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Abstract 

In this report, we present a novel prodrug strategy that can significantly improve the efficiency 

and selectivity of combined therapy for bladder cancer.  Our approach involved the synthesis of 

a conjugate based on a chlorin-e6 photosensitizer and a derivative of the tyrosine kinase inhibitor 

cabozantinib, linked by a β-glucuronidase-responsive linker. Upon activation by β-

glucuronidase, which is overproduced in various tumors and localized in lysosomes, this 

conjugate released both therapeutic modules within targeted cells. This activation was 

accompanied by the recovery of its fluorescence and the generation of reactive oxygen species. 

Investigation of photodynamic and dark toxicity in vitro revealed that the novel conjugate had an 

excellent safety profile and was able to inhibit tumor cells proliferation at submicromolar 

concentrations. Additionally, combined therapy effects were also observed in 3D models of 

tumor growth, demonstrating synergistic suppression through the activation of both 

photodynamic and targeted therapy. 

Keywords: Combination Therapy, Chlorin-e6, β-glucuronidase, Bladder cancer, Photodynamic 

Therapy, Cabozantinib  

1. Introduction 

Several decades ago, humanity entered the era of precise medicine that prompted scientists to 

seek advanced and selective alternatives to well-established chemotherapeutic approaches. 

Among the possible solutions, photodynamic therapy (PDT) has gained considerable attention 

due to its tissue-sparing nature and high degree of spatiotemporal control [1]. To date, PDT has 

been approved for the treatment of skin, head & neck, stomach, colon, bladder, brain, breast, and 

lung cancers [2]. Generally, PDT relies on low-toxic components: a photosensitizer (PS) and the 

energy from visible light. The standard treatment procedure involves intravenous administration 

or topical application of the PS, followed by irradiation of the tumor site. Upon exposure to light, 

photosensitizers generate reactive oxygen species (ROS) such as singlet oxygen - 1O2 (SO), 

superoxide radical (O2
–⸱), hydrogen peroxide and hydroxyl radicals [3,4]. ROS, in turn, oxidize 
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nearby biomacromolecules, resulting in oxidative stress that triggers various modes of cell death 

[5,6]. Besides, PDT demonstrates antiangiogenic behavior [7] and belongs to a family of 

immunogenic treatment [8]. The latter feature is considered unique and has been exploited in 

numerous studies involving synergistic PDT-immunotherapy [9].  

Early efforts were aimed at improving the initial photophysical properties of photosensitizers, 

such as ROS generation and light absorption in the NIR region (650-800 nm).  Currently, 

researchers are focused on designing photoactive materials with advanced antitumor capabilities, 

as PDT still faces several drawbacks that hinder its transition to the clinic [10]. In particular, 

most PSs demonstrate an insufficient tumor-to-norm ratio and cause undesirable side effects in 

the form of photoallergic reactions as well as prolonged skin phototoxicity [11]. Besides, ROS 

have a limited lifetime and a short diffusion distance; therefore, the nonselective binding of PSs 

lowers the therapeutic potency of PDT [12]. Another “Achilles heel”, known for PDT, is its 

oxygen-dependency, which dramatically inhibits its antiproliferative mechanisms in hypoxic 

tumors [13]. Moreover, the upper threshold of the phototherapeutic window is around 800 nm, 

within which light penetration is restricted to 1-2 mm in tissues. As a result, conventional PDT is 

mainly recommended for treating superficial tumors, while the irradiation of deep malignancies 

should be approached by utilizing optical fibers and interstitial PDT (IPDT) [14].  

Recently, many strategies have been developed to overcome the aforementioned limitations. 

One strategy tunes PS’s selectivity through the installation of various tumor-specific vectors, 

which include antibodies [15], peptides [16], carbohydrates [17] and low-molecular-weight 

ligands [18-23]. Interestingly, studies have highlighted the importance of targeting not only the 

cell surface but also cellular organelles during PDT [24,25]. To guarantee the effectiveness of 

treatment in poorly light-penetrable and hypoxic regions, combination with other therapeutic 

modalities, e.g., photothermal therapy [26], chemotherapy [27], and radiotherapy [28], is under 

intense investigation. 
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Despite these efforts, strategies that simultaneously address all problems are rare. In this regard, 

the conjugation of PSs with targeted cytotoxic agents is appealing, since it can enhance 

selectivity and antiproliferative behavior in a synergistic manner [29,30]. Inspired by this 

concept, our research group has recently synthesized and evaluated several multifunctional 

agents, such as 1 and 2, based on chlorin-e6 photosensitizers [31,32] and a well-known tyrosine 

kinase inhibitor (TKI) – vandetanib (Figure 1) [31-33]. By varying a design, we were able to 

tailor conjugated drugs 1 and 2 for a specific need, in particular, targeted delivery or combined 

chemo- and photodynamic therapy. It turned out that the linker’s enzymatic stability is a key for 

the modulation of their synergistic characteristics in vivo.  In light of these findings, we believe 

that next advancement can be made by employing a molecule that accumulates in tumors and 

simultaneously exerts an antiproliferative therapeutic effect. Herein, we report the exploration of 

this concept and the development of an advanced multifunctional photosensitizer for selective 

delivery/combinational therapy purposes. 

In this work, we selected cabozantinib [34,35], a compound approved for the treatment of 

thyroid cancer, renal cancer and hepatocellular carcinoma, for further conjugation with chlorin 

derivatives (Figure 1). Several clinical trials are currently underway to evaluate the efficacy of 

cabozantinib in the treatment of advanced urothelial cancer including bladder cancer, alone or in 

combination. (NCT01688999, National Cancer Institute) [36,37]. Cabozantinib downregulates 

multiple receptor tyrosine kinases [38] involved in tumor progression and neoangiogenesis: c-

Met (hepatocyte growth factor receptor), vascular endothelial growth factor receptor 2 (VEGFR-

2), RET (rearranged during transfection), and AXL (the GAS6 receptor).  
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Figure 1. Structures of previously synthesized chlorin-vandetanib conjugates 1 and 2 and of the 

approved tyrosine kinase inhibitors (TKIs) vandetanib and cabozantinib. 

In the search for an optimal conjugation strategy, we decided to incorporate a stimuli-

responsive linker that would remain stable long enough to guarantee the targeted delivery of a 

conjugate followed by the liberation of a TKI. To this end, we have chosen a β-glucuronide 

linker to construct the multifunctional conjugate 3, thereby taking advantage of the tumor’s well-

known ability to overproduce β-glucuronidase (Figure 2) [39]. This approach has proven 

effective and cancer-specific in numerous studies describing the development of β-

glucuronidase-responsive prodrugs [39]. Another important factor, that prompted us to turn our 

attention to the β-glucuronidase prodrug approach, is the lysosome-accumulation ability of 

chlorin-e6 conjugates 1 and 2 disclosed in previous studies [31,32]. As β-glucuronidase belongs 

to the class of lysosomal hydrolytic enzymes, it was reasonable to design the novel chlorin-e6 

conjugate 3 in accordance with its expected localization within these cellular compartments [40].   

