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Abstract

Cabazitaxel, a novel tubulin inhibitor with poor affinity for P-glycoprotein, is a second-generation
taxane holding great promise for the treatment of metastatic castration-resistant prostate cancer.
However, its poor solubility and lack of target-ability limit its therapeutic applications. Herein, we
develop a biodegradable, enzyme-responsive, and targeted polymeric micelle for cabazitaxel. The
micelle is formed from two amphiphilic block copolymers. The first block copolymer consists of
PEG, an enzyme-responsive peptide, and cholesterol; whereas the second block copolymer
consists of a targeting ligand (DUPA), PEG and cholesterol. The enzyme-responsive peptide is
cleavable in the presence of matrixmetaloproteinase-2 (MMP-2), which is overexpressed in the
tumor microenvironment of prostate cancer. The micelle showed a very low critical micelle
concentration (CMC), high drug loading, and high entrapment efficiency. Release of cabazitaxel
from the micelle is dependent on the cleavage of the enzyme-responsive peptide. Moreover, the
micelle showed dramatically higher cellular uptake in prostate cancer cells compared to free
cabazitaxel. Importantly, the ligand-coupled polymeric micelle demonstrated better inhibition of
tumor growth in mice bearing prostate cancer xenografts compared to unmodified micelle and free
cabazitaxel. Taken together, these findings suggest that the enzyme-responsive cabazitaxel micelle
is a potent and promising drug delivery system for advanced prostate cancer therapy.
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1. Introduction

Despite advances in early screening and continuous research efforts, prostate cancer remains
the most common cancer in the United States and accounts for almost 1 in 5 new cancer
diagnoses. Prostate cancer is also the second leading cause of cancer death in American
men, with an expected 31,620 deaths in 2019.[1] Current treatments for prostate cancer
include surgery, radiation therapy, cryotherapy, hormone therapy, chemotherapy, and the
Sipuleucel-T (Provenge) vaccine.[2, 3] Even in the age of immunotherapy with checkpoint
inhibitors, chemotherapy is still the mainstay for advanced prostate cancer.

Cabazitaxel, a novel tubulin inhibitor with poor affinity for P-glycoprotein, is a second-
generation taxane holding great promise for the treatment of metastatic castration-resistant
prostate cancer. Cabazitaxel is a semisynthetic derivative of a natural toxoid and was
approved in 2010 by the Food and Drug Administration (FDA) as the second line of
treatment for metastatic castration-resistant prostate cancer. Notably, it is effective for the
treatment of docetaxel-resistant cancers. However, the major limitations of cabazitaxel
include the lack of specificity and very low water solubility.[4-6] Therefore, there is an
urgent need to develop a targeted drug delivery system to deliver cabazitaxel specifically to
tumor tissue and subsequently reduce the side effects.[7, 8]

Prostate-specific membrane antigen (PSMA) is a type 1l membrane glycoprotein protein
with an extensive extracellular domain.[9] It is a well-established tumor antigen and is
expressed in normal and malignant prostate cells, as well as other tissues. In particular, the
levels of expression of PSMA in prostate cancer cells, especially in the advanced castration-
resistant prostate cancer cells, are about a thousand-fold greater than that on normal tissues.
[9] In addition, overexpression of PSMA is a predictive indicator for recurrence in primary
prostate cancer.[10] Taken together, PSMA is a validated marker for targeted drug delivery
to prostate cancer.[3, 11]

A variety of PSMA-specific ligands such as peptides, aptamers, antibodies, and ScFv have
been employed to specifically deliver therapeutic agents to prostate cancer cells.[3, 11-17]
Among them, 2-[3-(1,3-dicarboxypropyl)ureido]pentanedioic acid (DUPA) is a small
molecule with a high affinity (Kj=8 nM, IC5y=47 nM) towards PSMA.[18, 19]DUPA was
originally discovered as a substrate of PSMA but then adopted as a PSMA-targeting ligand
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for anti-prostate cancer agents.[18-21]For example, Lutetium-177-labeled DUPA (177Lu-
PSMA-617) has moved to clinical trials in Europe as a radioligand therapy for patients with
metastatic CRPC. 177Lu-PSMA-617 showed good safety and higher efficacy than other
third-line systemic therapies in metastatic CRPC patients.[21] Moreover, studies have shown
that cytotoxic agents conjugated to DUPA and DUPA derivatives can effectively target
PSMA overexpressing prostate cancer cells.[20]

