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Prostate cancer (PCa) is the second leading cause of cancer-related deaths among men in the United
States. Although early-stage treatments exhibit promising 5-year survival rates, the treatment options for
advanced stage disease are constrained, with short survival benefits due to the challenges associated with
effective and selective drug delivery to PCa cells. Even though targeting Prostate Specific Membrane
Antigen (PSMA) has been extensively explored and is clinically employed for imaging and radio-ligand
therapy, the clinical success of PSMA-based approaches for targeted delivery of chemotherapies remains
elusive. In this study, we combine a generation 4 hydroxy polyamidoamine dendrimer (PD) with irrevers-
ible PSMA ligand (CTT1298) to develop a PSMA-targeted nanoplatform (PD-CTT1298) for selective intra-
cellular delivery of potent chemotherapeutics to PCa. PD-CTT1298-Cy5 exhibits a PSMA ICsq in the
nanomolar range and demonstrates selective uptake in PSMA (+) PCa cells via PSMA mediated internaliz-
ation. When systemically administered in a prostate tumor xenograft mouse model, PD-CTT1298-Cy5
selectively targets PSMA (+) tumors with significantly less accumulation in PSMA (=) tumors or upon
blocking of the PSMA receptors. Moreover, the dendrimer clears rapidly from the off-target organs limit-
ing systemic side-effects. Further, the conjugation of an anti-cancer agent, cabozantinib to the PSMA-tar-
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geted dendrimer translates to a significantly enhanced anti-proliferative activity in vitro compared to the
free drug. These findings highlight the potential of PD-CTT1298 nanoplatform as a versatile approach for
selective delivery of high payloads of potent chemotherapeutics to PCa, where dose related systemic

rsc.li/nanoscale side-effects are a major concern.

effective and selective drug delivery to PCa cells. Most che-
motherapies are distributed throughout the body and often

Introduction

Prostate cancer (PCa) stands as one of the most prevalent forms
of cancer and significantly contributes to male mortality world-
wide.! Although early-stage treatments show promising 5-year
survival rates, the advanced disease has poor prognosis.”> Current
standard of care for PCa involves androgen deprivation
therapy,™® but most patients benefit from it for >24 months
developing advanced disease.”® Treatment options for advanced
PCa patients remain limited due to challenges associated with
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induce severe dose-dependent adverse effects owing to their off-
target absorption within healthy organs and tissues. Hence, there
exists a pressing requirement to develop platforms capable of
selective intracellular delivery of potent chemotherapeutics to
PCa cells, while exhibiting no or minimal side effects.

Significant progress has been made in the realm of the
management of PCa, particularly focusing on prostate-specific
membrane antigen (PSMA) targets for imaging and therapy.”®
PSMA is a transmembrane glycoprotein that is highly
expressed on prostatic epithelium and PCa cells, especially in
advanced or metastatic stages, while showing reduced levels of
expression on normal cells.'®™* Because of its high expression
in tumors, it has become an appealing target for the creation
of targeted chemotherapeutic agents and radio imaging
tracers designed to identify and locate suspected metastases.
Targeting PSMA is used clinically for imaging and radio-ligand
therapy."®'* Recently, FDA approved the first PSMA-targeted
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radioligand therapy, '’’Lu-PSMA-617 (Pluvicto™)."> The major
hurdle in the clinical success of small molecule PSMA probes
and inhibitors is their poor pharmacokinetic profiles that
limits their effectiveness. Pluvicto™ is guided by a reversible
PSMA inhibitor (ACUPA), for treating PSMA-positive (PSMA+)
advanced PCa.'® It has been reported that the PSMA ligands
exhibiting an irreversible mode of binding (such as CTT1298)
demonstrate enhanced internalization in PSMA (+) cells in
contrast to ligands with a reversible mode of binding.'”°
Utilizing irreversible PSMA ligands coupled with a nano-
technology-based approach may be a potential strategy to
improve their pharmacokinetic profile and provide selective
intracellular delivery of chemotherapeutic drugs to PCa cells.
Dendrimers are promising nanocarriers with proven poten-
tial to improve the pharmacokinetics, safety, and efficacy of
bioactive  ligands and  therapeutic =~ molecules.”" >
Polyamidoamine (PAMAM) dendrimers have been extensively
studied for cancer imaging, diagnosis, and treatment appli-
cations, and are particularly well suited for multitasking such
as simultaneous delivery of drugs/genes with imaging or deliv-
ery of a combination of drugs.>**> Generation 4 hydroxyl poly-
amidoamine dendrimers (PAMAM-G4-OH) have garnered sig-
nificant recognition for their exceptional pharmacokinetic
characteristics, positioning them as promising nanocarriers
within the field of targeted drug delivery. PAMAM-G4-OH den-
drimers (PD) have been widely explored for targeted treatment
of inflammation and are currently undergoing clinical trials
(NCT03500627, NCT04321980, NCT05387837).°* PD plat-
forms have also been explored for targeted delivery of drugs to
tumor-associated macrophages for the treatment of glioblas-
toma with reported positive outcomes.** ™ Utilizing PD-based
drug delivery for potent chemotherapy and immunotherapy

Dr Anjali Sharma is leading a
“Translational ~ Nanomedicines
Research Laboratory” at
Washington  State  University
(WSU). She joined the chemistry
faculty at WSU in 2022 after
completing her PhD in Materials
Chemistry from McGill
University and  postdoctoral
training in nanomedicine at the
Center for Nanomedicine at
Johns Hopkins University. The
interdisciplinary research in The
Sharma Lab is focused on devel-
oping rationally designed and clinically translatable novel nano-
structures for selective delivery of therapeutics to cellular and sub-
cellular locations. The major focus of the group is to design these
nanostructures to cross various biological barriers for targeted
treatment of unmet medical needs in cancer, brain, and ocular dis-
eases. Dr Sharma has published over 40 scientific articles and is
the inventor on >15 patents and disclosures.

Anjali Sharma

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

has proven to enhance drug effectiveness while mitigating
dose-related toxicity and systemic side effects. Systemic PD-
drug conjugates exhibit targeted and sustained drug release
within intracellular and intratumoral environments, demon-
strating localized modulation of tumor immune response in
animal models of brain tumors.>*> However, to the best of
our knowledge, a PD platform has never been previously
explored for the treatment or diagnosis of PCa. Although a few
other dendrimer-PSMA agents have been evaluated for target-
ing and drug delivery, these were based on cationic (positively
charged) amine-terminating PAMAM-G5-NH, dendrimers.*®?’
The cationic dendrimers generally exhibit high toxicity and
have limited clinical potential.**~*°

In this report, we combine PSMA targeting via an irrevers-
ible PSMA ligand (CTT1298) with a neutral PAMAM-G4-OH
(PD) dendrimer to rationally develop a novel systemic PSMA-
targeted nanoplatform (PD-CTT1298) for selective intracellular
delivery of potent chemotherapeutics to tumor cells. Due to
the reported safety of the PD platform in preclinical and clini-
cal studies, we opted to use this dendrimer to develop our
PSMA-targeting nanoplatform.>*%3* We here present the syn-
thesis and characterization of PSMA-targeted dendrimer and
dendrimer-cabozantinib conjugates via a highly efficient strain
promoted azide-alkyne click (SPAAC) reaction, along with their
in vitro and in vivo evaluation in PCa models.

Experimental section

Synthesis of PD-CTT1298-Cy5 and PD-CTT1298-Cabo
conjugates

Materials and reagents. All starting materials and reagents
were purchased from Sigma-Aldrich, Merck, or Thermo Fisher
Scientific. The starting materials and solvents were used as
received. Thin-layer chromatography was performed on a film
of silica gel that contained a fluorescent indicator F,54 sup-
ported on an aluminum sheet (Merck). Column chromato-
graphy was performed using silica gel 60 (70-230 mesh) as the
stationary phase. Dialysis was performed using Spectra/Por
dialysis membranes purchased from Repligen.

