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ABSTRACT: The antitumor activities of triazine dendrimers bearing paclitaxel, a well-
known mitotic inhibitor, are evaluated in SCID mice bearing human prostate cancer
xenografts. To increase the activity of a first generation prodrug 1 that contained twelve
paclitaxel molecules tethered via an ester linkage, the new construct described here,
prodrug 2, tethers paclitaxel with linkers containing both an ester and disulfide. While
PEGylation is necessary for solubility, and may improve biocompatibility and increase
plasma half-life, it increases the heterogeneity of the sample with an average of eight to nine
PEG chains (2 kDa each) incorporated. The heterogeneous population of PEGylated
materials was used without fractionation based on models obtained from molecular
dynamics simulations. Three models were examined; hexaPEGylated, nonaPEGylated, and
dodecaPEGylated constructs. Intravenous delivery of prodrug 2 was performed by single,
double or triple dosing regimes with doses spaced by one week. The doses varied from 50 mg of paclitaxel/kg to 200 mg of
paclitaxel/kg. Tumor growth arrest and regression was observed over the 10-week treatment period without mortality for mice
treated with the 50 mg of paclitaxel/kg treated three times.
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■ INTRODUCTION
Paclitaxel (Taxol, PTX) is a well-known antimitosis agent that
has been extensively studied since its discovery in the early
1960s due to its therapeutic efficacy against a wide range of
cancers including those of the breast, ovaries, prostate, lung,
bladder, esophagus, and head and neck.1−4 Initially, advances in
clinical development were slowed by both the short supply and
low solubility of paclitaxel. In the late 1980s, however, the
development of a semisynthetic route5 to paclitaxel production
as well as cosolvent systems6,7 to combat solubility challenges
accelerated clinical studies with success. The cosolvents
Cremophor EL (CrEL) or polysorbate 80 formulations
introduced challenges with some patients reporting severe
hypersensitivity reactions.7,8 Cosolvents also impact absorption
upon oral administration, and affect pharmacokinetic and
pharmacodynamic behaviors.9,10

The use of polymer vehicles11−18 represents one alternative
to cosolvents wherein the drug can be associated with the
polymer platform by covalent or noncovalent methods. For
such applications, dendrimers19−22 stand among one of the
most promising scaffolds for drug delivery because they are
structurally and compositionally well-defined, multivalent, and
often orthogonally functionalized. Dendrimer vehicles may be
able to deliver high payloads of active drugs to target areas with
reproducible therapeutic efficacy. In addition to therapeutic

agents, dendrimers might also present targeting or diagnostic
groups. Ranging from 2 to 10 nm in diameter, these
macromolecules may intrinsically accumulate in solid tumors
due to the so-called enhanced permeability and retention
(EPR) effect,23,24 which derives from a leaky tumor vasculature
and impaired lymphatic drainage system.
In comparison with other polymers, dendrimers have been

less popular for delivery of paclitaxel presumably due to the
difficulties arising in preparation of the drug constructs.
Triazine dendrimers have advantages as drug vehicles since
they are readily prepared, nearly monodisperse, stable during
long-term storage, potentially functionalized with multiple
ligands, and available at kilogram scale for lower gener-
ations.25−28 Previously, we reported synthesis of triazine
dendrimers containing 12 paclitaxel groups.29 Paclitaxel is
attached by ester linkage for prodrug 1, while prodrug 2
contains both ester and disulfide linkages. Prior to PEGylation,
the composition was readily described. Indeed, prodrugs 1 and
2 appear to be single chemical entity materials before
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PEGylation. Upon PEGylation with 2 kDa PEGs using PEG-
NHS esters, heterogeneity is introduced. Prodrugs 1 and 2
displayed an average of eight to nine PEG chains. Both
prodrugs 1 and 2 carry a high drug payload (26−30 wt % drug).
Of the many factors to be considered in the design, synthesis

and assessment of a nanomedicine, our current focus is on
biocompatibility, systemic toxicity, targeting, controlled release,
and dosing plan to achieve an efficacious therapy. This
multidimensional space can be reduced to a more manageable
size by considering benchmarks set by the clinical standards of
care. For paclitaxel, these standards are Taxol30−32 and
Abraxane.11,33,34 Apart from basic research, the long-term
value of the triazine targets rests in competitive advantage in
dose size, schedule and/or route of delivery when compared to
these clinical standards.
We recently reported on studies of the efficacy and toxicity of