 To couple chlorin and cabozantinib, we adapted the platform developed by Jeffrey et al [41,42] 

for the synthesis of antibody-drug conjugates (ADCs). We hypothesize that caged cabozantinib 

can serve as a vector to target tumor tissues by binding to tyrosine kinases. Subsequent β-

glucuronidase-mediated cleavage would then trigger the simultaneous release of the 
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photodynamic part 4 and the cytotoxic part 5 (Figure 2). In order to improve water solubility, we 

implemented a straightforward approach involving the peripheral attachment of a carbohydrate 

[43,44]. Due to an enhanced transport of carbohydrates [45] in tumors, such a modification could 

potentially be beneficial for the selectivity of 3.  

 

Figure 2. Structure and β-glucuronidase-mediated cleavage of proposed conjugate 3. 

Despite showing encouraging results, PDT of bladder cancers with intravenous or intravesical 

administration of a photosensitizer is seriously limited due to the severe adverse effects 

associated with the accumulation of PSs in normal urothelium [46,47].  Prodrugs, being precisely 

activated within tumors in a stimuli-depended manner, offer a practical solution to this problem. 

For example, You and colleagues have recently developed SO-cleavable prodrugs for the bladder 

cancer treatment [48,49]. These agents were activated by light in the presence of protoporphyrin 

IX and demonstrated an excellent tumor-to-norm ratio in both monolayer and 3D cell cultures. 

Considering these findings, we believe that the prodrug strategy deserves further investigation. 
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Herein, we report the synthesis of the multifunctional selective photosensitizer 3 and its 

evaluation for the combined treatment of bladder cancer. To our best knowledge, the conjugate 3 

is the first attempt to use a β-glucuronide linker for the development of prodrugs for PDT. 

2. Materials and methods 

2.1. General Procedures 

1H NMR and 13C NMR spectra were recorded on Agilent DD2 400 MHz and Bruker Avance II 

600 MHz spectrometers. Chemical shifts (δ) are reported in ppm for a solution of a compound in 

CDCl3, DMSO-d6 or CD3OD, with a residual peak of solvent as an internal reference, J values in 

Hertz. Mass spectra were recorded using: the MALDI method on a time-of-flight Bruker 

Microflex LT mass-spectrometer; the ESI (HRMS) method on a Finnigan MAT 900 

spectrometer or a Bruker solariX XR 12T spectrometer. TLC analyses were carried out on Merck 

TLC Silica gel 60 F254. Column chromatography separation was performed using Macherey-

Nagel Kieselgel 60 (70-230 mesh). Purity and enzymatic cleavage of the targeted compounds 

was analyzed by high-performance liquid chromatography (HPLC) (Knauer Smartline S2600) 

using Si column (Eurospher 100-5 Si, Column 250 x 4 mm) at a flow rate of 0.4 mL/min: 

gradient mode from MeOH (0.1% Et3N) / H2O (1:9, volume ratio) to MeOH (1% Et3N) / H2O 

(9:1, volume ratio)). HPLC analysis of 5 and 26 was carried out from their PBS solutions; for 

conjugate 3 from PBS solution with 1% DMSO (v/v) and 5% PEG2000 (v/v). All tested 

compounds were found to be ≥95% pure. Commercially available reagents (Aldrich, Alfa Aesar) 

were used without additional purification. Solvents were purified according to the standard 

procedures. Petroleum ether (PE) used was of bp 40-70 °C.  

2.2. Synthesis and Characterization 

Conjugate (3): A 10-mL round-bottom flask was charged with a solution of the conjugate 25 

(0.015 g, 0.005 mmol) in acetone (1 mL).  Another 10-mL round-bottom flask was charged with 

LiOH‧H2O (0.005 g, 0.119 mmol) dissolved in H2O (1 mL). The mixture from the second flask 

was transferred by a syringe into the first flask. The reaction mixture was stirred at 0°С for 15 
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min, then AcOH was added to the reaction mixture until pH = 6 followed by concentration under 

reduced pressure. The product was purified by column chromatography (CHCl3/MeOH 80:20 to 

50:50) to obtain a deep-green solid (0.008 g, 0.004 mmol, 73%). HPLC purity: 95.7%. 

N-(4-Fluorophenyl)-N-(4-((7-(2-hydroxyethoxy)-6-methoxyquinolin-4-yl)oxy)phenyl)cyclo- 

propane-1,1-dicarboxamide (5): The THP-protected derivative 11 (0.330 g, 0.536 mmol) was 

placed in a flask, and dissolved in 6 mL of TFA. The reaction mixture was refluxed for 1 h, 

cooled, and solvent was evaporated under reduced pressure. The residue was dissolved in MeOH 

(5 mL), neutralized with NH3‧H2O, and concentrated. The product was used without further 

purification (0.270 g, 0.507 mmol, 95%). HPLC purity: 95.4%. 

N-(4-Fluorophenyl)-N-(4-((7-hydroxy-6-methoxyquinolin-4-yl)oxy)phenyl)cyclopropane-

1,1-dicarboxamide (9): The benzyl-protected derivative 8 (0.8 g, 1.384 mmol) was placed in a 

flask, and dissolved in 8 mL TFA. The reaction was refluxed for 1 h, cooled, and solvent was 

evaporated under reduced pressure. The residue was dissolved in MeOH (5 mL), neutralized 

with NH3‧H2O and concentrated. After column chromatography (EtOAc/MeOH 100:0 to 95:5), 

white solid was obtained (0.553 g, 1.135 mmol, 89%). 

N-(4-Fluorophenyl)-N-(4-((6-methoxy-7-(2-((tetrahydro-2H-pyran-2-

yl)oxy)ethoxy)quinolin -4-yl)oxy)phenyl)cyclopropane 1,1-dicarboxamide (11): A 25-mL 

Schlenk flask was filled with argon and charged with 9 (0.300 g, 0.616 mmol), 2-(2-

bromoethoxy)tetrahydro-2H-pyran 10 (0.386 g, 1.847) and K2CO3 (0.255 g, 1.847 mmol). DMF 

(10 mL) was added, and the mixture was stirred for 18 h at 60°С followed by concentration 

under reduced pressure. The residue was dissolved in EtOAc (50 mL), washed with H2O (3 × 50 

mL), dried (Na2SO4), and concentrated. The product was purified by column chromatography 

(EtOAc/MeOH 99:1 to 98:2) to obtain a white solid (0.340 g, 0.552 mmol, 90%).  

2-((4-(4-(1-((4-Fluorophenyl)carbamoyl)cyclopropane-1-carboxamido)phenoxy)-6-methoxy 

quinolin-7-yl)oxy)ethyl (4-nitrophenyl) carbonate (12): A 25-mL flask was charged with the 
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alcohol 5 (0.250 g, 0.470 mmol), bis(4-nitrophenyl) carbonate (0.430 g, 1.414) and DIPEA 

(0.182 g, 1.410 mmol). DMF (5 mL) was added, and the mixture was stirred for 1 h at r.t. 

followed by concentration under reduced pressure. The residue was dissolved in EtOAc (50 mL), 

washed with H2O (3 × 50 mL), dried (Na2SO4), and concentrated. The product was purified by 

column chromatography (EtOAc) to yield a white solid (0.309 g, 0.442 mmol, 94%).  

tert-Butyl-(2-((4-(4-(1-((4-fluorophenyl)carbamoyl)cyclopropane-1-carboxamido)phenoxy)-

6-methoxyquinolin-7-yl)oxy)ethyl) ethane-1,2-diylbis(methylcarbamate) (14): A 10-mL 

flask was charged with the carbonate 12 (0.210 g, 0.302 mmol), tert-butyl methyl(2-

(methylamino)ethyl)carbamate 13 (0.085 g, 0.452 mmol) and DIPEA (0.058 g, 0.450 mmol). 

