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ABSTRACT: Prostate cancer (PC) is the most frequently diagnosed cancer and the second leading cause of cancer deaths in
American men. While localized cases can be cured through surgery or local radiation, metastatic PC lacks curative therapy. The
challenges to the success of treating advanced PC include the adverse effects of current treatment strategies, the continuous
generation of cancer cells by cancer stem cells, and tumor heterogeneity. To overcome these challenges, researchers have explored
the prodrug approach for targeted, combination drug delivery or release of cytotoxic agents specifically to sites of metastatic PC to
improve therapeutic efficacy while decreasing systemic toxicity. The objective of this study is to develop a dual drug conjugate with a
prostate-specific antigen (PSA) peptide recognition sequence for PC-specific combination SN-38 and cabazitaxel delivery in the
treatment of advanced PC. To achieve this, His-Ser-Ser-Lys-Leu-Glu terminated with the dibenzocyclooctyne (DBCO) functional
group conjugated to SN-38 via a leucine spacer was synthesized. Similarly, His-Ser-Ser-Lys-Leu-Glu terminated with azido
poly(ethylene glycol) conjugated to cabazitaxel via a leucine spacer was synthesized. The conjugates were linked together via click
chemistry to synthesize a dual drug conjugate. In vitro exposure to exogenous PSA was found to trigger the release of cytotoxic
drugs. The dual drug conjugate exhibited time- and concentration-dependent cytotoxicity in PC-3 and LNCaP PC cells. The
observed cytotoxicity was also dependent on PSA expression in the cellular models tested. This study demonstrates the potential of
peptide−drug conjugates for the delivery of combination chemotherapeutics for selective cytotoxicity to PC cells.

■ INTRODUCTION
Prostate cancer (PC) is the most frequently diagnosed cancer
and second leading cause of cancer deaths in American men.1

Initial stages of PC are often androgen-dependent, responding
well to androgen deprivation therapy.2 However, a more
aggressive form, known as androgen-independent prostate
cancer3,4 also referred to as metastatic castration-resistant
prostate cancer (mCRPC) is ultimately observed with an
average survival time of 16−18 months.5 mCRPCs continue to
produce and secrete prostate-specific antigen (PSA) into their
extracellular fluid (ECF), even at later stages of disease
progression. This characteristic offers a therapeutic oppor-
tunity to selectively activate targeted drug delivery systems that
can be delivered to the tumor to exploit the abundant secretion
of enzymatically active PSA by mCRPCs.6

One of the approaches that is extensively researched and
found to be promising in the treatment of PC is the

development of drug delivery systems to target PSA using
the prodrug approach. This PSA-targeting approach has the
added advantage of the “bystander effect”, i.e., nearby
cancerous cells that do not produce PSA can also be targeted,
potentially killing all PC cells and other adjacent endothelial
and stromal cells.7−10 This “bystander effect” reduces the
likelihood of tumor metastasis and recurrence.
PSA is a widely used PC biomarker that can assist in the

diagnosis of disease.11 PSA levels in the serum have been
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correlated with the presence and size of prostate tumor,
including metastatic disease, as both normal and malignant
prostate luminal epithelial cells produce and secrete PSA.10 It
has been reported that the ECF surrounding PC cells contain a
high concentration of enzymatically active PSA. In contrast,
PSA is rendered inactive in serum due to its complexation with
protease inhibitors such as α-1-antichymotrypsin (ACT) and
α-2-macroglobulin (A2M).12,13 Within the serum, these
inhibitors are found in elevated levels, effectively impeding
the proteolytic function of PSA. This segregation of the
presence or absence of PSA inhibitors between the serum and
PC ECF establishes distinct environments that impact the
enzymatic activity of PSA.10,13 PSA expression is maintained
even in androgen-resistant and metastatic tumors, indicating
that PSA remains a viable target for cancer treatment.13 Thus,
the design of a PSA-targeted drug delivery system holds the
potential for site specific delivery, thereby improving the
efficiency of drug treatment and reducing the incidence of
adverse effects.
In line with this hypothesis, researchers have developed

targeted drug conjugates for PC therapy based on the
identification of HSSKLQ as a PSA substrate that is capable
of facilitating targeted delivery to PC.8,9,13−15 The peptide
sequence His-Ser-Ser-Lys-Leu-Gln (HSSKLQ) was identified
as a PSA-selective peptide substrate and has been reported to
be a superior substrate for PSA due to its high specificity, water
solubility, and serum stability.14

The first-line chemotherapy for treating PC is docetaxel
(Taxotere), approved by the FDA in 2004 for CRPC that has
progressed despite hormone therapy.16 While docetaxel-based
chemotherapy has shown significant clinical benefit in the
treatment of mCRPC, it does have some limitations such as
not offering a universal response in all patients and cases of
disease progression or treatment resistance and other side
effects.17−19

To address these limitations, cabazitaxel, a second-line
taxane, was approved by the FDA in 2010 for the treatment of
mCRPC patients who have previously received docetaxel-
based chemotherapy. Cabazitaxel is a microtubule inhibitor
that belongs to the taxane family of chemotherapy drugs, and it
works by disrupting the cellular microtubule network.19−22

Cabazitaxel interacts with the N-terminal amino acids of the
beta-tubulin subunits to promote microtubule polymerization,
hindering cell division during mitosis and arresting tumor cell
cycle and proliferation.20,23,24 Distinctively, cabazitaxel’s
molecular structure differs from docetaxel in its side chain,
where methoxy side chains replace hydroxyl groups. These
additional methyl groups counteract both inherent and
acquired resistance to antitumor drugs by disrupting the
adenosine-5′-triphosphate (ATP)-dependent efflux pump,
encoded by the multidrug-resistant gene.20,25 Thus, unlike
other taxanes, which are prone to the P-glycoprotein (P-gp)
efflux pump, cabazitaxel was specifically synthesized to be
resistant to P-gp effects by decreasing its susceptibility to being
recognized and pumped out by the P-gp efflux pump, leading
to an improved intracellular concentration and allowing
cabazitaxel to exert its cytotoxic effects more effectively. This
makes cabazitaxel effective even in cases of docetaxel resistance
as a second-line chemotherapy option for mCRPC in clinical
practice.17,18,20

Despite the demonstrated efficacy of cabazitaxel in treating
mCRPC, its clinical application is limited by its high toxicity
and lack of selectivity.26 It is hypothesized that novel delivery

approaches that target tumor cells can improve their efficacy
and minimize side effects. Also, the use of cabazitaxel in
combination with other chemotherapeutic agents could be
beneficial in improving the treatment of mCRPC.27 The
combination of two or more chemotherapy treatments has
emerged as an alternative strategy in cancer therapy.28