prodrug 1.35 As summarized in Table 1, the drug was
administered via iv injection through the tail vein of SCID
mice bearing PC-3-h-luc xenografts with a single or double
dosing (spaced by 4 days) of 100 mg of PTX/kg or 200 mg of
PTX/kg. During the 10-week treatment period, mice dosed
with 1 showed tumor regression or suppression at all doses
when compared with the control group as monitored by
noninvasive bioluminescence imaging (BLI). The double
dosing of 200 mg/kg was most efficacious, but the tumor
measured by BLI was still present at the end of treatment and
the group suffered a mortality rate of 40%. Of note, these
dosages are 3−6 times greater than those of paclitaxel
formulated as Abraxane or Taxol in similar murine models.11

To achieve an efficacious therapy and to reduce the exposure to
the nanomedicine scaffold, we sought to achieve a similar
efficacy at 50 mg/kg. We hypothesized that drug release is one
of the important factors influencing efficacy.

Here, we address this challenge using prodrug 2. This
prodrug is expected to be more toxic than 1 because paclitaxel
is tethered by two different biodegradable linkages (ester and
disulfide). We hypothesized that disulfide-mediated release
would ultimately increase the amount of available free drug
(Figure 1 and Table 1). Indeed, release mediated by disulfide
cleavage with an endogenous reductant like glutathione,
cysteine or homocysteine whose intracellular concentrations
can exceed those of the vasculature by 103 is an increasingly
attractive strategy in nanomedicines.36 Molecular dynamics

(MD) simulations helped to reinforce this model: the linkages
appear to be accessible to reductants over a range of
PEGylation states. Discussions of these simulations and the
therapeutic efficacy and toxicity profile of prodrug 2 follow.

■ EXPERIMENTAL SECTION

Synthesis of Prodrugs. The prodrugs were prepared and
characterized by published methods.29 Characterization rested
on NMR spectroscopy, MALDI-TOF mass spectrometry, and
gel permeation chromatography. Prodrug 2 has, on average, 8−
9 PEG chains and 12 paclitaxel groups (as determined by NMR
and mass spectrometry) installed on a second generation
dendrimer. Prodrug 2 is assigned as 28 wt % drug.

Animals and Cell Lines. All animals were handled
according to the protocol approved by the Institutional Animal
Care and Use Committee (IACUC) of University of Texas
Southwestern Medical Center at Dallas (UT Southwestern).
These animals were kept under defined-flora pathogen-free
condition at the animal facility of UT Southwestern. Human
prostate cancer cell line, PC3-h-luc, which stably expressed
firefly luciferase, was maintained in T-medium with 10% fetal
bovine serum, 100 U/mL penicillin, and 100 μg/mL of
streptomycin. Studies involving tumor-bearing animals were
performed by rigorously following the UT Southwestern
guidelines on tumor burden in rodents. Mice were sacrificed
immediately when the tumor burden was measured more than
10% of total body weight.

Human Tumor Xenograft Model. Twenty-nine male
SCID mice 6−8 weeks of age were purchased from the animal
breeding facility of UT Southwestern. The human prostate
cancer xenograft model was established by subcutaneous
injection of 2 × 106 PC3-h-luc cells in 100 μL into the back
of each mouse. Tumors were allowed to grow for three weeks
before the start of treatment. The size of tumors ranged from
1.5 to 125 mm3.

Therapeutic Efficacy. The 29 tumor-bearing mice were
randomized into 6 groups: five treatment groups and one
control group (Table 1). Mice in the treatment groups were
intravenously administered with prodrug 2 via the tail vein (2-
50d, double doses of 50 mg of PTX/kg; 2-50t, triple doses of
50 mg of PTX/kg; 2-100s, single dose of 100 mg of PTX/kg;
2-100d, double doses of 100 mg of PTX/kg; and 2-200s: single
dose of 200 mg of PTX/kg). The multiple doses were spaced
one week apart. The control mice were injected with
phosphate-buffered saline (PBS). During the course of
treatment, the tumor volume was measured by caliper every
other day and calculated with the following equation: volume =
(π/6) W2 × L, where L indicates the longest diameter of the
tumor andW is the tumor width perpendicular to the L. Tumor
volume change was analyzed by the tumor volume ratio (tumor
volume/day 0 tumor volume) change in each animal. In
addition, the animal whole body weight was monitored every
other day for general toxicity evaluation. The tumor viability
was evaluated using a Xenogen Bioluminescence Imaging
system (Xenogen Corp., Alameda, CA).