DMF (4 mL) was added, and the mixture was stirred for 30 min at r.t. followed by concentration 

under reduced pressure. The residue was dissolved in EtOAc (25 mL), washed with H2O (3 × 25 

mL), dried (Na2SO4), and concentrated. The product was purified by column chromatography 

(EtOAc/MeOH 100:0 to 95:5) to obtain a white solid (0.190 g, 0.255 mmol, 84%).  

2-((4-(4-(1-((4-Fluorophenyl)carbamoyl)cyclopropane-1-carboxamido)phenoxy)-6-methoxy 

quinolin-7-yl)oxy)ethyl methyl(2-(methylamino)ethyl)carbamate (15): The Boc-protected 

derivative 14 (0.069 g, 0.092 mmol) was placed in a flask, and dissolved in 3 mL DCM/TFA 

(1:1). The reaction was stirred for 1 h, and solvent was evaporated under reduced pressure. The 

residue was dissolved in DCM (25 mL), and extracted with saturated Na2CO3 (3 ×25 mL), dried 

(Na2SO4), and concentrated.  The product was used without further purification (0.055 g, 0.085 

mmol, 92%).  

Methyl-1-O-(4-formyl-2-amino)-2,3,4-tri-O-acetyl-β-D-glucopyranuronate (18): A 50-mL 

flask equipped with a magnetic stirrer was charged with the methyl-1-O-(4-Formyl-2-

nitrophenyl)-2,3,4-tri-O-acetyl-β-D-glucopyranuronate 17 (0.500 g, 1.035 mmol) and SnCl2‧H2O 

(1.170 g, 5.177 mmol). 1:1 EtOH/EtOAc (30 mL) was added, and the mixture was stirred for 2 h 

at 50°С followed by concentration under reduced pressure. The residue was dissolved in EtOAc 

(100 mL), washed with 10% NaOH (3 × 100 mL) and H2O (100 mL), dried (Na2SO4), and 
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concentrated. The product was purified by column chromatography (EtOAc/Cy 50:50 to 70:30) 

to obtain a white solid (0.257 g, 0.567 mmol, 55%).  

Conjugate (21): The chlorin 19 (0.300 g, 0.300 mmol) and the corresponding azide 20 (0.300 g, 

0.450 mmol) were placed in a flask, and dissolved in 2:1 t-BuOH/CHCl3 (35 mL). In another 

flask, CuSO4·5H2O (0.015 g, 0.060 mmol), TBTA (0.032 g, 0.060 mmol), AscNa (0.024 g, 

0.120 mmol) were dissolved in 35 mL H2O, and this mixture was added immediately into the t-

BuOH/CHCl3 solution in the first flask. The reaction was stirred for 1.5 h at 50 °С, cooled, 

solvent was evaporated under vacuum. After column chromatography (CHCl3/MeOH 95:5 to 

70:30), a deep-green solid was obtained (0.375 g, 0.233 mmol, 78%).  

Conjugate (22): A 25-mL Schlenk flask was filled with argon and charged with the chlorin 21 

(0.300 g, 0.179 mmol), and dissolved in DCM (8 mL).  2,4,6-Trichlorobenzoyl chloride (0.038 g, 

0.198 mmol) and TEA (0.090 g, 0.891 mmol) were added, and the mixture was stirred for 5 h at 

r.t. Another 25-mL Schlenk flask filled with argon was charged with the aniline 18 (0.097 g, 

0.214 mmol), DMAP (0.044 g, 0.360 mmol) and DCM (4 mL). The mixture from the second 

flask was transferred by a syringe into the first flask. The reaction mixture was stirred at r.t. for 

19 h, then diluted with CHCl3 (100 mL) and washed with H2O (3 × 50 mL). The residue was 

dissolved in CHCl3 (100 mL), washed with H2O (3 × 100 mL), dried (Na2SO4), and 

concentrated. The product was purified by column chromatography (CHCl3/MeOH 100:0 to 

95:5) to obtain a deep-green solid (0.239 g, 0.112 mmol, 63%). 

Conjugate (23): A 10-mL Schlenk flask was filled with argon and charged with benzaldehyde 

22 (0.100 g, 0.049 mmol), and dissolved in CHCl3/i-PrOH (3:1, 4 mL).  Silica gel (0.200 g) and 

NaBH4 (0.010 g, 0.263 mmol) were added, and the mixture was stirred for 1 h at 0°С. The 

reaction mixture was then diluted with CHCl3 (20 mL), filtered through a Celite pad. The filtrate 

was washed with H2O (3 × 50 mL), dried (Na2SO4), and concentrated. The product was purified 

by column chromatography (CHCl3/MeOH 100:0 to 95:5) to obtain a deep-green solid (0.080 g, 

0.039 mmol, 80%).  
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Conjugate (24): A 10-mL round-bottom flask equipped with a magnetic stirrer was charged 

with the benzyl alcohol 23 (0.046 g, 0.021 mmol), bis(4-nitrophenyl) carbonate (0.041 g, 0.126 

mmol), and dissolved in DMF (2 mL). DIPEA (0.017 g, 0.126 mmol) was added then, and the 

mixture was stirred for 1 h at r.t. followed by concentration under reduced pressure. The residue 

was dissolved in CHCl3 (25 mL), washed with H2O (3 × 25 mL), dried (Na2SO4), and 

concentrated. The product was purified by column chromatography (CHCl3/MeOH 100:0 to 

95:5) to obtain a deep-green solid (0.036 g, 0.019 mmol, 89%).  

Conjugate (25): The carbonate 24 (0.070 g, 0.032 mmol) and the amine 15 (0.030 g, 0.046 

mmol) were placed in a round-bottom flask, and dissolved in 2 mL DMF. DIPEA (0.006 g, 0.046 

mmol) was added then, and the mixture was stirred for 1 h at r.t. followed by concentration 

under reduced pressure. The residue was dissolved in CHCl3 (50 mL), washed with H2O (3 × 50 

mL), dried (Na2SO4), and concentrated. The product was purified by column chromatography 

(CHCl3/MeOH 100:0 to 93:7) to obtain a deep-green solid (0.071 g, 0.026 mmol, 81%).  

Conjugate (26): A 10-mL round-bottom flask was charged with the conjugate 23 (0.025 g, 

0.012 mmol), and dissolved in acetone (2 mL).  Another 10-mL round-bottom flask was charged 

with LiOH‧H2O (0.011 g, 0.261 mmol), and dissolved in H2O (2 mL). The mixture from the 

second flask was transferred by a syringe into the first flask. The reaction mixture was stirred at 

0°С for 15 min, then AcOH was added to the reaction mixture until pH=6 followed by 

concentration under reduced pressure. The product was purified by column chromatography 

(CHCl3/MeOH 80:20 to 50:50) to obtain a deep-green solid (0.019 g, 0.011 mmol, 

quantitatively). HPLC purity: 95.6%. 