Combination chemotherapy leverages the distinct molecular
mechanisms of multiple active agents to improve therapeutic
efficacy and reduce individual toxicity from each drug while
reducing drug resistance and minimizing overlapping tox-
icity.29 Using this approach, the combination of taxanes and 7-
ethyl-10-hydroxy-camptothecin (SN-38) has been explored in
cancer.30 A study by Wang et al., examined the synergistic
effect of the use of docetaxel and SN-38 in human colon cancer
cells. The results obtained from this study indicate a synergistic
effect between both chemotherapeutic agents.30 Similarly, a
phase II study combining docetaxel and irinotecan (a prodrug
of SN-38) showed good efficacy when both chemotherapeutic
agents are combined.31

SN-38 is a topoisomerase 1 inhibitor and is the active
metabolite of the anticancer drug, irinotecan hydrochloride
(CPT-11).32 SN-38 is 100- to 1000-fold more potent than
CPT-11 in inducing antitumor activity.33,34 SN-38 has been
reported to have excellent cytotoxic effect on PC cell line PC-
3.35 While there is currently no specific study directly
investigating the combination of SN-38 and cabazitaxel for
the treatment of PC, the combination of these two chemo-
therapeutic agents may have potential synergistic effects in
combating the disease. Most chemotherapeutic agents affect
both healthy and cancerous cells, leading to adverse effects;
hence, there is a need to develop a targeted approach to deliver
these potent combination chemotherapeutic agents selectively
to tumor cells.
In this study, a dual drug conjugate of two chemotherapeutic

agents, SN-38 and cabazitaxel, for the PSA-targeted treatment
of PC was developed. The peptide sequence HSSKLQ
terminated with azido polyethylene glycol was synthesized
and conjugated to SN-38. Similarly, HSSKLQ terminated with
a dibenzocyclooctyne (DBCO) functional group was synthe-
sized and conjugated to cabazitaxel. The two conjugates were
linked together via click chemistry to synthesize a novel dual
drug conjugate that is selectively activated by PSA within PSA-
producing tumors. The cytotoxic potential of the SN-38-
cabazitaxel conjugate was evaluated in vitro by using PC-3 and
LNCaP models of PC.

■ MATERIALS
All of the starting reagents listed below were obtained from
commercial sources and used without further purification. H-
Gln-2-Cl-Trt resin was purchased from AAPPTEC (Louisville,
KY, USA). Nα-Fmoc-Nim-trityl-L-histidine, Fmoc-L-leucine,
Fmoc-O-tert-butyl-L-serine, Fmoc-O-trityl-L-serine, Nα-Fmoc-
Nε-allyloxycarbonyl-L-lysine, 2-(1H-7-azabenzotriazol-1-yl)-
1,1,3,3-tetramethyl uronium hexafluorophosphate (HATU),
N,N′-diisopropylethylamine (DIPEA), trifluoroacetic acid
(TFA), 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide hy-
drochloride (EDC·HCl), 4-(dimethylamino)pyridine
(DMAP), ditert-butyl dicarbonate, piperidine, and Z-leucine−
OH were purchased from Chem Impex (Wood Dale, IL,
USA). Boc-L-leucine−OH was purchased from Santa Cruz
Biotechnology (Dallas, TX, USA). 7-Ethyl-10-hydroxycampto-
thecin (SN-38) was purchased from Biosynth (San Diego, CA,
USA). N3−PEG4-acid, DBCO-C6-acid, and cabazitaxel were
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purchased from Broad Pharm (San Diego, CA, USA). Purified
native human PSA was purchased from Bio-Rad (Hercules,
CA, USA). N,N-dimethylformamide (DMF), pyridine, tetrahy-
drofuran (THF), acetonitrile (ACN), methanol (MeOH),
dichloromethane (DCM), dimethylbarbituric acid (DMBA),
methanesulfonic acid, and diethyl ether were purchased from
Sigma-Aldrich (Burlington, MA, USA) and used as received.

■ METHODS
Synthesis of N3−PEG4-HSSK(alloc)LQ-COOH (1).

Azido-PEG-terminated peptide (N3−PEG4-HSSK(alloc)LQ-
COOH) (1) (Figure 1) containing the PSA substrate
(HSSKLQ), was synthesized by solid-phase peptide synthesis
SPPS using a modified published method36 (Supporting
Information, Scheme S1). Briefly, N3−PEG4-HSSK(alloc)-
LQ-COOH was synthesized on 2-Cl-Trt resin at the carboxy-
terminal end of the peptide chain. H-Gln-2-Cl-Trt resin was
swollen in DMF for 2 h followed by sequential peptide bond
formation reactions in DMF using 2.5 equiv of Fmoc-L-leucine,
Nα-Fmoc-Nε-allyloxycarbonyl-L-lysine, Fmoc-O-tert-butyl-L-
serine (coupled twice), Nα-Fmoc-Nim-trityl-L-histidine, and
azido-PEG4-acid. HATU (2.45 equiv) and DIPEA (5 equiv)
were used as the coupling agent and base, respectively, for each
step (Supporting Information, Scheme S1).
The amino acids were coupled for 45 min each using double

coupling conditions. Following each amino acid coupling step,

the Fmoc-protecting group on the N-terminal amine groups
was removed using a solution of 20% piperidine in DMF. After
coupling of all amino acids (HSSKLQ) on the resin, the N-
terminal was capped with azide-terminated polyethylene glycol
(N3−PEG4-COOH). Upon reaction completion, the peptide
on the resin was washed consecutively with DMF, DCM, and
methanol and vacuum-dried overnight at room temperature.
Cleavage of the peptide from resin and removal of all acid
labile protecting groups was achieved with 65% TFA solution
in DCM. All solvents and volatiles were evaporated to
concentrate, and the peptide was precipitated from solution
in cold diethyl ether. The residue obtained was purified by
preparative HPLC and lyophilized to obtain (3 g, 89%) N3−
PEG4-HSSK(alloc)LQ-COOH (1) as an off-white powder.

Synthesis of DBCO-C6−PEG3-HSSK(alloc)LQ-COOH
(2). A similar approach was used in the synthesis of DBCO-
C6 terminated peptide (DBCO-C6−PEG3-HSSK(alloc)LQ-
COOH) (2) (Figure 2) with slight differences. Amino acids
with trityl-protected side chains were used instead of amino
acids with tert-butyl-protected side chains to facilitate cleavage
from the resin using less than 5% TFA to ensure stability of the
DBCO moiety. It has been reported that the DBCO group is
not stable in solutions with high TFA concentrations.37,38 In
addition, after the coupling of all amino acids (HSSKLQ) on
the resin, Fmoc-PEG3-COOH (2.5 equiv) was coupled,
followed by capping of the N-terminal with DBCO-C6-acid

Figure 1. Chemical structure of N3−PEG4-HSSK(alloc)LQ-COOH (1).