Experimental instruments. "H NMR (500 MHz), *C NMR
(125 MHz), and *'P NMR (202 MHz) spectra data were recorded
on a Bruker 500 MHz spectrometer at 25 °C. The samples were
prepared in deuterated chloroform (CDCl;), deuterated DMSO
(DMSO-dg) or deuterated water (D,0). Chemical shifts (§) are
reported in parts per million (ppm) downfield by reference to
proton resonances resulting from incomplete deuteration of
the NMR solvent. Coupling constant (J) is reported in Hertz
(Hz). Patterns of Splitting are designated as s: singlet, d:
doublet, t: triplet, dd: double doublet, m: multiplet, ddd:
doublet of doublet of doublet, and br: broad peak. High-
Resolution Mass Spectra (HRMS) were recorded on a Bruker-
micrOTOF-Q II spectrometer using ESI as the ion source. The
purity and drug release studies were analyzed using high-per-
formance liquid chromatography (HPLC). The HPLC was per-
formed using a Waters Acquity Arc system (Milford, MA, USA),
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equipped with binary pumps, 2998 PDA detector, and a 2475
fluorescence detector. The analyses were performed using
Waters Empower software. The samples were run using Waters
C18 symmetry 300 (5 pm) 4.6 x 250 mm column using a gradi-
ent flow method. The method started with 90:10 (solvent A:
0.1% TFA and 5% ACN in water; solvent B: 0.1% TFA in ACN),
gradually increased to 50:50 (A:B) at 20 minutes, 10:90
(A:B) at 38 minutes, and finally returned to 90:10 (A:B) at
40 minutes. A flow rate of 1 mL min~" was maintained during
the run. The dendrimers and drug were detected at 205, 210 or
305 nm. The Cy5 labeled conjugate was detected at 650 nm.
The size and zeta potential distribution of dendrimers were
determined using a Malvern Zetasizer Pro Blue (Malvern
Panalytical) instrument. The samples for size distribution were
dissolved in milli Q H,O at a concentration of 0.1 mg mL™"
and the samples for zeta potential distribution were dissolved
in 10 mM sodium chloride solution at a concentration of
0.2 mg mL~". Samples were measured in triplicate and aver-
aged to provide the reported sizes and zeta potential.

Synthetic procedures

Synthesis of compound 3. To a stirring of solution of CTT1298
(1) (0.27 g, 1.0 eq., 0.35 mmol) and KHCO; (0.047 g, 1.3 eq.,
0.46 mmol) in ddH,O (1.5 mL) was added a solution of
DBCO-C6-NHS (0.1 g, 0.232 mmol) in THF (1.5 mL) dropwise.
The reaction was stirred at ambient temperature for 3 hours,
solvent was removed under reduced pressure and the resulting
residue was purified via reverse-phase flash chromatography
(100% ddH,0 — 10% MeOH in ddH,0) to yield a white solid
in 60% yield.

"H NMR (600 MHz, D,0) § 7.69 (d, 1H), 7.55-7.40 (m, 6H),
7.34 (d, 1H), 5.11 (d, 1H), 4.17 (dd, 1H), 4.08 (dd, 1H), 3.82 (d,
1H), 3.74 (m, 2H), 3.49 (m, 1H), 3.11 (m, 2H), 2.38-2.06 (m,
10H), 2.01-1.79 (m, 6H), 1.71-1.58 (m, 5H), 1.5 (m, 2H),
1.36-1.14 (m, 6H); *C NMR (101 MHz, D,0) § 183.0, 181.5,
179.2, 178.4, 176.3, 176.1, 175.7, 174.9, 150.8, 147.6, 131.9,
129.1, 129.0, 128.8, 128.4, 128.1, 127.0, 125.6, 122.3, 121.5,
114.6, 107.9, 64.4, 64.4, 56.6, 55.4, 55.4, 54.8, 39.1, 35.6, 35.2,
34.0, 33.7, 32.3, 32.0, 31.9, 28.1, 28.0, 27.8, 26.8, 26.7, 25.7,
24.9, 24.4, 24.2; *'P NMR (162 MHz, D,0) § 7.39. HRMS
(MALDI) caled [M — H]" for C,,Hs5,N50,5P: 898.3276, found
898.3288

Synthesis of compound 5. PAMAM-G4-OH (PD) (1.0 g, 1.0 eq.,
0.07 mmol) was dissolved in Anhy. DMF (5 mL). Azido
Hexanoic Acid (77 mg, 7.0 eq., 0.49 mmol) was dissolved in
anhy. DMF (5 mL) and was activated by adding EDC-HCI
(134.5 mg, 10.0 eq., 0.7 mmol) and stirred for 15 minutes. It
was then added dropwise to the solution of PD under continu-
ous stirring followed by the addition of DMAP (38.5 mg, 5 eq.,
0.32 mmol). The reaction mixture was stirred for 24 hours at
room temperature. The reaction completion was confirmed by
the shift in the retention time of the chromatogram in HPLC.
The dialysis was performed using a 1 kDa dialysis membrane
in deionized water for 24 h. The aqueous solution was lyophi-
lized to afford PD-azide (5) in 82% yield.

'H NMR (500 MHz, DMSO) § 8.15-7.73 (m, D-internal
amide H), 4.76 (bs, D-OH), 4.04 (t, D-ester -CH,), 3.50-3.25 (m,
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D-CH,), 3.22-3.03 (m, D-CHy), 2.77-2.59 (m, D-CH,), 2.49-2.40
(m, D-CH,), 2.35-2.13 (m, D-CH,), 1.62-1.50 (linker ~CH,),
1.39-1.32 (linker -CH,).

Synthesis of compound 6. To solution of PD-azide dendrimer
(5) (20.0 mg, 1.0 eq., 0.0012 mmol) in DI Water (150 pL) was
added DBCO C6 CTT1298 (3) (5.5 mg, 4.0 eq., 0.005 mmol),
and the reaction mixture was stirred for 24 hours at room
temperature. Reaction progress was tracked with HPLC. Upon
completion, the dialysis was performed using a 1 kDa dialysis
membrane in DI Water for 12 h. The aqueous solution was lyo-
philized to afford PD-CTT1298 (6) in 92% yield.

'"H NMR (500 MHz, D,0O) 6 7.72-7.13 (m, DBCO H),
4.18-3.92 (m, D-CH, and ligand H), 3.73-3.50 (m, D-CH, and
ligand H), 3.45-3.14 (m, D-CH, and ligand H), 3.08-2.97 (m,
linker-CH,), 2.89-2.67 (m, D-CH,), 2.66-2.49 (D-CH,),
2.48-2.24 (m, D-CH,), 2.25-2.10 (m, ligand H), 2.06-1.93 (m,
ligand H), 1.90-1.70 (m, ligand H), 1.62-1.35 (m, linker -CH,
and ligand H), 1.34-1.10 (m, linker -CH, and ligand H).

*'P NMR (202 MHz, D,0) § 7.31.

Synthesis of compound 7. PD-CTT1298 (6) (19.0 mg, 1.0 eq.,
0.0001 mmol) was dissolved in DI Water (150 pL) and stirred.
Cy5-DBCO (2.77 mg, 3.0 eq., 0.003 mmol) was added to the
dendrimer solution and the stirring mixture was left for
48 hours at room temperature. The completion of reaction was
tracked using HPLC. Upon completion, the dialysis was per-
formed using a 1 kDa dialysis membrane in DI Water for 12 h.
The aqueous solution was lyophilized to afford compound PD-
CTT1298-Cy5 (7) in 81% yield.

'H NMR (500 MHz, DMSO) & 8.39-8.20 (m, Cy5 H),
8.14-7.05 (m, D-internal amide H, DBCO H, and Cy5 H),
6.59-6.49 (m, Cy5 H), 6.33-6.19 (m, Cy5 H), 5.86-5.73 (m, Cy5
H), 5.45-5.32 (m, Cy5 H), 4.94-4.47(m, D-OH and ligand H),
4.37-3.84 (D-ester-CH, and ligand H), 3.21-2.97 (m, D-CH,
and ligand H), 2.84-2.59 (m, D-CH,), 2.37-1.99 (m, D-CH, and
ligand H), 1.80-1.61 (m, ligand H and Cy5 H), 1.60-1.43 (m,
linker -CH, and ligand H), 1.41-1.10 (m, linker -CH, Cy5 H,
and ligand H).

