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Abstract

Polymer-protected medical nanoparticles have become an area of interest for drug
delivery and medical imaging. Protection by polymer micelles allows for the use of drugs
that are toxic to the body, insoluble in the blood stream, or cleared by the kidneys
prematurely. Additionally, drug nanoparticles can be modified to have fluorescent and
magnetic properties, which allow for greater control and ease of imaging. However, the
molecular process that controls the formation of these micelles is not yet well understood
and creating micelles with a controllable size at a commercial level has not yet been
accomplished. Because it is not feasible to observe the aggregation process
experimentally, it is most effective to use computer models to observe and make
predictions. The objectives of this study are to successfully model the encapsulation of
nanoparticles during micelle formation using flash nanoprecipitation and to alter the
controllable parameters of the system, such as mixing time and solute and polymer
concentrations, to suggest parameters for creating homogenous micelles on a commercial
scale. We use dissipative particle dynamics (DPD), a coarse-grained simulation method
in which each “bead” in the simulation box represents several monomers or water
molecules, to study aggregation behavior of a model systems containing water,
amphiphilic block copolymers, and nanoparticles. We have observed the aggregation
process and have shown how changing certain parameters (e.g. nanoparticle/polymer

ratio) affects the system. Understanding which parameter values cause ideal aggregate
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formation can lead to commercial availability of polymer protected medical
nanoparticles, which allow for more targeted drug delivery and can be of great

importance when traditional delivery methods result in widespread cell death.
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Chapter 1: Introduction

Computer simulations of nanoparticle encapsulation during polymer micelle
formation can serve as a useful tool in understanding how to homogenize large-scale
micelle production. First, this project will study the molecular process behind micelle
formation, leading to an understanding of how to successfully scale up the process of
micelle formation, which is pertinent to the field of Chemical Engineering. Knowing
how micelles are formed on the molecular level will indicate how to combine polymers,
solvent, and solutes in a way that optimizes production. Currently, micelle creation is
only viable in the laboratory setting and is not feasible on a commercial scale because of
the inconsistent size and shape that result from large-scale production (4). The field of
Biomedical Engineering has become interested in utilizing polymer-protected
nanoparticles for drug delivery and medical imaging. Polymer protection allows the
delivery of drugs that are toxic to the human body, insoluble in the bloodstream, or
prematurely cleared by the kidneys (4). For example, when chemotherapy drugs are
protected by polymers which are targeted to certain receptors, positively charged, or pH
responsive, they allow for a more controlled release, which reduces the toxicity to non-
tumor cells (10). Using a computer model, in addition to physical experiments, to
understand this project is an extremely valuable tool. Primarily, it provides a way to
visualize and observe the molecular implications of various polymer interactions, which
are impossible to observe in physical experiments (1).
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Because of the long time and length scales that need to be described for our
systems, we will use simple coarse-grained models, which represent multiple atoms as a
single interaction site or bead. There is a plethora of previous research exploring Monte
Carlo and mean-field methods for studying equilibrium properties of block copolymers.
The problem with these methods is they do not allow intensive, in depth study of
nonequilibrium properties (1). Due to this, the simulations for this project will be
molecular dynamics simulations, which integrate Newton’s 2" Jaw forward in time given
pairwise interaction potentials between atoms or particles (3). More specifically, these
will be canonical molecular dynamics simulations, which are used to simulate constant-
temperature systems and were created as a more accurate model of how physical
experiments are performed (2). When canonical simulations are employed, a “thermostat
algorithm” is used to maintain constant temperature. The traditional thermostat used in
coarse-grained canonical systems is the Langevin thermostat, which employs stochastic
dynamics to maintain temperature. However, the disadvantages of using the Langevin
thermostat are that it does not conserve momentum and does not accurately represent
hydrodynamics. A more recently proposed method, Dissipative Particle Dynamics
(DPD), modified the Langevin and Brownian methods to fix these issues (4). The DPD
method uses a more coarse-grained model than typical molecular dynamics models,
which includes a soft repulsion for the beads. The DPD method will be used for this

project.
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The models will primarily be used as a way to understand the molecular process
that underlies polymer micelle creation. Though there are several methods of creating
micelles, the method studied by this project will be flash nanoprecipitation, whereby an
amphipathic block copolymer originates in a neutral solvent and is rapidly mixed with
water to stimulate aggregate formation. This project will use tetrahydrofuran (THF) as
the neutral solvent, water as the polar solvent, polystyrene (PS) as the hydrophobic
polymer, polyethylene glycol (PEG) as the hydrophilic polymer, and hydrophobic hard
nanoparticles. The structure of these micelles will have the hydrophobic PS polymers
surrounded by the hydrophilic PEG polymers. The nanoparticles are encapsulated inside
of the polymers during micelle formation. The nanoparticles are modeled as a sphere of
PS-like beads.

