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CrossMark
Abstract
Chemotherapy commonly used in the treatment of advanced bladder cancer is only moderately
effective and associated with significant toxicity. There has been no appreciable improvement in
overall survival over the last three decades. The goal of this project is to develop and characterize
bladder cancer-specific nanometer-scale micelles loaded with the chemotherapeutic drug
paclitaxel (PTX) and determine the anti-tumor activity and toxicity. Micelle-building-material
telodendrimers were synthesized through the stepwise conjugation of eight cholic acid units at
one terminus of polyethylene glycol (PEG) and a bladder cancer-specific targeting peptide
named PLZ4 at the other terminus. To synthesize disulfide-crosslinked PLZ4 nanomicelles (DC-
PNM), cysteine was introduced between the cholic acid and PEG. DC-PNM-PTX was
synthesized through the evaporation method by loading PTX in the core. The loading capacity of
PTX in DC-PNM was 25% (W /W). The loading efficiency was over 99%. DC-PNM-PTX was
spherical with the median size of 25 nm. The stability of DC-PNM-PTX was determined in a
solution containing sodium docecyl sulfate (SDS). It was stable in a SDS solution, but dissolved
within 5 min after the addition of glutathione at the physiological intracellular concentration of
10 mM. In vivo targeting and anti-tumor activity were determined in immunodeficient mice
carrying patient-derived bladder cancer xenografts (PDXs). After intravenous administration,
DC-PNM specifically targeted the bladder cancer PDXs, but very little to the lung cancer
xenografts in the same mice (p < 0.001). DC-PNM loaded with PTX overcame cisplatin
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resistance, and improved the median survival from 55 d with free PTX to 69.5 d (p = 0.03) of
mice carrying PDXs. In conclusion, DC-PNM remained stable in the SDS solution, specifically
targeted the bladder cancer xenografts in vivo, and improved the anti-cancer efficacy of PTX.

Online supplementary data available from stacks.iop.org/NANO/27/425103 /mmedia

Keywords: bladder cancer, nanomicelle, paclitaxel, targeted delivery

(Some figures may appear in colour only in the online journal)

Introduction

Bladder cancer is the 4th most common cancer in men and
12th in women [12]. It is estimated that approximately 77 000
new cases will be diagnosed in the United States in 2016.
Even though most of these cases are at the non-myoinvasive
stage [1], it is the locally advanced and metastatic bladder
cancers that cause almost all the mortalities. Platinum-based
chemotherapy is an integrated therapeutic modality in the
management of these two groups of patients. At the setting of
neoadjuvant chemotherapy for locally advanced cancer, less
than 40% of patients achieve complete remission (no viable
cancer cells) at the time of cystectomy and enjoy an 85% five-
year overall survival rate, compared to only a 35% five-year
survival rate of the remaining 60% of patients who still have
viable cancer cells after neoadjuvant chemotherapy [3]. For
metastatic bladder cancer, the most commonly used MVAC
(methotrexate, vinblastine, doxorubicin/Adriamycin and cis-
platin) and GC (gemcitabine and cisplatin) regimens have a
response rate of approximately 50% [16]. In cases of disease
progression or recurrence, even though several medications
are commonly used in clinic, there is no standard second-line
therapy approved by the US Food and Drug Administration.
Paclitaxel (PTX) is one of the drugs commonly used as sal-
vage chemotherapy with a response rate around 20% [15].
PTX is highly hydrophobic and is dissolved in Cremophor
EL /ethanol (Taxol®) for clinical application. Hence, it is
sometimes associated with severe allergic reactions, mainly
due to the solvent, even with steroid and anti-histamine pre-
chemotherapy medications. The prognosis of bladder cancer
has not changed significantly over the last three decades [11].
Therefore, there is a great need to improve treatment for more
effective outcomes.

We previously reported the development of multi-
functional nanometer-scale micelles that can be loaded with
hydrophobic therapeutic and diagnostic drugs [4, 6, 7, 17]. The
micelle-building polymer telodendrimers are composed of a
polyethylene glycol (PEG) backbone conjugated with dendritic
octamers of cholic acid at one terminus of the PEG. In aqueous
solution with hydrophobic drugs, telodendrimers can self-
assemble into nanometer-scale micelles in which the amphi-
philic cholic acid forms the core to load hydrophobic drugs.