Synthesis of compound 10. To a stirred solution of 4-amino-
phenol 9 (874 mg, 8.0 mmol, 1.2 eq.) was added sodium
hydride (60% dispersion in mineral oil, 400 mg, 10.0 mmol,
1.5 eq.) in dry N,N-dimethylformamide (10 mL) at 0 °C. After
30 minutes, 7-benzyloxy-4-chloro-6-methoxy-quinoline 8 (2.0 g,
6.67 mmol, 1.0 eq.) was added and reaction mixture was
stirred at 80 °C for 16 h. The progress of the reaction was
monitored with TLC. Crude reaction mixture was diluted with
water and extracted with ethyl acetate (50 mL x 4). The com-
bined organic layer was dried over Na,SO,, filtered, and the
solvent was evaporated. The final product was purified with
silica gel chromatography (0-5% MeOH-DCM) to yield 2.2 g
(vield = 92%) of 10 as yellow solid. "H NMR (500 MHz, DMSO-
de) 6 8.42 (d, J = 5.2 Hz, 1H), 7.49-7.57 (m, 3H), 7.47 (s, 1H),
7.41-7.46 (m, 2H), 7.34-7.41 (m, 1H), 6.89-6.97 (m, 2H),
6.63-6.71 (m, 2H), 6.37 (d, J = 5.3 Hz, 1H), 5.30 (s, 2H), 5.17 (s,
-NH,). *C NMR (125 MHz, DMSO-d¢) § 161.4, 151.7, 149.7,
149.3, 147.1, 146.5, 143.8, 137.0, 128.9, 128.4, 128.4, 122.2,
115.5, 115.3, 109.6, 102.7, 99.8, 70.2, 56.1.
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Synthesis of compound 12. Compounds 10 (2.0 g, 5.37 mmol,
1.0 eq.) and 11 (1.8 g, 8.05 mmol, 1.5 eq.) were dissolved in dry
DMF (8 mL). DIPEA (2.0 mL, 10.74 mmol, 2.0 eq.) and HATU
(3.0 g, 8.05 mmol, 1.5 eq.) were added to the solution, and the
mixture was stirred overnight at room temperature. EtOAc
(100 mL) was added, washed with water and brine, dried over
Na,SO,. After filtration and condensation, the residue was pur-
ified by silica gel chromatography (0-100% EtOAc-hexane) to
yield 2.8 g (yield = 90%) of compound 12 as brown solid.; 'H
NMR (500 MHz, DMSO-d¢) § 10.04 (s, -NH), 10.27 (s, -NH),
8.65 (d, J = 6.0 Hz, 1H), 7.82 (d, J = 9.0 Hz, 2H), 7.62-7.69 (m,
2H), 7.51-7.58 (m, 4H), 7.45 (t, J = 7.5 Hz, 2H), 7.39 (t,J = 7.3
Hz, 1H), 7.31 (d, J = 9.0 Hz, 2H), 7.16 (t, J = 8.9 Hz, 2H), 6.66
(d,J = 6.0 Hz, 1H), 5.36 (s, 2H), 4.00 (s, 3H), 1.47-1.54 (m, 4H).
3C NMR (125 MHz, DMSO-d,) § 168.6, 168.6, 162.1, 158.7 (d, J
= 238.7 Hz), 152.9, 150.4, 149.4, 147.7, 137.3, 136.6, 135.6 (d, J
= 2.6 Hz), 129.0, 128.6, 128.5, 122.8 (d, J = 7.6 Hz), 122.6,
121.7, 115.6 (d, J = 22 Hz), 115.4, 107.3, 103.5, 100.1, 70.6,
56.4, 32.1, 15.8.

Synthesis of compound 13. The compound 12 (1.5 g,
2.59 mmol) was dissolved in 6 mL of TFA and mixture was
stirred at 60 °C for 30 minutes and concentrated. The mixture
was basified to pH 7 with saturated aqueous NaHCO; and
extracted with ethyl acetate (50 mL x 3). The combined organic
extracts were washed with brine and dried over anhydrous
Na,SO,. After filtration, the filtrate was concentrated to afford
a residue, which was purified by silica gel chromatography
(0-10% MeOH-DCM) to yield 1.1 g (yield = 87%) of 13 as
yellow solid.; "H NMR (500 MHz, DMSO-d¢) 6 10.19 (s, -NH),
10.16 (s, -OH), 10.07 (s, -NH), 8.40 (d, J = 5.2 Hz, 1H), 7.75 (d,
J = 9.0 Hz, 2H), 7.59-7.68 (m, 2H), 7.49 (s, 1H), 7.28 (s, 1H),
7.19-7.25 (m, 2H), 7.15 (t, J = 8.9 Hz, 2H), 6.36 (d, J = 5.2 Hz,
1H), 3.94 (s, 3H), 1.48 (s, 4H). ">C NMR (125 MHz, DMSO-d) &
168.6, 168.6, 160.4, 158.7 (d, J = 239 Hz), 151.2, 150.00, 149.5,
149.1, 147.0, 136.7, 135.6 (d, J = 2.7 Hz), 122.9 (d, J = 7.8 Hz),
122.6, 121.6, 115.5 (d, J = 23 Hz), 115.0, 111.2, 102.8, 99.7,
79.6, 56.1, 32.0, 15.8. LCMS (ESI) caled [M + H]" for
C,,H,,FN;05: 488.1622, found 488.1032.

Synthesis of compound 15. To a mixture of dibenzocyclo-
octyne acid 14 (150 mg, 0.49 mmol, 1.2 eq.) and compound 13
(200 mg, 0.41 mmol, 1.0 eq.) in 10 mL of dry DCM was added
EDC-HCl (118 mg, 0.61 mmol, 1.5 eq.), DIPEA (0.1 mlL,
0.61 mmol, 1.5 eq.) and DMAP (5.0 mg, 0.04 mmol, 0.1 eq.).
The reaction mixture was stirred for 1 h at room temperature.
Progress was monitored with TLC analysis. EtOAc (50 mL) was
added, washed with water and brine, dried over Na,SO,. After
filtration and condensation, the residue was purified by silica
gel chromatography (0-10% MeOH-DCM) to yield 180 mg
(yield = 57%) of Cabo-DBCO (15) as white solid.

'H NMR (500 MHz, DMSO-dg) § 10.26 (s, -NH), 10.12 (s,
-NH), 8.60 (d, J = 5.1 Hz, 1H), 7.83 (d, J = 8.7 Hz, 2H),
7.64-7.79 (m, 5H), 7.50-7.62 (m, 4H), 7.46 (t, J = 7.4 Hz, 1H),
7.39 (t, J = 7.5 Hz, 1H), 7.25-7.33 (m, 3H), 7.20 (t, J = 8.8 Hz,
2H), 6.58 (d, J = 5.1 Hz, 1H), 5.14 (d, J = 14.1 Hz, 1H), 3.88 (s,
3H), 3.73 (d, J = 14.0 Hz, 1H), 2.65-2.91 (m, 3H), 1.98-2.10 (m,
1H), 1.53 (s, 4H). **C NMR (125 MHz, DMSO-dg) § 170.8, 170.7,
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168.6, 168.5, 160.7, 158.7 (d, J = 238.6 Hz), 151.7, 150.6, 150.1,
149.6, 148.7, 145.2, 143.6, 137.1, 135.6 (d, J = 2.7 Hz), 132.8,
130.1, 129.4, 128.8, 128.5, 128.2, 127.3, 125.6, 122.9, 122.8 (d, J
= 7.8 Hz), 122.6, 122.1, 122.0, 121.7, 119.7, 115.5 (d, J = 23 Hz),
114.8, 108.4, 104.6, 100.9, 56.6, 55.5, 55.4, 32.0, 29.8, 29.3,
15.8. LCMS (ESI) caled [M + H]' for C,6H35FN,O5: 774.2568,
found 775.1006.

Synthesis of compound 16. PAMAM-G4-OH (PD) dendrimer 4
(1.0 g, 1.0 eq., 0.07 mmol) was dissolved in Anhy. DMF (5 mL).
Azido hexanoic Acid (154 mg, 14.0 eq., 0.98 mmol) was dis-
solved in Anhy. DMF (5 mL) and was activated by adding
EDC-HCl (268.5 mg, 20.0 eq., 1.4 mmol) and stirred for
15 minutes. It was then added dropwise to the G4-PAMAM
dendrimer solution under continuous stirring followed by
addition of DMAP (77 mg, 9.0 eq., 0.63 mmol) and the reaction
mixture was stirred for 24 hours at room temperature. The
reaction completion was confirmed by the shift in the reten-
tion time of the chromatogram in HPLC. The dialysis was per-
formed using a 1 kDa dialysis membrane in deionized water
for 24 h. The aqueous solution was lyophilized to afford PD-
azide (16) in 86% yield.

'H NMR (500 MHz, DMSO) & 8.15-7.68 (m, D-internal
amide H), 4.81-4.61 (m, D-OH), 4.05-3.95 (m, D-ester -CH,),
3.50-3.23 (m, D-CH,), 3.18-2.98 (m, D-CH,), 2.92-2.85
(D-CH,), 2.78-2.55 (m, D-CH,), 2.46-2.36 (m, D-CH,),
2.35-1.99 (m, D-CH,), 1.58-1.46 (linker -CH,), 1.36-1.25
(linker -CH,).

Synthesis of compound 17. To a solution of PD-azide 16
(20 mg, 0.0013 mmol, 1.0 eq.) in DMF (100 pL) in 2 mL vial,
was added solution of compound 15 (7.8 mg, 0.010 mmol, 8.0
eq.) dissolved in DMF (100 pL). The reaction mixture was
stirred at RT for 3 h. The reaction completion was confirmed
by the shift in the retention time of the chromatogram in
HPLC. Upon completion, the compound was purified with TFF
3 kDa dialysis membrane. The product was lyophilized to
afford PD-Cabo (17) in 88% yield.