Stimuli-responsive delivery systems have attracted increasing attention in tumor-targeted
delivery. The tumor microenvironment has unique physiological characteristics such as
hypoxia, acidic pH, and specific enzymes.[3, 22, 23] These endogenous stimuli provide
great opportunities to trigger the release of therapeutic agents once they extravasate into the
tumor microenvironment, leading to accelerated drug release at the target site and more
efficient tumor penetration.[23, 24] Among these stimuli, tumor-specific enzymes, such as
PSA and matrix metaloproteinase-2 (MMP-2), have been successfully used to deliver anti-
cancer agents to various cancers.[24-30] MMP-2 is overexpressed in many types of cancers
including prostate cancer.[31-33]

In this study, we develop a biocompatible polymeric micelle to encapsulate cabazitaxel.
DUPA is coupled to the micelle to target PSMA on prostate cancer cells. The amphiphilic
building block of the micelles is composed of cholesterol as the hydrophobic core and PEG
as the hydrophilic outer shell. An MMP-2-responsive linker was incorporated in the
amphiphilic building blocks to dissociate the micelle and release the payload in the tumor
microenvironment of prostate cancer, leading to improved cellular uptake of cabazitaxel.
The micelle shows a low critical micelle concentration (CMC), high drug loading, and high
entrapment efficiency. The release of cabazitaxel from the micelle is dependent on the
cleavage of the MMP-2-responsive peptide. The micelle exhibits higher cellular uptake in
prostate cancer cells compared to free cabazitaxel. Most importantly, the polymeric micelle
demonstrates better inhibition of tumor growth than free cabazitaxel in mice bearing prostate
cancer xenografts.

2. Materials and Methods

2.1 Materials

Cabazitaxel and PEG-NHS were purchased from LC Laboratories (Woburn, MA). PEG3q00-
Cholesterol was purchased from Biochempeg (Watertown, MA). Human recombinant
MMP-2 protein was obtained from Millipore Sigma (Burlington, MA). a,y-Di-Zfert-butyl
glutamate, and triphosgene were purchased from Alfa Aesar(Haverhill, MA). N,N-
Diisopropylethylamine (DIPEA), trifluoroacetic acid (TFA), triethylamine, triisopropylsilane
(TIPS), HATU, HCTU, and piperidine were ordered from Fisher Scientific (Hampton, NH).
Peptides were synthesized by United BioSystems (Herndon, VA). C4-2 cell line was
purchased from the American Type Culture Collection (Rockville, MD).
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2.2 Synthesis of DUPA (2-[3-(1,3- Bis-tert-butoxycarbonyl-propyl)-ureido]pentanedioic
Acid-tert-Butyl Ester

DUPA was synthesized as reported.[20, 34, 35] Briefly, triethylamine (TEA, 8.19 mmol)
was added into a solution of L-glutamate di-fert-butyl ester hydrochloride (3.39 mmol) and
triphosgene (1.12 mmol) in DCM (25 mL), stirred at =78°C under nitrogen atmosphere for 2
h, and then mixed with the solution of L-Glu(OBn)-OtBu (3.72 mmol) and TEA (4.91
mmol) in DCM (5 mL). The reaction mixture was stirred at room temperature overnight,
followed by adding 1 M HCI (1 mL) to quench the reaction. After washing with brine and
drying over NaySQy, the product 1 (432 mmol) was dissolved in DCM, and 10% Pd/C was
added to deprotect the benzyl groups. The mixture was hydrogenated at room temperature
for 24 h and washed with DCM. Finally, DUPA (2) was collected as a colorless oil and
crystallized using hexane:DCM (1:1, v/v). The product was checked by TLC using
hexane:EtOAc (40:60, v/v), and the retention factor is 0.58.(n77/2): (M + H)" calculated for
Co3H41N20g, 489.2912; found, 489.28.

2.3 Synthesis of Chol-PLGVRK-PEG2qg0(4)

Chol-PLGVRK-PEG>gg(4) was synthesized by conjugating PEG-NHS to Chol-PLGVRK-
NH,.Chol-PLGVRK (1) was synthesized as previously reported with modifications.[36, 37]
Briefly, PLGVRK on resin was suspended in 5 mL of ice-cold anhydrous DCM, followed by
dropwise addition of 500 mg of cholesteryl chloroformate dissolved in 5 mL anhydrous
DCM and incubation overnight under vigorous stirring on ice. The reaction mixture was
washed 3 times with DCM, and the residual protecting groups in the peptide were removed
by TFA. (ml2): (M + H)+ calculated for CsgH191N10Og, 1081.82; found, 1081.50.