Figure 2. Chemical structure of DBCO-C6−PEG3-HSSK (alloc)LQ-COOH (2).

Scheme 1. Synthesis of NH2-Leu−SN−38 (6): (i) Boc Anhydride, Pyridine; (ii) Boc-L-Leu-OH, EDC, DMAP in DCM; (iii)
20% TFA in DCM
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(DBCO-C6−COOH). Cleavage of the peptide from resin and
removal of all acid labile protecting groups was achieved using

a solution of 5% TFA in DCM (Supporting Information,
Scheme S2). Solvents and volatiles were evaporated to

Scheme 2. Synthesis of NH2-Leu-Cabazitaxel (10): (i) EDC, DMAP, DCM; (ii) MsOH, H2(g), Pd/C

Scheme 3. Synthesis of N3−PEG4-HSSKLQ-Leu-Cabazitaxel (12)
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concentrate, and the peptide was precipitated from the
solution in cold diethyl ether. The residue obtained was
purified by preparative HPLC and lyophilized to obtain
DBCO-C6−PEG3-HSSK(alloc)LQ-COOH (2) (2.65 g; 68%)
as off-white powder.

Synthesis of NH2-Leu−SN−38 (6). To a suspension of
SN-38 (3) (2.45 g, 6.25 mmol) in 250 mL of anhydrous DCM
were added ditert-butyl dicarbonate (1.764 g, 8.1 mmol) and
anhydrous pyridine (15.2 mL, 188 mmol). The suspension was
stirred overnight at room temperature. The reaction solution
was then filtered through Celite and was washed with 0.5 N
HCl (3 × 150 mL) and saturated NaHCO3 solution (1 × 150
mL). The organic phase was dried over sodium sulfate and
evaporated under vacuum to give 2.8 g of Boc-protected SN-38
(4).39 This approach gave selective SN-38 Boc protection at
the 10-OH position (Scheme 1).
To a solution of 4 (1 g, 2.03 mmol) and Boc-L-Leu-OH (0.6

g, 2.59 mmol) in 20 mL of anhydrous DCM were added EDC·
HCl (0.607 g, 3.17 mmol) and DMAP (0.077 g, 0.688 mmol).
The mixture was stirred at 0 °C for 45 min and then warmed
to room temperature. Reaction completion was monitored by
electrospray ionization-mass spectrometry (ESI-MS) until the
disappearance of starting materials, after which the reaction
solution was washed with 1% NaHCO3 (2 × 50 mL), water
(50 mL), and 0.1 N HCl (2 × 50 mL). The organic phase was
dried over anhydrous sodium sulfate, filtered, and purified
using preparative HPLC. The resulting solid was dried under
vacuum to give Boc-Leu-(Boc)−SN−38 (5) (1.2 g; 84%).
NH2-Leu−SN−38 (6) was synthesized by modification of a

published method.40 Boc-Leu-(Boc)−SN−38 (5) (1.2 g, 1.7

mmol) was dissolved in a solution of 20% TFA in anhydrous
DCM (40 mL). The solution was stirred for 3 h to remove the
acid labile Boc-protecting groups. The solvent was evaporated
under vacuum to concentrate, and the product was
precipitated into 50 mL of diethyl ether. The resulting solid
was dried under vacuum to give NH2-Leu−SN−38 (6) (1.02
g, 85%). It was used without further purification (Scheme 1).

Synthesis of NH2-Leu-Cabazitaxel (10). Cabazitaxel (7)
(1 g, 1.2 mmol), Z-L-Leu-OH (8) (0.371 g, 1.4 mmol), and
DMAP (0.177 g, 1.45 mmol) were dissolved in 10 mL of
anhydrous DCM. EDC HCl (0.278 g, 1.45 mmol) was then
added. The reaction mixture was stirred at room temperature
overnight. The reaction was followed by ESI-MS until the
disappearance of starting materials. The reaction mixture was
diluted with 25 mL of DCM and washed with water (2 × 25
mL) followed by brine (25 mL). The solvent was removed
under vacuum, and the residue was purified by preparative
HPLC. The collected fraction was evaporated under vacuum to
give Z-L-Leu-Cabazitaxel (1.2 g, 92%) (9).
NH2-Leu-Cabazitaxel (10) was synthesized according to a

modified published method.41 Z-L-Leu-Cabazitaxel (9) (1.2 g,
1.1 mmol) was dissolved in MeOH/THF (3:14) followed by
the addition of methanesulfonic acid (32 μL) and 10%
palladium on carbon (Pd/C; 0.12 g) with stirring. The reaction
mixture was flushed with hydrogen gas for 1 h. Solids were
removed by filtration through a Celite pad, and the product
was precipitated from heptanes at ambient temperature to give
NH2-Leu-Cabazitaxel (10) (1 g, 96%) (Scheme 2).

Synthesis of N3−PEG4-HSSKLQ-Leu-Cabazitaxel (12).
N3−PEG4-HSSK-(alloc)LQ-COOH (1) (1 equiv) was dis-

Scheme 4. Synthesis of DBCO-PEG3-HSSKLQ-Leu−SN−38 (14)
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solved in DMF, and DIPEA (4 equiv) was added. This was
followed by the addition of HATU (1 equiv). The mixture was
stirred for 10 min at room temperature followed by the
addition of NH2-Leu-Cabazitaxel (10) (0.5 equiv) per a
modified published protocol.10 The reaction mixture was
stirred for 3 h, and the solvent was evaporated under reduced
pressure. The crude product was purified by using preparative
HPLC to give N3−PEG4-HSSK(alloc)LQ-Leu-Cabazitaxel
(11). After purification, compound 11 was treated with 5
mol % of Pd(PPh3) and DMBA in methanol (5 equiv)
according to a modified published method.42 The reaction was
monitored by using analytical HPLC and ESI-MS to confirm
reaction completion. The solvent was evaporated, and the
residue obtained was purified by preparative HPLC to obtain
N3−PEG4-HSSKLQ-Leu-Cabazitaxel (12) (Scheme 3).