Statistical Analysis. Statistical analyses were performed
using GraphPad Prism. A p value less than 0.05 (unpaired two-
tailed t test) was considered statistically significant. All results
are presented as mean ± standard deviation. The survival rates
of the treatment groups were compared using Mantel−Cox
test, showing that the dosing of 200s significantly decreased the
survival rate (p = 0.0494) while other dosing groups did not.

Table 1. Dosage Regimen of Prodrugs 1 and 2 in Mice
Bearing Human Prostate Cancer Xenografts and Mortality
during the Treatmenta

dosage (mg of PTX/
kg)

treatment (iv tail vein
injection) name

mortality
(%)

Prodrug 1, 10 Weeks
100 single dose 1-100s 0
100 double dose 1-100d 0
200 single dose 1-200s 20
200 double dose 1-200d 40

Prodrug 2, 10 Weeks
50 double dose 2-50d 0
50 triple dose 2-50t 0
100 single dose 2-100s 40
100 double dose 2-100d 40
200 single dose 2-200s 60

aProdrug 1 data was reported earlier35 but is included for comparison.
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Methods and Instruments in Molecular Dynamics
Simulation. The molecular models for the hexaPEGylated,
nonaPEGylated and dodecaPEGylated pacitaxel dendrimers
were created using Material Studio 5.0 (Accelrys, San Diego,
CA, USA). The dendritic structures were composed of different
residues according to previous studies on similar dendrimers.37

Since the triazine dendrimers are symmetrical and grow around
a three-branched core, the degree of PEGylation was assumed
to be uniformly spread on the three branches (i.e., 2, 3, and 4
PEG chains decorating the surface of hexaPEGylated, non-
aPEGylated and dodecaPEGylated dendrimers respectively).
All of the nonstandard residues appearing in the dendrimers
were obtained according to a well-validated procedure adopted
in precedence by our group for the simulation of
dendrimers38,39 and dendrons.40,41 At pH 7.4, each free surface
amine of the dendrimers was considered to be protonated; for
this reason, due to surface PEGylation (partial or complete),
dendrimers decorated with 6, 9, and 12 PEG chains carried +6,
+3 and 0 global charge respectively. All calculations were

conducted using the AMBER 11 suite of programs.42 The three
dendrimers were solvated in a TIP3P43 periodic water box with
14 Å of buffer, and a suitable number of Cl− and Na+ ions were
added to the system with the leap module of AMBER 11 to
guarantee overall neutrality and to reproduce the experimental
salt concentration of 150 mM NaCl. The systems were first
minimized and then equilibrated for 20 ns in NPT condition at
the temperature of 300 K and pressure of 1 atm until all of the
molecular systems converged to the equilibrium with good
stability. Simulations were conducted using a time step of 2 fs, a
Langevin thermostat, a 10 Å cutoff, the particle mesh Ewald44

(PME) approach for long-range electrostatic interactions and
the SHAKE algorithm.45,46 The parm99 all-atom force field by
Cornell et al.47 was used for all of the standard residues present
in the systems.
The solvation energies Gsol for the three dendrimers were

calculated over 200 snapshots taken from the equilibrated
phase of the dynamic trajectories according to the MM-PBSA
approach48 The total solvation energy Gsol was calculated as the

Figure 1. Chemical structure of prodrug 1 and 2. Paclitaxel is shown in green with biolabile esters and disulfides in red. The 2 kDa PEG chains are
indicated in blue. The triazine dendrimer core is shown in black. Idealized structures contain 12 paclitaxel and 12 PEG groups.
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sum of a polar component (ΔGPB), which was calculated using
the Poisson−Boltzmann approach,49 and a nonpolar solvation
term (ΔGNP). ΔGNP was calculated as ΔGNP = γ(SASA) + β, in
which γ = 0.00542 kcal/Å2, β = 0.92 kcal/mol, where the
solvent-accessible surface area (SASA) was obtained with the
MSMS program.50 The radius of gyration (Rg) and the radial
distribution functions (RDF) of the dendrimers were calculated
by processing the equilibrated dynamic trajectories with the
ptraj module of AMBER 11.