Next, PEGoggo-NHS was conjugated to chol-PLGVRK-NH> as reported with modifications.
[37-39] Briefly,PEG,qg9-NHS (0.1 mmol) and Chol-PLGVRK-NH2 (0.2 mmol) were
separately dissolved in DCM (5 mL). The NHS group of the PEG reacted with the primary
amine in the side chain of K (lysine), which was activated by DIPEA (0.2 mmol) in
anhydrous DCM. The PEGyqq0-NHS solution was added dropwise into the Chol-PLGVRK-
NH2 solution, and the mixture was stirred for 24 h. The solvent was removed under vacuum,
and the product Chol-PLGVRK-PEG»qqg Was purified by HPLC.

2.4 Synthesis of Chol-PEG3qg0-DUPA (5)

Chol-PEG3qg9-DUPA (5) was synthesized as previously reported with minor modification.
[20, 40-42] Briefly, DUPA (0.1 mmol) was dissolved in dichloromethane (DCM), followed
by the addition of EDC (0.2 mmol). After adding PEG3g00-Chol-NH2 (0.1 mmol) dissolved
in DCM, the reaction mixture was stirred at room temperature for 24 h. The protecting
groups of DUPA were removed by 50% TFA, and reaction mixture was continuously stirred
for 12 h, dialyzed (MWCO of 1.0 kDa), and lyophilized to yield Chol-PEG3qq9-DUPA (0.6
g, 28%).

2.5 Fabrication of Cabazitaxel-Loaded Polymeric Micelles

Cabazitaxel-loaded micelles were prepared using the solvent evaporation method as
reported.[43] Briefly, the two block polymers were dissolved in a 1:9 molar ratio
(block-1:block-2) in DCM, and the drug was separately dissolved in DCM. The polymer and
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drug solutions were then mixed in a round bottom flask. The organic solvent was removed
using a rotary evaporator at 37°C, and the resulting thin film was rehydrated with distilled
deionized water. The micelles were sonicated for 5 min and filtered through a 0.22 pm
membrane to remove un-encapsulated drug.[43]

2.6 Characterization of the Polymeric Micelle

Particle size and zeta potential of the micelle were measured using a Malven Zetasizer
Nano-ZS(Malvern Instruments, MA).Morphology of the micelles was examined using a
CM12 Transmission Electron Microscope (TEM) (Philips, Germany).Critical micelle
concentration (CMC) of the polymeric micelle was determined using iodine as a probe.[43—
45] A series of dilutions of the polymer ranging from 0.00005 to 4 mg/mL were prepared in
DI water. The iodine solution was prepared by dissolving 0.05¢g iodine and 0.1 g potassium
iodide in 15 mL DI water, and 25 L of the solution were added to the polymer solutions.
After incubation for 15h in dark at room temperature, 200 pL of this solution were
transferred to a 96-well plate, and the absorbance was measured at 366 and 460nm. The
CMC was calculated from the intersection of the two tangents drawn to the curve at high and
low concentrations.[43, 44]

Drug loading capacity and encapsulation efficiency of the micelle were determined
according to a previously reported method.[46] Briefly, micelles were prepared at different
polymer:drug ratios (1:2, 1:1, 1:0.5, 1:0.25, 1:0.1, and 1:0.05, w/w) as described above. The
lyophilized formulations were dissolved in DCM to dissociate the micellar structure, and the
content of Cabazitaxel in the micelle was determined using HPLC with a C-18 reverse-phase
column (4.6x250 mm, 5 um).[24] Drug loading capacity and entrapment efficiency were
calculated according to the following equations:

Weight of drug in the micelle
Weight of drug in the micelle + weight of polymer added

Drug loading (%) = 100 x (

Weight of drug in the micelle
Weight of drug added

Drug entrapment (%) =

2.7 Cleavage Study of the MMP-2-ResponsivePeptide

The MMP-2-responsive peptide PLGVRK (300 uM) was incubated with PBS or
recombinant human MMP-2 proteinat 37 °C. Aliquots of 30 puL from each sample were
collected at various time intervals (0, 3 and 6 h) and incubated with 90 UL of acetonitrile
containing 0.1% TFA at room temperature for 5 min. The concentration of the intact peptide
in the organic phase was determined using HPLC.