White fluffy Solid, '"H NMR (500 MHz, DMSO) 6§ 10.14 (s,
Cabo-amide H), 9.99 (s, Cabo-amide H), 8.46 (s, Cabo-Ar H),
8.06-6.96 (m, D-internal amide H, and Ar H), 6.45 (s, Cabo-Ar
H), 6.0-5.73 (m, DBCO-CH,), 4.66 (bs, D-OH), 4.53-4.08 (m,
linker and Cabo H), 3.97-3.73 (m, D-ester-CH, and Cabo
DBCO H), 3.85-3.31 (m, D-CH, and Cabo H), 3.11-2.91 (m,
D-CH,), 2.71-2.52 (m, D-CH, and Cabo H), 2.40-2.27 (m,
D-CH, and Cabo H), 2.26-2.02 (m, D-CH, and Cabo H),
1.52-1.10 (m, D-linker H and Cabo H).

3C NMR (125 MHz, DMSO-dg) 6 173.2, 172.0, 171.7, 170.8,
170.3, 168.6, 160.7, 159.6, 157.7, 150.7, 150.0, 149.6, 145.2,
144.2, 143.7, 142.6, 137.1, 135.6, 134.3, 131.2, 130.3, 122.9,
122.8, 122.6, 122.0, 121.7, 119.7, 115.5, 115.4, 115.0, 104.6,
100.9, 62.9, 60.3, 56.6, 52.6, 50.9, 50.0, 41.8, 40.5, 38.0, 37.3,
33.6, 33.6, 32.0, 29.3, 29.1, 28.4, 26.0, 25.4, 24.3, 24.1, 15.8.

Synthesis of compound 18. To a solution of PD-Cabo 17
(20 mg, 0.0009 mmol, 1.0 eq.) in deionised water (100 pL) in a
2 mL glass vial was added solution of compound 3 (2.8 mg,
0.0028 mmol, 3.0 eq.) dissolved in DI water (50 pL). The com-
pletion of reaction was tracked using HPLC. Upon completion,
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the product was lyophilized to afford PD-CTT1298-Cabo (18) in
91% yield.

White fluffy Solid, "H NMR (500 MHz, DMSO-ds) &
10.2-10.0 (m, Cabo-amide H), 8.55-7.05 (m, D-internal amide
H and Cabo and DBCO Ar H), 6.51 (s, Cabo-Ar H) 6.06-5.73
(DBCO -CH,), 5.16-4.59 (m, D-OH, ligand H), 4.53-3.69
(ligand H, linker H, and D-ester -CH,), 3.41-2.79 (m, D-CH,,
ligand H, and Cabo H), 2.76-2.55 (m, D-CH, and Cabo H),
2.47-2.33 (m, D-CH,, Cabo H, and ligand H), 2.32-2.01 (m,
ligand H), 1.63-0.78 (m, D-linker H and Cabo H). "*C NMR
(125 MHz, DMSO-dg) 6 0.84-1.48 (m, 107H), 1.48-1.71 (m,
75H), 2.26 (s, 250H), 2.40-2.54 (m, 112H), 2.69 (s, 238H),
3.02-3.21 (m, 193H), 3.25-3.36 (m, 50H), 3.36-3.54 (m, 167H),
3.84-4.09 (m, 57H), 4.14-4.67 (m, 59H), 4.70-5.32 (m, 60H),
5.86 (d, J = 39.1 Hz, 6H), 6.02 (dd, J = 53.3, 17.4 Hz, 16H), 6.58
(s, 8H), 7.20 (t, 29H), 7.25-7.53 (m, 62H), 7.53-7.75 (m, 63H),
7.74-7.99 (m, 49H), 7.99-8.47 (m, 89H), 8.56-8.62 (m, 8H),
10.12-10.35 (m, 16H). *'P NMR (202 MHz, D,0) § 7.34.
MALDI-ToF: theoretical: 25.5 kDa; obtained: 24.1 kDa.

Drug release studies

In vitro drug release studies were conducted under plasma con-
ditions (phosphate-buffered saline, PBS, pH 7.4) and intra-
tumoral conditions (citrate buffer, pH 5.5, containing ester-
ase). PD-CTT1298-Cabo conjugate was dissolved at a concen-
tration of 1 mg mL™" in each respective buffer and underwent
incubation at 37 °C with continuous shaking to replicate phys-
iological conditions. At specific time intervals, samples were
withdrawn, promptly quenched with an equivalent volume of
methanol, and subsequently stored at —20 °C until further
analysis. The released drug was then analyzed using HPLC,
and the extent of drug release was determined by comparing it
to the standard curve established for free drug (Cabo-OH) on
the HPLC system.

In vitro studies

Confocal microscopy. 5 x 10° PC3-PIP PSMA (+) cells and
PC3 PSMA (-) cells were added to glass microscopy slides and
incubated overnight. Following incubation, the media was
aspirated, and fresh serum free media was added. Cells were
then treated with 50 pg mL™" (2.5 pM) of the fluorescently
labeled PD-CTT1298-Cy5 for 30 min. Following incubation at
37 °C, the media was discarded, and the slides were washed 3x
with ice cold PBS. The cells were then treated with 10 pg mL™*
(36 pM) DAPI at RT for 10 min. Following treatment of cells
with DAPI, the supernatant was aspirated, the cells were
washed 3x with ice cold PBS, and fixed with 4% formaldehyde
at RT for 10 min. Finally, the cells were washed 3x with ice
cold PBS and coverslips were mounted for visualization using
an SP-8 Confocal Microscope equipped with a 63x lens.

Flow cytometry. To determine whether the PD-CTT1298-Cy5
dendrimer was selectively targeted to PSMA (+) cells, a quanti-
tative cell uptake experiment was performed. 5 x 10° PC3-PIP
PSMA (+) cells and PC3 PSMA (-) cells were added to individ-
ual Eppendorf vials. Cells were then treated with 1 pg mL ™" (50
nM) of the fluorescently labeled PD-CTT1298-Cy5 dendrimer at
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various time points (T = 0, 0.5, 1, and 2 H). Following incu-
bation at 37 °C, cells were centrifuged at 1200 RPM for 2 min
and the supernatant was discarded. The samples were washed
3x with ice cold PBS, fixed with 4% formaldehyde at RT for
10 min. Following fixing the cells, the samples were centri-
fuged at 1200 RPM for 2 min, washed 3x with ice cold PBS and
suspended in FACS Buffer for analysis via flow cytometry.
Blank cells were run to set an appropriate gate and 10 000
events were collected per sample. The Mean Fluorescence
Intensity (MFI) was acquired and normalized. For the blocking
experiments, the same procedure was repeated except the cells
were incubated with CTT 1057 (500 nM) for 30 min prior to the
addition of PD-CTT1298-Cy5 dendrimer. For the dose response
experiment, the cells were incubated with different concen-
trations (0.1 nM-50 nM) of the dendrimer for 1 H.

Cell viability. 2.5 x 10* PC3-PIP PSMA (+) cells were allowed
to adhere to a 96 well plate overnight. The following day, cell
media was changed and the PD-CTT1298-Cabo conjugate, at
the concentrations tested, was added along with cabozantinib
(Cabo) and hydoxy-cabozantinib (Cabo-OH). The cells were
allowed to incubate at 37 °C for 72 H. Following incubation,
the luminescence of the viable cells was measured using the
CellTiter-Glo Luminescent Cell Viability assay according to
manufacturer’s instructions. Cell viability (%) was calculated
using the luminescence values obtained from the controls
used in the experiment. The experiment was performed in
triplicate.

Animal studies and in vivo fluorescence imaging

The animal studies received prior approval from the
Washington State University (WSU) IACUC and complied with
IACUC recommendation. Male 5-week-old athymic nude mice
were purchased from the Jackson Laboratory and housed in
the animal research facility at WSU Spokane. The control
(PSMA-) PC3 and PSMA overexpressing (PSMA+) PC3-PIP cell
lines were cultured in RPMI medium containing 10% fetal
bovine serum and 1% penicillin-streptomycin. 2 x 10° PC-3
cells were mixed 1:1 with Matrigel (BD Biosciences) and
injected subcutaneously into the flank of the nude mice to
allow tumor development. For in vivo fluorescence imaging,
mice growing PSMA+ PC-3 PIP tumors at a size of
150-200 mm® were randomly divided into two groups to
receive intravenous injection of a blocking agent (100 pL injec-
tion volume) or not, 30 min prior to imaging (n = 3 for each
group). Then all tumor-bearing mice were intravenously
injected with PD-CTT1298-Cy5 at the dose of 20 mg kg™
(100 pL injection volume) and subjected to whole-body fluo-
rescence imaging at 1, 6, 24, and 48 H after injection using an
IVIS SpectrumCT In Vivo Imaging System (PerkinElmer). At the
endpoint, the mice were sacrificed and dissected to obtain
tumors and vital organs for ex vivo fluorescence imaging and
quantification. The fluorescence intensities in regions of inter-
est (ROI) were calculated using the Indigo software equipped
with the IVIS instrument. Whole blood was drawn from the
heart and placed in a heparin-coated tube. Tissues were snap-
frozen in liquid nitrogen and stored at —80 °C.
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Ex vivo dendrimer quantification via fluorescence
spectroscopy

Ex vivo quantification of dendrimers was carried out by
thawing the frozen organs (tumor, heart, lungs, liver, kidneys,
spleen, and brain) gradually on ice and weighing them. Known
amounts of tissues from each organ were taken, weighed, and
homogenized with stainless steel beads in methanol at a con-
centration of 1 mL/100 mg of tissue using a tissue homogen-
izer. The homogenized samples were then centrifuged at 4 °C,
and the clear supernatant was transferred to Eppendorf tubes
and stored at —80 °C in dark. For fluorescence quantification,
the thawed supernatants were centrifuged again, and fluo-
rescence intensity of the supernatant was measured using a
Horiba Fluoromax spectrofluorophotometer. The fluorescence
intensity for Cy5 (lex = 645 nm, Aoy, = 662 nm) was determined.
These fluorescence intensity values were converted to dendri-
mer concentrations using calibration curves of PD-CTT1298-
Cy5 at different slit widths.