■ RESULTS AND DISCUSSION

Design. Before pursuing in vivo assessment of prodrug 2,
computational modeling of these platforms was performed to
ensure that the biolabile linkers were indeed accessible to
solvolysis and reductants. In the earlier report of 1,35 gas phase
simulations anchored our intuition of size and structure. The
simulations showed PEG chains wrapped around the globular
dendrimer and concealed much of the drug and linker. If such a
model accurately depicted reality, reducing the degree of
PEGylation or presenting the drug on the end of a more
hydrophilic linker could be valuable. While hydrophobic drug
might still associate with the hydrophobic dendrimer, a
hydrophilic linker might present the biolabile groups in solvent
accessible surface loops. We turned to molecular dynamics
simulations with explicit molecules of solvent to obtain a more
reliable model of 2.
Molecular Dynamics Simulations. Molecular dynamics

(MD) simulations were performed in salt solution (150 mM)

to emulate physiological conditions. As PEGylation is
heterogeneous and incomplete, we chose to examine
dendrimers with 6, 9, and 12 PEG chains. Consistent with
expectation, fewer PEGs lead to a more open and accessible
structure (Figure 2). Indeed, the model of 2 with twelve PEG
chains has very compact and dense architecture similar to the
gas phase simulations (Figure 2C).
These differences in structure may result from more than just

steric bulk of the PEG chains. PEG chains are installed on
available surface amines. In the absence of a PEG chain, the
dendrimer displays an amine group that is likely to be (and
modeled as) cationic under physiological conditions. That is,
these models vary in charge from 0 for the dodecaPEGylated
model to +3 for the nonaPEGylated model and +6 for the
hexaPEGylated model. As a result, ions (Na+ and Cl−) and
solvation play an important role in opening the structures of
cationic dendrimers, respectively. We might hypothesize that
fewer PEG chains should lead to more facile release of drug.
However, models that display fewer PEG chains also show
additional hydrophobic surface area that could facilitate
aggregation.
Radial distribution functions (RDFs) provide additional

insight into the structural differences resulting from incomplete
PEGylation (Figure 3). The RDFs of all the models are
expected to be similar since the globular, “rigid” triazine part is
constant. As RDF graphs are averaged over the dynamic steps
of the simulation, a peak in this plot represents both “spatial
density” (i.e., atoms in a given zone in the space) and also
“temporal density” (i.e., atoms staying in the same zone in the

Figure 2. Equilibrated snapshots (A, for the hexaPEGylated model; B, for the nonaPEGylated model; and C, for the dodecaPEGylated model) taken
from MD simulations. PEG and linker are colored in yellow, paclitaxel in red, triazine dendrimer colored per atom, Na+ in purple, and Cl− in green.
Explicit molecules of water are omitted for clarity.

Figure 3. Radial distribution function plots (y-axis is ρ(r), and x-axis represents the distance from the center of mass of the dendrimers measured in
Å): (A) hexaPEGylated model, (B) nonaPEGylated model, and (C) dodecaPEGylated model.
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space). A high peak is interpreted as not only high occupancy
but also high residency of atoms at a given distance from the
“center” of dendrimer.
The RDF plots reveal differences in density of atoms of 2 as

well as atoms of water as a function of the degree of
PEGylation. In general, the triazine portion of the models
appears globular and tightly packed with a radius of about 12 Å
represented by the peak between 0 and 12 Å. At distances
greater than 12 Å, the contributions of the PEG chains appear.
The shape produced by these contributions is interesting. For
the hexaPEGylated material, much of the PEG coats the
dendrimer effectively (interpreted as a shoulder between 15
and 25 Å), but clearly extends outward into solvent to distances
of 40 Å. A rapid fall in ρ(r) identifies high surface flexibility and
oscillation of PEG chains which are evidenced also in Figure
3A. If PEG chains behave similarly, this shoulder should simply
increase as more PEG chains are added. In all cases, similar
amounts of PEG extend out into solvent. However, these plots
reveal that increasing PEGylation leads to a significant
crowding near the surface of the triazine/PEG interface
where the sites of the biolabile linkers that faciliate drug
release are located. This distribution of biolabile ester groups
can be quantified using a similar strategy. The data shows
(Supporting Information) that these groups are similarly
disposed across the hexaPEGylated, nonaPEGylated, and
dodecaPEGylated models with most linkages at or near the
dendrimer−solvent interface, and with only two paclitaxel
groups back-folded into the dendrimer.
There are other features in these plots that suggest both