2.8 In Vitro Drug Release

In vitro drug release of the polymeric micelle was conducted in 0.5 M Tris buffer containing
recombinant human MMP-2 protein (200ng/mL). The micelles were dispersed in 2 mL of
the solution in a dialysis tubing (MWCO: 1000 Da) and immersed in 10 mL of DI water at
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37 °C. After 1, 3, 6, 12, and 24 h, the dialysis medium was collected and replaced with fresh
DI water. Concentration of cabazitaxel in the medium was analyzed using HPLC.

2.9 Cellular Uptake of the Micelle

PSMA-positive prostate cancer C4-2 cells were used in the cellular uptake study. Briefly,
2x10° C4-2 cells were seeded in 24-well plates 24 h before the study. The cells were then
incubated with DUPA-coupled micelle, micelle without DUPA, and cabazitaxel at 37°C for
0.5 and 1 h. After the incubation, the cells were washed with PBS and lysed with RIPA
buffer. A portion of the lysate is aliquot for BCA assay, and the remaining lysate was mixed
with 4N NaOH and incubated at room temperature for 1 h. Phosphate buffer was added to
neutralize the solution, followed by the addition of DCM (200 L) and incubation for 5 min
to extract the drug. After centrifugation using a microcentrifuge, the supernatant DCM layer
was collected, evaporated at room temperature, and reconstituted with acetonitrile for the
analysis of cabazitaxel using HPLC. The HPLC system was equipped with a Shimadzu
LC-20AT pump, a SIL-10AF autosampler and a SPD-10A UV detector. The BCA protein
assay kit (Pierce, Rockford, IL) was used to quantitate the total protein concentration in the
cell lysate. Cellular uptake was normalized to the total protein content of the samples.[24]

2.10 Penetration and Uptake Study in a 3-D Tumor Spheroid Model

3-D tumor spheroids of C4-2 cells were prepared as we described before.[29, 47, 48]
Briefly, 6x103C4-2 cells were suspended in 100 uL Spheroid Formation ECM and then
seeded in a Corning™ 96-well ultra-low attachment microplate. The plate was centrifuged at
300 g for 15 min at 4°C, followed by incubation at 37°C to form the spheroids.

Coumarin-6, a hydrophobic dye, was used to mimic cabazitaxel in the uptake and
penetration studies. Coumarin-6-loaded micelles with or without DUPA modification were
added to the wells and incubated at 37°C for 2 h. After washing with PBS, the spheroids
were collected and fixed using 10% formalin. For the cellular uptake study, the fixed
spheroids were analyzed under a fluorescence microscope (LEICA DMI3000B). To evaluate
the tumor penetration efficiency of the micelles, the fixed spheroids were examined using a
confocal microscope (Leica TCS SP5, Germany) as described.[29, 48]

2.11 Cell Cytotoxicity

Cellular cytotoxicity of the micelles and free cabazitaxel were evaluated in C4-2 cells. The
cells were plated in 96-well plates at a density of 5x108 cells/well 24 h before the assay. The
cells were then incubated with cabazitaxel-loaded micelles and free cabazitaxel at 37°C for
0.5, 1 and 24 h, followed by replacement with fresh medium. An MTT assay was conducted
to determine cellular cytotoxicity.

2.12 In Vivo Anti-Tumor Activity

Anti-tumor activity study was conducted according to the animal protocol approved by the
Institutional Animal Care and Use Committee (IACUC) at the University of Missouri-
Kansas City. Male nude mice were housed in a temperature-controlled room with a 12 h
light-dark cycle. One million C4-2 cells were mixed with matrigel at a ratio 1:1 (v/v) and
subcutaneously implanted into the right flank of the nude mice. The tumors were allowed to
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grow to a mean volume of 100 mm3 before the mice were randomly assigned into four
groups for the treatment with saline, free cabazitaxel, cabazitaxel-loaded micelle coupled
with DUPA, and cabazitaxel-loaded micelle. The formulations were administered via the tail
vein at 5mg/kg every three days. Tumor volume was monitored on a daily basis and
calculated according to the equation: tumor volume = (length x width?)/2.

Tumor sections were stained with hematoxylin and eosin (H&E), and apoptosis in tumor
specimen were evaluated using the Click-iT Plus TUNEL Assay Kit (Invitrogen, CA) as
previously described.[29]

2.13 Statistical analysis

Statistical analysis was performed using a two-way analysis of variance (ANOVA) with
Tukey’s post hoc test. P<0.05 was considered statically significant.

