
HAL Id: hal-04297763
https://hal.science/hal-04297763

Submitted on 21 Nov 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Three in One: In Vitro and In Vivo Evaluation of
Anticancer Activity of a Theranostic Agent that
Combines Magnetic Resonance Imaging, Optical

Bioimaging, and Photodynamic Therapy Capabilities
Sarah Boumati, Angélique Sour, Valérie Heitz, Johanne Seguin, Gautier Beitz,

Yusuke Kaga, Marta Jakubaszek, Johannes Karges, Gilles Gasser, Nathalie
Mignet, et al.

To cite this version:
Sarah Boumati, Angélique Sour, Valérie Heitz, Johanne Seguin, Gautier Beitz, et al.. Three in One: In
Vitro and In Vivo Evaluation of Anticancer Activity of a Theranostic Agent that Combines Magnetic
Resonance Imaging, Optical Bioimaging, and Photodynamic Therapy Capabilities. ACS Applied Bio
Materials, 2023, 6 (11), pp.4791-4804. �10.1021/acsabm.3c00565�. �hal-04297763�

https://hal.science/hal-04297763
https://hal.archives-ouvertes.fr


 1 

Three in One: Anti Cancer Activity in vitro and in 

vivo Evaluation of a Theranostic Agent that 

Combines Magnetic Resonance Imaging, Optical 

Bioimaging and Photodynamic Therapy Capabilities 

Sarah BOUMATI1, Angélique SOUR2, Valérie HEITZ2, Johanne SEGUIN4, Gautier BEITZ1, 

Yusuke KAGA1, Marta JAKUBASZEK3, Johannes KARGES3, Gilles GASSER3, Nathalie 

MIGNET4, Bich-thuy DOAN1* 

1. Université PSL Chimie ParisTech, CNRS, Institute of Chemistry for Life and Health 

Sciences (I-CLeHS), SEISAD, 75005 Paris, France 

2. Université of Strasbourg, Institut de Chimie de Strasbourg, CNRS, UMR 7177, 

Laboratoire LSAMM, 67070 Strasbourg, France 

3. Université PSL, Chimie ParisTech, CNRS, Institute of Chemistry for Life and Health 

Sciences (I-CLeHS), Laboratory for Inorganic Chemical Biology, 75005 Paris, France 

4. Université Paris Cité, CNRS, Inserm, Unité de Technologies Chimiques et Biologiques 

pour la Santé (UTCBS), 75006 Paris, France 

. 



 2 

KEYWORDS Bioimaging, Cancer, Gd-based Contrast Agent, Photodynamic Therapy, 

Photosensitizer, Theranostic Agent. 

 

 

 

 

 

 

 



 3 

ABSTRACT Cancer treatment is a crucial area of research and development as current 

chemotherapeutic treatments can have severe side effects or poor outcomes. In the constant seek 

of new strategies that are localized, minimally invasive, and produce minimal side effects, 

photodynamic therapy (PDT) is an exciting therapeutic modality that is gaining attention. The use 

of theranostics, which combines diagnostic and therapeutic capabilities, can further improve 

treatment monitoring through image guidance. This study explores the potential of a theranostic 

agent consisting of four Gd(III) DTTA complexes (DTTA: diethylenetriamine-N, N, N", N"- 

tetraacetate) grafted to a meso-tetraphenylporphyrin core for PDT, fluorescence and magnetic 

resonance imaging (MRI). The agent was first tested in vitro on both non-malignant TIB-75 and 

MRC-5 as well as tumoral CT26 and HT-29 cell lines and subsequently evaluated in vivo in a 

preclinical colorectal tumor model. Advanced MRI and optical imaging techniques were employed 

with engineered quantitative in vivo molecular imaging based on MRI dynamic acquisition 

sequences to track the agent's biodistribution in the body. With 3D quantitative volume computed 

by MRI and tumoral cells function assessed by bioluminescence imaging, we could demonstrate a 

significant impact of the molecular agent on tumor growth following light application. Further 

exhaustive histological analysis confirmed these promising results, making this theranostic agent 

a potential drug candidate for cancer. 
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1. INTRODUCTION 

Increasing research efforts are dedicated towards the development of novel anticancer drugs and 

strategies to overcome side effects with targeted or activatable therapies. In addition to techniques 

commonly used in hospital, such as surgery, chemotherapy, or radiotherapy, immunotherapy and 

photodynamic therapy (PDT) have emerged as efficient complementary or even alternative 

strategies. In particular, PDT is based on the local activation of a photosensitizer (PS) by irradiation 

to generate reactive oxygen species (ROS)1. 