Even though these micelles showed promising cancer-
specific targeting and toxicity profile, one major drawback of
these micelles is that the building-material telodendrimers are
held together through hydrophobic forces. After intravenous
administration, the mechanical force of blood circulation and
detergent effect of lipoproteins can break up these micelles

and prematurely release the drug load. In addition, teloden-
drimers work as a detergent and can cause hemolysis after
intravenous administration. To overcome these potential
drawbacks, disulfide-crosslinked micelles were developed [5].
In these micelles, cysteine is introduced into the teloden-
drimers. After the telodendrimers form micelles, cysteines
from the adjacent telodendrimers form disulfide bonds that
covalently hold the telodendrimers together and stabilize the
micelles during blood circulation. Upon entrance into target
cells, the disulfide bonds can be reduced, open under the
reducing intracellular environment, and release the drug load
inside the target cells.

Here, we report the development of disulfide-crosslinked
PLZA-nanomicelle (DC-PNM) that can specifically target
bladder cancer cells. To synthesize bladder cancer-targeting
micelles, the other terminus of PEG is conjugated with a
bladder cancer-specific ligand named PLZ4 (amino acid
sequence: CcQDGRMGFc—upper case letters represent
L-amino acids and lower case letters represent unnatural
D-cysteines used to cyclize and stabilize the peptide) [19].
During drug loading and the formation of micelles, hydrophilic
PEG and PLZ4 are exposed on the surface for cancer-specific
drug delivery. DC-PNM withstood the detergent effect of a
strong ionic detergent sodium dodecyl sulfate (SDS), while
being able to be reduced and release the drug load under the
physiological concentration of glutathione. At the same dose,
DC-PNM-PTX was more effective than free PTX in Cremo-
phor EL /ethanol.

Materials and methods

Synthesis and characterization of PLZ4 and micelles, and
loading of imaging and chemotherapeutic agents in micelles

Both PLZ4 (amino acid sequence: cQDGRMGFc) and thio-
lated telodendrimers (named as PEGSk—Cys4-L8—CA8) were
synthesized and characterized (chemical structure, purity, and
cholic acid conjugation) as previously described [5, 8, 17]. In
brief, dendritic octamers of cholic acid were conjugated to
linear PEG via solution-phase condensation reactions. To
synthesize targeting PLZ4 nanomicelles in which 50% of non-
thiolated telodendrimers (PEG X-CAg) were conjugated to
PLZ4, an aqueous-phase ‘click chemistry’ catalyzed by
cuprous ion was used to couple the alkyne group on PLZ4
peptides to the azide group at the end of PEG on the telo-
dendrimer at a molar ratio of 1:2 (PLZ4: PEG) [14]. After
conjugation, no free PLZ4 was detected as determined by
high-performance liquid chromatography (HPLC) after
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ultracentrifugation with a 3SKMWSO filter (Millipore, Billerica,
MA), suggesting PLZ4 had been successfully conjugated to the
telodendrimers. The conjugation was further confirmed with
proton nuclear magnetic resonance ('H-NMR).

To load PTX or fluorescent dye DiD (Invitrogen, Carls-
bad, CA) into the micelles, PTX/DiD and telodendrimer
(20 mg) were dissolved in chloroform (5 ml) in a 10 ml flask.
Chloroform was removed on a rota-evaporator under vacuum,
then 1 ml of USP (US Pharmacopeia) saline was added and
the mixture was vortexed and sonicated for 30 min at room
temperature. The PTX-loaded micelles were then crosslinked
via O,-mediated oxidation as described previously [5]. It was
sterilized using a filter (0.22 pm) and stored at 4 °C for further
study. After self-assembly, the more hydrophilic PLZ4
ligands were displayed on the surface of the micelles.

The final product was analyzed for drug loading capacity
and encapsulating efficiency using HPLC. The area under the
curve of the PTX peak was measured and the calibration
curve was generated. The encapsulating efficiency was cal-
culated using drug loading observed from calibration*100%/
actual amount of drug originally washed, and micelle size and
dispersion were evaluated with a dynamic light scattering
(DLS) particle sizer and transmission electron microscopy
(TEM). To determine the stability, the DC-PNM was incu-
bated with SDS at 2.5 mgml™"', followed by the addition of
glutathione at the physiological concentration of 10 mM. The
size of DC-PNM was then determined by DLS.