3. Results and Discussion

Despite the tremendous success of immunotherapy in various cancers, chemotherapy is still
the mainstay for advanced prostate cancer. Cabazitaxel is a promising second-generation
taxane for the treatment of docetaxel-resistant cancers. It was approved as the second line of
treatment for metastatic castration-resistant prostate cancer. However, its low water
solubility and poor specificity lead to high systemic toxicity, which limits its therapeutic
applications. In this study, we developed a targeted polymeric micelle to encapsulate
cabazitaxel to increase its solubility and tumor uptake (Figure 1).

The amphiphilic polymer is biocompatible and composed of PEGygqq as the hydrophilic
segment and cholesterol as the hydrophobic core. PEGygqg not only facilitates micelle
formation but also forms the outer shell to prolong the systemic circulation time of the
micelle. To minimize the “PEG dilemma” effect on cellular uptake of the micelle,[49] we
incorporated an MMP2-responsive linker (PLGVRK) in the amphiphilic polymer
(cholesterol-PLGVRK-PEGyqq) to dissociate the micelle in the tumor microenvironment,
thus enhancing the cellular uptake of cabazitaxel. A fraction of the amphiphilic polymers
(cholesterol-PEG3g0p-DUPA) were coupled with the PSMA-specific ligand DUPA to
achieve targeted delivery of the micelle to prostate cancer. PEG3gqq rather than PEGygpg was
used in DUPA-coupled polymers to guarantee the exposure of DUPA on the surface of the
micelles.

3.1 Synthesis of Cholesterol-PLGVRK-PEG

Cholesterol-PLGVRK-PEGygqq (4) was synthesized by conjugating PEG,pg0-NHS to
cholesterol-PLGVRK-NH»(Figure 2B). The final product was purified by HPLC using a
Waters C18 column (250 mm x 4.6 mm, 5 um) at a flow rate of 1.0 mL/min. The mobile
phase consisted of water and acetonitrile with a linear gradient increasing from 0% to 90%
acetonitrile over 35 min. The chemical structure of cholesterol-PLGVRK-PEGqqg Was
confirmed with TH NMR. As shown in Figure 2D, the large multiple peaks at & 3.4-3.7 ppm
(a) correspond to the protons of methylene groups in PEG, which has repeating ethylene
glycol units, the peaks present at § 0.6 to 1.2 ppm (b) represent the protons in cholesterol,
and the peaks at approximately 6 1-2.6, 3-3.4, 3.7-5.5, and 6.5-7.7 ppm (c) represent
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several protons in the peptide PLGVRK. The presence of peaks corresponding to PEG along
with cholesterol and peptide collectively, confirms that cholesterol-PLGVRK-PEGyggo Was
successfully conjugated. Cholesterol-PEG3g0o-DUPA was synthesized as illustrated in
Figure 2C, and its NMR spectrum was presented in Figure 2D. The presence of the
characteristic peaks of PEG at & 3.4-3.7 ppm (a) along with peaks at approximately & 2.0
ppm (d) (represent the methylene moiety of the glutamate group in DUPA), and the peak at
approximately 6 7.2 ppm (e) (represents the amide of the uredo group in DUPA) confirms
the successful conjugation of cholesterol-PEG3q09-DUPA. Additionally, the peak at
approximately 2.5 ppm (s) represents the DMSO solvent. The repeating units of ethylene
glycol in PEG give overwhelming signals and subduing other signals.

3.2 Preparation and Characterization of the Cabazitaxel-Loaded Polymeric Micelles

The cabazitaxel-loaded polymeric micelle was prepared using the solvent evaporation
method as described.[29]Non-targeted polymeric micelles were prepared using cholesterol-
PLGVRK-PEGyqqq alone, while cholesterol-PLGVRK-PEGygqo and cholesterol-PEG3gqq-
DUPA were mixed at a 9:1 molar ratio in the preparation of the DUPA-coupled micelles.
The cabazitaxel-loaded micelle is clear and transparent, indicating a well-dispersed and
stable formulation.

The average particle size of DUPA-coupled micelles was 196 nm with a PDI of 0.13,
suggesting a uniform dispersity of the micelles (Figure 3A). Zeta potential of the micelle is
approximately 0.56mV (Figure3B). TEM images revealed spherical and homogeneous
micelles with an average particle size of approximately 200 nm (Fig 3C), which is consistent
with the results from DLS.

The CMC of the micelle was determined using iodine as a probe. As illustrated in Figure
3D, the CMC is approximately 5.7pg/mL, which is more than 11 times lower than the blood
concentration of the micelle in mice after systemic injection at a dose of 5 mg/Kg. As a
result, the micell is expected to be stable in the blood of mice.