Most currently approved photosensitizers (PSs) are based on tetrapyrrolic structures (i.e., 

porphyrin, chlorin, phthalocyanine) which present several advantages,2–5 such as good chemical 

stability, harmlessness in the absence of light, tunable absorption and emission, efficient ROS 

generation, as well as the possibility to use them as optical imaging agents due to their 

luminescence properties. Nevertheless, their usual drawbacks are poor aqueous solubility, 

aggregation, photobleaching, slow clearance from the body, hepatotoxicity and poor tumor cell 

selectivity2. Moreover, for in vivo applications, as the light tissue penetration depth is rather poor 

at the visible wavelengths, the application of these compounds to treat deep-seated or large tumors 

is limited.6,7 Therefore, to overcome these limitations, an active work is performed in the 

development of new classes of PSs with an absorption towards the biological spectral window 

(NIR 700-900 nm). In particular, the development of a fourth generation of photosensitizers has 

highlighted the therapeutic potential that a single multimodal platform carrying the functions of 

imaging and therapy on a same scaffold named theranostics8 could have in the detection and 

treatment of diseases. Such system eliminates the need to administer several agents individually, 

therefore allowing to follow the pharmacokinetics of the therapeutic agents together with their 

tracking probe. Moreover, although the porphyrin-based PSs can be detected by luminescence 
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imaging, there is a need to improve their design to detect them at any depth and optimize the 

monitoring of the PDT treatment with 3D imaging such as Magnetic Resonance Imaging (MRI). 

 

Combining the therapeutic and diagnostic capabilities into a single agent should facilitate the 

detection and treatment of disease and could lead to more specific and effective agents for the 

management of the disease. So far, theranostic research has mainly focused on cancer8. Most 

theranostics are based on nano-sized platforms, such as inorganic nanoparticles1,9, polymeric 

conjugates, liposomes and micelles6,10. However, water-soluble molecular agents also offer 

advantages as they allow easier scale-up and control of physicochemical properties. A few 

examples of DTPA (diethylenetriamine pentaacetate), DTTA (diethylenetriamine-N, N, N", N"- 

tetraacetate) or DO3A (Tetraazacyclododecane-triacetate) Gd complexes linked to porphyrins or 

derivatives and porphyrazines complexed with Gd showed higher longitudinal relaxivities, in vitro 

cells internalisation and efficient PDT in vitro and in vivo.11–15 Their photophysics in solution, in 

vitro evaluation and a qualitative in vivo biodistribution in a tumor rodent model11,13 showed the 

potentiality of this MRI theranostic family of Gd complex-porphyrin conjugates for PDT. Heitz 

and co-workers developed DPP-ZnP-(GdDOTA)2
16 and GdDOTA-ZnP-ZnP-GdDOTA17 

complexes consisting of π-extended Zn(II) porphyrin as photosentizers for PDT linked to two 

GdDOTA-type complexes for MRI detection. Both molecules showed high relaxivity (r1= 19.32 

mM−1s−1 and 14.33 mM−1 s−1, for DPP-ZnP-(GdDOTA)2 and GdDOTA-ZnP-ZnP-GdDOTA 

respectively, at 20 MHz and 298 K per Gd3+ ions concentration) compared to clinical contrast 

agents. In vitro Hela cells studies of internalisation and in vitro PDT at 660 nm evidenced the 

potentiality of these molecules as theranostic agent. The same group18 also described the design, 

synthesis and characterisation of a MRI/PDT molecular agent Porph(GdDTTA)4 consisting of a 
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meso-tetraphenylporphyrin endowed with four Gd(III)DTTA- complexes. This conjugate showed 

remarkably high longitudinal relaxivity in water (r1 = 43.7 mM-1.s-1 per Gd(III) center at 20 MHz 

and 8.8 mM-1.s-1 at 300 MHz at 25°C) for MRI monitoring, singlet oxygen photosensitizing 

properties in the deep red wavelengths and good phototoxicity on Hela cells. The remarkable 

relaxivity properties were related to (i) the choice of GdDTTA- complexes binding two inner-

sphere water molecules per Gd instead of one for DTPA, DO3A and DOTA-based complexes11–

13,16,17 and (ii) short and rigid linkers used to connect the Gd complexes to the porphyrin core.15 

Based on the promising results obtained in solution and culture cells,18 our specific objective in 

this work was to evaluate the potential of the conjugate as a theranostic agent in vivo. We aimed 

to show the PDT efficacy on a murine tumor model with MR and bioluminescence imaging to 

monitor tumor growth. 