voids and trapped molecules of water (peak in the non-

aPEGylated material RDF at 5 Å shown in red circle in Figure
3B), but these are not yet sufficiently understood to merit
additional comment at this time.
PEGylation is performed to ensure solubility of these

materials in water. Indeed, if 2 bears fewer than 6 PEG chains,
it is insoluble. Solvation energies for these three models were
calculated. The values of Gsol were −1848.5 ± 26.5 kcal/mol for
the hexaPEGylated material, −1946.8 ± 126.2 for non-
aPEGylated material, and −1620.1 ± 61.4 for dodecaPEGylated
material. The differences may be rationalized in terms of a
balance of polar (electrostatic) and nonpolar (shape, accessible
area, cavity, and van der Waals) energetic terms, and the degree
of water penetration as revealed in the RDF plots. Radii of
gyration in 150 mM salt solution were also calculated as 23.3 Å
for the hexaPEGylated model, 24.4 Å for the nonaPEGylated
model, and 25.1 Å for the dodecaPEGylated model. Data
related to the size of these dendrimers in solution are consistent
with the results previously reported.35

In Vivo Toxicity. The in vivo toxicities of prodrug 2 were
assessed by animal behavior, body weight, whole blood cell
count, renal, and hepatic functions. All animals showed normal
behavior throughout the entire experiment duration. However,
the groups exhibited different levels of body weight loss during
the treatment course. While the control group showed a body
weight loss at the late stages of the experiment as a result of
tumor burden, the treatment groups of 2-50t, 2-100s, 2-100d,
and 2-200s showed early body weight loss consistent with
delivery of cytotoxin. After 20 days of treatment, the body
weight of the treatment groups rebounded and returned to the
initial values within the range of ±10% at day 40. The 2-50d

Figure 4. Whole body weight change (A) as a function of % weight change and survival curve (B) for mice administered with prodrug 2 or PBS
control. The final survival rates for the 80 day experiment are tabulated and show a correlation between dose size and mortality. The difference in
survival between the highest dose (200s) and other doses is statistically significant.

Table 2. In Vivo Toxicity Evaluation of Prodrug 2 by Blood Chemistry Tests and Whole Blood Cell Countinga,b

PBS 2-50d 2-50t

week 2 5 8 2 5 8 2 5 8

ALT (IU/L) 26 19 20 46 27.5 20.3 42 45 29
BUN (mg/dL) 20 20 18.7 26.3 21.5 20.7 27 25.7 20
WBC (K/μL) nd 7.86 6.37 nd 3.47 3.47 nd 3.33 3.89
RBC (M/μL) nd 9.54 6.34 nd 8.86 6.75 nd 8.06 6.60
platelet (K/μL) nd 1543 1112 nd 1163 972 nd 1064 906

aALT normal range, 10−35 IU/L; BUN normal range, 9−30 mg/dL; nd, not determined. bData are presented as mean values from three mice of
each group.
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group did not vary markedly in body weight during the entire
study period (Figure 4A).
To evaluate the renal and hepatic toxicities, blood samples

were collected in weeks 2, 5, and 8 from the mice groups
administered with 2-50d and 2-50t (Table 2). In weeks 5 and
8, blood samples were collected for whole blood cell counts.
The white blood cell (WBC), red blood cell (RBC), and
platelet counts in all groups were in the normal range (Table
2), but persistant decreases in WBC counts could suggest
myelosuppression. A trend toward a decrease in platelet count
is also observed. For renal and hepatic toxicity evaluation, blood
samples were collected in weeks 2, 5, and 8. Low hepatic
toxicity was observed in the 2-50d and 2-50t groups as
measured by the slightly higher alanine transaminase (ALT)
level in week 2 and week 5 possibly suggestive of hepatic and
kidney toxicity. However, in week 8, the ALT level of all groups
returned to the normal range (Table 2). The renal function
measured by the blood urea nitrogen (BUN) level stayed in the
normal range during the entire study period.
Therapeutic Efficacy Evaluation. As shown in Figure 5,

