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ABSTRACT: Delivery of poorly soluble anticancer drugs can be achieved by
employing polymeric drug delivery systems, capable of forming stable self-assembled
nanocarriers with drug encapsulated within their hydrophobic cores. Computational
investigations can aid the design of efficient drug-delivery platforms; however,
simulations of nanocarrier self-assembly process are challenging due to high
computational cost associated with the large system sizes (millions of atoms) and
long time scales required for equilibration. In this work, we overcome this challenge by
employing a multiscale computational approach in conjunction with experiments to
analyze the role of the individual building blocks in the self-assembly of a highly
tunable linear poly(ethylene glycol)-b-dendritic oligo(cholic acid) block copolymer
called telodendrimer. The multiscale approach involved developing a coarse grained
description of the telodendrimer, performing simulations over several microseconds to
capture the self-assembly process, followed by reverse mapping of the coarse grained
system to atomistic representation for structural analysis. Overcoming the computa-
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tional bottleneck allowed us to run multiple self-assembly simulations and determine average size, drug-telodendrimer micellar
stoichiometry, optimal drug loading capacity, and atomistic details such hydrogen-bonding and solvent accessible area of the
nanocarrier. Computed results are in agreement with the experimental data, highlighting the success of the multiscale approach

applied here.

I. INTRODUCTION

Polymeric micelles are a promising class of drug delivery
carriers in the field of nanomedicine due to their tunable
physiochemical properties. Typically, micelle based drug
delivery carriers are prepared from amphiphilic block
copolymers that self-assemble into nanoarchitectures with a
hydrophobic core capable of encapsulating drug molecules and
a biocompatible hydrophilic shell."> Within their hydrophobic
core, the micelles can encapsulate cancer drugs such as
paclitaxel (PTX), which is otherwise difficult to administer
due to its limited solubility in water.>™® Meanwhile, the
hydrophilic shell of the micelle protects the drug from
degradation and passively transports it to the tumor sites
without undesirable side effects to the healthy cells. The efficacy
of anticancer nanocarriers lies in how readily they can
extravasate through the leaky tumor vasculature and get
retained in the interstitial spaces of tumor for sustained drug
release.””®

Designing optimal nanocarriers, however, is challenging due
to factors such as poor drug loading capacity, ineffective
shielding of the drug in the core, size distribution, poor
reproducibility, and lack of desired physicochemical proper-
ties.”'® These chemical instabilities can lead to the disassembly
of the micellar structure resulting in precipitation and
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subsequent elimination from the body through the reticulo-
endothelial system (RES).'' ™" Most often development of the
optimal polymeric nanocarrier is a trial-and-error process
because the best polymeric system is not always obvious."'*
This approach is frequently associated with high cost of
production, relatively low drug loading efficiency, and limited
capability for further optimization.

Numerous amphiphilic copolymers have been studied for
anticancer dru§ delivery but with limited success in majority of
the cases."”'>'® Commonly used core-forming building blocks
for cancer drug delivery include poly(esters) such as poly(lactic
acid),"” poly(lactic-co-glycolic acid),"® poly(propylene oxide),"’
and poly(i-lysine).*® In addition, several other hydrophilic
shell-forming copolymers include poly(N-vinyl-2-pyrroli-
done),*" poly[N-(2-hydroxypropyl) methacrylamide],”* and
poly(N-isopropylacrylamide).”® Despite the plethora of copoly-
mers, poly(ethylene glycol) (PEG) is the most widely utilized
shell forming polymer and is one of the polymers approved for
use by the Food and Drug Administration.”*>® In micelles,
PEG forms a dense, brushlike, nonionic shell surrounding the
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core that prevents precipitation, aggregation, and elimination of
the drug from the body. Studies have shown that PEGylated
surfaces have longer blood circulation times and undergo
slower uptake by the RES in the body.***

In recent years, a versatile linear polyethylene glycol-b-

dendritic oligo(cholic acid) copolymer (Figure 1), called
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Figure 1. Atomistic structure of PEG**CAy telodendrimer composed
three building blocks: PEG (gray), CA (blue), and dendritic LYS (red)

groups.