Synthesis of DBCO-C6−PEG3-HSSKLQ-Leu−SN−38
(14). DBCO-C6−PEG3-HSSK(alloc)LQ-COOH (2) (1
equiv) was dissolved in DMF, and DIPEA (4 equiv) was
added. This was followed by the addition of HATU (1 equiv).
The solution was stirred for 10 min at room temperature
followed by the addition of NH2-Leu−SN−38 (6) (0.5 equiv).
The reaction mixture was stirred for 3 h according to a
modified published method.10 The solvent was removed under
reduced pressure, and the crude was purified using preparative
HPLC to give DBCO-C6−PEG3-HSSK(alloc)LQ-Leu−SN−
38 (13). Compound (13) was treated with Pd(PPh3)4 (5 mol
%) and DMBA (5 equiv) in DMF according to a modified
published method.42 The reaction was monitored using
analytical HPLC and ESI-MS to confirm reaction completion.
The solvent was evaporated, and the residue obtained was
purified by preparative HPLC to obtain DBCO-PEG3-
HSSKLQ-Leu−SN−38 (14) (Scheme 4).

Synthesis of SN-38-Cabazitaxel Conjugate (15). N3−
PEG4-HSSKLQ-Leu-Cabazitaxel (12) (2 equiv) was dissolved
in 2 mL of DMSO in a vial and DBCO-PEG3-HSSKLQ-Leu−
SN−38 (14) (1 equiv) was added. The vial was clamped to a
fixed angle rotator at 10 rpm and maintained at 37 °C
overnight. The coupling by click chemistry to form the SN-38-
cabazitaxel conjugate was confirmed by ESI-MS. The reaction
was purified by using preparative HPLC to isolate the SN-38-
cabazitaxel conjugate (15) (Figure 3).

Stability of SN-38-Cabazitaxel Conjugate. The stability
of the cabazitaxel−SN−38 conjugate was evaluated in vitro
using a modified published method.36 This experiment is
essential to show that cleavage is a result of enzyme-mediated
hydrolysis and not poor aqueous stability. 100 μL of SN-38-
cabazitaxel conjugate stock solution (10 mM in DMSO) was
added to phosphate-buffered saline (PBS) buffer to make a

final conjugate concentration of 200 μM containing 2% DMSO
(v/v) at pH 7.4. The solution was incubated at 37 °C and
rotated at 10 rpm using a Fisherbrand shaker, capable of 360-
degree rotation. For HPLC analysis, 500 μL of the mixture was
diluted with 500 μL of acetonitrile, filtered through a 0.2 μm
syringe filter, and analyzed using analytical HPLC at
preselected time points (0, 1, 2, 4, 8, and 24 h).

Cleavage Studies of SN-38-Cabazitaxel Conjugate.
The cleavage studies were done by modifying published
methods.10,36 100 μL of SN-38-cabazitaxel conjugate stock
solution (10 mM in DMSO) was diluted in PSA buffer (50
mM Tris, 100 mM NaCl, pH 7.4) to give a final conjugate
concentration of 200 μM containing 2% DMSO (v/v). Purified
PSA was then added to give a final PSA concentration of 20
μg/mL. The solution was continuously mixed by rotation at 10
rpm on a Fisherbrand shaker at 37 °C for 24 h. To evaluate the
extent of cleavage at different time points, 500 μL of the
mixture was diluted with 500 μL of acetonitrile, filtered
through a 0.2 μm syringe filter, and analyzed using analytical
HPLC at preselected time points (0, 1, 2, 4, 8, and 24 h).

Cell Culture. PC cells PC-3 and LNCaP were obtained
from College of Medicine, Howard University. The cells were
cultured in RPMI (ATCC, Manassas, VA, USA) supplemented
with 10% FBS (ATCC, Manassas, VA, USA) and 1%
penicillin−streptomycin (Gibco, Thermo Fischer Scientific,
Waltham, MA, USA). The cells were maintained at 37 °C in a
humidified incubator with a 5% CO2 atmosphere.

Cytotoxicity Studies of the SN-38-Cabazitaxel Con-
jugate and Combination Index Determination. PC-3
cells (3 × 103) and LNCaP cells (6 × 103) were seeded in 96-
well plates in 100 μL of growth medium per well. The cells
were incubated at 37 °C for 24 h to allow for cell attachment.
At 24 h, the cells were treated with culture media containing
different concentrations of pure drug equivalents (5, 10, 20, 40,
80, 160, and 320 nM) of the SN-38-cabazitaxel conjugate.
Wells with culture media, DMSO solution in media, different
concentrations of single drugs (at the same concentrations as
in conjugate) in media, single Leu-coupled drugs (at the same
concentrations in conjugate) in media, combination drug
solution in media, and combination Leu-coupled drug solution
in media were used as controls. Percent viability was calculated
from cytotoxicity assay data using XTT assay per manufac-
turers protocol. At preselected time points (48 and 72 h) after
treatment of cells, 70 μL of XTT solution was added to each
cell well and incubated at 37 °C for 3 h. Subsequently,
absorbance was measured at 450 nm using Biotek ELx808
absorbance microplate reader (Lonza, Walkersville, MD).
Results are represented as the mean ± standard deviation of

Figure 3. Structure of SN-38-Cabazitaxel conjugate (15).
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four replicates (n = 4). The combination index was determined
using the CompuSyn software by the Chou-Talalay method.
The combination index (CI) provides a quantifiable definition
of synergism (CI < 1), additive effect (CI = 1), and
antagonism (CI > 1) in drug combinations.43 The IC50 was
calculated using AAT Bioquest IC50 calculator.44 IC50
represents the concentration at which a substance exerts half
of its maximal inhibitory effect.

■ RESULTS
Synthesis of N3−PEG4-HSSK(alloc)LQ-COOH (1) and

DBCO-PEG3-HSSK(alloc)LQ-COOH (2). Each of the drug-
coupled intermediates (compounds 12 and 14) is composed of
different components essential to the design and performance
of the SN-38-cabazitaxel conjugate. The intermediates consist
of (i) a cytotoxic agent (SN-38 or cabazitaxel); (ii) a Leu
spacer; (iii) the HSSKLQ PSA substrate which confers site-
specific drug release; (iv) and a short PEG sequence to impart
water solubility terminated with DBCO and azide functional
groups for “click” reactions.
Each of the intermediates was synthesized in a series of steps

and characterized. N3−PEG4-HSSK (alloc)LQ-COOH (1)
was synthesized by SPSS and characterized using ESI-MS m/z
1056.8379; ([C44H73N13O17 + H]+ calcd 1057.1500) (Sup-
porting Information, Figure S1a). Analytical HPLC data
revealed a single peak at retention time (RT) of 4.053 min,
showing that the compound is pure (Supporting Information,
Figure S1b). Using a similar approach, DBCO-PEG3-HSSK-
(alloc)LQ-COOH (2) was synthesized by SPSS and
characterized using ESI-MS m/z 1287.9534; ([C62H86N12O18
+ H]+ calcd 1288.4440) (Supporting Information, Figure S2a).
The analytical HPLC spectrum showed a single peak at RT of
5.245 min, showing that the compound is pure (Supporting
Information, Figure S2b).