In vivo xenograft imaging study

In all animal studies in this study, the animal protocols were
approved by the Jackson Laboratory (JAX) Institutional Animal
Care and Use Committee (IACUC, Protocol No. 12027) and the
UC Davis IACUC (Protocol No. 17794). Patient-derived
xenografts were developed from unselected uncultured clinical
patient specimens as previously described [10]. To compare
in vivo drug delivery, human non-small cell lung cancer cell line,
H23, was planted at the right lower flank as a negative control to
determine the background DC-PNM delivery to xenografts as
PLZA4 does not bind to H23 cells, and a patient-derived bladder
cancer xenograft BL-0645 was planted at the left flank of NOD/
SCID interleukin-2 receptor gamma-deficient (NSG) mice (The
Jackson Laboratory, Bar Harbor, MN). The NSG mice were
used because of the immunodeficient status associated with a
high engraftment rate of patient-derived xenografts. When the
tumor xenografts reached 0.5-1.0 cm, the mice (three mice per
group) were injected with 100 1l of DC-PNM loaded with DiD/
PTX and whole-body imaging was acquired at 5, 15, and
30 min, 2, 8 and 24 h after dosing. The mice were then sacrificed
at 24 h. Tumors and major organs were harvested for ex vivo
imaging study. Imaging was processed, quantified and analyzed
by Kodak imaging software (Kodak).

Therapeutic efficacy and toxicity study in a subcutaneous
xenograft model in mice

To evaluate the anti-cancer efficacy and toxicity of DC-PNM
loaded with PTX, NSG mice bearing cisplatin-resistant patient-

derived xenografts BL0293 were used for this study. When the
tumor size reached 150-200 mm®, eight mice per group were
treated with phosphate-buffered solution (PBS) control, cis-
platin at 2mgkg ™", free PTX and DC-PNM-PTX, both at
10mgkg ", A total of six doses for each treatment group was
given intravenously every 3—4 d. Another set of Balb/c mice
was treated with the same dose and schedule to determine the
toxicity. Tumor size was measured every 3—4 d and calculated
using the formula: 0.5 x length x width® (mm®). Body weight,
appetite, hair coat and activity were monitored regularly. When
the tumors reached the 1500 mm® tumor endpoint, the animals
were euthanized for humane reasons. Blood was drawn 3 d
after the fourth dose for blood counts, liver and kidney function
tests. Another group of mice was sacrificed after the fourth
dose of each treatment. Vital organs and tumors were harvested
for histopathological evaluation.

Statistics

The experiments were repeated at least in triplicate. The mean
values and standard deviation were presented for each set of
experiments. For the determination of micelle delivery to
tumor sites, we calculated mean fluorescence intensities of the
tumor area and of the normal tissue area by means of the
region-of-interest function using Kodak Image Analysis
Software (Kodak), then plotted a pseudocolored scale based
on the semiquantitative information from near-infrared
fluorescence images by integrating fluorescence intensities
from equal areas within the tumor and normal tissue regions.
One-way ANOVA analysis was used for statistics. A P value
less than 0.05 was considered as significant.

Results

Characterization and stability assay

We synthesized DC-PNM in which the PLZ4 ligand density on
the surface was 50% as the molar ratio of PLZ4 to the telo-
dendrimers was 1:2 during the conjugation with ‘click chem-
istry’, and no free PLZ4 was detected after conjugation. To
synthesize DC-PNM loaded with PTX (DC-PNM-PTX), var-
ious ratios of PTX and telodendrimer/PLZ4-telodendrimer
were tried. The loading capacity was 5-10 mg ml~" for PTX in
20mg ml~" of the telodendrimers. In this report, we used DC-
PNM-PTX with the loading capacity of 25% (w/w of PTX/
telodendrimer): PTX 5 mg/ml, and telodendrimer/PLZ4-telo-
dendrimer: 20 mg ml~'. The loading efficiency was over 99%,
meaning over 99% of the PTX was loaded into DC-PNM. DC-
PNM-PTX was spheric in shape as determined by TEM. The
median size was around 25 nm (figure 1(b)). The size of DC-
PNM-PTX was further confirmed with a DLS particle sizer that
showed the size of 23 +/— 6 nm (figure 1(c)).

