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ABSTRACT: Poly(y-glutamyl-glutamate) paclitaxel (PGG—PTX) is a
series of eighteen semiflexible polymer—drug constructs varying in PTX
loading fraction (fprx of 0.18, 0.24, and 0.37) and spatial PTX arrangement
(uniform, “even” and “random”; clustered, “clusters” and “ends”;
concentrated, “ends” and “side”). Structural properties of PGG—PTX in
dilute and concentrated conditions are determined from coarse-grained
molecular dynamics (MD) simulations. Since PGG—PTX does not have a
specific conformation, MD simulations were run until minimal structural
deviations persisted. Root-mean-square deviation (RMSD) clustering was
then used to determine the significant, unique characteristic conformations.
Results show that dilute PGG—PTX undergoes a globule-to-filament
transition with respect to increasingly denser PTX arrangements. While a
similar transition is apparent in concentrated conditions, PGG—PTX tends
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to be more filamentous on the whole. PGG—PTX is also more rigid in concentrated conditions, and a higher PTX loading
fraction leads to decreased flexibility. In general, the dilute “ends”, “middle”, and “side” PGG—PTX molecules at fprx = 0.18 and
0.24 prove to be the most efficaciously promising and are recommended for future biological testing. This study demonstrates
the practicality of molecular modeling toward understanding structural behavior of an anticancer therapeutic in different solution

concentrations.
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B INTRODUCTION

Modern cancer research has focused on the role of
physicochemical properties of therapeutic nanoparticles in
overcoming biological and physiological bamers that impede
their delivery and localization to target tumors."” Y. Geng and
G. Srinivas have argued that discoidal nanoparticles adhere
more strongly to the walls of tumor endothelia than their
spherical counterparts,” > and P. Decuzzi has shown that
longer blood circulation is associated with wormlike,
filamentous polymers.*” In addition, W. Jiang has demon-
strated that 2—100 nm nanoparticles control basic intracellular
signaling processes necessary for tumor cell functions, such as
apoptosis.” Finally, S. Takeoka has theorized that higher
particle flexibility increases the number of interactions to cell
surfaces and subsequently improves binding to tumor cells.”
Collectively these observations suggest the shape, size, and
flexibility as a central basis for the clinical design of an
anticancer therapeutic.

This study explores the shape, size, and flexibility of poly(y-
glutamyl-glutamate) paclitaxel (PGG—PTX), an anticancer
polymer—drug construct in preclinical evaluation. Paclitaxel
(Taxol, C,;H;NO,,) is a mitotic inhibitor commonly used in

accumulation of paclitaxel in normal tissue results in elevated
cytotoxicity levels that subsequently hinder paclitaxel from
reaching its maximum therapeutic potential."> Therefore, to
improve its efficacy, paclitaxel is covalently conjugated to
poly(y-glutamyl-glutamate) (PGG), a hydrophilic and biocom-
patible polymer that has been shown to improve solubility,
increase circulation half-life, and enhance selectivity of
paclitaxel to target tumors.'*"'® Combination of the flexible
PGG and rigid PTX entities generates a semiflexible, more
water-soluble PTX derivative whose physicochemical properties
differ from those of the rigid paclitaxel itself.

In preclinical studies, the safety and effectiveness of PGG—
PTX is rigorously evaluated through an iterative, trial-and-error
process of pharmacokinetics, pharmacodynamics, ADME, and
toxicity testing on laboratory animals. This is a significantly
time-consuming and resource-intensive process that can take
up to seven years. Given the urgency of cancer patients, there is
a need for new methodologies to facilitate this process.'”
Computer simulations can offer theoretical insight into
physicochemical properties of anticancer therapeutics that is
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Figure 1. Abstract representation of the spatial PTX arrangements on the PGG backbone for forx = 0.24 molecules. Each PGG—PTX molecule is
composed of 130 poly-(y-glutamyl-glutamate) monomers and 19 PTX molecules. Figure shows how 19 PTX molecules are covalently attached to
the PGG backbone in six different fashions: “even” (each PTX is spaced an equal number of residues apart along PGG), “random” (all PTX
molecules located in random positions), “clusters” (3 PTX groups with 4—5 PTX per group, spaced an equal number of residues apart), “ends” (2
PTX groups with 9 or 10 PTX each, located at both ends), “middle” (all PTX molecules positioned in the middle), and “side” (all PTX molecules
located at the amino terminus end). Numbers between residues denote number of repeating GG residues that are not amino- or carboxyl-termini
GG residues. The amino- and carboxyl-termini GG residues are represented by black dots at the ends of each line. The abstract representations for
the forx = 0.18 and 0.37 molecules are shown in Figures S1 and S2, respectively, in the Supporting Information. (Adapted from Peng et al.*'.)