PSMA ICj, for PD-CTT1298

The routine determination of ICs,, as most recently described
in our laboratory,*"** for PD-CTT1298 was achieved using con-
centrations of 160, 80, 40, 20, and 10 nM. Results are pre-
sented as mean =+ standard error of the mean (SE).

Statistical analysis

The statistical analyses were performed using Student’s
2-tailed t-test with unequal variances.

Results and discussion
Synthesis of fluorescently labelled PD-CTT1298

By combining PSMA targeting through irreversible ligand
(CTT1298) with a nanotechnology-based approach employing
dendrimers, we have precisely engineered systemic PSMA-tar-
geting dendrimers (PD-CTT1298) for enabling targeted intra-
cellular delivery of potent chemotherapeutic agents to tumor
cells. It is worth noting that while a few PSMA-targeted dendri-
mers have been assessed for targeting and drug delivery, these
prior endeavours were based on cationic (positively charged)
dendrimers.*®*” However, the toxicity concerns of cationic
dendrimers due to their interactions with negatively charged
cell membranes, has impeded their clinical translation.*°
On the contrary, neutral PAMAM-G4-OH dendrimers (PD),
which are non-cytotoxic, and biocompatible, have emerged as
promising candidates for target-specific drug delivery appli-
cations. Moreover, PDs exhibit excellent water solubility
making them favourable nanocarriers for drug delivery appli-
cations. The molecular and structural confirmations of
PAMAM dendrimers have been extensively studied in literature
using molecular dynamics simulations, which suggest that the
generation 4 PAMAM dendrimers, in the presence of a favor-
able solvent, like water, assume spherical shape, with branches
stretched out and surface groups protruding outside.****
Water is a choice of solvent for drug delivery applications.
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Even though these molecular simulation studies were con-
ducted on amine-terminating PAMAM dendrimers, we expect
similar configuration for hydroxyl-terminating PAMAM dendri-
mers in water, where terminal amines are replaced with
hydroxyl groups keeping the backbone same. We chose
CTT1298 as the PSMA-targeting agent due to its high-affinity
and irreversible binding to PSMA (ICs, 19 nM), that translated
to extensive internalization in PSMA (+) tumor cells.'®"®
However, its highly charged nature due to the presence of mul-
tiple carboxylate groups leads to rapid renal clearance, that
can be avoided via dendrimer conjugation by increasing its
blood circulation time. Moreover, dendrimer also provides a
platform for the attachment of high payloads of therapeutic
molecules combing drug delivery with targeting. We opted to
attach 3 molecules of CTT1298 on the periphery of dendrimers
based on the following rationale. An analogue of CTT1298
known as TG97 was used to deliver the enzyme yeast cytosine
deaminase (yCD) to PSMA-positive cells.”” In addition, three
molecules of CTT54 (another CTT1298 analogue) were used to
deliver Cy5-streptavidin to PSMA-positive cells.*® Both of these
examples confirm that highly-potent small molecule ligands to
PSMA can deliver large molecular cargo. Moreover, CTT1298
has several carboxylic acids and a phosphonic acid group.
Attachment of large number of ligands may lead to a nega-
tively charged dendrimer conjugate that may show non-
specific uptake, as previously reported for negatively charged
nanoparticles.””*® To achieve PSMA specific targeting with
minimal accumulation of dendrimer at off-target organs, we
opted to attach only ~3 targeting ligands. The conjugation of
CTT1298 targeting ligand on the surface of PD was achieved
employing highly efficient and robust Strain-Promoted Alkyne
Azide Cycloaddition (SPAAC) reactions. The selectivity of
SPAAC enables controlled reactions, precise ligand, or drug
loading, minimizing unwanted byproducts, and its ability to
operate under mild conditions, including physiological temp-
eratures, ensures its applicability to a wide range of appli-
cations.” Its versatility in conjugating different molecules,
from ligands to drugs and imaging agents, underscores its
utility in creating targeted drug delivery systems, imaging
probes, and facilitating biomolecular labelling.>°

The synthesis of PD-CTT1298-Cy5 was initiated with the
modification of CTT1298 (1) to bring dibenzocyclooctyne
(DBCO) group to participate in SPAAC reaction (Fig. 1A). This
was achieved by reacting compound 1 with DBCO-NHS ester (2)
to obtain DBCO-C6-CTT1298 (3). The presence of DBCO
protons in the aromatic region along with the ligand protons
confirmed the product formation (Fig. 1B, blue spectrum).
Next, the hydroxyl groups on PD (4) were partially modified
through a reaction with azido hexanoic acid via Steglich esteri-
fication (Fig. 1A), resulting in a partially azide-terminated den-
drimer (5) with approximately six periphery azides, confirmed
by the appearance of linker protons between § 1-2 ppm and
dendrimer-ester methylene protons at § 4.7 ppm in '"H NMR
(Fig. 1B, black spectrum). Subsequently, the PD-Azide (5) and
DBCO-C6-CTT1298 (3) were conjugated via SPAAC reaction in
deionized (DI) water. SPAAC facilitated the conjugation of the
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A. Synthesis of fluorescently labeled PSMA-targeted dendrimer (PD-CTT1298-Cy5)
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Fig. 1 Preparation and structural elucidation of PD-CTT1298-Cy5 conjugate. (A) Schematic representation for the synthesis of fluorescently labelled
PSMA targeted dendrimer via SPAAC reactions. Reagents and conditions: (i) KHCOsz, ddH,O, THF, RT, 3 H, 60%; (ii) 6-azido-hexanoic acid, EDC-HCI,

DMAP, Anhy. DMF, RT, 24 H, 82%; (iii) DI H,O, 12 H, RT, 92%; (iii) DI H,O, 48 H, RT, 81%. (B) *H NMR spectra showing characteristic proton signals of
CTT1298, Cy5 and PD at each step of the synthesis.

5640 | Nanoscale, 2024, 16, 5634-5652 This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3nr06520k

Published on 01 March 2024. Downloaded on 7/14/2025 1:09:00 AM.

Nanoscale

ligand onto the dendrimer surface in the desired equivalents
to yield PD-CTT1298 (6) with ~3 ligand molecules attached,
confirmed by the comparative integration of aromatic protons
from the ligand between 6 7 and 8 ppm and linker protons
from dendrimer in the aliphatic region (Fig. 1B, pink spec-
trum). The HPLC chromatogram exhibited a shift in retention
time, transitioning from 9.2 minutes for PD-azide to
9.6 minutes for PD-CTT1298 upon the conjugation of the

A. HPLC Characterization
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PSMA targeting ligand (Fig. 2A). The HPLC purity level of PD-
CTT1298 exceeded 99% (Fig. 2A). The size and zeta potential
distribution of PD-CTT1298 was analyzed using dynamic light
scattering (DLS). The hydrodynamic radius of PD-CTT1298 was
found to be 4.2 + 0.2 nm and the zeta potential distribution
was —6 mV (Fig. 2B and C). To evaluate whether CTT1298 con-
jugated to the dendrimer retained activity as an inhibitor of
PSMA, the PSMA-IC5, was evaluated using our previously pub-
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Fig. 2 Physicochemical characterization of PD-CTT1298-Cy5 conjugate and intermediates. (A) HPLC chromatograms showing purity and shift in
the retention time at different steps of synthesis and showing peak at 650 nm after successful conjugation of Cy5. (B) Hydrodynamic radius of PD-
CTT1298 analyzed by dynamic light scattering (DLS) in triplicates. (C) Physicochemical properties of PD-CTT1298-Cy5 dendrimer. Size and zeta

potential are presented for non-fluorescent PD-CTT1298.
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lished procedure.*’*> The ICs, of PD-CTT1298-Cy5 was still in
nM range (20.26 nM), suggesting the retention of PSMA target-
ing ability upon dendrimer conjugation (Fig. 2C and S87).