2.3. Determination of partition coefficients 

Partition coefficients (P) were determined by adding 20 μM of the tested compounds (3 or 26) 

to 5 mL of n-octanol followed by addition of an equal volume of water [50]. Then, the tubes 

were vortexed for 1 min and placed in a shaker for 4 h at r.t. Using a centrifuge at approximately 

500 g, both phases were separated and a phase containing the larger quantity of a partitioned 
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compound was added to a fresh aliquot of the other phase followed by the procedure described 

above. The experiment was repeated twice in order to stabilize the partition coefficient. The 

partition coefficient (P) was calculated using the following equation: P = Co/Cw, where Co – the 

concentration of a compound in octanol phase; Cw – the concentration of a compound in water 

phase.  

2.4. Enzymatic cleavage of conjugate 3 and 26 

Escherichia coli β-glucuronidase was purchased from Sigma–Aldrich (reference: G8295). The 

conjugate 3 or the chlorin 26 (0.1 mg/mL) was incubated with E. coli β-glucuronidase (200 

U/mL) in a phosphate buffered saline (PBS, 0.02 M, pH 7.4) with 1% DMSO (v/v) and 5% 

PEG2000 (v/v) at 37 °C. Aliquots of 40 μL were taken at indicated time and analyzed by HPLC. 

The retention times for compounds conjugate 3, chlorin 4 and cabozantinib derivative 5 were 

28.0, 26.2 and 39.4 min respectively.  

2.5. Photophysical measurements 

The conjugate 3 or the chlorin 26 were dissolved in DMSO/PEG2000/dH2O (5:10:85, v/v) at 1 

mM (stock solutions). For measuring the photophysical properties and cell studies, the stock 

solutions were further diluted with deionized water. 

Absorption and fluorescence spectra were registered using a Synergy MX spectrophotometer-

spectrofluorometer (BioTek, USA). Fluorescence was excited at 410 nm. 

The molar extinction coefficient ε was determined using the following equation:  

  ,  

where D is the optical density; l is the path length; and c is concentration. 

The fluorescence quantum yield φ1 was calculated using the equation:  

  ,  
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where F1 and D1 are the integral fluorescence intensity and the optical density of 3 (or 26), 

respectively; φ2 is the quantum yield of Rhodamine B (Sigma, USA) in water (0.31); F2 and D2 

are the integral fluorescence intensity and the optical density of Rhodamine B, respectively.  

The optical density was measured at 410 nm; the fluorescence was excited at the same 

wavelength was and detected at 550–850 nm. 

2.6. Singlet oxygen generation experiments 

1,3-Diphenylisobenzofuran (DPBF) was used as the singlet oxygen sensitive trap. A reaction 

medium containing 100μM DPBF and 10 nM 3 or 26 in DMSO was irradiated using the LED a 

light source (655−675 nm, 32 mW/cm2) [51] in doses up to 5 J/cm2 with 0.5 J/cm2 step. DPBF 

bleaching during the photoinduced reaction was registered at every step using a Synergy MX 

spectrophotometer. Quantum yields of the singlet oxygen generation (Δ) were determined for 

the first linear stage of the DPBF bleaching by a comparative method using the following 

equation:  

 

where ΦΔ1 is the quantum yield of the analyzed compound, ΦΔ2 is the quantum yield of 

Photodithazine® used as a reference [0.56] [52], D0 and D are the optical density at 420 nm 

before and after irradiation at dose 1 J/cm2.  

2.7. Cell line and culturing conditions 

Cells of the human urinary bladder transitional cell carcinoma T-24 line (obtained from 

Russian Collection of Cell Cultures of Vertebrates) were cultured in Eagle’s minimum essential 

medium (MEM) (PanEco, Russia) with 10% (v/v) fetal calf serum (HyClone) and L-glutamine in 

5% CO2 at 37 °C. At each passaging stage, the cells were treated with trypsin-

ethylenediaminetetraacetic acid (EDTA) (1:1) solution (PanEco, Russia).  

2.8. Generation of a fluorescent tumor cell line 
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To obtain a stable fluorescent tumor cell line, the parental T-24 cells were transfected by 

lipofection technique with mammalian expression vector pTagGFP2-N (Evrogen) encoding 

green fluorescent protein TagGFP2 using Fugene (Roche, USA) transfection reagent according 

to the manufacturer's protocols. Transfectants were primarily selected on the medium with 

increasing concentrations up to 2mg/ml of G418 antibiotic (Sigma), and then transfected cells 

were sorted using a FACS Aria III cell sorter (BD Biosciences, USA). The fluorescence of 

TagGFP2 was excited at 488 nm and recorded at 515-545 nm. Cells were sorted, expanded in 

cell culture and sorted again to obtain the brightest fluorescent cell subset, with three 

sort/expansions cycles. At the last step, the single cell sorting was performed, and the cell clones 

were expanded from individual cells. The obtained monoclonal cell line, selected based on its 

fluorescent and growth parameters and named T-24-GFPcyto, was maintained in the same way 

as parental T-24 cells. 

TagGFP2 expression and localization in created cell line was confirmed using a laser scanning 

confocal microscope Axio Observer Z1 LSM 710 NLO/Duo (Carl Zeiss, Germany). The images 

were obtained with C-Apochromat 63× water immersion objective lens with numerical aperture 

1.2. The fluorescence of TagGFP2 protein was excited at 488 nm and collected in the range of 

500-560 nm. 

2.9. Study of cellular uptake of the tested compounds 

The cells were seeded in a 96-well plate (Corning) at the density 5×103 cells per well and 

allowed to attach overnight. Then, the medium was exchanged with fresh serum-free growth 

medium containing 5 μM of a tested compound (200 μL per well) and the cells were incubated 

for 24 h. After incubation and medium exchange to fresh one without compounds, the cells were 

stained with the following organelle-specific dyes according to the manufacturer’s instructions 

(Thermo Fisher Scientific): 0.5 μM LysoTracker Green DND-26, 0.5 μM MitoTracker Green 

FM, 0.5 μM ER-Tracker, 5 μM BODIPY FL C5-ceramide complexed to BSA for the Golgi 

apparatus, and 1X working solution CellMask Plasma Membrane Green Stain.  
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Colocalization of the tested compounds and organelle-specific dyes was analyzed using a laser 

scanning confocal microscope Axio Observer Z1 LSM 710 NLO/Duo. Fluorescence of stained 

organelles was excited at 488 nm and recorded in the range of 500−550 nm; fluorescence of the 

compounds was excited at 633 nm and recorded at 650−735 nm. 

Semi-quantitative analysis of the compounds’ fluorescence intensity was performed using the 

ZEN 2012 program; at least 10 cells in two to three fields of view were analyzed. 