Stability of DC-PNM-PTX in the SDS solution

To determine the stability, DC-PNM-PTX was incubated in
PBS containing 2.5mgml~' of a strong ionic detergent
SDS. Unlike previous studies showing that non-crosslinked
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Figure 1. Characterization of DC-PNM. (a) Schematic diagram of the chemical structure of the PL.Z4-telodendrimer and DC-PNM.
Telodendrimer PEG*-CAg represents PEG with the molecular weight of 5000 daltons (PEG’¥) conjugated with eight cholic acid (CAsg)

subunits through cysteine-Ebes linkers at one terminus. To synthesize DC-PNM, PLZ4 is conjugated at the other terminus of PEG in the
telodendrimers. CA is an amphiphilic molecule with the hydrophobic methyl groups (blue) at one side and hydrophilic hydroxyl groups (red)
at the other side. This facial amphiphilic structure allows the formation of hydrophobic spheric micelle core to load hydrophobic drugs, such
as PTX, while leaving hydrophilic PEG and PLZ4 displayed on the surface for targeted drug delivery. The data presented here was obtained
with DC-PNM in which 50% of the telodendrimers are conjugated with PLZ4. (b) TEM examination of TDC-PNM. DC-PNM with 50%
crosslinking and loaded with PTX 4 mg ml~" in 20 mg ml~" of the telodendrimers were used for this study. The average size of the DC-PNM
was around 25 nm. The scale bar: 50 nm. (c) Stability of DC-PNM: DC-PNM with 50% crosslinking and PTX 4 mg ml™" was incubated in
PBS (left panel), and in the presence of SDS at 2.5 mg ml~' (middle panel). A DLS analysis was performed after 30 min of incubation,

showing that DC-PNM remained stable in the SDS solution. It dissolved within 5 min after glutathione 10 mM was added (right). Left panel:
in PBS; middle: in the SDS solution after incubation for 30 min; right: 5 min after the addition of glutathione at 10 mM.

nanomicelles immediately dissolved in the presence of SDS [5],
DC-PNM-PTX was stable in the SDS solution (figure 1(C),
middle panel). Within 5 min after the addition of a physiolo-
gically relevant concentration of glutathione at 10 mM [2], DLS
analysis showed that the size of DC-PNM-PTX was reduced to
around 1nm (figure 1(c), right panel), suggesting that the

crosslinked micelles were reduced; DC-PNM-PTX had disin-
tegrated; and the drug load was released. Consistent with this
finding, the half-life (T, /,3) of PTX increased from 526.9 4/
— 182.9 min with free PTX to 929.5 £ 134.8 min (p = 0.037)
with  DC-PNM-PTX after bolus intravenous injection of
10mgkg ' body weight (online supplementary information).
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Figure 2. Blood counts, chemistry panel and histopathological examination of vital organs. (A) Blood counts and chemistry panels. Blood
specimens were collected 3 d after the last dose of treatment. No significant changes in the blood counts, kidney (creatinine) and liver
functions (AST, ALT and total bilirubin) were observed between treatment groups, except for a high platelet count in the group treated with
DC-PNM-PTX and low bilirubin in all treatment groups. PBS: control; DC: DC-PNM without PTX loading; WBC: white blood cells; AST:
aspartate transaminase; ALT: alanine transaminase. (B) Histopathological examination of vital organs. Cellular disarray with enlarged
hepatocytes with loss of cell membrane, reactive nuclear vesicular chromatin, and vacuolar degeneration of the cytoplasm of hepatocytes
were observed in the livers treated with free PTX or DC-PNM-PTX. No other significant changes were observed under light microscope

(400% and 40x).

Drug toxicity

We next determined whether the formulation of PTX in DC-
PNM would change the toxicity of PTX. Consistent with a
previous study [18], treatment with PTX at 10 mgkg " was
tolerated. All mice treated with free PTX or DC-PNM-PTX
had slightly decreased activity, especially in the group treated
with free PTX injection. Body weight remained stable or
slightly decreased at comparable extents in all groups during
treatment. No significant other toxicity was observed.