To further investigate the in vitro and in vivo PCa cell
uptake and organ biodistribution of PD-CTT1298 via confocal
and fluorescence spectroscopy, a near-infrared dye cyanine 5
(Cy5) was introduced at its surface. Subsequent SPAAC reaction
of PD-CTT1298 with Cy5-DBCO yielded the final fluorescent
dendrimer PD-CTT1298-Cy5 (7). Confirmation of Cy5 attach-
ment was achieved through the observation of Cy5 protons in
the "H NMR spectrum (Fig. 1B). Using the proton integration
method, the calculation indicated the attachment of approxi-
mately two Cy5 molecules on the dendrimer surface (Fig. 1B,
red spectrum). PD-CTT1298-Cy5 demonstrated a purity exceed-
ing 98% in HPLC, with the chromatogram showing a signifi-
cant shift in retention time from 9.6 to 14.2 minutes upon Cy5
conjugation (Fig. 2A). All the intermediates and final conju-
gates were characterized using NMR and Mass spectroscopy
and the purity was analyzed using HPLC (ESI Fig. S1-S77).

PD-CTT1298-Cy5 demonstrates selective uptake in PSMA (+)
PC3-PIP cells via PSMA mediated internalization

Next, to investigate the selective uptake of the PD-CTT1298-Cy5
dendrimer in PSMA (+) cells, cell uptake experiments were per-
formed under various conditions (Fig. 3). We first analyzed the
qualitative uptake of PD-CTT1298-Cy5 in PSMA (+) and PSMA
(=) cells using confocal microscopy. The PSMA (+) PC3-PIP and
PSMA (-) PC3 cells when incubated with 50 pg-mL™" (2.5 pM)
of the PD-CTT1298-Cy5, revealed the selective uptake of PSMA-
targeted PD-CTT1298-Cy5 in PSMA (+) cells (Fig. 3A). A negli-
gible uptake was observed in PSMA (—) PC3 cells. We next eval-
uated the quantitative uptake and mechanism of uptake of
dendrimers using flow cytometry. At 1 pg mL™" (50 nM) con-
centration, selective uptake was observed in PSMA (+) PC3-PIP
cells over 2 H (Fig. 3B-a). As expected, in PC3-PIP cells, the
Mean Fluorescence Intensity (MFI) increased significantly over
the time points due to their high PSMA expression. A signifi-
cant change in MFI (~150-fold increase) was observed in as
little as 30 minutes (Fig. 3B-a) when compared to the 0 H and
blank samples. Minimal uptake of the PD-CTT1298-Cy5 den-
drimer was observed in PC3 cells, which express little to no
PSMA. The uptake was significantly more in PSMA (+) cells
compared to PSMA (—) cells at all time-points. The histograms
obtained also showed a 2-log shift in the PSMA (+) cells
(Fig. 3B-d) compared to PSMA (-) cells (Fig. 3B-e), which was
anticipated based of their PSMA expression. The results clearly
demonstrate that the uptake of PD-CTT1298-Cy5 corelates with
the PSMA expression on the cells, suggesting that the nano-
platform could serve as an effective means for targeted drug
delivery to PSMA-positive prostate cancer cells.

To study any non-specific uptake of the PD-CTT1298-Cy5 in
PSMA (+) cells and to further confirm the mechanism of
uptake via PSMA receptors, a blocking experiment was per-
formed at different time points in the presence of a potent irre-
versible PSMA inhibitor (CTT 1057)."®" In the blocking experi-
ment, a drastic decrease in the uptake of the PD-CTT1298-Cy5
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was observed when PC3-PIP cells were incubated with a PSMA
irreversible inhibitor with nanomolar affinity, CTT 1057
(Fig. 3B-b and B-f). A significant decrease in MFI was observed
at all time points when the cells were incubated with CTT
1057. A dose response study was performed at 1 H with
different concentrations of PD-CTT1298-Cy5 (Fig. 3B-c and
B-g). The selective uptake was dose dependent with the highest
concentration tested (50 nM) resulting in the highest MFI. All
together, these in vitro results clearly suggested that the PD-
CTT1298-Cy5 was selectively targeted and taken up by cancer
cells that expressed high levels of PSMA and internalized
rapidly intracellularly following binding to PSMA.

Qualitative and quantitative tumor and organ biodistribution
of systemically administered PD-CTT1298-Cy5 in a PCa tumor
xenograft mouse model

We further explored the in vivo tumor-targeting potential and
biodistribution of CTT-1298-Cy5 in a human PC3 (PSMA-) and
PC3-PIP (PSMA+) tumor xenograft model. To study the mecha-
nism of uptake, the tumor uptake and biodistribution was also
studied in PC3-PIP (PSMA+) tumor xenograft model in the
presence of a blocking agent, CTT1057. Upon intravenous
administration of PD-CTT1298-Cy5 dendrimers in PSMA (-)
and PSMA (+) tumor-bearing mice, Cy5.5 fluorescence signals
arising from the tumors and mouse vital organs were
measured and compared at different time points by the in vivo
imaging system (IVIS) imaging. The fluorescence signal accu-
mulated in the mouse organs in general decreased more
rapidly with time than that in tumors across all three groups
and appeared to be invisible starting 24 H post-injection. This
clearly suggests the rapid clearance of dendrimers from off-
target organs and tissues, which is highly desired for targeted
delivery of potent chemotherapeutic agents where systemic
side-effects are a major concern. Furthermore, while most
other nanoparticles when systemically administered show
unwanted accumulation of up to 80% in the liver,>* the PD-
CTT1298-Cy5 takes advantage of its small size (~4 nm) in the
range of renal filtration and clears intact through kidneys as
demonstrated earlier for PD nanoplatform.**>?
PD-CTT1298-Cy5 is selectively targeted to PSMA (+) PC3-PIP
tumor and did not show accumulation in the mice with PSMA
(=) PC3 tumors. The lack of discernible fluorescence signal
since 6 H post-injection suggested rapid clearance from PSMA
(=) tumors. However, in PSMA (+) tumor, PD-CTT1298-Cy5
demonstrated stable and intense fluorescence signal starting 6
H post-injection which was retained up to 48 H and was
dimmed out by prior uptake of a blocking agent, CTT1057,
further confirming the mechanism of uptake through PSMA
receptors (Fig. 4A, B, and S297). In line with the in vivo obser-
vations, the endpoint ex vivo fluorescence imaging further
indicated a high level of fluorescence signal in PSMA (+)
tumors, which tended to be lower in PSMA (+) tumors with
pre-treatment of a blocking agent and absent in PSMA (-)
tumors (Fig. 4C, D and S297%). This was further confirmed by
the quantitative uptake of PD-CTT1298-Cy5 in tumor tissues
from all three groups using fluorescence spectroscopy. While
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A. Qualitative preferential uptake in PSMA (+) PC3 PIP cells
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Fig. 3 Selective uptake observed with CTT-1298-Cy5 in PSMA (+) PC3-PIP cells. (A) Confocal microscopy images from PSMA (+) PC3-PIP and
PSMA (=) PC3 cells incubated with 50 pg mL™ (2.5 uM) of the fluorescently labeled PSMA targeted dendrimer, PD-CTT1298-Cy5. (B) Selective
uptake of PD-CTT1298-Cy5 observed with 1 pg mL™ (50 nM) in PSMA (+) PC3-PIP cells. (B-a) Mean Fluorescence Intensities (MFI) of PC3-PIP and
PC3 cells loaded with PD-CTT1298-Cy5 dendrimer over 2 H. (B-b) MFI of PC3-PIP cells incubated with and without a PSMA irreversible inhibitor,
CTT 1057 (blocking agent), prior to loading with PD-CTT1298-Cy5 dendrimer over 2 H. (B-c) Dose response at 1 H with PSMA (+) PC3-PIP cells.
(B-d) Histogram of PC3-PIP uptake via Cy5.5 channel over 2 H. (B-e) Histogram of PC3 uptake via Cy5.5 channel over 2 H. (B-f) Histogram via Cy5.5
channel at 1 H time point for dose response studies in PC3-PIP cells. (B-g) Histogram of PC3-PIP cells with and without CTT1057 via Cy5.5 channel
over 2 H. Data representative of experiments performed in triplicate. The p-values were calculated between the PC3-PIP cells and PC3 cells in the
uptake experiments including with and without the addition of CTT 1057 at each time point in the blocking experiments with * p < 0.05, ** p < 0.01
and *** p < 0.001.
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Fig. 4 In vivo and ex vivo fluorescence imaging of PSMA-targeted dendrimer for tumor targeting and whole-body biodistribution. (A) Whole-body

in vivo fluorescence images of mice subcutaneously growing (1) PSMA
tumors with prior uptake of a blocking agent at 1 H, 6 H, 24 H, and 48 H

(=) PC3 tumors, (2) PSMA (+) PC3-PIP tumors, and (3) PSMA (+) PC3-PIP
after intravenous injection of PD-CTT1298-Cy5 (n = 3 mice per group). (B)

Quantitative analysis of in vivo fluorescence signals from the tumors at 6 H, 24 H, and 48 H (n = 3). (C) Ex vivo fluorescence images of vital organs

from representative mice of individual groups at 48 H post-injection of

PD-CTT1298-Cy5. The order of organs from top to bottom is as follows:

brain, heart, lungs, liver, kidneys, spleen, and tumor. (D) Quantitative analyses of ex vivo fluorescence signals from the organ tissues and tumors (n =

3). The data was presented as mean + S.D.

the dendrimer uptake in PSMA (+) tumor group was ~15% of
the injected dose (ID), it decreased to ~4% upon PSMA block-
ing, and was <2% in PSMA (—) tumor group (Fig. 5A), correlat-
ing to the ex vivo fluorescence imaging by IVIS.