2.10. Cytotoxicity study 

The effect of tested compounds on cell viability was estimated using the microculture 

tetrazoline test (MTT) [53]. Cells were seeded in 96-well plates at the density of 4×103 cells per 

well and allowed to attach overnight. The medium was then exchanged with fresh serum-free 

growth medium containing tested compounds in varying concentrations. After 24 h incubation, 

the medium was exchanged with full fresh growth medium. To estimate the photoinduced 

toxicity of the tested compound, we exposed the cells to light irradiation (655−675 nm, 32 

mW/cm2, 20 J/cm2) using a LED light source [51]. Irradiated cells were then incubated for 24 h 

before cell viability was measured. For this, the cells were incubated with serum-free medium 

containing 0.5 mg/mL MTT reagent [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazole 

bromide, Alfa Aesar, U.K.] for 4 h. The formazan formed from the reduction of MTT by cell 

dehydrogenases was dissolved in DMSO, and the absorbance was measured at 570 nm with a 

Synergy MX plate reader. 

The same procedure was performed for the estimation of the dark toxicity of the 

conjugates, except for that there was no cell exposure to LED light. 

Cell viability was expressed as the ratio of the optical density of treated and untreated 

cells (in percentage). Three independent experiments (all in triplicate) were performed. Data 

analysis and calculation of half-maximal inhibition concentration IC50 were performed using the 

GraphPad Prism 6 software and a four-parameter model for the lognormal distribution. 

2.11. Determination of the combination index  
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Combination index (CI) was calculated using the following formula: 

 

where D1 is IC50 for conjugate 3; DX1 and DX2 are IC50 of individual 26 and 5 respectively. 

Combination index defines relationships between modules in conjugated drugs and indicates 

synergism (CI < 1), additive effect (CI = 1) or antagonism (CI > 1).  

2.12. Fluorescence-based Cytotoxicity Study in Collagen Hydrogel 

Human urinary bladder carcinoma T-24 line is non-tumorigenic in immunocompromised 

mice and cannot be used in xenograft models. Thus, to analyze the cell response to treatment in 

complex tissue-like conditions, we used matrix-based 3D in vitro model of tumor growth. 

The fluorescent T-24-GFPcyto cells were embedded in collagen type I hydrogel, prepared 

as previously described71 with volume density of 2×105 cells per mL in a 6-well culture plate. 

The tested compounds were added to the culture medium 72 h after the cell embedment when the 

3D culture was completely formed. The treatment concentrations of the tested compounds were 

equal to IC50, 5×IC50 and 10×IC50 of 3 for monolayer cell culture. After 24 h incubation, the 

medium was exchanged to fresh full medium and the hydrogels were irradiated as described 

above.  The growth of cells culture and its response to treatment was analyzed daily using 

fluorescence registration with DVS-03 fluorescence macroimager (Institute of Photonic 

Technologies of the Russian Academy of Sciences, Moscow, Russia). The fluorescent images of 

the gels were acquired with excitation at 490 nm and emission registration at 513-556 nm; the 

images were proceeded and analyzed using ImageJ software (version 1.50i, National Institute of 

Health, Bethesda, Maryland, USA) as described previously [54]. 

3. Results  

3.1. Chemistry 

Starting from commercially available apocynin 6 and 1,2-cyclopropanedicarboxylic acid 7, the 

benzyl-protected derivative of cabozantinib 8 was obtained according to the known procedure 
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[55] (Scheme 1). Further deprotection of the benzyl group in boiling TFA gave compound 9 in 

82% yield.     

 

Scheme 1. Synthesis of c-Met ligand 9. 

 

To diminish a steric hindrance and improve binding to receptor kinases, we coupled a short 

linker 10, obtained from ethylene glycol [56], with 9 via alkylation and synthesized THP-

protected cabozantinib derivative 11 in 75% yield (Scheme 2). The next step involved 

deprotection of 11 in acidic media in 86% yield with subsequent transformation of the resulting 

alcohol 5 into carbonate 12 in a near quantitative yield. The reaction of 12 with mono-Boc-

protected diamine 13 led to carbamate 14, and further removal of the Boc-group furnished the 

chemotherapeutic building block 15 in a high yield.   

Scheme 2. Synthesis of chemotherapeutic building block 15. 
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D-(+)-Glucuronolactone 16, a widespread food additive [57], was converted into the nitro-

containing ether 17 in 3 steps according to well-known protocols for the synthesis of β-

glucuronide linkers [58] (Scheme 3). Following SnCl2-mediated reduction of 17 gave the aniline 

derivative 18 in 55% yield. In order to obtain the photosensitizing counterpart, we exploited the 

previously developed synthetic route including a 4-step synthesis of bifunctional chlorin-e6 

derivative 19 from naturally occurring MePheid-a [32]. Then, the alkyne-containing compound 

19 was subjected to Cu (I)-catalyzed azide-alkyne cycloaddition (CuAAC) with the azido-

substituted maltose heptaacetate 20 [32] leading to the glycoconjugate 21 in 78% yield. The key 

conjugation step involved a Yamaguchi-type amidation reaction of 21 in the presence of the 

aniline derivative 18 via activation of the carboxylic moiety by TCBC (2,4,6-trichlorobenzoyl 

chloride, Yamaguchi reagent) to afford the corresponding derivative 22 in 45% yield. Next steps 

were aimed at the creation of a required conjugation site in 22, which was achieved by high-

yielding step-by-step reduction of its aldehyde moiety to give the benzylic alcohol 23 in 80% 

yield. Finally, the reaction of 23 with bis(4-nitrophenyl) carbonate furnished the carbonate 24 in 

89% yield, which was ready for coupling with the chemotherapeutic building block.  

Scheme 3. Synthesis of the β-glucuronide linker 18 and the photoactive building block 21 

followed by their conjugation. 
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The conjugation of the obtained building blocks 24 and 15 proceeded smoothly in DMF giving 

conjugate 25 in 81% yield.  After removal of all 11 protective groups under basic conditions, the 

target conjugate 3 was obtained in 73% yield (Scheme 4A). One common approach to evaluate 

biological properties of combined drugs is a comparative analysis of the unconjugated drugs 

(reference) and the conjugated analog. Therefore, we subjected derivative 23 to hydrolysis to 

obtain the glycosylated chlorin 26 in quantitative yield as a reference for further investigations 

(Scheme 4B).  
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Scheme 4. (a) Synthesis of the target conjugate 3. (b) Synthesis of reference photosensitizer 26. 

 

Although the synthesized conjugate 3 carried a considerable number of hydrophilic moieties, 

its solubility in water still remained insufficient due to time-dependent aggregation behavior. 

Chlorin 26, on the contrary, demonstrated less pronounced aggregation. To ensure water 

solubility, we used the common solubilizer PEG2000 [59] and prepared stock solutions (mM) of 

3 or 26 in DMSO/PEG2000/H2O (5:10:85, v/v), which were then diluted to yield μM solutions 

with following concentrations of additives: 0.025% DMSO (v/v) and 0.05% PEG2000 (v/v). 

Monitoring of possible aggregation was carried out spectrophotometrically (discussed below). 

Evaluation of the partition coefficient in a n-octanol/water system indicated comparatively high 

lipophilicity for the conjugate 3 (logP = 1.37), while the glycosylated chlorin 26, lacking the 

lipophilic chemotherapeutic part, was clearly hydrophilic (logP = -0.35). The 

hydrophilic/lipophilic balance of the PS determines a wide range of pharmacological properties 

including tumor uptake, intracellular localization and membrane penetration [60]. Despite the 
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fact, that administration of 3 requires complex formulations, its logP is within the optimal range 

(logP ~ 1-3) for therapeutic agents [61] which may improve druglikeness.  