telodendrimer has been developed that is capable of forming
nanocarriers with highly tunable sizes between 15—160 nm and
drug loading of up to 36% (w/w PTX/telodendrimer).28_31
The telodendrimer molecule consists of hydrophilic poly-
ethylene glycol (PEG) chain attached to the core forming
cholic acid (CA) groups through dendritic polylysine (LYS)
groups.”® Cholic acid is a natural surfactant with facial
amphiphilicity (polar and nonpolar faces) that makes it a
desirable building block for telodendrimers. Throughout the

text, telodendrimeric structures are represented in PEG*CA,
notation, where the variable x represents the molecular weight
of PEG chains in kilodaltons (2K, 3K, or SK) and y represents
the number of cholic acid groups (4, 6, or 8).””*® The modular
structure of the telodendrimer allows for easy manipulations of
the building blocks for obtaining the desired properties.** >
There is experimental evidence that the drug loading capacity
of the telodendrimer micelle can be optimized by changing the
CA groups attached to the dendritic domain in the
telodendrimer.””* Further improvements of the telodendrimer
micelles will require a systematic evaluation of the building
blocks.

To design the optimal delivery system for hydrophobic drug
PTX, we employ synergistic computational and experimental
approaches to investigate individual building blocks of the
telodendrimer and their overall drug loading capacities as self-
assembled micelles. The use of computational approach for
analyzing telodendrimer building blocks provides essential
molecular level feedback to the experiments for systemically
optimizing the nanocarrier.***” Additionally, simulations
provide the molecular description of the self-assembly process,
the composition of the micelles formed, size distribution, shape,
and polydispersity of the equilibrated system. In the present
work, a series of telodendrimers with varying PEG chain length,
facial amphiphilicity of CA groups, and number of CA groups
have been developed to investigate the effects of individual
components on micelle stability. The structure of micelle and
drug loading properties of the telodendrimers are also
characterized both experimentally and computationally.

It would be prohibitively expensive to simulate the dynamics
of micelle formation in an all-atom representation over the
relevant time and length scales required for equilibration. In
order to overcome such limitations, we applied a multiscale
approach of first mapping the atomistic telodendrimeric
structure to a coarse—grained (CG) representation that
preserves the chemical properties while reducing the number
of particles in the system that need to be simulated.**”*
Specifically, we utilized the MARTINI framework that offers
self-consistent CG descriptions of polymers, surfactants,
peptides and proteins, lipids, and solvents.*****'~* The
MARTINI approach maps three to four heavy atoms into
one CG bead. These beads interact through a set of short-
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Figure 2. Multiscale representation of a telodendrimer molecule. (a) Atomistic to coarse grain mapping scheme, (b) CG building blocks, (c) CG
PEG*CAj{ telodendrimer, (d) reverse mapped atomistic positions (before energy minimization) of each the three building blocks, and (e) atomistic,
reversed map PEG™CA; telodendrimer. Color scheme of the building blocks: PEG (gray), LYS (red), and CA (blue).
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Table 1. Simulation Parameters and Sizes of Self-Assembled Micelles

no. of units in simulation box

avg number of

avg micelle diameter (nm)® units in micelle

system telodendrimer PTX/telo (% w/w) box size (nm) water

I PEG*CA, - 25.0 117 423
Il PEG*CA, - 25.0 117 161
III PEG3*CAq4 - 25.0 116 572
v PEG3*CA, - 25.0 115774
A4 PEG**CA, - 25.0 112 530
VI PEGXCA4 - 30.0 195130
VIII PEG3*CA4 17 17.9 113087
X PEG**CA, 5 30.0 200175
X PEG**CA, 17 30.0 196276
XI PEG**CA, 25 30.0 193 970
XII PEG**CA 36 30.0 190414

PTX telo expt sim? PTX Telo
- 200 10.0 £ 2.0 112 £ 3.1 - 17
- 200 - - - -
- 200 13.0 + 4.5 119 £ 8.5 - 19
- 200 19.5 + 4.5 17.5 + 3.4 - 21
- 200 18.0 + 4.0 18.7 + 3.2 - 25
- 300 18.0 + 4.0 19.1 + 4.1 - 24

133 100 21.0 + 5.0 17.8 + 3.6 43 29
78 150 174 + 4.0 231 + 3.1 9 19

270 150 19.0 + 5.0 23.8 £ 3.5 53 30

383 150 22.0 +£ 5.0 277 £S5 82 33

560 150 58.0 £ 15.0 44 + 3.8 158 42

271 +73

“Averaged over three independent simulation runs. YRadius was computed from the center-of-mass of the micelle to the farthest PEG bead for each

telodendrimer in the micelle.

ranged Lennard—Jones potentials with appropriate charge and
polarity.***>*® Besides the reduction in the number of particles
in a simulation, the CG representation eliminates the need to
use small integration time-steps, and enhances the computa-
tional productivity by requiring only a fraction of the
computational resources.”’>° For the purpose of analysis,
however, we developed a reverse mapping algorithm to obtain
the atomistic level detail once the telodendrimers aggregate
into micelles. Reverse mapping of coarse grained structures to
atomistic resolution have recently been reported for a variety of
structurally diverse chemicals.”’ ™ The enormity of micelle
sizes (~250000 CG beads) and the need for atomistic detail
(1.1 million atoms) necessitated the use of the multiscale
approach to consolidate the strengths of the both the coarse
grained and all-atom resolutions.