Experimentally, several types of nanoparticles are of interest for better control and
imaging success. These nanoparticles can have fluorescent and magnetic properties.
Fluorescent nanoparticles are of interest because of the ease of ascertaining their
movement. Understanding the movement of nanoparticles within the human body is
important for understanding methods of drug delivery. On the other hand, magnetic

nanoparticles are of interest because they are controllable with the use of magnetic fields

(8).
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Chapter 2: Methods

The system modeled contained polystyrene-b-polyethylene glycol (PS-b-PEG)
polymers, hard nanoparticles, and tetrahydrofuran (THF) and water as the solvent. To
simulate the process of flash nanoprecipitation, the polymers and solutes were originally
submerged in THF, which was rapidly changed
into water (details below). The system used a
coarse-grained model, which groups multiple

atoms into a larger coarse-grained unit, or “bead,”

as depicted in Figure 1. The pairwise interactions

Figure 1: Coarse-grained model of a

between the beads represent the size and the polymer'!

chemical interactions of the atomistic system and

were identical to those of Reference 5. For this system, the characteristic length was
Lopp = 1 nm and the characteristic energy was eppp = 4.114 x 102" J. Each bead has the
same mass mppp = 200 Da (the characteristic mass of the simulations). Original systems
used polymers that were 25 beads in length, which contained a PS block of 5 beads and a
PEG block of 20 beads. These compositions were chosen because they correctly
represented the melt density of polystyrene and the radius of gyration for polyethylene
glycol in water (6). Neighboring beads were held together with harmonic bonds with an
equilibrium length of 0.8 nm and a spring constant of 0.25 N/m. The number density of
the system was p = 3.0 nm™. Solvent beads represented 10 molecules in order to match
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the density of liquid water. To ensure the simulations would match past research and
experimental results, this system was run with solutes that were 3 beads in length, which
had been used to represent itraconazole, an anti-fungal drug prescribed to cancer patients.
After the original system was successfully modeled, the solutes were replaced
with hard nanoparticles. These simulations were designed to reveal how nanoparticles
become encapsulated in the polymer during micelle formation. Hard nanoparticles were
created by “cutting” a sphere from a DPD simulation of pure solvent in order to create
nanoparticles with an amorphous internal structure. (Testing was performed with spheres
created using a face-centered cubic lattice of internal beads, but this system was not
preferred to model spherical particles since it had small facets due to the crystal
structure.) Specifically, beads within a sphere of radius 2 nm at a particular time in the
simulation of the fluid of solvent were identified, and all of the beads inside the radius
were bonded to nearby particles within a distance of 1.0 nm. There were five bond
lengths used: 0.1, 0.3, 0.5, 0.7, or 0.9 nm, depending on the distance between the beads;
to assign bond length, the distance between each of the beads was measured and the bond
length closest to that distance was fixed as the bond length. The bonded sphere of beads
was used as the nanoparticle inserted into the simulations (each nanoparticle in the
simulation consists of the same number of beads bonded in the same way as the other
nanoparticles, though the bonds are harmonic rather than fixed so exact shape varies very

slightly for each over time).
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All of the systems studied contained 450 polymers, but the number of
nanoparticles in the system varied. The systems contained 18, 35, 53, or 70
nanoparticles, creating four different nanoparticle concentrations, which correspond to
approximately 4 nanoparticles per 100 polymers, 8 nanoparticles per 100 polymers, 12
nanoparticles per 100 polymers, and 16 nanoparticles per 100 polymers.

The size and hydrophobicity of polymers were also varied to create four different
polymers. These polymers were either 25 beads in length or 50 beads in length. For each
length, the size of the PS block was chosen to create polymers that were 1/5 or

approximately 1/3 hydrophobic. For the polymers

] * “

that were 1/5 hydrophobic and 25 beads in length, & & ’

S h P % %, 6 r4 " ; ot
the PS block was 5 beads and the PEG block was Do A AL R :

¢ IRty P
20 beads. The polymers that were 1/5 hydrophobic % 2t ‘%‘
b ; B )
and 50 beads in length had a PS block of 10 beads s j ) ki %
d a PEG block of 40 beads. The polymers that | , 20 " o GMEEJEAES F

and a ock o eads e polymers tha by ;% : .. %%&
were approximately 1/3 hydrophobic and 25 beads - “ ‘}}M«%’ %31
in length had a PS block of 8 beads and a PEG Figure 2: Initial state of hard

nanoparticle system before
block of 17 beads. Finally, the polymers that were  equilibration

approximately 1/3 hydrophobic and 50 beads in length had a PS block of 17 beads and a
PEG block of 33 beads. Each of these four polymers was tested with each of the four
nanoparticle concentrations, creating sixteen systems in total. The initial state of the
systems is shown in Figure 2. This is qualitatively representative of all systems and is the
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initial state of the system with approximately 8 nanoparticles per 100 polymers and
polymers that were approximately 1/5 hydrophobic and 25 beads in length.