3.2. Photophysical and β-glucuronidase responsive properties  

The electronic absorption spectra of 3 and 26 were recorded in DMSO/PEG2000/H2O 

solutions, where they showed sharp and intense Soret and Q bands at 648/642 nm and 416/412 

nm, respectively (Table 1, Figure 3a). Upon excitation at 410 nm, the conjugate 3 was almost 

nonfluorescent with a fluorescence quantum yield (ФF) of 0.1 %. By contrast, the reference 

chlorin 26 demonstrated brighter fluorescence with ФF = 1.2%. To probe whether the 

fluorescence quenching of 3 was related to the presence of the cabozantinib moiety, we added 

external β-glucuronidase to its PBS solution. As a result, the gradual increase of fluorescence 

was observed indicating the enzymatic cleavage of the β-glucuronide linker followed by the 

liberation of 5 (Figure 3b). Since no obvious concurrent energy or electron transfer process exists 

in the case of the chlorin-cabozantinib dyad 3, we assumed that aggregation, a well-known 

feature of porphyrinoid PSs, might interfere with the emission. However, the absorbance spectra 

of 3, recorded at concentrations up to 10 μM, correlated with the Beer–Lambert law and did not 

indicate a J- or H-aggregate formation via a peak shifting (Figure 3c). Probably, the conjugate 3 

participated in another self-assembling pattern. The similar quenching was also reported by 

Huang during the investigation of the cleavable phthalocyanine-tetrapeptide-doxorubicin 

conjugate [62]. In principle, the fluorescence signal of 3 can be used to monitor its cleavage in 

tissues with different levels of β-glucuronidase. 
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Figure 3. (a) UV-Vis absorption and fluorescence (ex = 410 nm) spectra of 3 and 26 (both at 5 

µM) in water with 0.025% DMSO (v/v) and 0.05% PEG2000 (v/v); (b) Change in the 

fluorescence (λex = 410 nm) spectra of 3 (5 µM) in PBS with 0.025% DMSO (v/v) and 0.05% 

PEG2000 (v/v) in the presence of 40 U/mL β-glucuronidase over 6 h (37 oC); (c) Change in the 

electronic absorption of 3 at different concentrations; (d) Enzymatic cleavage of the conjugate 3 

(0.1 mg/mL) in the presence of β-glucuronidase (200 U/mL) monitored by HPLC.    

Table 1. Photophysical characterization of compounds 3 and 26. 

Compound λabs (nm) / log ɛ λem
a
 (nm) ФF

b (%) Ф Δ
c (%) 

3 416 / 4.7 

642 / 4.3 

648 0.1 

 

5  

14 (+β-glucuronidase) 

26 412 / 4.5 

636 / 3.9 

646 1.2 5  

29 (+β-glucuronidase) 

aExcited at 410 nm. bRelative to Rhodamine B in water. cDetermined using DPBF as a 

chemical trap (relative to Photoditazine®).  

 

 

The singlet oxygen (SO) generation quantum yield (ФΔ), an important parameter for a 

photosensitizing drug, was determined for 3 and 26 using 1,3-diphenylisobenzofuran (DPBF) as 
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the ROS scavenger (Table 1). The solution of Photoditazine® in DMSO was used as a standard 

(for details see Experimental Part). Both molecules generated SO with ФΔ = 5% in DMSO 

solutions which were ca. 5 times lower than that of the conjugate 2 measured in our previous 

work [32] (Figure 1). Further addition of β-glucuronidase deblocked the photo-induced 

generation of SO for the conjugate 3 yielding ФΔ =14%. Similarly, the SO generation quantum 

yield was restored (ФΔ = 29%) for the reference chlorin 26. As a possible explanation, the 

glucuronic moiety, being detached from the investigated chlorins, might be responsible for their 

association resulting in the fluorescence and SO generation inhibition. In our opinion, the 

observed quenching pattern can be exceptionally beneficial since the activation of conjugate 3 

should preferably take place in a β-glucuronidase-rich environment, i.e., in tumor tissues.  In 

addition, we carried out photobleaching experiments for both compounds during which the 

conjugate 3 demonstrated greater stability under irradiation (Figure S46).        

Finally, we quantitatively evaluated the enzymatic cleavage of 3 and 26 by means of HPLC 

(Figure 3d, Figure S44, Figure S45). After addition of β-glucuronidase, both molecules released 

a chlorin derivative with identical Rt and UV-Vis spectra, which was attributed to the formation 

of the chlorin 4, while the conjugate 3 also demonstrated liberation of the cabozantinib derivative 

5 in a time-dependent manner.  

3.3. Cellular uptake study 

Having investigated β-glucuronidase responsive properties for the synthesized conjugates, we 

set out to explore their ability to be accumulated by the living cells, namely, T-24 (Human 

urinary bladder carcinoma). Up-regulation of c-Met is involved in bladder cancer progression 

and reported in T-24 cells [63]. In this regard, PDT accompanied with the c-Met inhibition via 5, 

liberating during treatment, might be advantageous for the therapeutic outcome.  

At first, we demonstrated that PEG2000 and DMSO additives were non-toxic in a broad range 

of concentrations (Figure S48). Then, using flow cytometry with immunofluorescence staining, 

we proved that T-24 cells, indeed, express c-Met (Figure S47). In accumulation experiments 

https://doi.org/10.26434/chemrxiv-2023-fq4hv ORCID: https://orcid.org/0000-0001-6015-099X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-fq4hv
https://orcid.org/0000-0001-6015-099X
https://creativecommons.org/licenses/by-nc-nd/4.0/


fluorescence signal of the chlorins 3 and 26 was detected in the perinuclear region indicating 

successful uptake by T-24 cells (Figure 4a). As the fluorescence of 3 at maximum was ca. 4-5 

times stronger (Figure 4b), it can be concluded that the intracellular concentration of 3 is 

significantly higher than that of 26. The latter observation might be due to higher affinity of 3 

toward c-Met expressing T-24 cells as well as higher lipophilicity facilitating transportation of 3 

through a lipid bilayer. As cabozantinib reverses the ABCG2-mediated multidrug resistance [64] 

and chlorin-e6 photosensitizers are known ABCG2 substrates [65], we speculate that the 

increased cellular uptake of 3 is provoked by the cabozantinib moiety antagonizing its efflux.       

 

Figure 4. Cellular uptake study of 3 and 26 by T-24 cells. (a) Confocal images of the living 

cells after 24 h incubation in the serum-free growth medium containing 5 µM of a tested 

compound, the merged images in transmitted light and red fluorescence are shown, bar is 20 µm.  

(b) Results of the qualitative analysis of the cellular fluorescence signal. At least ten cells in two-

three fields of view were analyzed; means ± SD. 