difficult to access experimentally. The resulting information can
be further used to design meaningful experiments, and
streamline and improve cost-effectiveness of preclinical testing.
In this study, we utilize computer simulations to determine how
two primary properties, PTX loading fraction (fpryx) and spatial
PTX arrangement on the PGG backbone, impact macro-
molecular structural features of PGG—PTX, namely, as shape,
size, and flexibility. The existing PGG—PTX formulations are
categorized by PTX loading fraction, defined as

MWprx

f PTX ( 1 )
where MWpry is the molecular weight of all PTX entities on a
PGG—PTX molecule and MWpgg_prx is the molecular weight
of the PGG—PTX molecule. Each PGG—PTX formulation
comprises a 130-mer PGG backbone coupled with 12 PTX
molecules (fpry = 0.18), 19 PTX molecules (fpry = 0.24), or 26
PTX molecules (fpryx = 0.37). For the molecular models, the
spatial PTX arrangements were defined as uniform (“even” and
“random”), clustered (“clusters” and “ends”), and dense

MWpGgG-pTX
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(“middle” and “side”) patterns for each PTX loading fraction,
resulting in an array of eighteen unique PGG—PTX molecules,

as shown in Figure 1.

B MODELING APPROACH

Prior to modeling, the initial PGG—PTX structure was in
question. In conventional molecular dynamics (MD) simu-
lations, a starting structure is taken from the Protein Data Bank
(PDB), an online repository of biomolecules whose three-
dimensional structures are determined from X-ray crystallog-
raphy and nuclear magnetic resonance spectroscopy.'®>° Since
there was no PDB structure of PGG—PTX available, circular
dichroism (CD) spectroscopy was used to approximate its
initial structure.

In vivo conditions were considered by taking into account
characteristics of the medium surrounding PGG—PTX. For
intravenous injection into the bloodstream, the aqueous
formulation of PGG—PTX is dissolved in pure water. Although
the initial loading dose and volume of distribution of PGG—
PTX were not available at the commencement of this study, we

dx.doi.org/10.1021/mp2002208 | Mol. Pharmaceutics 2012, 9, 37—47
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Table 1. Box Dimensions and Volumes for PGG—PTX Molecules in Concentrated Conditions

ferx = 018 ferx = 024 frerx = 0.37
dimens (nm X nm X nm) vol (nm®) dimens (nm X nm X nm) vol (nm®) dimens (nm X nm X nm) vol (nm®)
even 199X 8.5x% 184 3135.0 21.9%x10.3 X 12.8 2878.9 241X94x11.7 2656.0
random 20.4 X 8.8 X 15.0 2703.1 199 %153 X% 8.1 2464.9 19.8 X 83x%x17.2 2830.8
clusters 253X 134 %102 3655.6 20.6 X9.3 X 12.4 2617.7 202X 7.9x12.1 1913.7
ends 244X 7.6%X15.7 2892.3 23.6 X 10.4 X 10.5 2577.8 252X%9.5X%14.1 2617.5
middle 240X 59X 12.5 1768.0 26.6 X 8.1 X 12.7 2750.2 149 % 13.6 X 13.3 2617.7
side 222X 7.8%X16.4 2849.2 24.7 X 7.0 X 11.6 2017.8 24.6 X 6.4 X 8.5 1333.5
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Figure 2. Minimum periodic distance trajectories for PGG—PTX molecules. Trajectories correspond to fprx = 0.18 (blue), 0.24 (green), and 0.37
(red) for (A) dilute and (B) concentrated conditions. Grey line indicates long-range cutoff of 1.2 nm.

surmised that the concentration of PGG—PTX is initially high
when it enters the bloodstream but eventually decreases to a
very dilute solution until accumulation in tissues and renal
clearance. To depict how PGG—PTX behaves in both
conditions, a PGG—PTX molecule is encapsulated within a
unit cell whose size is manipulated to represent dilute and
concentrated conditions. Periodic boundary conditions (PBC)
are often invoked to simulate a large system by modeling a
small unit cell far from the edge; a species passes through a side
of the box only to reappear on the opposite side and interacts
with its periodic image. When PBC are applied for a unit cell
large enough such that the molecule does not interact with its
periodic image, dilute conditions are signified. On the other
hand, concentrated conditions can be induced by setting a unit
cell small enough to enclose a molecule so that interactions
between periodic PGG-PTX images occur. Traditionally, in
MD simulations, the box size is set to minimize periodic
interactions in order to determine the natural conformation of a
molecular species. However, this study focuses on exploring the
effects of environmental conditions, namely, solution concen-
tration, on structural properties of a polymer—drug conjugate.