These simulations were carried out in LAMMPS (Large Scale Atomic-Molecular
Massively Parallel Simulator) with the DPD method. DPD represents the force on atom 1
due to atom j as a sum of three terms (F¢+FP+FR) 7;], where 7;, is a unit vector pointing
from atom j to atom i. F is a soft, conservative repulsive force, F© = a;; (1 — 1/r.), where
a;; 1s the interaction parameter, r is the distance between the beads, and r. is the diameter

of the beads (in our case r.=1nm for all interactions). F" is a dissipative/frictional force,

2
FP = —y (1 - L) (1, © v;,), where v is the friction coefficient (set to 18.0 for solvent-

Te
nonsolvent interactions and 4.5 for all other interactions, corresponding to approximately

2000ns™" and 500ns™) and ,, is the vector difference in velocities (bead i minus bead j).

Finally, F® is the random force, FR = ¢(1 — Ti)a(At)‘l/ 2 where a is a standard normal
c

random number, At is the timestep size, and o = \/m where kjp is the Boltzmann
constant and T is the temperature (11).

The intrinsic timescale one expects based on the initial mapping of bead size and
mass to real units is Tinginsic.opb = Lopp(Mppp/eppp)’” = 9 ps. However, the coarse-
graining procedure involves approximations that act to further speed up the dynamics of
the system; in order to best map to real experimental timescales, all results were rescaled
using tppp = 250 ps as in Reference 5. Each system was run with a timestep of
At=0.03tppp, SO one can convert to real time using: real ps = (number of time
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steps)*(0.03tppp/timestep) x(250 ps/tppp). The repulsion parameter for all like-like
interactions was set to a;; = 25¢ppp. The solvent-PS and solvent-NP bead repulsion
parameters were also set to ai; = 25¢ppp for the THF solvent, which changed over the
simulation into pure water with a repulsion parameter a;; = S4eppp. The PS-PEG and NP
bead-PEG repulsion parameter was set to a,. = 40eppp.

The simulation run consisted of three parts. The first was a brief equilibration
time, which was 100,000 time steps, or 0.75 ps, starting from a random initial
configuration (specifically, the particles were placed such that they were not overlapping
and solvent and polymers were placed such that they were not inside the particles but
otherwise randomly as random walks). During equilibration, the solvent was THF with a
solvent-PS and solvent-NP bead repulsion parameter of a;; = 25¢ppp. Next, the THF was
changed into water in a stepwise fashion over 800 evenly spaced increments. This phase
was the “mixing time” and lasted for 800,000 time steps, or 6 ps. During the mixing
time, the solvent-PS and solvent-NP bead repulsion parameters incrementally increased
from aj;; = 25¢ppp to of a;; = S4eppp. Finally, the system continued to evolve with pure
water as the solvent for an additional 800,000 time steps, or 6 pus. During this third
period with water solvent, the solvent-PS and solvent-NP bead repulsion parameters were
constant at a;; = S4eppp. For each system studied, the simulation was run three
independent times from three different random initial configurations and the results were

averaged together in the data presented below.
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Chapter 3: Results and Discussion

For each of the systems, the number of micelles created, the amount of
aggregation, and the physical size of micelles created were calculated and compared.
Two types of micelles were formed in the systems. The first was aggregations of two or
more polymers with a PS interior, protected by a PEG exterior (hereafter referred to as
“polymer-only micelles”). The other type of micelle created had a PS and nanoparticle

core,

Types of Aggregations Over Time
Polymers: 1/3 Hydrophobic, N = 50
8 Nanoparticles per 100 Polymers
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Figure 3: Type of aggregations over time for an intermediate
nanoparticle concentration

surrounded by a PEG exterior (hereafter referred to as “nanoparticle-containing
micelles”). The trend of the number of these micelles over time was qualitatively the

same for all systems, and is shown for an intermediate nanoparticle concentration in
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Figure 4: Average number of micelles for all systems at 12 microseconds

