there is a core of head spheres surrounded by a
layer of solute spheres. The changes in the internal structure of
the micelle—solute aggregates as &y, increases demonstrate the
stronger energy barrier to solute uptake that exists at higher
values of &, The fact that the micelles get smaller as &,
increases, combined with the fact that the head peak grows in
amplitude as &y, increases, shows that the more hydrophobic
copolymer head blocks are forming a tighter structure that is
more difficult for solute to penetrate.

Il CONCLUSIONS

In this study we used computer simulation to investigate the
effect of packing fraction, polymer volume fraction, head—head
interaction strength, and head—solute interaction strength on
the solute encapsulation behavior of a copolymer—solute—sol-
vent system. Increasing the packing fraction of the system mildly
decreased its encapsulation efficiency, while increasing the poly-
mer volume fraction increased the system’s encapsulation effi-
ciency until a maximum encapsulation efficiency was reached.
The head—solute interaction strength does not have a substantial
effect on the encapsulation efficiency of the system, but the
head—head interaction strength does. Increasing the head—head
interaction strength decreases the encapsulation efficiency of the
system significantly, and it does so by forcing drugs to settle on
the surface of the micelle instead of becoming incorporated into
the micelle core.

We also compared the encapsulation efficiency and kinetics of
the system for two different nanoparticle assembly methods:
one in which empty micelles were preassembled and then loaded

with solute and one in which solute and copolymer coassociate.
We found no difference in the equilibrium encapsulation effi-
ciencies for the two assembly methods; however, the solute
uptake kinetics of the two assembly methods are significantly
different, especially at higher values of the head —head interaction
strength. Furthermore, the initial speed of uptake into preas-
sembled micelles is strongly dependent on &y, while the initial
speed of solubilization as copolymer and solute coassociate
changes little with &,

We also described how the internal structures of the micelles as
measured by the density profile changes as packing fraction as well
as head—head and head—drug interaction strength change.
Changes in packing fraction have no effect on the internal structure
of the micelles. However, changes in both head—head and head
—solute interaction strength have significant effects on the micelle
structure. Increasing the head—solute interaction strength causes
the solute to be distributed throughout the core of the micelle more
evenly. Increasing the head—head interaction strength pushes
solute out of the micelle core toward the surface of the micelle.

We explained our results in terms of a model of solubilization
proposed by Prud’homme and Kumar.'® Their model describes
the formation of an energy barrier to solute uptake around a
micelle that gets stronger as more solute is loaded into the
micelle. Although we do not calculate any energy barrier in our
simulations directly, our results, especially those that show a
significant amount of solute on the surface of the micelle, are
consistent with the presence of this energy barrier. Furthermore,
we infer that this energy barrier is stronger when the system
variables are defined so that the copolymer forms micelles more
easily (for example, at high packing fraction and high head—head
interaction strength).

These results suggest ways that experimentalists could boost
the encapsulation efficiency of their systems. Poor encapsulation
efficiency can be counteracted by changing the head block used
in the copolymer formulation. The poor release profile associated
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with drugs remaining on the nanoparticle surface—a situation
often encountered in the lab®*—is likely caused by a copolymer
headgroup that is too hydrophobic. Our research suggests that
experimentalists could decrease drug surface binding and in-
crease drug encapsulation by using a copolymer head block that is
less hydrophobic than the one that causes drugs to get stuck on
the micelle surface.

There are several possible ways to modify the copolymer
so that the head block becomes more or less hydrophobic.
A straightforward way to change the hydrophobicity of the
copolymer is to change the length of the head block—a shorter
head block would be less hydrophobic. The head block’s hydro-
phobicity could also be modified by changing the chemical
composition of the head block. A discussion of theoretical
approaches for determining the hydrophobicity and the interaction
parameters of copolymers and drugs in our previous paper.'” These
approaches do not preclude trial and error efforts to find the right
copolymer; however, they do suggest ways to narrow the possible
choices so that the trial and error process becomes more efficient.
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