Once molecular simulations were commenced, deciding
when to end was the next challenge. Due to its semiflexibility,
PGG—PTX is not expected to exist as a static structure but as a
range of similar shapes. Therefore, simulations were run until
minimal movement existed at the molecule level, a statistical
equilibrium at which PGG—PTX exists as a dynamic ensemble
of statistically related conformations.

39

B COMPUTATIONAL MODELING

Simulation Parameters. The governing mathematical
equations describing the coarse-grained (CG) MD simulations,
mapping of all-atom (AA) models to CG models, and CG
parametrization of PGG—PTX molecules have been de-
scribed.?! For dilute conditions, each PGG—PTX molecule
was solvated in the center of a 20 nm X 20 nm X 20 nm box
and surrounded by explicit CG water beads. For concentrated
conditions, the unit cell was adjusted to ensure that physical
interactions between periodic PGG—PTX images occurred (see
Table 1). For both conditions, to maintain system neutrality,
the negative charges imparted by the glutamyl-glutamate
residues required the replacement of 248, 241, and 234 CG
water beads with sodium ions for the fpry = 0.18, 0.24, and 0.37
systems, respectively.

CG MD simulations were run using GROMACS 4.0.3.>* The
NPT ensemble (the number of particles N, pressure P, and
temperature T were all fixed) was applied for the simulations;
the temperature was kept at 310 K with a coupling constant of
77 = 0.1 ps; and the pressure was weakly coupled to 1 bar with a
relaxation time of 7, = 0.5 ps. The cutoff length for the
nonbonded interactions was 7., = 1.2 nm. Lennard-Jones and
Coulombic forces were considered for r., < 0.9 nm and r., <
1.2 nm, respectively, and the latter was computed every time
step for 1.0 nm and once every 10 time steps for 0.9 nm < r, <
1.2 nm. The time step in the leapfrog integration scheme was 5
fs. The energies, coordinates and velocities were written every
0.5 ps. MD simulations were run until a statistical equilibrium
was reached at 1 ps. The time scale was scaled up by a factor of
4 because coarse-grained dynamics are faster than all-atom

dx.doi.org/10.1021/mp2002208 | Mol. Pharmaceutics 2012, 9, 37—47
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Figure 3. RMSD trajectories for PGG—PTX molecules. Trajectories correspond to fprx = 0.18 (blue), 0.24 (green), and 0.37 (red) for (A) dilute

and (B) concentrated conditions.

dynamics, due to the smoothness of the CG interactions. This
factor of 4 is based on the speedup in the diffusional dynamics
of CG water as compared to AA water. Therefore, the
simulation time scale was scaled up by a factor of 4 resulting in
an effective time of 4 ps.*>™>°

Validation of Periodic Interactions. The g mindist
module of GROMACS 4.0.3 was used to analyze the minimum
distance between periodic images throughout the 4 us
trajectory. The long-range cutoff of 1.2 nm was used to
distinguish between dilute and concentrated conditions. Dilute
conditions are characterized by minimum periodic interactions
higher than 1.2 nm, and concentrated conditions by minimum
periodic distances below 1.2 nm. The minimum periodic
distance is above 1.2 nm for all PGG—PTX molecules (see
Figure 2A), so this lack of periodic interactions confirms that
conditions are met. For the fppy = 0.24 “clusters” and fpry =
0.37 “ends” molecules, the minimum periodic distance nears
1.2 nm at 0.6 ns and 2.8 ns, respectively, but for the majority of
the trajectory, their minimum periodic distances values hover
between 4 and 12 nm, well above 1.2 nm. Also, Figure 2B
shows that the minimum periodic distance values fall below 1.2
nm, suggesting concentrated PGG—PTX conditions.

B RMSD CLUSTERING

Root-mean-squared deviation (RMSD) clustering is a quanti-
tative method used to determine the conformation of a
molecular species.””*® In RMSD clustering, all conformations
accessed during a simulation are categorized into clusters based
on structural similarity. Then, for each cluster, a structure from
the MD trajectory closest to the geometrical average of all
conformations accessed during the MD simulation was
regarded as the characteristic conformation.