IIl. COMPUTATIONAL APPROACH

IlLA. Development of Coarse Grained Description of
Telodendrimers. The telodendrimer building blocks (cholic acid,
lysine, and poly(ethylene glycol)) were individually coarse-grained
using the MARTINI approach.*****® The mapping scheme for each
block is shown in Figure 2. The amphiphilic nature of the cholic acid
molecule was preserved in the CG representation by assigning polar
(SPS) and nonpolar (SC1) type to the beads forming the hydrophilic
and hydrophobic faces, respectively. It is expected that facial
amphiphilicity of CA will provide hydrophilic and hydrophobic
balance between the core-shell motif of the micelle, essential for drug
loading and the stability of micelles. The bead assignment for PEG and
LYS was adogted from the MARTINI parameter set available in the
literature.””"*° The telodendrimers were then constructed by
combining the CG building blocks, for example, PEG’*CA,
telodendrimer was made by combining 112 PEG beads, 7 LYS units,
and 8 CAs. Coarse grained topology of PEG’*CA; telodendrimer
(including the CG bead types, bonded and nonbonded parameters) is
provided in the Supporting Information.

II.B. Simulation Details. The molecular dynamics simulations
were performed for 12 telodendrimeric systems in the coarse grained
(CG) representation. The PTX coarse grained mapping scheme was
adopted from previously published literature.*” The polarized water
model was tested as a solvent but due to the nonionic nature of the
system standard MARTINI water® (with 10% antifreeze) was
sufficient for all the simulations presented here. Twelve telodendrimers
(labeled I-XII) with variable number of cholic acid groups and variable
PEG chains, such as PEG*CA,, PEG3CA,, PEG*XCA,, PEG*CA,,
and PEG*CA,, were simulated for a range of drug loading capacities
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including those without any drug molecules. The contents of the
simulation box for each micelle system are provided in Table 1. The
simulations were performed with the GROMACS 4.5.5 software
package.sg%ﬁt6 Each system was energy minimized using the steepest
decent algorithm with a 20 fs time step. The systems were then
equilibrated for 10 ns in isothermal—isochoric NVT ensemble (fixed
number of particles N, volume V, and temperature T) at T = 300 K
followed by 10 ns in isothermal—isobaric NPT (fixed number of
particles N, pressure P, and temperature T) ensemble at P = 1 atm and
T = 300 K. The production runs were performed for 1.5 us in the
NPT ensemble using the Nosé—Hoover thermostat and the
Parrinello—Rahman barostat at T = 300 K and P = 1 atm with 20—
30 fs time steps.**™>® A plot of the total energy of the system shows
that equilibration is achieved within 200—500 ns of the simulation
(Supporting Information). Water and the telodendrimers were
coupled to separate thermostats, and the entire system was coupled
to the barostat isotropically. The nonbonded interactions terms were
computed with the standard cutoff of 1.2 nm. Using the standard shift
function, the LJ potential was shifted from r = 0.9 nm to the cutoff
distance so that both the energy and force smoothly vanish at the
cutoff value. A typical system contained a total of 100—300
telodendrimers, 0—400 drug molecules, and 200000 CG water
molecules, corresponding to a total number of approximately
250000 CG sites. Simulations for each of the 12 systems were
repeated 3 times with new initial configuration and a new initial
random seed for velocity distribution.

Il.C. Reverse Mapping Scheme. A reverse mapping scheme was
developed for structural analysis after telodendrimer aggregation and
micelle formation. For each bead in the three building blocks,
geometric projection of the atomistic sites was computed in the 3D
Cartesian space (Figure 2). At the end of each simulation, the entire
CG system was mapped into its atomistic representation using a
MATLAB code developed in our group (snapshots provided in the
Supporting Information). Standard MARTINI water was reverse
mapped back to four explicit water molecules.*® The AA systems were
exclusively used for structural analysis of the micelles because
dynamical calculations could not be afforded for significantly long
time scales. The resulting all-atom (AA) system (1.1 million atoms on
an average) was relaxed with several short cycles of energy
minimization using CHARMM36 force field.””