A significant challenge in the clinical application of nano-
medicine-based therapeutics is their potential undesired
accumulation in off-target organs. We next examined the
ex vivo qualitative and quantitative distribution of PD-
CTT1298-Cy5 in key organs, including the heart, lungs, liver,
spleen, and kidneys at 48 H via IVIS and fluorescence spec-
troscopy (Fig. 4C, D, and 5B). The PD-CTT1298-Cy5 showed

5644 | Nanoscale, 2024, 16, 5634-5652

minimum accumulation in the vital organs including brain,
heart, lungs, and spleen. The PD-CTT1298-Cy5 levels in the
heart, lungs, spleen, and brain were found to be less than 5%
ID in all groups, indicating the rapid clearance of the dendri-
mer from these organs by the 48 H time point (Fig. 5B). This
was consistent with the ex vivo imaging of these organs
(Fig. 4C and D). The ex vivo imaging showed some accumu-
lation in liver and kidneys (Fig. 4C and D). In line with ex vivo
imaging results, the tissue quantification suggested ~20% and
~10% ID of PD-CTT1298-Cy5 in liver and kidneys respectively
(Fig. 5B). Although there is some non-specific liver uptake, the
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Fig. 5 Quantitative tumor and organ biodistribution of PD-CTT1298-Cy5 at 48 H after systemic administration in PC3-PIP tumor xenograft mouse
model. Quantitative biodistribution of PD-CTT1298-Cy5 in (A) tumour, and (B) all major organs at 24 h time point (n = 3). The data was obtained
through fluorescence spectroscopy of homogenized tissue extracts containing PD-CTT1298-Cy5 and reported as a percentage of the injected dose

in total organ.

fluorescence signal in kidneys is rather expected due to the
renal clearance mechanism of PD-CTT1298-Cy5.

To summarize these biodistribution results, (1) the uptake
of PD-CTT1298-Cy5 was significantly higher in the tumor of
the PSMA (+) group compared to both the PSMA (+) plus block-
ing and PSMA (—) groups, suggesting the uptake of PD-
CTT1298-Cy5 in the tumor through PSMA mediated targeting;
(2) PD-CTT1298-Cy5 cleared rapidly from other organs, indicat-
ing the targeted delivery of PD-CTT1298-Cy5 to the prostate
tumor, and (3) there was a significant presence of PD-CTT1298-
Cy5 in the tumor region of the PSMA (+) group at 48 H post-
administration, suggesting the long-lasting sustained retention
of PD-CTT1298-Cy5 in the prostate tumor regions. Collectively,
these results suggested that PD-CTT1298-Cy5 dendrimers
target PSMA (+) prostate tumors with preferential specificity
making it a potential platform for the targeted delivery of
potent chemotherapeutic agents to prostate cancer with posi-
tive PSMA expression.

Synthesis and characterization of PSMA-targeted dendrimer
cabozantinib conjugate

To further investigate if PD-CTT1298-Cy5 can be utilized to
deliver chemotherpautic agents for the treatment of PCa, we
developed its drug conjugate with cabozantinib (Cabo). Cabo
is a multi-tyrosine kinase inhibitor and is approved as a single
agent for renal cell and hepatocellular carcinoma in the USA
and Europe.®>”*® Unfortunately, its PCa clinical trial (Phase III)
was terminated due to significant negative effects at tolerated
doses.”®>° However, in preclinical testing, Cabo exhibited sig-
nificant inhibition of advanced PCa tumor progression.®® >
Cabo in combination with immunotherapy is now a standard
treatment in metastatic renal cancer, and its efficacy is being
tested in PCa.®’ Therefore, we hypothesized that the PD-
CTT1298 mediated intracellular delivery of Cabo may enhance
its efficacy and reduce the negative side effects.

This journal is © The Royal Society of Chemistry 2024

The synthesis of PSMA-targeted dendrimer cabozantinib
conjugate (PD-CTT1298-Cabo) began with the synthesis of
DBCO modified Cabo (Cabo-DBCO) (Fig. 6A-I). The DBCO
modification was carried out at position 7, on the solvent
exposed site of Cabo. It has been previously reported that the
modification at position 7 of Cabo, did not alter the activity
towards c-Met.® To synthesize Cabo-DBCO, we first syn-
thesized 7-demethylated cabozantinib intermediate (Cabo-OH;
13) followed a previously published protocol,®® with slight
modifications. The reaction initiated by treating 7-(benzyloxy)-
4-chloro-6-methoxyquinoline (8) with 4-aminophenol (9) in the
presence of NaH in DMF, resulting in the formation of 4-((7-
(benzyloxy)-6-methoxyquinolin-4-yl)Joxy)aniline (10) in 92%
yield. The desired product formation was confirmed through
the observation of a proton NMR signal of -NH, at § 5.1 ppm
(Fig. S9t). Subsequently, the condensation of the amino inter-
mediate (10) with 1-((4-fluorophenyl)carbamoyl)cyclopropane-
1-carboxylic acid (11) was carried out using HATU and DIEPA
in dichloromethane, yielding compound 12. The structure of
coupling product was validated by the appearance of two
amide (-NH) proton peaks at § 10.05 and 10.23 ppm, along
with a cyclopropane ring proton singlet at § 1.48 ppm
(Fig. S1171). Finally, the removal of the benzyl protecting group
at the 7™ position was accomplished through treatment with
trifluoroacetic acid at 60 °C for 30 minutes, resulting in the
formation of the 7-demethylated cabozantinib intermediate
(13) in 87% yield. The completion of the deprotection was
evident from the '"H NMR, which showed the disappearance of
benzyl (-OBn) proton signals in the aromatic region and its
corresponding methylene (-OCH,) protons in the aliphatic
region. Additionally, a hydroxyl peak at § 10.16 ppm (Fig. S13%)
further confirmed the structure of the intermediate. The mass
spectra analysis also provided the confirmation of the success-
ful formation of intermediate 13 (Fig. S157). Further, the syn-
thesis of compound 18, Cabo-DBCO, was achieved through the
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Fig. 6 Synthesis and characterization of PD-CTT1298-Cabo conjugate. (A) Schematic representation of the conjugation of Cabo and PSMA ligand
on PAMAM-G4-0OH to synthesize PD-CTT1298-Cabo conjugate; reagents and conditions: (i) NaH, DMF, 80 °C, 16 h, 92%; (ii) HATU, DIPEA, DMF, RT,
16 h, 90%; (iii) TFA, 60 °C, 30 min, 87%; (iv) DBCO acid, EDC-HCI, DMAP, DCM, 2 h, RT, 57%; (v) 6-azido-hexanoic acid, EDC-HC|, DMAP, anhy. DMF,

RT, 24 h, 86%; (vi) DMF, 3 h, RT, 88%; (vii) DI water, 3 h, RT, 91% (B) *H NMR spectra of PD-CTT1298-Cabo dendrimer and intermediates representing
the appearance and disappearance of characteristic protons.
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coupling of DBCO acid with Cabo-OH (13) in the presence of
EDC-DMAP. The confirmation of the desired structure was
established by the disappearance of the hydroxyl protons of
Cabo-OH at § 10.16 ppm. Simultaneously, the emergence of
distinctive peaks corresponding to the DBCO ring’s -CH,
protons at § 3.73 ppm (d, J = 14.0 Hz, 1H) and 5.14 ppm (d, ] =
14.1 Hz, 1H), along with the DBCO aromatic protons in the 'H
NMR spectrum, validated the successful synthesis of Cabo-
DBCO (Fig. 6B and S16%).