Figure 3 (above). All systems finished with a lower number of polymer-only micelles
than nanoparticle-containing micelles, which is emphasized by Figure 4, which displays
the number of polymer-only micelles and the number of nanoparticle-containing micelles
for all systems at the final time (12 microseconds). On average, for all of these systems,
there was a greater number of nanoparticle-containing micelles than polymer-only
micelles at the end of the simulations. In addition, none of the systems contained
nanoparticles that were unprotected by polymers at the final time. For each system, the
number of micelles formed over time was calculated and is shown in Figures 14-28 in

Appendix A.
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To further

understand these micelles,
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28 in Appendix A. All of concentration
these systems consistently showed the same
trend, which is displayed in Figure 5 for an
intermediate nanoparticle concentration. In all
systems, almost all of the polymers and
nanoparticles initially began as free polymers
(polymers that were not involved in a micelle of
any type) and nanoparticles without polymers.
However, before the mixing time was over,
almost all of the polymers and all of the
nanoparticles formed micelles. The only system

in which all of the polymers did not form
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Figure 5: Polymer and nanoparticle distribution in various types of
aggregations over time for an intermediate nanoparticle
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Figure 6: Percent of free polymer for
each system at time 12 microseconds



micelles was for the systems with polymers that were 1/5 hydrophobic and had a length

of 25 beads. These systems contained free polymers at the end of the simulations, which

is emphasized in Figure 6 (above), which displays the percent of free polymer for all

systems. This may be because for these smaller polymers with a smaller fraction of

hydrophobic monomers, some of the individual polymers can act like small clusters,

where the PEG self-protects the PS that it is attached to. This may also be prevalent in the

initial equilibrium stage, where the polymers are not held onto the micelles very strongly,

allowing them to break off from micelles. As the percent of nanoparticles without

polymers decreases, the percent of nanoparticles in nanoparticle-containing micelles

increases until all of the nanoparticles are contained in micelles. Additionally, as the
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Figure 7: Average number of polymers in micelles at time 12 microseconds
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As the percent of nanoparticles without polymers decreases, the percent of nanoparticles
in nanoparticle-containing micelles increases until all of the nanoparticles are contained
in micelles. Additionally, as the percent of free polymer decreases, the percent of
polymer in polymer-only micelles and in nanoparticle-containing micelles increases.
However, for all systems, there was a higher percentage of polymers in nanoparticle-
containing micelles than in polymer-only micelles. This is emphasized by Figure 7
(above), which displays the number of polymers in polymer-only micelles and the
number of polymers in nanoparticle-containing micelles. The systems with polymers of
length 25 beads specifically contained a much greater number of polymers in

nanoparticle-containing micelles than in : ‘ L
p & Average Number of Nanoparticles in

) Nanoparticle-containing Micelles at

polymer-only micelles at the end of the 12 microseconds

[

simulation.

-~

/

)~
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Figure 8: Average number of
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micelles for each system at time 12
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Figure 9: Final state for N=25, 1/5 Hydrophobic. Approximate number of nanoparticles per
100 polymers is 4 (left), 8 (second), 12 (third), 16 (right). Bottom shows nanoparticles in
purple, hydrophobic polymer in pink, hydrophilic polymer in blue. Top is shown with
transparent polymers

polymers than for shorter polymers. Additionally, for polymers of length 25 beads, less

hydrophobic polymers result in a larger average number of nanoparticles and polymers

per micelle; however, the reverse is true for polymers of length 50 beads. The final state

Figure 10: Final state with N=50, 1/3 Hydrophobic. Approximate number of nanoparticles per 100
polymers is 4 (left), 8 (second), 12 (third), 16 (right). Bottom shows nanoparticles in purple,
hydrophobic polymer in pink, hydrophilic polymer in blue. Top is shown with transparent polymers
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of all systems with polymers that are 1/5 hydrophobic and 25 beads in length is shown in
Figure 9 (above) and the final state of all systems with polymers that are 1/3 hydrophobic
and 50 beads in length is shown in Figure 10. These figures display the systems with
approximately 4 nanoparticles per 100 polymers on the far left, 8 nanoparticles per 100
polymers second, 12 nanoparticles per 100 polymers third, and 16 nanoparticles per 100
polymers on the far right. On the bottom is the final state of the systems and on the top is
the system with transparent polymers to better visualize the number of micelles and the
number of nanoparticles per micelle in each state. It can be seen in these two figures that
the system with free polymer at the end (Figure 9) had a greater dispersity of micelle size
than the system with no free polymer at the end. This was explored in more detail by
calculating the average radius of gyration and average extent of the micelles at the final
time (12 microseconds). The extent is the average difference between the maximum
center of mass and the minimum center of mass in the x direction, the y direction, and the
z direction. The average extent of polymer-only micelles and nanoparticle-containing
micelles is shown in Figure 11 (below). Both of these show that significantly larger
micelles were created by the longer polymers (N=50). This is echoed by studying the

average radius of gyration, shown below in Figure 12.
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Finally, to understand the amount of variation in these systems, the polydispersity

of the number of beads was calculated by using the following equation:

Standard deviation of beads per micelle)

polydispersity = 1 + ( 2. This was calculated for

Mean of beads per micelle
polymer-only micelles and nanoparticle-containing micelles separately and is shown in
Figure 13.

The polydispersity is relatively similar for all systems except it is significantly
larger for the system with the smallest ratio of polymer hydrophobic beads per
hydrophilic beads. This system is also the only system which continues to have free
polymer at the end of the 12 microsecond simulation time; as discussed previously, the

hydrophobic part may be able to be shielded by the relatively large hydrophilic part of
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this polymer. The expectation is that this makes the free polymer relatively more stable
and increases the barrier to nucleation of clusters. Generally, large micelles have a lower
free energy than free polymers, but the free energy of a small cluster of polymers may be
larger than that of the free polymers. Thus, there is a barrier to nucleation that means that
small clusters will form only relatively rarely, and may break into free polymer again
unless they grow well above the critical size beyond which increasing the size
monotonically lowers the free energy. The driving force for nucleation of the clusters is
the supersaturation (how much polymer is present versus the amount required to form
stable micelles) (12). The free polymer is initially in equilibrium (does not prefer to form
micelles in the good solvent), but quickly becomes supersaturated as the solvent is
changed from good to poor. The amount of supersaturation initially increases with time
due to the solvent change, but as micelles form the concentration of free polymer
available to nucleate new micelles lowers, so the degree of supersaturation decreases.
Thus, there is a finite time period during which nucleation typically occurs. Once a stable
nucleus exists, it grows based on the concentration of free polymer available to be added
(which decreases over time). The micelles that happened to nucleate early on will be
more likely to grow to a larger size than those that nucleated later (causing polydispersity
in micelle size). In this way, the nucleation barrier (how rare the nucleation event is and
thus the spread in time over which the nuclei form) directly impacts the polydispersity of
the system. Based on the current results, one could assume that the system which contains
relatively stable free polymer has a higher nucleation barrier, leading to a larger
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polydispersity, but this was not analyzed in detail. Other systems may participate in
simple coagulation (clustering with no free energy barrier to nucleation) or nucleation on
a faster timescale. A more detailed analysis of the free polymer and micelle size as a
function of time, including very short times when micelle size is small and the micelles
may occasionally break up, may lead to additional insights regarding which systems
experience coagulation versus nucleation, and how the nucleation and growth processes
impact the overall results, in future work. In addition, a more detailed analysis would
reveal if the nanoparticle-containing micelles nucleate differently than the polymer-only
micelles. Because there is a smaller degree of polydispersity for nanoparticle-containing
micelles, these micelles may participate in simple coagulation; however, this would have

to be studied more in depth to determine if this is the case.
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Chapter 4: Conclusion

Polymer protection allows for the use of medical nanoparticles that are currently
unable to be appropriately introduced into the body. In addition, hard nanoparticles can
be used that could have magnetic or fluorescent properties, which allow them to be
controlled with the use of magnetic fields and more easily imaged. However, current
methods of polymer protecting medical nanoparticles have not reached their full
commercial potential because they the size and shape of the micelles created cannot be
easily controlled. This project simulated the flash nanoprecipitation of micelles with hard
nanoparticles and polystyrene-b-polyethylene glycol polymer. Results showed that
longer polymers created a greater number of micelles, with a lower number of
nanoparticles and polymers per micelle. In addition, some smaller micelles formed
which contained only polymers; however, no nanoparticles were excluded from micelles.
Almost all systems had no free polymer at the end of the simulations; however, those that
did showed a greater polydispersity in polymer-only micelle size. These results can be
used to control the size and composition of flash nanoprecipitated micelles.

In the future, larger systems should be studied for better statistical information. In
addition, nanoparticles of varying sizes and compositions should be studied.
Additionally, more in-depth data analysis can lead to an understanding of the
mechanisms of micelle formation as a function of polymer length, concentration, and
solvent strength. Knowing the mechanisms behind micelle formation can better inform
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how to scale up the process to a commercial level with control of micelle size and

polydispersity.
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