I1.D. Simulation Analysis. All CG simulations were run for 1.5 ys
and the trajectory data (coordinates, velocities, and forces) were saved
with 1 ns frequency while the energy data were saved more frequently
at 0.1 ns time intervals. The methods used to analyze the data are
described below.

Size. A systematic protocol was employed for computing the
average size of the micelles because at any given time during the
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simulation there were multiple micelles in the system. The first step
involved isolating individual clusters in the system, identifying
telodendrimer molecules forming the cluster, and calculating the
center-of-mass of the core groups (without the hydrophilic PEG
beads) for each cluster. In the case of drug loaded systems, the center-
of-mass of the hydrophobic drug core was calculated for each cluster.
In the next step, each cluster was analyzed individually to determine
the radius of the hydrophilic PEG shell around the micelle core. The
shell size was determined by computing the distance of each bead in
the telodendrimer (112 beads for SK PEG) from the center-of-mass of
the micelle, and using the distance of the farthest bead as the radius.
This ensured that extent of the shell is accurately determined even
when the PEG chains were folded. The process of repeated for each
telodendrimer in the cluster, and the radius was calculated by taking an
average over maximum distances for all telodendrimers in the cluster.
Finally, the radii of all the clusters in the system were calculated, and
the average cluster diameter for the system was reported.

Drug Encapsulation. Encapsulation efficiency was determined by
counting the number of drug beads entrapped by the micelle in
relation to the total number of drug beads in the system. To
distinguish between the entrapped and the exposed drug beads, we
employed the cone algorithm®® developed by Wang et al. that
identifies the surface particles of the clusters according to their
geometric positions. Briefly, the cone algorithm uses two parameters,
slant height and an angle to define a conical scaffold whose vertex is
centered on each particle, and then the number of surrounding
particles captured in the scaffold are counted. If zero particles are
captured in the conical scaffold, it implies that the particle is at the
surface otherwise it is a core (or subsurface) particle.

The cone algorithm was employed at 60, 120, 240, 480, 960, and
1550 ns to compute the degree of drug encapsulation as the self-
assembly progressed. For each time step the water beads were deleted
to limit the analysis to the micelles. Parameter values of 6 A (cone
slant height) and 0.5 (cosine of the angle of the cone) were used. The
encapsulation efficiency was calculated by taking the ratio of drug
molecules identified as the core of the micelle to the total number of
drug beads in the system.

Solvent Accessible Surface Area (SASA). Gromacs utility g_sas was
employed to compute the solvent accessible surface area of the drug
molecules with solvent probe size of 0.56 nm following the method
used previously for coarse grained systems.>

Radial Distribution Function (RDF). For radial distribution
function analyses, Gromacs g_rdf utility was used. Reverse mapping
was performed only once at the end of the simulation. The hydrogen
bond analysis was performed on the reverse mapped systems using the
Gromacs g_hbond utility that uses geometric criteria to determine
number of hydrogen bonds between chosen groups.

lll. EXPERIMENTAL METHOD

The synthesis and characterization of telodendrimers have been
reported in our previous publication.”® The drug loading process was
initiated by dissolving paclitaxel (6 mg) and telodendrimer (20 mg) in
chloroform (4 mL) in a 10 mL flask. Then organic solvent was
rotoevaporated under vacuum condition followed by 30 min under
high vacuum.”** The dried polymer—drug conjugates were dispersed
in PBS buffer solution (I mL) by sonication for 2 h. Finally, the
micelle solution was filtered through a 0.22 ym filter to remove
bacteria for storage. The particle sizes of nanoparticles were measured
via a DLS particle sizer. The loading of the PTX in micelles was
measured by HPLC (Shimadzu): 10 uL aqueous solution of the PTX-
loaded micelle was diluted with 90 uL of acetonitrile to break the
micelles prior to the injection into HPLC, equipped with a UV—vis
detector. The gradient eluting solution was 55% acetonitrile in pure
water. The column was C18 5 um, 46 X 150 mm column. The
molecular weights of the telodendrimers were measured using
MALDI-TOF mass spectrometry. The critical micelle concentration
(CMC) of the telodendrimers was measured using pyrene as a
fluorescence probe. The sizes of the micelles were analyzed on a
Zetatrac dynamic light scattering (DLS) particle sizer (Macrotrac).
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IV. RESULTS AND DISCUSSION