Drug loading capacity and encapsulation efficiency are fundamental physicochemical
characteristics of polymeric micelles. As shown in Figure 3E and 3F, the micellar
formulation efficiently loaded cabazitaxel at different drug/polymer ratios. The highest drug
loading was 23.33 % at the drug/polymer ratio of 1:0.5 (w/w), with an entrapment efficiency
of 70%. By contrast, the highest entrapment efficiency was 79.69%sat the drug-polymerratio
of 1:0.25 (w/w), with a drug loading of 10.88%. The micelle solutions were clear and did
not show any signs of aggregation or turbidity at all drug/polymer ratios, indicating excellent
stability of the micelles.

3.3 MMP-2-ResponsiveDrug Release

We incorporated an MMP-2-responsive peptide between cholesterol and PEG to minimize
the “PEG dilemma” effect on cellular uptake and specifically release cabazitaxel in the
tumor microenvironment. MMP2 belongs to the family of matrix metalloproteinases whose
function is to degrade the extracellular matrix and basement membrane. As a result, these
enzymes play an important role in tumor growth and metastasis.[50] MMP-2 is
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overexpressed in many types of cancers including prostate cancer.[31-33] PLGVRK is an
MMP-2-responsive peptide that has been used in tumor-targeted delivery systems.[51-55]

According to our hypothesis, the MMP-2-responsive linker PLGVRK in the micelle will be
cleaved by MMP-2 present in the prostate tumor microenvironment, leading to the
dissociation of the micelle structure and release of encapsulated cabazitaxel in the tumor
microenvironment to exert its activity. We first evaluated the stability of the linker itself in
PBS buffer containing recombinant human MMP-2 protein. As shown in Figure 4A, the
MMP-2-responsive substrate is stable for up to 6 h in the absence of MMP-2 but efficiently
cleaved in the presence of MMP-2 (10 ng/uL) with a half-life of 4 h.

We next examined drug release profile of the micelle (5 uM) in the presence of MMP-2. As
illustrated in Figure 4B, in the presence of 200 ng/mL MMP-2, the micelle released
cabazitaxel steadily, and approximately 80 % of the drug was released within 24 h. By
contrast, in the absence of MMP-2, only about 10% of the drug is released after 24 h. These
results demonstrated the MMP-2-responsive drug release of the micelle.

3.4 Cellular Uptake Study in Monolayers of Prostate Cancer cells

Although nanocarriers are believed to passively accumulate in tumors by the enhanced
permeability and retention (EPR) effect, the hypothesis has been challenged by a number of
groups. For example, Chan et al. demonstrated that majority of nanoparticles enter tumors
via an active process through endothelial cells in the tumor microenvironment.[56] The
result clearly highlighted the importance of active targeting in cancer therapy using
nanomedicine. Attachment of tumor-specific ligands to drug-loaded nanocarriersis the most
efficient way to achieve active targeting in cancer therapy.[3] In this study, we chose PSMA
as a molecular target because it is the most prominent and validated biomarker in prostate
cancer. PSMA is overexpressed at exceptionally high levels in prostate cancer cells, and its
expression level increases as the disease progresses.[24, 57, 58] PSMA is a transmembrane
protein that possesses an internalization or transportation capability, making it an ideal target
for the delivery of anti-cancer therapeutics.[9, 59] Several types of PSMA-specific ligands,
such as antibodies, peptides and small molecular agents, have been identified and utilized in
prostate cancer therapy and imaging. We selected the recently identified PSMA-specific
ligand DUPA, which is a urea-based small molecular compound with a very high affinity
(Kd 14 nM) to PSMA..[60] Very recently, DUPA was adopted as the targeting ligand in a
radio-ligand therapy, which demonstrated promising effects in clinical trials.[61, 62]

We evaluated whether the incorporation of DUPA as a PSMA-targeting ligand enhances the
delivery of the micelle to prostate cancer cells (Figure 5). The polymeric micelles and free
cabazitaxel were incubated with PSMA-positive prostate cancer C4-2 cells for 0.5and 1 h.
As shown in Figure 5, the micelle coupled with DUPA exhibited the highest uptake, while
free drug showed the lowest uptake. Compared with free cabazitaxel, the micelle coupled
with DUPA exhibited nearly three- and five-fold higher uptake after 0.5 and 1 h incubation,
respectively. The micelle coupled with DUPA also exhibited approximately 1.5- and 2.1-fold
higher uptake than unmodified micelle after 0.5 and 1 h incubation, respectively. The results
clearly demonstrated that coupling of the PSMA-specific ligand DUPA to the micelle
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significantly enhanced the cellular uptake of its cargo by PSMA-positive prostate cancer
cells.