all five treatment groups (2-50d, 2-50t, 2-100s, 2-100d, and 2-
200s) showed significant tumor growth suppression starting
from day 20 (p < 0.0001) when compared with the control
group (Figure 5B). Of the treatment groups, the single dose
treatment of 200 mg of PTX/kg (2-200s) completely
suppressed the tumor growth, but three mice perished during
the treatment. Encouragingly, the groups administered 50 mg/
kg showed high efficacy and 100% survival. Compared to the 2-
50d, the group given 2-50t suppressed the tumor growth more
effectively (Figure 5C).
The tumor viability was longitudinally monitored by BLI

during the 10-week treatment experiment period. The BLI
results in Figure 6 show that tumor growth was suppressed in

all the groups treated with prodrug 2, but tumor growth
increases in control mice treated with PBS. As shown in Figure
6A−C, the treatment plan of 2-50t showed the most efficacious
tumor growth suppression. Even more promising, the BLI
signalwhich reflects the metabolic activity of the tissuein
the 2-50t group was virtually gone in spite of the fact that the
tumor was still physically palpable. The images also reveal that
tumors rebound following treatment as in the 2-50d and 2-
100s animals. The images present a single representative data
point: Tumor heterogeneity clearly exists across all groups
including the 2-50t and 2-50d groups shown.

■ CONCLUSIONS

The guiding hypothesisthat introduction of a labile disulfide
into the linker domain of platform 1 to yield 2 will provide a
more toxic prodrugappears to be borne out. While our
intuitive model posits that there is causality between the
increased lability conveyed by a disulfide and increased efficacy,
the lack of clear evidence to this end must be noted. Indeed,
while these materials are also more toxic in cell culture with the
addition of dithiothreitol, the role of the disulfide bond here
and in vivo is as yet unestablished. At equivalent doses (100s,
100d, and 200s), prodrug 2 displayed higher mortality than
prodrug 1. This increased toxicity provides opportunities for
efficacy at lower doses. Indeed, at doses similar to the target
doses for competitive efficacy with Taxol and Abraxane, 2-50d
and 2-50t show great promise. On this basis, competitive
efficacy studies may be warranted. Critical to such future
studies are those aimed at ruling out an additional toxicity
associated with the construct in comparison to clinically
efficacious formulations of paclitaxel. Still, competitive efficacy
alone is not a compelling argument for clinical relevance. More

Figure 5. Therapeutic efficacy evaluation of produg 2 in SCID mice bearing PC3-h-luc xenografts. (A) Tumor volume changes measured by caliper
during the 60-day treatment period (tumor volume ratio = tumor size at a given time/tumor size on day 0). (B) Tumor growth comparison between
the treatment groups (data pooled) and the control group. The treatment with prodrug 2 significantly suppressed the tumor growth (p < 0.0001)
from day 20 post treatment. (C) Tumor volume ratio observed with the treatment plans of 2-50d, 2-50t, and PBS.

Molecular Pharmaceutics Article

dx.doi.org/10.1021/mp2005017 | Mol. Pharmaceutics 2012, 9, 404−412409



labile linkers may lead to increased toxicity and efficacy at lower
doses of paclitaxel.
Molecular dynamics simulations lead us to consider addi-

tional hypotheses as we move forward. The heterogeneous
distribution of 2 with materials ranging from hexaPEGylated to
dodecaPEGylated platforms is both a cause for concern and a
springboard for curiosity. Simulations reveal that water
penetration and accessibility of linkers vary with the degree
of PEGylation. The apparent size of the hydrophobic patch
visible on the surface also varies. These patches could promote
aggregation (a phenomenon that has been observed but not
rigorously quantified), and ultimately liver uptake. Prodrugs 1
and 2 show significant liver uptake, and accordingly the amount
of nanomedicine available to the tumor is reduced.29 This data
is reviewed in the Supporting Information. Efficacy is assumed
to be mediated by the small fraction of the injected dose (∼3%)
that localizes in the tumor. Understanding the nature of tumor
and liver uptake has merit. Specifically, the role that aggregation

may be playing requires attention. Such studies start with
examining the relationship between PEGylation and aggrega-
tion, and ultimately efficacy. Targeting using ligands to enhance
localization over the passive strategies we currently rely on
represents another strategy.
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