Blood tests were collected 3 d after the last dose. We did
not observe any significant decrease in the white blood cell
count, abnormal increase in liver function tests (aspartate
aminotransferase (AST) and alanine aminotransferase (ALT)),
or kidney function (creatinine level) (figure 2(A)). In fact,
when compared to the PBS control, the platelet count slightly
increased in the DC-PNM-PTX group (p = 0.004) while the
total bilirubin decreased in the empty DC-PNM (p = 0.02),
free PTX (p = 0.03) and DC-PNM-PTX (p = 0.02). Even
though statistically significant, these differences were not likely
clinically significant.

We also harvested the vital organs for histopathological
examination under light microscope. Damage to hepatocytes
was observed in the groups treated with free PTX and DC-
PNM-PTX, characterized by cellular disarray with enlarged
hepatocytes with loss of cell membrane, reactive nuclear
vesicular chromatin, and vacuolar degeneration of the cyto-
plasm (figure 2(B) top row). No significant difference was
observed between these two groups. No other visible histo-
pathological changes were detected in any other groups.

In vivo cancer-specific drug delivery

We then determined whether PLZ4 on the surface of DC-PNM
could guide the cancer-specific delivery of DC-PNM-PTX into
bladder cancer xenografts. To strictly control other confounding
factors, we established a xenograft from a non-small cell lung
cancer cell line H23 at the right flank, and a patient-derived
bladder cancer xenograft BL-0645 at the left flank in the same
immunodeficient NSG mice. In this experiment, H23 was used
as a negative control as PLZ4 does not bind to H23 cells. NSG
mice were used because they have profound immunodeficiency
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that allows the establishment of patient-derived xenografts
instead of using cell lines as in most other studies. Patient-
derived bladder cancer xenografts were developed from unse-
lected and uncultured clinical patient cancer specimens. We
previously showed that these bladder cancer xenografts main-
tained their morphology fidelity and 92%-97% of the genetic
alterations of the parental patient cancers [10]. Therefore, studies
performed in patient-derived bladder cancer xenografts can
more likely be translated into clinical application than xenografts
from cell lines. After intravenous administration of DC-PNM

co-loaded with DiD and PTX, a near-infrared signal was
observed in both xenografts, possibly secondary to the small
size of DC-PNM (<25 nm) and the enhanced permeability and
retention (EPR) effect (figure 3(A)). However, a much stronger
signal was observed in the bladder cancer xenografts BL-0645
than that in the lung cancer xenografts in the same mice. At
24 h, the near-infrared signal at the patient-derived xenograft
BL-0645 was much higher than that at the xenografts from H23
(figures 3(B) and (C)): 45255.1 +/— 707.5 versus 22 005.1
+/— 2383.2 (p = 0.007).
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Figure 3. In vivo drug delivery of DC-PNM. (A) Near-infrared fluorescence imaging. NSG mice carrying a non-small cell lung cancer
xenograft H23-2A at the right flank and a patient-derived bladder cancer xenograft BL-0645 at the left flank. DC-PNM co-loaded with PTX
and a near-infrared fluorescence dye DiD was injected through the tail vein. White-light imaging and near-infrared imaging were taken and
overlaid at 5, 15 and 30 min, 2, 8, and 24 h after dosing. Significantly more near-infrared signal was observed at the left flank overlaying the
bladder cancer xenograft. (B) Ex vivo imaging to determine drug delivery. Tumor xenografts and vital organs were harvested 24 h after
dosing. Significantly more fluorescence was observed in the bladder cancer xenograft BL-0645 than the non-small cell lung cancer xenograft
H23-2A from the same mouse. The liver also had significant uptake, followed by moderate uptake in the lung. However, we did not observe
anything abnormal in the liver function test. (C) Comparison of drug delivery between lung and bladder cancer xenografts. The near-
infrared fluorescence (NIRF) signal was measured at the same area of non-small cell lung and bladder cancer xenografts. Much more
fluorescence was observed in the bladder cancer xenografts BL-0645 than the lung cancer xenografts H23-2A: 45 255.1 4+/— 707.5 versus
22005.1 +/— 2.383.2 (p = 0.007), suggesting a cancer-specific drug delivery.