IV.A. Self-Assembly of Telodendrimer Micelles in the
Absence of Drug Molecules. The self-assembly process of
six telodendrimeric systems (I—VI) was studied in the absence
of drug molecules, and in each case telodendrimers were
randomly packed in the simulation box with explicit water
(Table 1). The total number of coarse grained beads in the
systems range between 125000 and 215000, which makes
these simulations computationally challenging. For example, 1.5
us simulation of system XI without any geometric constraints
took 4.6 weeks of wall-clock time on a single dedicated node
with 32 processors. As a metric of self-assembly throughout the
simulation, the average diameter of the self-assembled clusters
was computed using the size analysis scheme described in
subsection IID at 60, 120, 480, 960, and 1500 ns.

Simulation of system I, with the shortest PEG chain (2K)
and four CA groups, provided several insights into the
aggregation mechanism of the telodendrimers. The aggregation
occurred rapidly within 60 ns with three to four telodendrimers
per cluster and an average size of 8.7 nm. The initial
aggregation appears to be driven by hydrophilic—hydrophobic
mismatch of the CA core and PEG chains because after the
seed clusters were formed, the size of the clusters changes only
by 2—3 nm as clusters dynamically coalesce with one another,
increasing the number of telodendrimers in individual micelle
without greatly altering the micelle diameter. PEG*CA,
micelles (after 1.5 ps) had 11.2 + 3.1 nm average diameter
that compares well with the experimental value of 10 + 2 nm
determined by DLS measurements. Increasing, the CA groups
from four to eight (system II), however, prevented micelle
formation even after 1.5 us of the simulation, which is
consistent with experimental observations. The combination of
a short 2 kDa PEG chain and eight CA groups offsets the
hydrophilic—hydrophobic ratio, and the telodendrimers do not
self-assemble into a core—shell motif; instead random
oligomers of telodendrimers were observed.

Furthermore, to determine if size of simulation box
influenced the telodendrimer self-assembly, system I simulation
was repeated with box sizes of 12, 15, 20, and 30 nm (Table 2)

Table 2. Average Micelle Diameter (nm) as a Function of
Simulation Box Length (nm)

system box length (nm) micelle diameter (nm)
1 12 112 + 3.1
15 11.1 + 3.5
20 11.3 £ 8.5
30 112 + 4.3
VIII 179 17.8 + 3.6
22 172 £ 2.0
25 17.1 £ 22
30 17.5 + 3.9

with the same telodendrimer concentration. The average
diameters of the micelles in the simulations were all found to
be within the error of measurement, ensuring that aggregation
of telodendrimers was not biased by the simulation box size.
In systems III and IV, telodendrimers with 3 kDa PEG chains
were investigated that have six and eight CA dendritic head
groups, respectively. In both PEG**CA4 and PEG**CAq
systems, micelle formation is initiated in 60 ns with
telodendrimers forming di- and trimers that further associate
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to form larger aggregates of up to 6- to 8-mers. The dynamical
process of micelle formation for PEG**CAg is shown in time-
lapsed snapshots (Figure 3), where the multimers coalesce to

(a) 0 ns

(b) 60 ns

B

Figure 3. Snapshots of PEG**CA, telodendrimers (gray, blue, red) in
a cubic simulation box at (a) 0 ns, (b) 60 ns, (c) 120 ns, (d) 240 ns,
(e) 960 ns, and (f) 1.5 us of molecular dynamics simulation. Water
beads are not shown for clarity.

form spherical micelles, often resulting in exchange of
telodendrimers. The average size of the micelle increased
rapidly up to 100-200 ns and then the growth plateaus beyond
200—400 ns. The average size of the micelles obtained through
the simulations at 1.5 s is in good agreement with those
obtained experimentally (Table 1).

For PEG *CAy systems V and VI, telodendrimer aggregation
was more pronounced than that for PEG**CA. Aggregates of
10—15 telodendrimers were formed within 60 ns (Figure 4a,b)
from a randomly packed initial configuration. In the next 300—
500 ns, the clusters coalesce to form stable spherical micelles
that remain in dynamic equilibrium with the bulk (Figure 4)
but the size of the micelles was stabilized.