 

2. EXPERIMENTAL SECTION 

 

2.1. Reagents 

All basic chemical reagents are from commercial sources and have been used without 

purification. Dulbecco's Modified Eagles Medium supplemented with F-12 Nutrient Mix (DMEM 

/ F-12), Fetal Bovine Serum (FBS), Antibiotic Penicillin-Streptomycin-Glutamine (Penstrep) were 

purchased from Gibco, Buffered Saline Solution Dulbecco's phosphate (PBS) were purchased 

from Fisher Scientific (Illkirch, France), resazurin from ACROS Organics (Noisy le Grand, 

France) and Protoporphyrin IX from Sigma Aldrich Merck (France). Murine colon carcinoma cell 

line CT26, hepatocytes cell line TIB-75, human lung fibroblasts MRC-5, colon carcinoma cell line 

HT-29 were purchased from the American Type Culture Collection (LGC Standards, Molsheim, 
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France.). Primary anti-mouse CD31 (PECAM1) monoclonal antibody and secondary goat anti-rat 

biotinylated rat antibody (BD Biosciences, le Pont de Claix, France), streptavidin-conjugated 

peroxidase and 3,3-diaminobenzidine substrate DAB (Sigma Aldrich Merck, France) were used. 

 

2.2 Spectroscopic measurements 

The absorption spectra of the samples were measured with a SpectraMax M2 spectrometer 

(Molecular Devices, San Jose, CA, USA). The emission spectra were measured after irradiation 

of the sample at 510 nm in fluorescence quartz cuvettes (width 1 cm) using a pumped optical 

parametric oscillator NT342B Nd-YAG (Ekspla, Vilnius, Lithuania). The emission was focused, 

collected and directed towards a monochromator (Acton SP-2300i, Princeton Instruments). The 

signal was detected using a PI-Max 4 CCD camera (Princeton Instruments, Trenton, NJ, USA).19 

 

2.3. Luminescence quantum yield measurements 

For the determination of the luminescence quantum yield, the samples were prepared in an 

aqueous solution with an absorbance of the photosensitizer of 0.1 at 510 nm. The solution was 

irradiated at 510 nm and the emission signal was detected with the same system as described in 

the previous section about the spectroscopic measurements. The luminescence quantum yields 

were determined by comparison with the reference [Ru(bipy)3]Cl2 in water (Φem=4.2 %)20 by 

applying the following formula: 

Φem,sample = Φem,reference × (Freference / Fsample) × (Isample / Ireference) × 

(nsample / nreference) 
2 

F = 1 - 10−A 
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Φem = luminescence quantum yield, F = fraction of light absorbed, I = measured fluorescence 

intensities, n = refractive index of solvents, A = absorbance of the sample at irradiation 

wavelength. 

 

2.4. Fluorescence lifetime measurements. 

For the determination of the excited state lifetimes, the samples were prepared in an air saturated 

aqueous solution with an absorbance of 0.1 at 510 nm. The solution was irradiated in fluorescence 

quartz cuvettes (width 1 cm) at 510 nm using the same system as described in the previous section 

about the spectroscopic measurements. Emission spectra were measured with an increasing 

temporal delay. For the data analysis, the emission signal was integrated and the resulting areas 

plotted against the used delay.21 

 

2.5 Singlet oxygen measurements - Direct evaluation 

The measurement is called direct because it is based on the luminescence of the singlet oxygen 

formed after excitation with an appropriate wavelength. The samples were prepared in air saturated 

water D20 with an absorbance of 0.2 at the irradiation wavelength (505 or 660 nm). This solution 

was irradiated at 505 or 660 nm. The singlet oxygen luminescence at 1270 nm was measured by 

recording spectra from 1100 to 1400 nm. For the data analysis, the singlet oxygen luminescence 

peaks at different irradiation intensities were integrated. The resulting areas were plotted against 

the percentage of the irradiation intensity and the slope of the linear regression calculated. The 

absorbance of the sample was corrected with an absorbance correction factor.6 As references22 for 

the measurement, rose bengal (Φrose bengal = 76 %) and methylene blue (Φmethylene blue = 52%) were 

used and the singlet oxygen quantum yields were calculated using the following formula: 
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Φsample = Φreference × (Ssample /Sreference) × (Ireference / Isample)  

I = I0 * (1 - 10-A) 

Φ = quantum efficiency of singlet oxygen, S = slope of the linear regression of the plot of the 

singlet oxygen luminescence peak areas as a function of the irradiation intensity, I = absorbance 

correction factor, I0 = light intensity of the irradiation source, and A = absorbance of the sample at 

the irradiation wavelength. 