Improved anti-tumor efficacy with DC-PNM-PTX

Next, we determined whether improved drug delivery could
be translated into improved anti-tumor efficacy (figure 4). In
this experiment, we used a bladder cancer patient-derived
xenograft BL0293 that is relatively resistant to cisplatin, one
of the first-line drugs used in bladder cancer. First, we mea-
sured the treatment effect on tumor growth (figure 4(A)). In
this experiment, we used ten times the baseline tumor size as
the endpoint for tumor growth. Experiments were started
when the tumor size was ~0.1-0.2 cm®. Hence, ten times the
baseline tumor size would be around 1-2 ¢cm?, the humane
endpoint of euthanasia. The cisplatin moderately delayed the
tumor growth, and increased the median time of the tumor
growth to ten times the baseline from 12.9 d for the control

group to 25.3 d with cisplatin (p < 0.001), while free PTX
was very effective and delayed the tumor growth to 61.4 d,
which was statistically significant (p < 0.001) when com-
pared to both the control and cisplatin groups. DC-PNM-PTX
further delayed tumor growth to 71.5 d (p = 0.01) when
compared to the free PTX group (figure 4(A)).

Next, we determined whether the delay in tumor growth
was translated into improvement of survival (figures 4(B) and
(C)). Compared to the median survival of 23.5 d of the control
group, cisplatin prolonged the survival to 39 d (p < 0.001). It
was 55 d in the free PTX group, which is statistically sig-
nificant (p < 0.001) when compared to both the control and
cisplatin group. Compared to free PTX, DC-PNM-PTX fur-
ther increased the median survival to 69.5 d (p = 0.03).
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Efficacy Study (BL0293)
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Figure 4. Comparison of anti-tumor activity. (A) Tumor growth curves. When the size of the tumor xenografts reached around 0.1-0.2 cm®,
the NSG mice carrying patient-derived bladder cancer xenografts were treated with PBS control, cisplatin 2 mg kg™, free PTX and DC-

PNM-PTX with the PTX dose of 10 mg kg™ in both groups. The treatment was administered through tail vein injection (red arrows) once
every 3—4 d for a total of six doses per mouse. The tumor sizes were measured every 3—4 d. The tumor volume was calculated using the
formula: 0.5 x length x width? (mm?®). The mice were euthanized when the tumor volume reached 1.5-2 cm?®. The median time of the tumor
growth to ten times the baseline (10X BL) was 12.9 d for the PBS control and 25.3 d in the cisplatin group (p < 0.001). Compared to the
PBS control and cisplatin, free PTX delayed the tumor growth to 10X BL by 61.4 d (p < 0.001 compared to both). Compared to free PTX,
DC-PNM-PTX further delayed the tumor growth to 10X BL to 71.5 d (p = 0.01). (B) Survival curve. The NSG mice (seven mice per

group) carrying patient-derived xenografts BL0293 were treated with PBS (control), cisplatin at 2 mg kg™, free PTX at 10 mg kg ™" and DC-
PNM-PTX 10 mg kg~ every 3—4 d for a total of six doses. The mice were sacrificed when the tumor volume reached 1.5 ~ 2.0 cm?®, or other
humane endpoints, such as body weight loss of over 10%. (C) Median survival and statistical analysis. The median survival of the PBS
control and cisplatin groups was 23.5 and 39, respectively (p < 0.001). Compared to the PBS and cisplatin groups, free PTX increased the
median survival to 55 d (p < 0.001). Compared to the free PTX group, the median survival for the DC-PNM-PTX was 69.5 d (p = 0.03).

Discussion

We report the development of bladder cancer-specific targeting
micelles that are crosslinked with disulfide bonds to stabilize
during blood circulation and coated with PLZ4 bladder cancer-
targeting ligand for cancer-specific drug delivery. DC-PNM
specifically delivered a higher drug load to patient-derived
bladder cancer xenografts than to lung cancer xenografts in the
same mice after intravenous administration. At the same dose,
DC-PNM-PTX was more effective than free PTX in prolong-
ing the progression-free survival as well as the survival of mice
carrying patient-derived xenografts.