The average size of the clusters during the self-assembly is
shown in Figure 5. The size distribution analysis of the micelles
at 1.5 us showed a narrow size distribution of 18 and 19 nm
diameter in both simulations and experiments. Increasing the
number of telodendrimers in the simulation box and the box
size made a small difference in the optimal size of the micelle
but the change is within the error bars of the calculations
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(b) 60 ns

(d) 240 ns

Figure 4. Snapshots of PEG**CAg telodendrimers (gray, blue, red) in
a cubic simulation box at (a) 0 ns, (b) 60 ns, (c) 120 ns, (d) 240 ns,
(e) 960 ns, and (f) 1.5 us of molecular dynamics simulation. Water
beads are not shown for clarity.
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Figure 5. Micelle size as a function of time for (a) PEG*™CA, (system
I, blue, diamond), (b) PEG**CA4 (system III, red, plus), (c)
PEG*CA; (system IV, green, triangle), (d) PEG’*CA; (system V,
orange, square), and (e) PEG**CA; (system VI, black, circle).

(Table 1), which again confirms the results shown in Table 2
for PEG?®CA, micelles.

Evaluation of the six telodendrimers molecules highlights the
sensitivity of self-assembly to the number of CA groups and
length of the PEG chain. Comparing systems II, V, and VI that
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have eight CA groups and 2K, 3K, and 5K PEG chains,
respectively, shows the propensity of micelle formation with
increase in chain length. The aggregation of the telodendrimers
into micelles happens within 60—120 ns for PEG**CA; and
PEG3CAg; however, the short 2K PEG chain offsets the
hydrophilic—hydrophobic ratio in the case of PEG*CA4
telodendrimers and they fail to self-assemble as spherical
micelles. Decreasing the number of CA groups to four or six
does allow micelle formation if the hydrophilic PEG chain
length is optimized in the 2—3 kDa range, but for drug delivery,
longer PEG chain is preferable as it provides stealth to the
encapsulated cargo and increases the circulation time of the
nanocarrier in the blood. For this reason, we will focus on
PEG*CA; and PEG*CA; telodendrimers for PTX drug
loading simulations.

IV.B. Self-Assembly of Drug Loaded Telodendrimer
Micelle. PTX drug loading capacity of telodendrimers was
investigated in five systems, 5—36 w/w %, labeled as VIII-XII
(Table 1). As before, telodendrimers and PTX molecules were
randomly packed in the simulation cell and allowed to interact
until the system attained dynamic equilibrium. To ensure that
length of the periodic box did not bias the self-assembly and the
size of drug loaded micelles, system VIII was simulated in boxes
for different lengths (Table 2), and the average diameter of the
micelles were comparable.

The time-lapsed snapshots of PEG**CA; with 17% (Figure
6) and 36% (Figure 7) PTX loading show aggregation of drug
molecules with the CA head of the telodendrimers. The drug
being hydrophobic forms clusters like oil droplets that interact
with telodendrimers to form spherical micelles. Within 120 ns
from the beginning of the simulation, clusters of 18—21
telodendrimers around PTX core is formed that continues to
grow gradually until 900 ns. Figure 8a shows the size of the
micelles as the telodendrimer—drug molecules self-assemble
over time. The size distribution histogram analysis of the
system showed consistent micelle sizes at 1 and 1.5 us
indicating that the system was in dynamic equilibrium (Figure
9). In system X, the drug molecules were incorporated into the
micelle cores, and at 960 ns the snapshot (Figure 6e) shows few
micelles with PTX drug molecules interacting with their shell.
At 1.5 ps, the micelles are well-formed and only 68% of the
drug molecules are encapsulated (Figure 8b). This shows a
remarkable efficiency of PEG’*CAg in encapsulating PTX
molecules to form stable independent micelles with a well-
defined geometry and narrow size distribution of 23.8 + 3.5
nm, which is in agreement with experimental values of 19.0 +
5.0 (Table 1). Additionally, the composition of the micelles was
found to be uniform with 53 PTX molecules for 30
telodendrimers on an average (Table 1).

The simulations were repeated with lower (5%) and higher
(25% and 36%) drug loading with the same number of initial
telodendrimers. The encapsulation efficiency of the micelles
decreases as the percentage of drug loading increases from S to
25% (Figure 8b); however, as expected, the micelle size
increases with increase in drug loading. The computed micelle
diameters are in excellent agreement with the experimental data
(Table 1). The frequency distribution analysis shows a narrow
micelle size distribution around 20—21 nm micelle for system X
and a broader distribution for XI system ranging between 24
and 30 nm diameter.