The co-localization analysis with dyes, specific to particular cellular organelles, demonstrated 

that both compounds were mainly localized in lysosomes and other vesicles in living cells; much 

fewer amounts of the compounds were observed in ER and Golgi Apparatus (Figure 5). That 

allowed us to assume the active ATP-dependent endocytosis for 3 and 26, which was also 

proposed for the structurally similar conjugate 2 in our previous studies [32] (Figure 1). It should 

be noted, that lysosome targeting is an important paradigm to improve PDT efficiency [66,67], 

therefore the pronounced localization of the conjugate 3 in these vesicles might be highly 
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beneficial. The PDT-mediated disintegration of lysosomal membrane leads to the cytoplasmic 

release of metal ions and hydrolases triggering cell death including catepsin-, calpain-, and 

calcium-dependent pathways [68]. Besides, we expect efficient activation of the prodrug 3 in 

cells, since β-glucuronidase is a member of lysosomal enzymes family [40].   

 

Figure 5. Analysis of intracellular localization of 3 (a) and 26 (b) in T-24 cells. The cells were 

incubated with the compounds (5 μM) for 24 hours and then stained with the following dyes: 

LysoTracker Green for lysosomes; LysoTracker Green for mitochondria; ER-Tracker for ER and 

BODYPY FL C5-ceramide complexed to BSA for Golgi apparatus; CellMask™ Plasma 

Membrane Stains for the cell membrane. The merged fluorescent channels are presented; 

fluorescence signal profiles are shown along the lines indicated by the white arrow on the 

images. Scale bars: 10 µm. 

3.4. Photodynamic activity in monolayer cell culture 

Both dark toxicity and photodynamic activity of 3 and the reference compound 26 were 

compared against T24 cells in a monolayer culture. In dark experiments, the compounds 

exhibited toxic properties at concentrations above 10 μM (24 h incubation, Fig. 6, Table 2). 
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However, the measured IC50 index for the conjugate 3 was 77 μM indicating lesser 

antiproliferation activity. Under irradiation (20 J/cm2), the cells viability was pronouncedly 

reduced even when treated with 0.01 μM of 3, and IC50 light was calculated at about 0.2 μM. The 

photodynamic index of more than 380 demonstrated an excellent balance between photo-induced 

and dark cytotoxicity for 3. On a contrary, the photodynamic activity of 26 was one order of 

magnitude lower (IC50 light 3.3 μM), than that of 3, which was clearly due to its hindered cellular 

uptake. The latter assumption was supported by the observation that pre-incubation with 3 in the 

presence of β-glucuronidase resulted in significant reduction of its toxicity which became equal 

to that of 26.  

Table 2. In vitro light and dark cytotoxic activity of 3 and 26.  

 IC50 Dark, µM IC50 Light, µM IC50 Dark/ IC50 Light 

3 76.87 

[60.72-97.3] 

0.2 

[0.13-0.33] 

~384                                                 

3 +β-

glucuronidase 

36,55* 

[29.32-45.56] 

3,8 

[1.42-7.68] 

~10 

26 45.44* 

[35.98-57.38] 

3.3* 

[1.04-4.89] 

~14 

* – statistically significant difference from 3 (p<0.01, t-test) 

Table 3. In vitro cytotoxic activity of 5. 

 IC50 24h IC50 72h 

5 1.2 [0.97-1.6] 0.4* [0.24-0.7] 

* – statistically significant difference from IC50 24h (p<0.01, t-test) 
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Figure 6. Relative viability of T-24 cells treated with 3 (a), 26 (b), 3+β-glucuronidase (c) and 5 

(d) in dark or under light exposure. Cells were incubated with the compounds 3 and 26 for 24 h; 

with 5 for 24 or 72 h; β-glucuronidase was added simultaneously with 3, the medium was 

exchanged with full fresh growth medium, and the cells were irradiated in dose 20 J/cm2 (λ = 

655-675 nm, power 32 mW/cm2) or stayed in dark. After the additional incubation for 24 h, cell 

viability was measured by MTT-assay and expressed as the percentage to untreated cells. Means 

± SD are presented; the experimental data are fitted using four parameters model for the 

lognormal distribution.  

The cabozantinib derivative 5 alone showed time-dependent inhibition of T24 cells 

proliferation with IC50 of 1.2 μM and 0.4 μM after 24 and 72 hours of the incubation respectively 

(Table 3, Figure 6d). Obtained numbers were consistent with previously reported data on the 

inhibitory activity of cabozantinib [69]. While PDT belongs to cytotoxic treatment, the 

cabozantinib activity is based on a blockage of the mitogenic signaling and the cytostatic arrest 
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of cellular proliferation with long-term therapeutic effects. To determine the type of drug 

interaction for two active counterparts in the conjugate 3, the combination index (CI) [70] was 

calculated. The obtained CI value of 0.23 suggested a strong synergism between photodynamic 

and targeted modules highlighting potential benefits associated with the utilization of the 

developed conjugated platform.     

3.5. Anticancer efficiency in 3D in vitro model of tumor growth 

The response of cancer cells to treatment and their potential to develop drug resistance 

strongly depends on the particular microenvironment, which includes factors such as the 

presence of extracellular matrix and the spatial organization of the experimental “tumor” [71-

73]. However, the human urinary bladder carcinoma T-24 cell line demonstrates limited 

capability to form tumor nodes when introduced into immunocompromised mice [74,75]. This 

fact motivated us to establish a 3D matrix-based in vitro model to comprehensively assess the 

efficiency of the conjugate 3. To monitor cell culture growth under various treatment conditions, 

we employed a non-invasive fluorescence macro-imaging approach [76,54]. 

At first, we created a stable population of fluorescent urinary bladder carcinoma cells 

(designated as T-24-GFP-cyto cells) expressing the TagGFP2 protein. This cellular line was 

obtained by lipofection technique, followed by repeated cycles of optical sorting and culture 

expansion. The monoclonal cell line was established via single-cell sorting, specifically selecting 

the highly fluorescent clone that exhibited growth characteristics similar to those of the parental 

T-24 cell line. The TagGFP2 protein was evenly distributed within the cytoplasm and nuclei of 

the cells, thus providing a bright green fluorescence signal of T-24-GFP-cyto monoclonal cell 

line with narrow distribution across the cell population (Fig. 7a). The transfection stability was 

verified by the persistent TagGFP2 fluorescence observed over at least 20 passages and even 

during the cryopreservation of the cell culture. 

The resulting T-24-GFP-cyto cells were embedded in a collagen hydrogel, which allowed the 

cells to move freely in  a three-dimensional space and form cell conglomerates with a 
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corresponding communication network. The total amount of the fluorescent cells in a matrix 

volume was measured by daily fluorescence imaging of the gels without destruction or impairing 

their structure (Fig. 7b) [54]. 