RMSD clustering analysis of PGG—PTX molecules was done
using the g cluster module of GROMACS 4.0.3. First, the
RMSD cutoff was optimized to meet the following criteria: (1)
the total number of clusters was approximately 40, (2) 90% of
the trajectory was contained in clusters fewer than 40, and (3)
very few clusters included one configuration. (Figure S3 in the
Supporting Information shows a sample graph of the RMSD
cutoff length vs number of clusters generated for the fprx =
0.18 “clusters” molecule in dilute conditions, whose RMSD
cutoff length of 0.658 nm corresponds to 41 clusters. In
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addition, the optimized RMSD cutoff distances for PGG—PTX
in dilute and concentrated conditions are provided in Tables S1
and S2 in the Supporting Information, respectively.) Since a
PGG—PTX molecule can have up to ~40 clusters, only those
that are statistically significant, or occupying at least 10% of the
4 us trajectory, were respected. A PGG—PTX molecule can also
have multiple significant characteristic conformations, as long as
they are unique. The uniqueness for each significant character-
istic conformation was evaluated using the RMSD Calculator of
Visual Molecular Dynamics 1.8.6.>” If the RMSD between each
significant characteristic conformation were greater than twice
the RMSD cutoff, then the significant conformation(s) was/
were deemed unique (see Table S1 in the Supporting
Information). A PDB structure was extracted from each
significant, unique characteristic conformation.

B DENSITY ANALYSIS

It was of interest to determine how PTX loading fraction and
spatial PTX arrangement influence the packing of a PGG—PTX
molecule and its respective PGG and PTX residues. The radial
distribution function g(r) is often used to characterize the
structural arrangement of a molecular species.”® For two species
A and B, the gg(r) is defined as

PAB(V)

&p(r) =
2

where p,5(r) is the particle density of species B at a distance r
from species A and pg ), is the local density of species B at a
maximum distance r,,,, from species A. While g(r) analysis is
routinely used in biomolecular MD simulations, in this study,
the different box volumes for PGG—PTX molecules in
concentrated conditions result in different g, values. To
account for the various local densities, the density of a PGG—
PTX molecule from its center-of-mass (COM), pap(r), was
used to describe its structure in concentrated conditions, and
for consistency, in dilute conditions. Using the definition of the
radial distribution function, the density of a PGG-PTX
molecule its COM can then be determined from multiplying
gas(r) and pyocai Pas(r) = gas(r) X Ppjoca- The local density of
a PGG—PTX molecule can be determined from its molecular
mass and simulation box size (see Table S3 and Scheme S1 in

p B,local
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Figure 4. Significant, unique characteristic conformations of PGG—PTX molecules in (A) dilute and (B) concentrated conditions as a function of
PTX loading fraction and spatial PTX organization. Each structure shows the PGG (grey) and PTX (red) residues. The radius of gyration is also
noted for each characteristic conformation, along with the percentage (%) trajectory occupancy corresponding to the particular characteristic
conformation for the 4 ys MD trajectory. Molecules with more than two characteristic conformations are denoted with an asterisk (*); the top two
conformations are shown, and the remaining conformation(s) are shown in Figure S4 in the Supporting Information.

the Supporting Information). It is important to emphasize that
the COM does not necessarily correspond to the geometric
center, particularly for irregularly shaped molecules, and the
COM tends to be prominent at the more massive end. The
g _rdf module was used to extract the gyz(r) values; species A
refers to the center-of-mass of a PGG—PTX molecule and
species B the overall PGG—PTX molecule. Plots for the p,5(r)
values of PGG—PTX molecules and their respective PGG and
PTX residues are shown in Figures 5—7.

B RESULTS AND DISCUSSION

RMSD Values. Figure 3 shows the RMSD trajectories for
PGG—PTX molecules in dilute and concentrated conditions.
Similar behavior is witnessed under both conditions. All RMSD
curves rose to ~4—6 nm by 4 us, with some attaining nearly 8
nm. These values are high, but given the relatively large size of
PGG—PTX, the systems are adequately stabilized. For some

41

molecules such as fprx = 0.24 “even”, fprx = 0.24 “random”,
and fpry = 0.37 “random”, the RMSD values for concentrated
conditions are slightly lower than those for dilute conditions,
indicating smaller deviation from the starting structures. For
dilute conditions, the “even”, “random”, and “clusters” systems
exhibit flatter plateaus between 2 and 4 us than do the “ends”,
“middle”, and “side” systems, suggesting that PGG—PTX
molecules with more concentrated PTX arrangements fluctuate
more than do those with denser PTX arrangements. Higher
RMSD fluctuations also indicate higher molecular flexibility,
which is further discussed in “Flexibility of a PGG—PTX
Molecule.”