3.5 Cellular Uptake and Penetration of the Micelle in 3-D Tumor Spheroids

We further studied the cellular uptake of the micelle in a 3-D spheroid tumor model, which
mimics the physiological characteristics of solid tumors. As illustrated in Figure 6A and 6B,
the micelle coupled with DUPA exhibited nearly three-fold and two-fold higher fluorescent
intensity compared with free dye and unmodified micelle, respectively.

Limited tumor penetration is one of the major hurdles for cancer therapeutics. We, therefore,
examined the tumor penetration efficiency of the PSMA-targeted micellar delivery system in
3-D tumor spheroids (Figure 6C and 6D). After two hours of incubation, the micelle coupled
with DUPA showed the deepest penetration into the tumor spheroids, suggesting that the
PSMA-specific ligand enhances the penetration of the carrier to the tumor
microenvironment.

3.6 Cytotoxicity Study

3.7

Having demonstrated high cellular uptake and tumor penetration of the micelle coupled with
DUPA, we sought to evaluate the /n vitro cytotoxicity of the micelle in prostate cancer C4-2
cells. The cells were incubated with 5 UM cabazitaxel and equivalent concentration of
cabazitaxel-loaded micelle for 0.5, 1, and 24 h. As illustrated in Figure7, the blank micelle
does not exhibit any cytotoxicity in the cells after 24 h incubation, indicating good safety of
the carrier. The micelle coupled with DUPA exhibited significantly higher cytotoxicity than
free cabazitaxel at both 0.5 and 1 h incubation times, suggest that the micelle can efficiently
deliver the drug into the cells. This is in accordance with the cellular uptake results (Figure
5). However, the micelle showed similar cytotoxicity as free drug after 24 h incubations.
This is because free drug can also efficiently diffuse into the cells /n vitro after long
incubation period.

In Vivo Anti-Tumor Activity Study

Anti-tumor activity of the micelle was examined in nude male mice implanted with C4-2
cells. Approximately 1x107 C4-2 cells were subcutaneously implanted into the right flank
of each mouse. Once the tumor volume reached 100mms3, the mice were randomly divided
into four groups for the treatment. Cabazitaxel and micelles were intravenously injected via
the tail vein at a dose of 5 mg cabazitaxel/kg every three days. The selection of the dose is
based on previous reports of cabazitaxel in animal studies.[63-65] As illustrated in Figure8
(A-C), after three injections on days 2, 5 and 8, the micelle coupled with DUPA showed the
highest efficacy in inhibiting tumor growth compared to other groups. Unmodified micelle
showed slightly better effect compared to free cabazitaxel, but the difference is not
statistically significant (p-value of 0.13).

A TUNEL assay of the tumor specimen revealed that the micelle coupled with DUPA
induced significantly higher apoptosis compared to other groups (Figure 8D and 8E). The
number of apoptotic cells in the DUPA-coupled micelle group were approximately 4 and 8
times higher compared to the unmodified micelle group and free cabazitaxel group,
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respectively (Figure8E). Moreover, The TUNEL assay result was consistent with the H&E
staining results (Figure 8D). Together, these results indicate that the micelle coupled with
DUPA exhibited the best anti-cancer activity /n vivo. Our findings also highlight the
importance of active targeting in prostate cancer targeted therapy.

4. Conclusion

In this study, an enzyme-responsive, PSMA-targeting, and cabazitaxel-loaded micellar drug
delivery system was developed, characterized and evaluated in prostate cancer cells. The
polymeric micelle is biocompatible with a high drug loading efficiency. The micelle shows
MMP-2-responsive release of the encapsulated drug. Compared to the micelle without
DUPA maodification, the DUPA-coupled micelle demonstrates higher cellular uptake in
monolayers of prostate cancer cells and higher tumor penetration in 3-D tumor spheroids.
Moreover, the DUPA-coupled micelle showed the highest anti-tumor activity in mice
bearing xenograft tumors. Our results demonstrate the importance of active targeting in
targeted prostate cancer therapy. Encapsulating cabazitaxel in the micelle increases its
activity and is expected to reduce its dose and systemic toxicity, which is a major hurdle in
its clinical applications. Moreover, the polymeric micelle may server as a promising
nanoscale platform for the targeted delivery of other chemotherapeutic agents to prostate
cancer.
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Figure 1. Schematics of the enzyme-responsive polymeric micelle.
(A) Fabrication of the polymeric micelle. (B) Delivery of the polymeric micelle to prostate

cancer cells. (I) MMP-2 mediated destabilization of the micelle to release cabazitaxel; (1)
Nonspecific endocytosis of the micelle; (I111) PSMA-mediated endocytosis.
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Figure 2. Synthetic scheme.
(A) Synthetic scheme of DUPA. Reagents and conditions: (a) triphosgene, TEA/DCM, -78