Synthesis of NH2-Leu−SN−38 (6). For the synthesis of
Leu−SN−38, the hydroxyl group on position 10 of SN-38 was
selectively protected with the tert-butyloxycarbonyl (Boc)-
protecting group by reacting SN-38 with Boc anhydride in the
presence of pyridine overnight.40 ESI-MS m/z 493.3634,
([C27H28N2O7+H]+ calcd 493.5360) (Supporting Information,
Figure S3a). 1H NMR (400 MHz, CDCL3): δ 8.25 (d, J = 9.1
Hz, 1H), 7.93 (s, 1H), 7.71 (s, 1H), 7.39 (s, 1H), 5.71 (d, J =
17.2 Hz, 1H), 5.43 (d, J = 20.6 Hz, 2H), 5.31 (s, 3H), 4.42 (s,
1H), 2.21 (s, 9H), 2.04 (s, 3H), 1.64 (s, 2H), 1.28 (s, 1H), and
0.99 (s, 2H) (Supporting Information, Figure S3b). The
analytical HPLC spectrum of (4) showed a single peak at RT
of 12.127 min showing that the pure compound was isolated
(Supporting Information, Figure S3c). This hydroxyl group
protection is essential to facilitate the selective reaction of
leucine with the hydroxy group on position 20 of SN-38. Thus,
boc-L-leucine was reacted with boc−SN−38 (4) using EDC as
the coupling agent and DMAP as the base to afford Boc-Leu-
Boc−SN−38 (5). The reaction was confirmed by ESI-MS m/z
706.5236; ([C38H47N3O10 + H]+ calcd 706.8130) (Supporting
Information, Figure S4a), and the analytical HPLC spectrum
showed a single peak at RT of 16.922 min showing that the
pure compound was isolated (Supporting Information, Figure
S4b). After boc- removal, pure NH2-Leu−SN−38 (6) was
isolated by preparatory HPLC. ESI-MS m/z 506.5677;
([C28H31N3O6+H]+ calcd 506.5790) (Supporting Information,
Figure S5a). 1H NMR (400 MHz, DMSO): δ 11.86 (s, 1H),
9.98 (s, 2H), 9.37 (d, J = 9.1 Hz, 1H), 8.95−8.64 (m, 2H),
8.58 (d, J = 22.0 Hz, 1H), 7.15−6.87 (m, 2H), 6.82−6.62 (m,

2H), 5.71 (s, 1H), 4.89 (s, 4H), 4.68−4.38 (m, 3H), 3.91 (d, J
= 1.4 Hz, 6H), 3.71−3.55 (m, 2H), 3.26 (d, J = 6.8 Hz, 2H),
3.09 (s, 1H), 2.70 (t, J = 7.4 Hz, 3H), and 1.40 (s, 1H)
(Supporting Information, Figure S5b). The analytical HPLC
spectrum showed a single peak at RT of 5.139 min showing
that the pure compound was isolated (Supporting Information,
Figure S5c).

Synthesis of NH2-Leu-Cabazitaxel (10). Leu-cabazitaxel
was synthesized by reacting Z-protected leucine with
cabazitaxel via an ester bond formation reaction to form Z-L-
Leu-Cabazitaxel (9). This was confirmed using ESI-MS m/z
1083.8327; ([C59H74N2O17 + H]+ calcd 1084.2460) (Support-
ing Information, Figure S6a). The analytical HPLC spectrum
showed a single peak at RT of 17.121 min, showing that the
pure compound was isolated (Supporting Information, Figure
S6b). The removal of the Z protecting group was done via
hydrogenation using palladium on carbon and methanesulfonic
acid as catalyst41 to afford compound 10. This was confirmed
using ESI-MS m/z 949.7045; ([C51H68N2O15 + H]+ calcd
950.1120) (Supporting Information, Figure S7a). The
analytical HPLC spectrum showed a single peak at RT of
7.331 min showing that the pure compound was isolated
(Supporting Information, Figure S7b). 1H NMR (400 MHz,
DMSO): δ 8.93 (s, 2H), 8.38 (d, J = 9.4 Hz, 1H), 7.85 (d, J =
8.8 Hz, 5H), 7.55 (s, 1H), 6.18 (d, J = 1.5 Hz, 4H), 5.96 (s,
2H), 5.74 (s, 2H), 3.55 (d, J = 23.5 Hz, 2H), 2.93−2.88 (m,
25H), 2.66−2.51 (m, 6H), 2.49−2.41 (m, 5H), 2.49 (dd, J =
10.3, 8.3 Hz, 3H), 1.71 (d, J = 14.0 Hz, 5H), 1.77−1.48 (m,
4H), and 1.41 (dt, J = 14.5, 6.7 Hz, 3H) (Supporting
Information, Figure S7c). This confirms that leucine as a
spacer was successfully coupled to cabazitaxel, affording an
amine group for conjugation with the PSA-targeting peptide.

Synthesis of Azide-PEG4-HSSK (alloc)LQ-Leu-Cabazi-
taxel. N3−PEG4-HSSK(alloc)LQ-COOH (1) was coupled
with NH2-Leu-Cabazitaxel (10) via an amide bond to afford
the conjugate, N3−PEG4-HSSK(alloc)LQ-Leu-Cabazitaxel
(11). This was confirmed using ESI-MS m/z 1988.3837;
([C95H139N15O31 + H]+ calcd 1988.2390) (Supporting
Information, Figure S8a). The analytical HPLC spectrum
showed a single peak at RT 7.661 min, showing that the pure
compound was isolated (Supporting Information, Figure S8b).
To obtain the final pure azide-terminated cabazitaxel
conjugate, the alloc protective group on 11 was removed in
the presence of tetrakis (triphenylphosphine) palladium (0)
and dimethylbarbituric acid (DMBA).42 Alloc removal was
followed by purification using preparative HPLC to afford
conjugate N3−PEG4-HSSKLQ-Leu-Cabazitaxel (12). This was
confirmed using ESI-MS m/z 1904.3836; ([C91H135N15O29 +
H]+ calcd 1904.1650) (Supporting Information, Figure S9a).
The analytical HPLC spectrum showed a single peak at RT
4.970 min showing that the pure compound was isolated
(Supporting Information, Figure S9b).
Synthesis of DBCO-PEG3-HSSK (alloc)LQ-Leu−SN−38

(13). The synthesized NH2-Leu−SN−38 (6) was reacted
with DBCO-PEG3-HSSK(alloc)LQ-COOH (2) to form
DBCO-PEG3-HSSK(alloc)LQ-Leu−SN−38 (13). Compound
13 was characterized using ESI-MS m/z 1777.2411;
([C90H115N15O23 + H]+ calcd 1776.0000) (Supporting
Information, Figure S10a). The analytical HPLC spectrum
showed a single peak at RT at 7.055 min, showing that the
pure compound was isolated (Supporting Information, Figure
S10b). To obtain the final pure DBCO-PEG3-HSSKLQ-Leu−
SN−38 (14), the alloc protective group on 13 was removed as
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reported for compound 12. Characterization using ESI-MS m/
z 1689.8154; ([C86H111N15O21 + H]+ calcd 1691.9260)
(Supporting Information, Figure S11a). The analytical HPLC
spectrum showed a single peak at RT 5.905 min showing that
the pure compound was isolated (Supporting Information,
Figure S11b).