Shape and Structure of a PGG—PTX Molecule. Figure
4 shows the significant, unique characteristic conformations of
PGG—PTX molecules in dilute and concentrated conditions.
The geometry of each molecule is designated as a filamentous

(threadlike and wormlike in shape), globular (round in shape),

dx.doi.org/10.1021/mp2002208 | Mol. Pharmaceutics 2012, 9, 37—47
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and/or intermediate (having filamentous and globular
features). Also supplemented to describe morphology are the
structural PGG and PTX densities of the PGG-PTX molecules
in dilute and concentrated conditions in Figures 5—7. A
filament is characterized by low PGG and PTX densities from r
= 0 nm to r = r,,,, such as the “ends” PGG-PTX molecule in
both dilute and concentrated conditions at all three PTX
loading fractions. On the other hand, a PGG—PTX molecule
with significantly higher PGG densities at r = 0 than at r = r,,
and whose PTX density peaks somewhere between r = 0 and r

2

= fma 1S @ globule, as exhibited by the “even” and “random”

systems in dilute conditions. The density plot for an
intermediate geometry is similar to that of a globule in that
the PGG density values are highest at r = 0 nm and gradually
decreases as r — ry,,. However, the apparent plateau from 0
nm < r < 1.5 nm in the PGG density plot of a globule is not
prevalent in the PGG density plot of an intermediate. For
example, in Figure 6, the PGG density for the fprx = 0.37

“middle” in dilute conditions peaks at r = 0 but decreases more

dx.doi.org/10.1021/mp2002208 | Mol. Pharmaceutics 2012, 9, 37—47
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sharply from 0 nm < r < 1.5 nm than does the PGG density of
the fprx = 0.37 “even” in dilute conditions.

Dilute Conditions. As apparent in Figure 4, for dilute
conditions, a PGG—PTX molecule is globular at the most
uniform PTX arrangements (“even” and “random”) and adopts
more filamentous behavior as the PTX arrangement becomes
denser (“middle” and “side”). PGG—PTX molecules with
clustered PTX distributions (“ends” and “clusters”) are defined
by combination of globular, filamentous, and intermediate
shapes. This intriguing pattern is most likely attributed to the
hydrophobic driving force among intramolecular PTX mole-
cules. For instance, the uniform PTX arrangement causes the
entire “even” or “random” molecule to collectively self-assemble
into a globule in which the hydrophobic PTX molecules are
located in the inner rigid core, where they are shielded from the
aqueous solvent by their hydrophilic PGG backbone. These
results are further supported by Figures SA, 6A, and 7A (top
two panels), which shows that, as r — 0, PTX density increases
while PGG density decreases. PGG density also eventually
peaks at a certain distance between r = 0 and r = ry,,
surrounding the PTX core. For denser arrangements, loading
of PTX molecules onto a more confined region of the PGG
backbone limits intramolecular PTX self-assembly to only that
region. The lengthy, conjugated portion of the flexible PGG
backbone is then free to move about, which is responsible for
the filamentous “side” and “middle” shapes in dilute conditions.
Since the clustered PTX arrangement is an intermediate
between uniform and dense PTX arrangements, the dilute
“clusters” and “ends” PGG—PTX molecules exhibit globular
and filamentous traits.

Also in dilute conditions, the presence of the intermediate
morphology becomes more pronounced with increasing PTX
loading fraction. At fprx = 0.18 and 0.24, only the “clusters”
molecule exhibits intermediate behavior, but at fprx = 0.37,
intermediate shapes are present in the “clusters”, “middle”, and
“side” molecules. Again, this trend is a likely consequence of the
hydrophobic driving force among PTX molecules. A higher
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PTX loading fraction will result in stronger hydrophobic
interactions, subsequently forming a tightly packed core of PTX
molecules. The density profiles in Figures SA, 6A, and 7A
further support this hypothesis. At fpry = 0.18 and 0.24, Figures
SA and 6A show that the PTX residues in the dilute “clusters”,
“middle”, and “side” molecules are densely packed near r = 0
nm of PGG—PTX. However, at fprx = 0.37 in Figure 7A, the
PTX density near r = 0 nm decreases considerably. This PTX
bundle is morphologically similar to the PTX core in the “even”
and “random” molecules, only that the “clusters”, “middle”, and
“side” molecules have unconjugated PGG tails responsible for
their wormlike nature, thus contributing to their intermediate
geometry.