Nanomedicine has emerged as promising diagnostic and
therapeutic modalities in the management of cancer. How-
ever, no such drugs have been approved for bladder cancer
[13]. We previously reported the development of non-cross-
linked PNM that represents a significant development com-
pared to free PTX in Cremophor EL/ethanol (Taxol®). One
major issue associated with PTX is its hydrophobic nature
that requires a special solvent Cremophor EL /ethanol. Even
with the administration of pre-chemotherapy medications
including anti-histamine and steroids, some patients still
develop severe allergic and even anaphylactic reactions to
PTX in Cremophor EL/ethanol. In order to decrease the
toxicity and improve the efficacy, several nanoformulations of
PTX have been developed and reported (reviewed in [9]),
including polymeric nanoparticles, such as Poly[Lactic-Co-
Glycolic Acid] or PLGA, Poly [e-Caprolactone] or PCL, Poly
[L-Lactide] or PLA, chitosan, albumin and gelatin, lipid-
based nanoparticles, such as liposome, solid lipid, lipid
nanocapsules and emulsion; and PTX-polymer conjugates.
However, they have various limitations. For example, the
FDA approved PTX albumin nanoformulation Abraxane®
has large size (~130 nm) and aggregates within 24-48 h after

reconstitution. Some other drawbacks associated with these
nanoformulations include the lack of cancer-targeting drug
delivery and premature drug release. We previously reported
that the formulation of PTX in PNM eliminated the need for
Cremophor EL/ethanol, and did not induce mast cell degra-
nulation that may contribute to allergic reactions [6]. How-
ever, the mechanical force and lipoproteins in blood
circulation can dissolve PNM and prematurely release the
drug load. In addition, the PNM-building polymer teloden-
drimers work as a detergent and cause hemolysis as they have
hydrophobic cholic acid octamers at one end and hydrophilic
PEG and PLZ4 at the other end.

To overcome these drawbacks, we developed DC-PNM.
This formulation eliminates the need of Cremophor EL/
ethanol just as non-crosslinked PNM, and can significantly
reduce the risk of allergic reactions. In addition, DC-PNM
possesses additional features that non-crosslinked PNM lacks.
Disulfide crosslinks can stabilize DC-PNM. Non-crosslinked
nanomicelles immediately dissolved after the addition of a
strong ionic detergent SDS [5]. Here, we showed that DC-
PNM maintained its integrity even in the presence of SDS,
suggesting that DC-PNM can withstand the effect of lipo-
proteins during blood circulation. In our study, DC-PNM only
dissolved after the addition of glutathione at the physiological
concentration of 10 mM. Consistent with the increased sta-
bility, we observed increased half-life of DC-PNM when
T, 2 increased from 527 to 929 min (p = 0.037). In addition,
the efficacy of PTX was significantly improved when for-
mulated in DC-PNM. We previously showed that the for-
mulation of PTX in non-crosslinked micelles significantly
mitigated the toxicity, but possessed efficacy comparable to
that of free PTX. Here, we showed that the efficacy of PTX
was further improved with DC-PNM when compared to free
PTX (figure 4). Combining all these factors, DC-PNM-PTX
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significantly delayed the tumor growth and prolonged the
survival of mice carrying patient-derived xengrafts when
compared to free PTX in Cremophor EL/ethanol.

The nanoformulation of highly toxic chemotherapeutic
agents can significantly reduce toxicity, and achieve increased
drug delivery to cancer sites secondary to the enhanced per-
meability and retention effects. Several clinical trials are
already underway to determine the efficacy and toxicity of
these agents. The decoration of nanomoieties with cancer-
specific targeting ligands can further enhance drug delivery to
cancer sites, and potentiate the anti-tumor activity while
decreasing non-specific drug delivery to other organs. The
disulfide crosslinking of nanoparticles makes on-demand drug
delivery into cancer cells possible as crosslinking stabilizes the
nanoparticles during blood circulation and releases the drug
after the nanoparticles enter into the reducing intracellular
environment (with 10 mM glutathione). As the active drug of
DC-PNM-PTX is PTX, that is already widely used in clinical
bladder cancer treatment with moderate effect, we expect that
the nanoformulation can potentially decrease the toxicity,
improve the efficacy and improve the treatment outcomes.

In conclusion, DC-PNM-PTX eliminates the need for
Cremophor EL /ethanol in formulating PTX, remains intact in
the presence of a strong detergent SDS, modifies PTX phar-
macokinetics after intravenous administration, improves
in vivo drug delivery, and enhances the anti-cancer efficacy
of PTX. Further investigation is warranted to translate this
development into clinical application.
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