Strain-Promoted Azide Alkyne Cycloaddition of the
Drug Conjugates. Following the synthesis of N3−PEG4-
HSSKLQ-Leu-Cabazitaxel (12) and DBCO-PEG3-HSSKLQ-
Leu−SN−38 (14), the intermediate conjugates were linked
together using strain-promoted alkyne−azide cycloaddition
(SPAAC) to afford the final dual drug SN-38-cabazitaxel
conjugate (15). Characterization using ESI-MS m/z
3593.5984, M/2 1796.2992; ([C177H246N30O50 + H]+ calcd
3595.0830) (Supporting Information, Figure S12a). The
analytical HPLC spectrum showed a single peak at RT 5.63
min, showing that the pure compound was isolated
(Supporting Information, Figure S12b).

Measurement of Hydrolytic Stability of SN-38-
Cabazitaxel Conjugate. The hydrolytic stability of the SN-
38-cabazitaxel conjugate was analyzed in PBS (pH 7.4) at 37

°C for 24 h to mimic the pH of blood. It is important to verify
the hydrolytic stability of the dual drug conjugate because the
drugs are linked to the targeting peptide via hydrolytically
degradable ester bonds. The data showed that at different time
points, the area and retention time (RT = 5.62 min) of the
conjugate peak at different time points remained the same
when analyzed by HPLC, Figure 4 (Supporting Information,
Figure S13a). These findings indicate that at physiological pH,
the conjugate was hydrolytically stable with no decomposition
or cleavage within the time evaluated.

In Vitro Cleavage Studies of SN-38-Cabazitaxel
Conjugate. To evaluate the cleavage profile of the dual
drug conjugate by PSA, exogenous PSA was added to different
concentrations of the conjugate and the cleavage profile was
monitored by analytical HPLC for 24 h. The percentage of
conjugate remaining at any given time point was computed by
taking the ratio of the conjugate peak area at predetermined
times and the peak area at the 0 h time point.45 The data
shows that at 1 h, about 25% of the conjugate was cleaved to
release Leu-Cabazitaxel and Leu−SN−38. At 24 h, over 85% of
the conjugate had cleaved (Figure 5). Characterization of the 1

Figure 4. Hydrolytic stability study data of SN-38-cabazitaxel conjugate showing the area plot of the conjugate solution without exogenous PSA at
pH 7.4. (SN-38-cabazitaxel conjugate; blue line, no appearance of parent drugs).

Figure 5. Cleavage studies data of SN-38-cabazitaxel conjugate showing the area plot of the conjugate solution in the presence of exogenous PSA at
pH 7.4. (SN-38-cabazitaxel conjugate; blue line, appearance of L−SN−38; orange line, appearance of L-cabazitaxel; gray line).
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h cleavage sample reveals the appearance of peaks consistent
with the RT of the Leu-Cabazitaxel at 7.3 min, Leu−SN−38 at
5.1 min, and the RT of the dual drug conjugate at 5.6 min
(Supporting Information, Figure S13b). Additional character-
ization of the 1 h sample by mass spectrometry confirmed the
peaks to be Leu-Cabazitaxel and Leu−SN−38 (m/z = 949.36
and 506.22 respectively) (Supporting Information, Figure
S13c). This result confirms literature reports that action of
esterases or nonspecific hydrolysis is required to cleave the
leucine spacer from Leu-drug to release the free drug
compounds.8,46

Cytotoxicity of SN-38-Cabazitaxel Conjugate. Since
PSA cleavage generates Leu-Cab and Leu−SN−38, a
comparative evaluation of the cytotoxic potential of the
drugs and their leucine conjugates is important. Thus,
cytotoxicity studies were first done to compare the cytotoxic
effect of SN-38 to that of Leu−SN−38 and cabazitaxel to that
of Leu-cabazitaxel in LNCaP and PC-3 cells at 24 and 72 h,
respectively, using the XTT assay. The results show that
cabazitaxel and L-cabazitaxel have comparable cytotoxicity to
LNCaP and PC-3 cells (Figure 6), respectively, at 24 h and 72

h. Similarly, SN-38 and L−SN−38 showed comparable
cytotoxicity to LNCaP and PC-3 cells (Figure 7), respectively,
at 24 and 72 h.
Data from the cell viability studies were used to determine

the IC50. For the mixtures of solutions of the individual drugs,
i.e., SN-38 + Cabazitaxel at 72 h post-treatment, the IC50 value
of 0.39 nM was generated for LNCaP cells while 0.18 nM was
obtained for PC-3 cells. Similarly, mixtures of solutions of the
leucine-coupled individual drugs, i.e., Leu−SN−38 + Leu-
cabazitaxel had IC50 values of 0.12 nM in LNCaP cells and
0.03 nM in PC-3 cells at 72 h post-treatment (Table 1).
The CI values at the different concentrations of SN-38 and

cabazitaxel evaluated in the LNCaP PC cell line at 24 h ranged
from 0.04862 to 0.30784 (Table 2).
To evaluate the cytotoxicity of the synthesized SN-38-

cabazitaxel conjugate (15), different concentrations of the
conjugate ranging from 5 to 320 nM were used. Mixtures of
solutions of the individual drugs, i.e., SN-38 + cabazitaxel, and
mixtures of solutions of leucine-coupled drugs, i.e., Leu−SN−
38 + Leu-cabazitaxel, at the same concentrations as the dual
drug conjugate were used as controls. It should be noted that