In system XII, micelles formed much larger aggregates
(Figure 7), and 27% of the drug molecules were not
incorporated into the micelles. The size distribution analysis
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Figure 6. Snapshots of PTX (orange) and PEG**CA, telodendrimers
(gray, blue, red) with 17% (w/w %) drug loading in simulation box at
(a) 0 ns, (b) 60 ns, (c) 120 ns, (d) 240 ns, (e) 960 ns, and (d) 1.5 us.
Water beads are not shown for clarity.

shows nonuniform micelles lacking the core—shell motif. As the
amount of drug in the core increases, the telodendrimers are no
longer able to shield the PTX core making the micelle unstable
and leaky. Experimentally, the 36% (w/w) PTX loaded
nanocarriers are excessively large with up to 58.0 +15.0 nm
in diameter, which happens due to aggregation of unstable
micelles, as shown in Figure 7.

The cross-sectional views of the micelles and the surrounding
water in Figure 10a—c show an overall spherical shape of the
micelle. The drug molecules are encapsulated within the
amphiphilic envelope of the CA groups of the telodendrimers.
No water molecules were found in the core and the PEG chains
form a spherical shell around the drug core. In contrast, the
cross-sectional view of the micelle in Figure 10d shows the core
filled with water and PTX drug exposed to the surrounding
water. Additionally, reverse mapped analysis of the micelle
shows hydrogen bonds are formed between the PTX core and
water.

IV.C. Effect of Cholic Acid Facial Amphiphilicity. To
test the role of facial amphiphilicity in enabling PEG™*CAg
telodendrimer to load PTX, we repeated system X two times
with both CA faces either hydrophobic or hydrophilic, by
changing the coarse grain bead type of the cholic acid faces to
nonpolar (SC1) and polar (SPS), respectively. In both cases
micelles were formed in the presence of PTX, but the systems
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(2) Ons (b) 60 ns

Figure 7. Snapshots of PTX (orange) and PEG**CAy telodendrimers
(gray, blue, red) with 36% (w/w %) drug loading in simulation box at
(a) 0 ns (b) 60 ns (c) 120 ns (d) 240 ns (e) 960 ns and (d) 1.5 us.

Water beads are not shown for clarity.

showed strikingly distinct drug loading behaviors (Figure 11a—
c). The hydrophobic cholic acids interact favorably with the
hydrophobic PTX drug molecules forming a 9% more compact
core (Figure 11a) and a low 0.34 nm? solvent accessible surface
area (SASA) value (Table 3). The g, ater(r) radial distribution
function of the terminal CA bead with the water lacks any
structured peaks indicating minimal interaction with the
aqueous phase (Figure 11d). The hydrophobic CA provides a
water repellent core that pushes the water away from micelle.
The density profile of water along the length of the simulation
box shows the low density profile of water surrounding the
micelle core, which increases toward the edges of the box
(Figure 11le).

In contrast, purely hydrophilic cholic acid telodendrimers do
not form a stable micelle core and have a high 10.4 nm* SASA.
The micelle is loosely formed and the core is 18% larger in size
than the hydrophobic core. The terminal hydrophilic beads of
the CA groups pointed radially outward from the core (Figure
11c), and the g, qe(7) function of the CA beads showed well-
defined water structure peaks with the surrounding water
(Figure 11d). The density of water around the micelle was
much higher 625—660 kg/m?® than the hydrophobic function-
alized CA micelle (Figure 11e). Unlike the two modified forms
of CA, the amphiphilic CA has all the desired properties of the
core forming building block. The amphiphilic CA teloden-
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Figure 8. Properties of drug-loaded micelles as a function of time. (a)
Micelle diameter (nm) as a function of time (us) for (i) system VIII
(black, circle), (i) system IX (red, square), (iii) system X (blue,
diamond), and (iv) system XI (green, triangle). (b) Drug
encapsulation as a function of time during the self-assembly process
for systems IX, X, and XI (same color scheme as in (a)).

drimers self-assemble in aqueous solutions both in presence
and absence of PTX. The PTX core is effectively shielded from
the surrounding water as evident from the relatively small SASA
value of 2.1 nm? while still maintaining the favorable
interaction with the surrounding aqueous environment and
water density of 600 kg/m® which is close to the hydrophilic
substituted CA micelle.