Concentrated Conditions. At concentrated conditions, the
globule-to-filament transition with respect to denser spatial
PTX arrangements is still prevalent but not as significant as that
of dilute conditions. For instance, while globules are present at
all three PTX loading fractions for the “even” and “random”
molecules in dilute conditions, Figure 4B shows that this shape
is witnessed only at fpry = 0.24 for the molecules with uniform
PTX arrangements in concentrated conditions. Also, as
aforementioned, the “clusters” and “ends” molecules are
characterized by globular, intermediate, and filamentous shapes.
However, in concentrated conditions, these molecules exist
only as intermediates and filaments. Similar to dilute
conditions, the “middle” and “side” PGG—PTX molecules
have intermediate and filamentous shapes, but the intermediate
is more common in concentrated conditions, whereas the
filament is more prevalent in dilute conditions. In addition, the
evidence of periodic interactions in Figure 2 suggests that the
shape of a PGG—PTX molecule is skewed by interactions with
neighboring PGG—PTX molecules. In other words, the
filamentous morphology of fprx = 0.18 “even”, fprx = 0.37
“even”, fprx = 0.37 “random”, and fprx = 024 “clusters”
molecules is caused by the intermolecular PTX interactions
among neighboring PGG—PTX molecules. Figure S5 in the
Supporting Information shows the periodic interactions among
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Figure 8. Radius of gyration trajectories for PGG—PTX molecules. Trajectories correspond to fprx = 0.18 (blue), 0.24 (green), and 0.37 (red) for

(A) dilute and (B) concentrated conditions.

PTX molecules of neighboring PGG—PTX molecules. The
minimum periodic values below 1.2 nm in the fprx = 0.18
“even”, fprx = 0.37 “even”, fprx = 0.37 “random”, and fpryx =
0.24 “clusters” molecules suggest that the dominance of
intermolecular PTX interactions over intramolecular PTX
interactions leads to more filamentous morphologies. In dilute
conditions, the dominance of intramolecular PTX interactions
over intermolecular PTX interactions results in more globular
PGG-PTX molecules.

This globule-to-filament transition is not always witnessed in
molecules exhibiting intermolecular PTX interactions in
concentrated conditions. For instance, the minimum periodic
distance values drop below 1.2 nm for the “ends” molecule, but
in dilute conditions it is a filament at all PTX loading fractions.
The two PTX groups on the “ends” molecule are loaded just far
enough apart on PGG to prevent intramolecular hydrophobic
self-assembly that is witnessed in the other five PTX
arrangements. In other words, the “ends” morphology is
influenced mostly by spatial PTX arrangement, rather than
PTX loading fraction or solution concentration.

Size of a PGG—PTX Molecule. Figure 8 shows the radius
of gyration (Rg) trajectories for PGG—PTX molecules in dilute
and concentrated conditions. Most molecules start out at
approximately R, ~ 6—8 nm and decrease to nearly half their
original size (Rg ~ 3—4 nm) by 4 us. The size of each PGG—
PTX molecule is related to its molecular size; molecules with
higher R, values tend to be filaments, and molecules with lower
R, values, globules.

For dilute conditions, the “even”, “random”, and “clusters”
molecules have slightly lower R, values than do the “ends”,
“middle”, and “side” molecules, although the difference of ~1—
2 nm is minimal. This size difference is consistent with the
morphology of the PGG—PTX molecules; the globular shapes
of the “even”, “random”, and “clusters” systems is smaller than
the filamentous “ends”, “middle”, and “side” systems.

A PGG-PTX molecule is slightly larger in concentrated
conditions than in dilute conditions, as suggested by the overall
increase in R, values for the “even” molecule at fpry = 0.18,
“random” molecules at fpry = 0.18 and 0.37, and “ends”
molecules at fprx = 0.18, 0.24, and 0.37. This behavior also
agrees with the higher prevalence of filamentous shapes in
concentrated conditions. Since a filament occupies more space
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than a globule, it is reasonable that the filamentous PGG—PTX
molecules have higher R, values than globular PGG—PTX
molecules.

Flexibility of a PGG—PTX Molecule. The flexibility of
each PGG—PTX molecule was assessed by the number of
unique characteristic conformations and their degree of
significance as indicated by % trajectory occupancy. A molecule
with more significant, unique characteristic conformations
indicates higher flexibility, and vice versa. For instance, a
molecule characterized by one significant, unique characteristic
PGG-PTX conformation occupying 80% of the 4 us trajectory
is less flexible than one with three significant, unique
characteristic conformations each with 20% trajectory occu-
pancy. For this study, a unique, characteristic conformation was
considered significant if its % trajectory occupancy > 10%.