Figure 6. Cell viability data showing comparison of the effect of Cabazitaxel and L-cabazitaxel on (A) LNCaP cell line after 24 h exposure to
treatment, (B) LNCaP cell line after 72 h exposure to treatment; (C) PC-3 cell line after 24 h exposure to treatment, and (D) PC-3 cell line after
72 h exposure to treatment. Data represent mean ± SD (n = 4). Controls represent 0.05% DMSO in medium (which represents the highest
concentration of DMSO used to dissolve the drugs) and growth medium only.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c11483
ACS Omega 2025, 10, 17611−17625

17619

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c11483/suppl_file/ao4c11483_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c11483/suppl_file/ao4c11483_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c11483/suppl_file/ao4c11483_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c11483?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c11483?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c11483?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c11483?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c11483?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


in preparing the mixtures of the single drugs and mixtures of
leucine-coupled drugs, the concentration of each drug in the
mixture is one-half the concentration of their single drug
counterparts. PC-3 and LNCaP cells were treated with the
conjugate and controls and the percent viability of the cells was
determined at 48- and 72 h using the XTT assay.
The percent cell viability for LNCaP cells treated for 48 and

72 h with different concentrations of the SN-38-cabazitaxel
conjugate and controls is reported (Figure 8). The result
shows concentration- and time-dependent cytotoxicity (Figure
8a,b). These data reveal that the conjugate is effective in
inhibiting the growth of the cancer cells, though less effective
when compared to the free drugs. It suggests that PSA
expressed by the LNCaP cells was able to cleave the peptide
carrier substrate (HSSKLQ) to release the free drugs in
agreement with published literature.10 The calculated IC50
value for the SN-38-cabazitaxel conjugate at 72 h post
treatment was 0.71 nM in LNCaP cells and 6.35 nM in non-
PSA expressing PC-3 cells (Table 1).

Figure 7. Cell viability data showing comparison of the effect of SN-38 and Leu−SN−38 on (A) LNCaP cell line after 24 h exposure to treatment;
(B) LNCaP cell line after 72 h exposure to treatment; (C) PC-3 cell line after 24 h exposure to treatment, and (D) PC-3 cell line after 72 h
exposure to treatment. Data represent mean ± SD (n = 4). Controls represent 0.05% DMSO in medium (which represents the highest
concentration of DMSO used to dissolve the drugs) and growth medium only.

Table 1. IC50 Values of SN-38-Cabazitaxel Conjugate
Solutions Compared to Controls in Different Cell Lines

Treatment LNCaP (nM) PC-3 (nM)

SN-38 + cabazitaxel solution 0.39 0.18
Leu−SN−38 + Leu-cabazitaxel solution 0.12 0.03
SN-38-cabazitaxel conjugate solution 0.71 6.35

Table 2. Concentration of 50:50 Combinations of SN-38
and Cabazitaxel and the Generated CI Values Using
CompuSyn Software

total dose (nM) CI value

1 5 0.22191
2 10 0.20259
3 20 0.18227
4 40 0.10111
5 80 0.15921
6 160 0.30784
7 320 0.04862
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The cytotoxicity of SN-38-cabazitaxel conjugate in PC-3
cells over a period of 48 and 72 h is similarly reported (Figure
9). Even though PC-3 cells do not express PSA, the data show
a concentration-dependent growth inhibition and time-
dependent cytotoxicity on PC-3 cells by the conjugate (Figure
9a,b). However, the inhibition of growth observed in the dual
drug conjugate-treated PC-3 cells was about 9-fold less when
compared to LNCaP cells.

■ DISCUSSION
As a widely explored tumor biomarker, it has been reported
that PSA expression is maintained even in androgen-resistant
and metastatic tumors, indicating that PSA remains a viable

target for cancer treatment.13 While heterogeneous expression
of PSA has been observed in mCRPC, it should be noted that
extensive autopsy studies have shown that among several
samples of metastatic PC sites that were examined, all of them
had a detectable quantity of PSA. For example, a record of
autopsy studies shows that within 265 samples of metastatic
sites from 30 mCRPC patients, all of them have detectable
expression of PSA.47 These detectable amounts are high
enough concentrations to initiate the cleavage of PSA
activatable prodrugs. Thus, the design of a PSA-targeted
drug delivery system holds the potential for site-specific
delivery, thereby improving the efficiency of drug treatment
and reduces the incidence of adverse effects.

Figure 8. Cell viability data showing comparison of the effect of SN38 + cab, Leu-SN38 + Leu-cab, and the cabazitaxel−SN−38 conjugate on
LNCaP cell line after (A) 48 h exposure to treatment and (B) 72 h exposure to treatment. Controls represent 0.05% DMSO in medium (which
represents the highest concentration of DMSO used to dissolve the drugs) and growth medium only. Data represent mean ± SD (n = 4).

Figure 9. Cell viability data showing comparison of the effect of SN38 + cab, Leu-SN38 + Leu-cab, and the cabazitaxel−SN−38 conjugate on PC-3
cell line after (A) 48 h exposure to treatment and (B) 72 h exposure to treatment. Controls represent 0.05% DMSO in medium (which represents
the highest concentration of DMSO used to dissolve the drugs) and growth medium only. Data represent mean ± SD (n = 4).
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The PSA substrate HSSKLQ has been used in the synthesis
of several conjugates for targeted drug delivery for PC therapy
using the prodrug approach.9,48,49 HSSKLQ conjugates
facilitate selective targeting of PSA-expressing tumors versus
nonexpressing tumors. The conjugation of HSSKLQ via a
leucine spacer or a self-immolative linker plays a crucial role in
releasing the parent drug at the desired site of action and has
been used to develop prodrugs of thapsigargin, doxorubicin,
vinblastine, etc.9,10,13,48−51 Various spacers or self-immolative
linkers that have been employed in literature for conjugating
HSSKLQ to chemotherapeutic agents include serine−leucine
which enables drug release by self-immolation;10 on the other
hand, leucine,49 p-aminobenzyl alcohol (PABA), and ethylene
diamine50 have been used as spacers to enhance enzyme
cleavage efficiency by eliminating steric hindrance where
cleavage inefficiency is a concern. These mechanisms can
improve the specificity and selectivity of drug delivery, allowing
for efficient release of the drug at the desired site of action.52

In this study, the addition of leucine to cabazitaxel and to
the hydroxyl group on position 20 of SN-38 as a spacer is
essential to remove steric hindrance and facilitates cleavage by
PSA. Also, it has been reported that covalent binding at the 20-
OH position stabilizes the lactone ring, which prevents ring
opening to the inactive carboxylate form.53,54

The choice of the boc-protecting group for the selective
protection of the 10-OH and the leucine at the 20-OH of SN-
38 is justified because SN-38 is stable to acids.40 Thus, boc-
can be selectively cleaved from SN-38 by trifluoroacetic acid
(TFA) treatment without degradation.