On the other hand, PD was modified to bring ~12 azide
groups to obtain PD-azide (16), which was reacted with Cabo-
DBCO (15) using SPAAC reaction in DMF to obtain PD-Cabo
conjugate 17 (Fig. 6A-II). The SPAAC reaction exhibited rapid
kinetics and enabled the conjugation of an exact equivalent of
Cabo without the need for any additional reagents. The reac-
tion progress was monitored by HPLC, revealing a distinct
shift in the chromatogram (10.95 to 10.82 min) as Cabo was
successfully linked to the dendrimer surface (Fig. 7A). After
dialysis purification and freeze-drying, the PD-Cabo was
obtained in 88% yield. The successful conjugation of Cabo
onto the dendrimer was verified using "H NMR, where the
emergence of characteristic Cabo peaks was observed along-
side the dendrimer protons. "H NMR confirmed the attach-
ment of approximately 8 drug molecules per dendrimer corres-
ponding to ~16 weight percent drug loading (Fig. 6B and
S21%). Our previous work on PD platform for targeted drug
delivery applications demonstrates that the dendrimer plat-
form retains its targeting capabilities and can successfully
deliver the drugs to targeted intracellular locations when the
drug loading is in the limit of 20 weight percent.’***® The
purity of PD-Cabo conjugate was ~99% by HPLC (Fig. 7A and
S23%). After the attachment of Cabo to the dendrimer surface,
the conjugation of the PSMA ligand, CTT1298, onto the dendri-
mer was carried through SPAAC chemistry. The Compound 17
was treated with the DBCO-C6-CTT1298 in DI water at room
temperature for 3 h, resulting in the synthesis of PD-CTT1298-
Cabo (18). The HPLC chromatogram exhibited a shift from
10.82 to 10.58 min (Fig. 7A), and the appearance of additional
protons in the 'H NMR spectrum indicated the successful
incorporation of the ligand onto the dendrimer (Fig. 6B).
Furthermore, a signal at § 7.34 ppm in the *'P NMR spectrum
validated the presence of the PSMA ligand on the dendrimer
surface (Fig. S25%). Utilizing the proton integration method,
the number of attached CTT1298 molecules on the dendrimer
surface was calculated, suggesting the attachment of approxi-
mately three molecules of CTT1298. The HPLC analysis indi-
cated a purity of PD-CTT1298-Cabo exceeding 98% (Fig. 7A and
S27%). All the intermediates and final conjugates were charac-
terized using NMR and mass spectroscopy, and HPLC tech-
niques (Fig. S9-S27t). The physicochemical properties of PD-
CTT1298-Cabo are presented in Fig. 7C. While both Cabo and
Cabo-OH demonstrate poor aqueous solubility, dendrimer
conjugation significantly improves the water solubility. The
aqueous solubility of PD-CTT1298-Cabo is ~100 mg mL™"
which translates to ~16 mg mL ™" for Cabo-OH. The hydrodyn-
amic radius of PD-CTT1298-Cabo is 4.40 + 0.07 nm and zeta

This journal is © The Royal Society of Chemistry 2024
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potential distribution is —2.0 + 0.7 mV as analysed by the DLS
(Fig. 7C and S287). Cabo conjugation did not have much effect
on the size and zeta potential of the PD-CTT1298 dendrimer,
which was important to maintain the targeting potential of
dendrimer intact. We further assessed the comparative c-Met
inhibition activities (ICs,) of PD-CTT1298-Cabo versus Cabo
and Cabo-OH. The PD-CTT1298-Cabo conjugate exhibited a
nanomolar c-Met inhibitory activity (ICs,: 0.423 nM; Fig. S307)
that was better than both Cabo-OH (ICso: 26.3 nM; Fig. S307)
and Cabo (ICso: 1.3 nM)®” which could be due to the multiva-
lency effect of dendrimers. These data confirm that Cabo is
still active when conjugated in this manner.

In vitro drug release study from PD-CTT1298-Cabo conjugate
under physiological conditions

Next, we carried out an in vitro drug release study from the
conjugate, examining conditions that mimic both the extra-
cellular environment (physiological pH, PBS buffer at pH 7.4)
and intratumoral conditions (pH 5.5, carboxyl-esterase)
(Fig. 7B). Cabo-OH is linked to the dendrimer through an ester
bond via its hydroxyl group at position, 7 allowing for pH and
esterase-responsive release. This design facilitates controlled
release in both intracellular and intratumor environments,
effectively restricting drug exposure beyond the boundaries of
the prostate tumor. In PBS buffer at pH 7.4, we observed a
<40% drug release in about 2 weeks. Notably, only 10% of the
drug was released within the first 8 hours. However, under
intracellular conditions, the PD-CTT1298-Cabo conjugate
demonstrated a gradual and sustained release of the drug over
2 weeks. Around 15% drug was released in first 8 hours, gradu-
ally increasing to ~35% in 48 hours, reaching approximately
80% drug release over a 12-day period (Fig. 7B). This sustained
intracellular release profile is favourable for delivering Cabo-
OH through PD-CTT1298-Cabo conjugate to prostate cancer
cells for prostate cancer treatment.

PD-CTT1298-Cabo conjugate improves the anti-proliferative
activity of free Cabo and Cabo-OH

To study the efficacy of the PD-CTT1298-Cabo conjugate in
comparison to Cabo and Cabo-OH, a cell viability experiment
was performed (Fig. 7D). PC3-PIP PSMA (+) cells were incu-
bated with different concentrations of the compounds along
with 10% DMSO which served as a control. Treatments were
administered at equivalent drug bases. The cells were incu-
bated for 72 H and the luminescence of the viable cells was
measured using the Cell-Titer-Glo Luminescent Cell Viability
assay. As expected, the 10% DMSO led to almost no viable cells
present. Both dendrimer-Cabo conjugate (PD-CTT1298-Cabo)
and free drugs (Cabo & Cabo-OH) exhibited dose dependent
efficacy. At the highest concentration tested (1000 pg mL™%),
the PD-CTT1298-Cabo was significantly more potent than free
Cabo & Cabo-OH. The same results were observed at 100 pg
mL™". However, at lower concentrations the dendrimer conju-
gate was comparable to the free drugs. There was no signifi-
cant difference observed between the dendrimer and the free
drugs with the highest percentage of viable cells present after
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Fig. 7 Characterization of PD-CTT1298-Cabo conjugates. (A) HPLC traces of intermediates and PD-CTT1298-Cabo conjugate demonstrating a shift
in retention time at each synthetic step. (B) In vitro drug release profile of PD-CTT1298-Cabo conjugate at plasma and intra-tumoral conditions at
37 °C. (C) Table showing the physicochemical properties of PD-CTT1298-Cabo conjugate. (D) In vitro efficacy of PD-CTT1298-Cabo in comparison
with free Cabo and Cabo-OH over 72 H in PC3-PIP PSMA (+) cells. Cell viability (%) was calculated using the luminescence values obtained from the
controls used in the experiment. Data representative of experiments performed in triplicate. p-values were calculated between Cabo, Cabo-OH, and
the PD-CTT1298-Cabo dendrimer at each concentration tested with * p < 0.05, ** p < 0.01 and *** p < 0.001.
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72 H. Overall, the dendrimer was more effective at inducing
apoptosis in PSMA (+) cells compared to the free drugs. PD-
CTT1298-Cabo exhibited a lower ICs, of 9.83 + 1.11 pug mL™"
compared to 24.83 + 2.27 ug mL~" of Cabo (p = 0.00012 free
Cabo vs. PD-CTT1298-Cabo), and 77.30 + 4.35 pg mL~" of Cabo-
OH (p = 0.0013 Cabo-OH vs. PD-CTT1298-Cabo) indicating
stronger anti-proliferative activity. Given the findings from bio-
distribution and this in vitro experiment, we hypothesize that
the in vivo targeting of PD-CTT1298-Cabo to prostate tumor
could lead to markedly enhanced therapeutic outcomes for
treating prostate cancer.

Conclusions

In this study, we have developed a PSMA-targeted dendrimer
platform using a highly efficient SPAAC chemistry, for PSMA
(+) prostate cancer specific targeted drug delivery. We show
that the conjugation of an irreversible PSMA inhibitor, CTT-
1298 to a dendrimer retains its PSMA-binding ability in the
nanomolar range. The PSMA targeted dendrimer specifically
localizes in PSMA (+) prostate cancer cells in vitro and in a
prostate tumor in vivo in a PC-3 PIP tumor xenograft mouse
model. While the dendrimer remains in the tumor for
48 hours, it clears rapidly from the peripheral organs limiting
systemic side-effects. We further developed a PSMA-targeted
dendrimer cabozantinib conjugate, PD-CTT1298-Cabo, that
exhibited a nanomolar c-Met inhibitory activity. Further, den-
drimer based PSMA targeting, and triggered and sustained
intra-tumoral drug release significantly improved the anti-pro-
liferative activity of PD-CTT1298-Cabo in PSMA (+) prostate
cancer cells. These results indicate that utilizing PSMA-tar-
geted dendrimer-based delivery may improve efficacy and
widen the therapeutic window of cabozantinib and other che-
motherapeutic agents. This approach may be particularly ben-
eficial in addressing concerns associated with dose-related sys-
temic toxicities of chemotherapies for the treatment of pros-
tate cancer.
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