Dilute Conditions. In dilute conditions, the “even” and
“random” molecules have one characteristic conformation with
significant % trajectory occupancies (80—90%), suggesting low
flexibility. PGG—PTX molecules with clustered and dense PTX
arrangements are more flexible, as evidenced by two or three
significant, unique characteristic conformations with %
trajectory occupancies lower than those of the “even” and
“random”, indicating higher flexibility. Out of all PGG—PTX
molecules, the fprx = 0.18 “ends” and “side” molecules are the
most flexible, since each has a single characteristic conformation
with a meager 10—12% trajectory occupancy. The fpry = 0.24
“ends”, “middle”, and “side” and fprx = 0.37 “middle” are
comparable in flexibility. In general, increasing PTX loading
fraction causes the molecular flexibility to decrease. At fprx =
0.37, 5 out of 6 molecules have unique characteristic
conformations with at least 65% trajectory occupancy, as
compared to the 3 out of 6 molecules exhibiting such 9%
trajectory occupancy at fprx = 0.24 and 0.18. The increasing
number of rigid PTX molecules on the PGG backbone is most
likely responsible for this behavior.

Concentrated Conditions. In concentrated conditions,
PGG—PTX molecules are usually more rigid than their dilute
counterparts. Unlike the fpry = 0.18 “ends” and “side”
molecules in dilute conditions, no molecule in concentrated
conditions is characterized by a unique characteristic
conformation with a very low % trajectory occupancy. In fact,
10 out of 18 PGG—PTX molecules are characterized by a single
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significant, unique characteristic conformation with at least 70%
trajectory occupancy. In dilute conditions, only six molecules fit
this criterion. What is similar to dilute conditions is that the
“even” and “random” molecules are the most rigid, for %
trajectory occupancies are above 90%, and the most flexible
molecules tend to have clustered and concentrated PTX
arrangements. An increase in the PTX loading fraction causes a
marked decrease in flexibility of a PGG-PTX molecule. Five out
of six molecules have at least 65% trajectory occupancy at fprx
= 0.37; 4 out of 6 at fprx = 0.24; and 1 out of 6 at fpryx = 0.18.
The fprx = 0.18 molecules have the highest number of
significant, unique characteristic conformations, suggesting
highest flexibility among all three PTX loading fractions. This
general behavior is most likely attributed to the periodic
interactions among adjacent PGG-PTX molecules. Due to the
lack of periodic interactions in dilute conditions, molecular
flexibility can only be influenced by PTX loading fraction and
spatial PTX arrangement. The presence of periodic interactions
in concentrated conditions is an additional limiting factor on
PGG-PTX flexibility.

As shown in Figure 4, the “even” and “random” molecules
usually are characterized by one characteristic conformation
that occupies nearly the entire MD trajectory (80—90%). On
the contrary, the “middle” and “side” systems exhibit multiple
characteristic conformations that each occupy a smaller portion
of the MD trajectory. Therefore, PGG—PTX systems with
uniform PTX arrangements are less flexible, while the systems
with dense PTX arrangements are more flexible. The PGG—
PTX systems with clustered PTX arrangements (“clusters” and
“ends”) seem to exhibit an intermediate level of flexibility in-
between the flexibility of the uniform and concentrated PGG-
PTX systems. For example, the fprx = 0.37 “clusters” system is
characterized by one characteristic conformation that occupies
nearly 90% of its MD trajectory, while the “ends” systems at
frrx = 024 and fprx = 0.37 are characterized by 2—4
characteristic conformations that occupy only 11% of their MD
trajectories. Overall, the more concentrated the PTX arrange-
ment on the PGG backbone, the more flexible the PGG—PTX
molecule.

It is also noteworthy that, while the “ends” and “side”
systems at fprx = 0.18 are characterized by one characteristic
conformation, their corresponding % trajectory occupancies are
relatively low (10—13%). Each characteristic conformation
corresponded to the only significant and unique cluster
obtained from the RMSD clustering analysis. There were
other unique clusters that occupied the remainder of the 4 us
MD trajectory, but they were only present for less than 10%
(data not shown). Since those unique clusters were not
considered significant in the RMSD clustering analysis, their
characteristic conformations were not considered in this study.
Since the “ends” and “side” molecules at fprx = 0.18 are actually
composed of multiple unique clusters that were not considered
significant, these systems sample a wider range of conforma-
tions as compared to the other systems. Therefore, the “ends”
and “side” systems at fprx = 0.18 are the most flexible PGG—
PTX molecules.