The cells were allowed to grow continuously within the 3D matrix for a duration of 8 

days under observation (Fig. 7c). Upon the addition of the conjugate 3 to the medium, followed 

by the irradiation of the gels in 24 h, resulted in a pronounced dose-dependent inhibition of 

culture growth. As expected, the resistance of cells to treatment, when embedded in 3D matrix, 

significantly surpassed that observed in a monolayer culture. Even the 10×IC50 concentration, 

calculated for the monolayer, led to the death of only about a half of cell population in hydrogel 

(Fig. 7c, 7d). Additionally, 4 days after PDT treatment, the culture's growth was significantly 

recovered. Similar resistance of malignant cells to treatment with chemo-, photodynamic-, or 

targeted therapeutics in a tissue or tissue-like microenvironment has been observed in various 

studies [77-79], presenting a major challenge in the translation of candidate drugs to clinics. To 

prove the role of the cabozantinib moiety in anticancer effect of the conjugate 3, we compared 

the growth-inhibition activity of 3 and 26 (Fig. 7d).  One day after PDT, the effect of treatment 

with 10×IC50 of 26 was comparable to that of 10×IC50 of 3. Unlike conjugate 3, the chlorin 26 

had a short-term antitumor effect, and in two days (3 days after PDT) the quantity of cells 

rapidly increased and exceeded the pre-irradiation value.  
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Figure 7. Anticancer activity of 3 in 3D in vitro model of tumor growth. a) Confocal images of 

T-24-GFP-cyto and plot of cell distribution by fluorescence signal level in a monoclonal cell line 

(T-24, grey) and TagGFP2-expressing cytoplasmic protein (T-24-GFP-cyto, green); b) Scheme 

of the experiment; c) Dynamics of changes in the fluorescence signal from hydrogels treated 

with 3 at concentrations IC50(green) and 10 x IC50(pink). The incubation time of 3 is indicated by 

a color mark. Photodynamic irradiation at dose 20 J/cm2 was performed after 24 h incubation 

with 3 (marked by an arrow). d) Relative cell viability of T-24-GFP-cyto in 3D matrix on 1st day 
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and 3d day after PDT using the conjugate 3 or the reference chlorin 26. * - statistically significant 

difference from Control (Ordinary one-way ANOVA, Tukey's multiple comparisons test, p < 

0.05). # - statistically significant difference from 26 (Ordinary one-way ANOVA, Tukey's 

multiple comparisons test, p < 0.05). 

When comparing the results obtained for PDT alone (compound 26) and the combination of 

photodynamic and targeted treatments (compound 3), the most valuable effect of the suggested 

conjugation strategy is the substantial prolongation of the therapeutic effect. We attribute this 

phenomenon to the cytostatic behavior of cabozantinib, resulting in the death of cells-survivors 

after PDT. It is well established that sub-lethal PDT exposure can trigger cellular defense 

mechanisms and even promote cell growth [80, 81]. This undesired side effect can be mitigated 

by using pharmacological co-interventions. It is highly likely that the post-PDT continued effect 

of the cabozantinib derivative 5, liberated from the conjugate 3, prevented the cell proliferation 

and aggravate the cell stress. We hypothesize that a repeated treatment procedure and the 

adjustment of its regimen can drastically increase the lethality for the cancer cells and thus 

enhance the treatment efficiency.   

4. Discussion and conclusions 

Bladder cancer is known as a complex disease with high mortality and morbidity rates and 

refers to urothelial carcinoma of the proximal urethra and the upper urinary tract [82]. Depending 

on its stage, and localization, bladder cancers are categorized into non-muscle invasive bladder 

cancer (NMIBC) and muscle invasive bladder cancer (MIBC). Conventional techniques to treat 

NIMBC type of bladder cancer include a removal of the tumor with transurethral resection of 

bladder tumor (TURBT) followed by either intravesical Bacillus Calmette-Guerin (BCG) 

immunotherapy or chemotherapy. Even though these treatment protocols offer an immediate 

control over the tumor’s progression, the nonspecific toxicity and a frequent recurrence represent 

major challenges to the treatment of NMIBC.  
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The first clinically approved PDT dates back to 1993 and involves the utilization of 

Photofrin® for the treatment of bladder cancer. Since then, only a limited number of PSs, 

namely, ALA derivatives (aminolaevulinic acid), have successfully entered the clinic for the 

NIMBC [47]. Although PDT demonstrated encouraging therapeutic results, further development 

has been largely obstructed due to a broad panel of adverse effects, mainly non-selective 

accumulation of PSs in normal urothelium [46, 47]. Recently, PDT of NIMBC has regained its 

popularity owing to advancement in tumor-targeting vectors and delivery vehicles. To date, a 

number of strategies have been successfully applied to improve selectivity during the NIMBC 

treatment [47]. Among them, the prodrug-based combination therapy, nanoparticles equipped 

with tumor-specific moieties, glycoconjugates and ADC (antibody-drug conjugates) hold a great 

promise. 

In this study, we report the synthesis and the preliminary biological testing of multifunctional 

conjugate 3 addressing current challenges of PDT in the NIMBC treatment (Figure 8). To 

improve selectivity, we exploited the β-glucuronidase responsive linkage connected 

photosensitizing chlorin-e6 (PDT module) and the cabozantinib derivative (TKI module). Such 

connection can be cleaved in the presence of β-glucuronidase, whose concentration is usually 

elevated in tumors [39] and in the urine of patients suffering from NIMBC [83]. Secondly, the 

selected TKI, the cabozantinib derivative 5, served as a low-molecular weight ligand to tyrosine 

kinases, in particular, c-Met expressed in bladder cancers. The utilization of similar-type ligands, 

binding to corresponding tyrosine kinases, is a well-known paradigm in PDT to improve both 

selectivity [84] and enable combinational treatment [29]. Herein, we indeed observed that the 

cellular uptake of conjugate 3 was higher than that of reference chlorin-e6 26 lacking the 

cabozantinib unit. It was shown, that the primary cellular target of 3 are lysosomes, which is 

beneficial for PDT and can provide a media enriched with β-glucuronidase required for its 

successful activation. Interestingly, photophysical parameters of conjugate 3, namely 

fluorescence and SO quantum yield, were greatly reduced before the cleavage. 
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Figure 8. Summarized mode of action of multifunctional conjugate 3. 

Investigating the photodynamic activity of 3 in monolayer cell cultures and 3D in vitro tumor 

model, we also proved that conjugate 3 is a well-balanced photosensitizer with the unique ability 

to provide post-PDT therapeutic effects most likely due to the liberation of 5. Altogether, the 

conjugate 3 offers three codependent levels of selectivity arising from its β-glucuronidase-

mediated cleavage and the tyrosine kinase targeting. 

Since the findings, presented in this study, are preliminary, we intent to conduct in-depth 

investigation of the post-PDT effect and its relevant biological targets. It is crucial to 

demonstrate that conjugate 3 can overcome recurrence of NIMBC by maintaining the sustainable 

inhibition of tumor’s growth in dark. Apart from this, we also aim to further disclose the reasons 

behind improved accumulation of 3 in cells. It is essential to determine if the increased uptake is 

a result of cabozantinib's known inhibition of efflux pumps or its targeting of tyrosine kinases. 

Other important considerations are dwelling time and diffusion of 3, which should be suitable for 
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intravesical injection. To study this, we plan to use appropriate spheroid and organoid models. 

Lastly, we are interested in elaboration on diagnostic potential of conjugate 3, since its 

fluorescent response in principle can be indicative for the presence of β-glucuronidase-

expressing tumors. 

In conclusion, we developed the β-glucuronidase-responsive conjugate 3 based on the chlorin-

e6 photosensitizer and the cabozantinib derivative. While further elucidation is needed, the data 

obtained so far demonstrate that this conjugate offers a promising and comprehensive approach 

for the treatment of bladder cancers. 
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