The g.,.ater(7) profile of amphiphilic CA shows similar peaks
as the hydrophilic CA (Figure 11d). Overall, the amphiphilic
CA is a superior building block compared to the pure
hydrophilic and hydrophobic forms of CA when it comes to
loading hydrophobic drugs in the core. The number of cholic
acids in a telodendrimer significantly alters the stability and
drug loading capacity of the micelle. It has been experimentally
observed that telodendrimers with greater numbers of cholic
acid, such as 10—16, tend to form larger micelles that are
unstable and precipitate. In contrast, having four to six CAs
leads to lower drug loading capabilities (<10% w/w), and their
sizes range from 120 to 170 nm. An exception is PEG**CA,
telodendrimer that forms stable nanocarriers with narrow size
distribution 15.6 + 3.3 at 20% (w/w) drug loading. This was
confirmed both computationally and experimentally. Overall,
having 8 CAs was found to be optimal for desired size
distribution, maximum drug loading, and stability.

V. CONCLUSIONS

In this work, we have applied a multiscale computational
approach, in conjunction with experiments to study the self-
assembly of telodendrimers that form highly tunable micellar
nanostructures, capable of efficient anticancer drug delivery.
Telodendrimer building blocks include linear polyethylene
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Figure 9. Size distribution of (a) PEG**CA,, (b) PEG**CA;, (c) PEG**CAy, (d) PTX PEG™*CA; 17% (w/w %), and (&) PTX PEG™CA; 36% (w/
w %) obtained from simulations and corresponding experimental data and (f—j) measured by dynamic light scanning.

glycol chain and dendritic cholic acid groups that are
responsible for encapsulating the hydrophobic paclitaxel drug
in the core of the nanocarrier. In general, optimizing the
copolymer building blocks at the atomistic level is challenging,
especially computationally because of the enormity of the
micellar structures and the time scales required for self-
assembly. To overcome this bottleneck, we applied a multiscale
approach of coarse graining approach of the system that
allowed us to track the self-assembly process of nanocarrier
formation over microsecond time scales. Additionally, the
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reverse mapping protocol was developed to analyze the
nanocarriers at the atomistic level. The results provided
drug—telodendrimer micellar stoichiometry, cross-sectional
view of the micelle, solvent accessible area, and hydrogen
bonding, which are the quantities not available through
experimental analysis. The computational and experimental
results conclusively show that the hydrophobic—hydrophilic
balance of telodendrimer is crucial for forming stable
nanocarrier. Losing the balance resulted in less stable micelles
with limited drug loading capacity or precipitation. For the
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Figure 10. Cross-sectional slices of telodendrimer micelles (orange, red, blue, and gray) and the surrounding water (light blue) for (a) 5%, (b) 17%,

(c) 25%, and (d) 36% (% w/w) PTX loaded nanocarriers.

(a) I| I (b) l' (c) ll | l

(d) 1.8

1.6
1.4
1.2 |
1.0 |

gln

0.8 |
0.6 [
0.4
0.2
0.0

0 2 4 6 8
Distance (nm)

(e) 800

Water density (kg/m?3)

750

700

650

600

550

500

-8

Distance (nm)

Figure 11. Comparison of PTX loaded micelle cores formed by (a) hydrophobic (b) amphiphilic and (c) hydrophilic forms of cholic acid. The CA
(blue) and LYS (red) groups encapsulating the PTX drug (orange) molecules are shown but the PEG shell is not shown for clarity. Plots of (d)
radial distribution function of cholic acid with water, and (e) water density along the length of the simulation box for hydrophilic (purple line),
amphiphilic (green line), and hydrophobic (black) CAs. The dashed line shows the center of the micelle.

systems studied here, telodendrimers with eight amphiphilic
CA groups and five kDa PEG chain could encapsulate PTX
drug up to 25% (w/w %). Furthermore, facial amphiphilicity
cholic acid building block is critical in stabilizing paclitaxel-
loaded micelle. Any modification to the cholic acid groups to
either hydrophilic or hydrophobic caused the micelles to
become unstable. Agreement between the computational and
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experimental results highlights the strengths of the multiscale
approach and suggests that the multiscale methods are capable
of capturing the long and short length scales that are important
for nanocarrier design. The multiscale approach used in this
work can be effectively utilized as a powerful prescreening tool

in the process of discovery, development, and optimization of
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Table 3. Effect of Cholic Acid and Its Modified Forms on the
Properties of the Paclitaxel Loaded Nanocarriers

diameter (nm) no. of H-bonds

cholic acid SASA

(cA) PTX core micelle PTX CA PEO (nm?
hydrophobic 8.1 £ 0.1  19.5 + 47 0 248 2783 0.3
amphiphilic 89 +£02 238+35 0 466 2884 2.1
hydrophilic 93+ 04 249+33 32 484 2884 104

new drug delivery systems, reducing both the time and the cost
of the process.
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