For the “even” and “random” systems, the uniform PTX
distribution causes the entire PGG—PTX molecule to self-
assemble into a globule, where PTX molecules are located in
the core. The strong hydrophobic driving force causes the
entire molecule to remain in a globular shape. For the “ends”,
“middle”, and “side” systems, while the portions of the PGG
backbone with PTX conjugation are driven to self-assembly, the
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longer unconjugated regions of the backbone are free to move
about.

Overall, the results show that the spatial PTX arrangement
significantly influences the flexibility of a PGG—PTX molecule,
but the PTX loading fraction does not have a marked effect on
the flexibility.

Therapeutic Implications of Properties of a PGG—PTX
Molecule. Researchers have argued that the ability of a cancer
therapeutic to reach tumors may be influenced by properties
such as shape, size, and flexibility. In terms of shape, there has
been increasing evidence on the benefits of cylindrical and
filamentous nanoparticles over their spherical counterparts,
such as prolonged blood circulation half-life and improved
adhesion and accumulation to fenestrae of tumor endothelia.®”
(For this study, the cylindrical shape is considered to be
structurally analogous to the filamentous shape.) Such
advantages are more likely to be associated with concentrated
PGG—PTX solutions rather than dilute PGG—PTX solutions,
since filaments are more common in concentrated conditions.
However, the filamentous “ends”, “middle”, and “side”
molecules in dilute conditions may also incur a longer
circulation half-life and enhanced drug accumulation to tumors.
Regarding size, it has been demonstrated that the intracellular
signaling pathways implicated in tumor cell function can be
activated by nanoparticles of 2—100 nm.® The R, values of ~3—
S nm for the significant, unique characteristic PGG—PTX
conformations confirm that all PGG—PTX molecules are
capable of conferring this ability, regardless of PTX loading
fraction, spatial PTX arrangement, or solution concentration.
Finally, provided the speculation that higher flexibility can
increase interactions of nanoparticles to its surrounding
biological environment,” PGG—PTX molecules at lower PTX
loading fractions are most likely to enhance binding to tumors
cells.

The implication of these results is that PGG—PTX molecules
are primarily filamentous and fairly inflexible in their vial form
prior to intravenous administration. During the ADME process,
the PGG—PTX concentration will become more dilute, at
which the shape of certain PGG—PTX molecules—ones with
uniform PTX arrangements—become more globular, while the
molecules with more dense PTX arrangements maintain their
filamentous morphology. In other words, the “ends”, “random”,
and “side” molecules are likely to confer longer circulation half-
life and higher tumor accumulation than the “even”, “random”,
and “clusters” molecules. Moreover, out of the “ends”,
“random”, and “side” molecules, the ones at lower PTX
loading fractions, are more likely to effectively bind to surfaces
of tumor cells. Once bound to tumor cells, these molecules are
also likely to trigger functions such as cell apoptosis, since their
size falls within the 2—100 nm range. In all, the “ends”,
“middle”, and “side” PGG—PTX molecules at fprx = 0.18 and
0.24 in dilute conditions are the most therapeutically promising
based on their shape, size, and flexibility.

B CONCLUSIONS

The goals of this study were two-fold: (1) to develop an insight
into possible structural conformations of PGG—PTX and (2) to
demonstrate computer simulations as a method to provide
insight on the physicochemical properties of anticancer
therapeutics that are tedious or difficult to determine
experimentally. To suggest conformations of PGG—PTX that
may be useful in biological testing, a library of eighteen coarse-
grained models of PGG—PTX varying in the PTX loading
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fraction (fprx = 0.18, 024, and 0.37) and spatial PTX
arrangement (uniform, “even” and “random”; clustered,
“clusters” and “ends”; concentrated, “ends” and “side”) were
constructed. The simulation box size was manipulated to
induce dilute and concentrated solutions; molecular dynamics
simulations were run for an effective time of 4 us; and RMSD
clustering was used to analyze the conformations. Results show
that, in concentrated conditions, each PGG—PTX conforma-
tion is affected not only by spatial PTX arrangement and PTX
loading fraction but also by periodic interactions with adjacent
conformations, unlike dilute conditions, where the conforma-
tion is affected only by spatial PTX arrangement and PTX
loading fraction. Overall, we demonstrate that the PTX loading
fraction and spatial PTX arrangement can be exploited to
control the morphology of a PGG—PTX molecule in dilute and
concentrated conditions.
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