Following the synthesis of compounds 12 and 14, the
compounds were linked together using strain-promoted
alkyne−azide cycloaddition (SPAAC) to afford the dual drug
SN-38-cabazitaxel conjugate (15). This is a type of click
chemistry reaction that involves the reaction between an azide
group and an alkyne group to form a triazole.55 The 1,2,3-
triazole formed after conjugation of the azide and DBCO are
stable and resistant to degradation.56,57 Overall, this approach
ensures that the chemotherapeutic agents will (i) be released in
the tumor microenvironment where PSA is enzymatically
active, hence avoiding nonselective cleavage and the attendant
off-target toxicities, and (ii) have similar drug biodistribution
in the tumor microenvironment.
Following the successful synthesis and characterization of

the dual drug conjugate, the evaluation of conjugate stability at
pH 7.4 as an index of stability in blood, cleavage studies in the
presence of exogenous PSA, and biological characterization of
the conjugate using PC cell lines were carried out to ensure
that the conjugate meets its design attributes.
As shown in Scheme 5, in the presence of enzymatically

active PSA within the tumor tissue, the SN-38-cabazitaxel
conjugate is expected to cleave the peptide between glutamine
and leucine residues (HSSKLQ//L-Drug; where // signifies
the cleavage site), with linker hydrolysis or esterases trimming
the leucine to release the free drugs.10,45 The free drugs are
then available in the tumor microenvironment to exert their
cytotoxic effect. The hydrolysis of the ester bond between the
drug and the PSA targeting peptide does not occur in PBS at
pH 7.4, indicating that the conjugate is very stable to

Scheme 5. Representation of the Proposed Cleavage Mechanism and Process of Release of Free Drugs from the Conjugate
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hydrolytic degradation. Also, we do not expect esterases to
induce hydrolysis in blood because the ester bonds in the
conjugate are sterically hindered and will not be accessible to
these enzymes until cleavage by PSA. It is also expected that
the conjugate will be stable in blood because PSA is
enzymatically inactive as a result of complexation with α1-
antichymotrypsin.9

For this study, LNCaP PC cells as a PSA-expressing cell line
and PC-3 PC cells as a control cell line that does not express
PSA were used. The diversity in the choice of cells is important
to test the effect of PSA on drug release from the conjugate
and to evaluate the relative cytotoxic efficacy of the conjugate
in the presence and absence of PSA. Additionally, we examined
whether released Leu−SN−38 + Leu-cabazitaxel was still
active to induce cytotoxicity in PC cells. As demonstrated
(Figures 6a,b and 7a,b), there was similarity in the cytotoxic
effect of pure drug when compared to Leu-drugs. Furthermore,
since combination drug delivery is the focus of this work, it is
imperative that the interaction between SN-38 and cabazitaxel
be evaluated. The Chou-Talalay method was used for
evaluating the effect of the combination of the chemo-
therapeutic agents43 cabazitaxel and SN-38. The combination
index showed strong synergism, with values ranging from
0.04862 to 0.30784 (Table 1). This suggests that the
combination of the two agents is suitable for synergistic
combination therapy.
The cytotoxicity of the SN-38-cabazitaxel conjugate was

examined in both LNCaP and PC-3 cells. Increased
cytotoxicity was observed in both LNCaP, and PC-3 cell
lines as the duration of treatment increased from 24 to 72 h.
The calculated IC50 value for the SN-38-cabazitaxel conjugate
was 0.71 nM in LNCaP cells and 6.35 nM in non-PSA
expressing PC-3 cells (Table 1). The result obtained in this
study mimics the findings of Bakthavatsalam et al. (2020).10

They reported that their synthesized prodrug Ac-HSSKLQL-
PAB-dithiocarbamate, containing a similar PSA peptide
substrate, demonstrated cytotoxicity in PC-3 cells even though
PC-3 cells do not express PSA.10 Based on the determined IC50
values, the data from these studies indicate that the conjugate
is about 9 times more cytotoxic to the PSA producing LNCaP
cells than to the non-PSA producing PC-3 cells.
This difference in cytotoxicity could be linked to the

differential expression of PSA in the cell lines as data from
cytotoxicity studies using mixtures of solutions of the
individual drugs, i.e., SN-38+Cabazitaxel at 72 h post-
treatment, and mixtures of solutions of the leucine-coupled
individual drugs, i.e., Leu−SN−38+Leu-cabazitaxel showed
that PC-3 cells were more sensitive to the treatments (lower
IC50 values) when compared to LNCaP cells (higher IC50
values) (Table 1). Thus, the reversal in potency to the cell
lines after drug conjugation, and the 9-fold greater cytotoxicity
to the PSA-producing LNCaP compared to the non-PSA-
producing PC-3 cells confirm that targeted activation of the
drug molecules is done mainly by the PSA.

■ CONCLUSIONS
The objective and motivation of this study is to develop a drug
delivery platform for the site-specific delivery of potent
combination cytotoxic drugs for PC. By covalently connecting
small-molecule drugs with peptides via biocleavable linkers,
drug conjugates present the drug in an inactive form, until it is
processed proteolytically within the tumor microenvironment.

We successfully synthesized the dual drug SN-38-cabazitaxel
conjugate, and the in vitro cleavage studies confirmed PSA-
specific cleavage and release of Leu−SN−38 and Leu-
cabazitaxel. The release of the active drug from Leu−SN−38
and Leu-cabazitaxel to SN-38 and cabazitaxel is proposed to
occur by the action of esterases or by nonspecific hydrolysis of
the ester bonds. Additionally, stability studies showed that the
conjugate was stable in PBS for the duration of the time tested.
The cytotoxicity of the conjugate was tested in vitro to evaluate
the percent cell viability in LNCaP and PC-3 PC cell lines. The
IC50 values obtained for the SN-38-cabazitaxel conjugate
indicate that the conjugate is more cytotoxic against LNCaP
cells than PC-3 cells.
From literature reviews, this report represents a first in the

use of HSSKLQ conjugates for combination drug delivery. It
also represents a first in the use of SN-38 in the development
of peptide drug conjugates for the treatment of PC. The novel
approach of PSA-targeted combination SN-38 and cabazitaxel
delivery via conjugate design and development enables the
targeted delivery of a combination of potent chemotherapeutic
agents. Recently, sacituzumab-govitecan, an antibody drug
conjugate with SN-38 as the cytotoxic agent, was approved by
the FDA. Thus, our approach has great translational potential
not just for targeting cancer cells, which is expected to improve
therapeutic efficacy and reduce adverse effects but also to
provide the “bystander effect” that is essential for heteroge-
neous PC.
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