°C; (b) H-L-Glu(OBn)-OtBu-HCI; (c) H2; Pd-C/DCM. (B) Synthetic scheme of cholesterol-
PLGVRK-PEGyqq. Reagents and conditions: (d) DCM, 0-5°C; (e) TFA (95%) water
(2.5%), Tips (2.5%); (f) DIPEA (0.2 mmol) in anhydrous DCM. (C) Synthetic scheme of
cholesterol-PLGVRK-PEG3q Block-2: (g) EDC, DCM, (h) 95% TFA in DCM for 2 h at
room temperature. (D) 1H NMR spectrum of cholesterol-PLGVRK-PEGuq0. (E) 1H NMR
spectra of cholesterol-PEG3gp0-DUPA.

Acta Biomater. Author manuscript; available in PMC 2021 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Barve et al.

Intensity (Percent) 3

20;

.~

104

=

Total Counts

10 100 1000 10000 - " .
Size (nm) Apparent zeta potential (mV)

E 90 1
80 4

P

o0 4
50

40 A

aneGosqy

a
oW

Drug Entrapment (%)

1 4

[ I

(¢
3 0

lA)é;'mccr;natkm '(:mgv"ml..; 12 L1 1051025 0.1 1:005

Polymer:Drug ratio

Figure 3. Characterization of cabazitaxel-loaded polymeric micelle.

-

Drug Loading (%)

1
iy

)

i

1:2

I:1 1:05 1:0.25 1:0.1 1:0.05

Polymer:Drug ratio
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polymer:drug (w/w) ratios. The results are presented as the mean = SD (n=3).
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Figure 4. MMP-2-responsive drug release.
(A) Stability of the Ac-PLGVRK-NH, peptide in PBS and recombinant human MMP-2

protein (10 ng/uL). (B) Release of cabazitaxel from the micelle in the presence of
recombinant human MMP2 (2 ng/uL). The results are presented as the mean + SD (n = 3).
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Figure 5. Cellular uptake of the micelle in C4-2 prostate cancer cells.
(A) Cellular uptake after 0.5 h incubation. (B) Cellular uptake after 1 h incubation. The

results are presented as the mean = SD (n = 3). (* /<0.05, ** P<0.01).
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Figure 6. Cellular Uptake and Penetration of the Micelle in 3-D Tumor Spheroids
(A) Representative fluorescence images of 3-D spheroids incubated with coumarin and

coumarin-loaded micelle for 2 h. Scale bar represents 200 pm. (B) Quantitative analysis of
the fluorescence intensity of the spheroids. (C) Representative z-stack confocal images of 3-
D spheroids incubated with coumarin and coumarin-loaded micelles for 2 h. Scale bar
represents 200 um. (D) Mean fluorescence intensity of the z-stacked confocal images vs. the
distance from the periphery of the spheroids. The results are represented as the mean + SD

(n=3). (**P<0.01)
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Figure 7. Cytotoxicity of the micelles in C4-2 cells.
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T
1
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C4-2 cells were incubated with cabazitaxel and DUPA-coupled micelle for 0.5 h (A), 1 h
(B), and 24 h (C).(D) Cytotoxicity of blank micelle. The results are presented as the mean
+SD (n = 3). (* £<0.05, ** P< 0.01).
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Figure 8. Anti-tumor activity of the targeted micelle in a xenograft prostate cancer mouse model.
Once the tumor volume reached 100 mm3, the mice were randomly divided into four groups

for the treatment with saline, cabazitaxel, cabazitaxel-loaded unmodified micelle, and
cabazitaxel-loaded DUPA-coupled micelle. The formulations were administered at 5 mg
cabazitaxel/kg via the tail vein on days 2, 5, and 8. (A) Tumor growth curves. The results are
presented as the mean + SEM (n=7). (B) Images of harvested tumors. (C) Tumor weight.
The results are presented as the mean £ SEM (n = 7). (D) TUNEL assay of tumor specimen.
Scale bar represents 100 um. (E) % Body weight change, (E) Quantitative analysis of cell
apoptosis in TUNEL assay. (** A< 0.01)
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