 

2.6 Singlet oxygen measurements - Indirect evaluation 

This method is based on monitoring of the absorption quench kinetics of a singlet oxygen 

scavenger. In the presence of the photosensitizer and under light irradiation, the generated singlet 

oxygen will oxidize the reporter molecule and significantly change its absorption properties. The 

samples were prepared in PBS and CH3CN containing the compound with an absorbance of 0.1 at 

the irradiation wavelength (510 or 660 nm), the scavenger N,N-dimethyl-4-nitrosoaniline (RNO, 

24 µM) and histidine (12 mM). Samples were irradiated on 96-well plates with a LUMOS BIO 

irradiator (Atlas Photonics, Fribourg, Switzerland) every minute for 10 min. The absorbance of 

the samples was measured during these time intervals with a SpectraMax M2 microplate reader 

(Molecular Devices, San Jose, CA, USA). The difference in absorbance (A0-A) at 510 nm was 

calculated and plotted against the irradiation times. From the graph, the slope of the corresponding 

plot was calculated. The absorption of the sample was corrected with an absorption correction 

factor. Singlet oxygen quantum yields were calculated using the same formulas used for direct 

evaluation.19 

2.7 Cell culture 



 10 

Murine colon adenocarcinoma (CT26), human colon adenocarcinoma (HT-29), and murine 

hepatocyte (TIB-75) cells were cultured using DMEM media. Human embryonic fibroblast cells 

(MRC-5) were cultured using DMEM / F-12 medium with the addition of 10 % FBS and 1 % 

Penstrep. These cells come from the American Type Culture Collection (ATCC). They were grown 

and maintained in a cell culture incubator at 37 ° C with an atmosphere of 5 % CO2. Before any 

experiment, the cells were subcultured three times. 

2.8 Cell internalization study 

A total of 1 x 106 cells (4 types: CT26, TIB-75, MRC-5 and HT-29) were inoculated into 24-

well kneaders containing round coverslips (refraction index 0.5) and allowed to adhere overnight 

in the oven (5 % CO2, 37°C). The cells were incubated with the sample (PpIX and 

Porph(GdDTTA)4, 1 µM) for 4 hours in the incubator. After this time, the cells were washed three 

times with PBS and then fixed with 4 % PFA for 10 minutes at room temperature. After washing 

with PBS the coverslips were mounted with mounting medium containing 90 % glycerol and 

Hoechst 1/5000 in PBS to stain the cells nuclei. 

Confocal images were taken with an LSM 880 confocal laser scanning microscope (Carl Zeiss, 

Cellular Imaging Platform of the Faculty of Pharmacy, Paris). The samples were detected using 

their one-photon luminescence properties (λex = 358-405 nm, λem = 461-650 nm) for the Hoechst 

and Porph(GdDTTA)4 staining respectively. 

 

2.9 Cytotoxicity 

The cells are cultured to assess the cytotoxicity and phototoxicity of the compounds, here our 

photosensitizer Porph(GdDTTA)4 and a reference one which is protoporphyrin IX (PpIX), by 
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measuring cell viability with the resazurin fluorometric assay. Cultured cells were seeded in 

triplicate in 96-well plates with a density of 4000 cells per well in 100 μL of medium. 

After 24 h of cell seeding, the culture medium was removed and the cells were treated with 

increasing concentrations of the test compound diluted in the cell medium to a total volume of 200 

μL. The cells were incubated with increasing concentrations of the test compound for 24 h (range 

1 to 300 µM). After this time, the medium was replaced with fresh medium containing resazurin 

at a final concentration of 0.2 mg / ml. After 4 h of incubation, the amount of reduced resazurin in 

resorufin by the metabolically active cells was determined by excitation at 540 nm and 

measurement of its emission at 590 nm using a SpectraMax M2 microplate reader (Molecular 

Devices, San Jose, CA, USA). The obtained data were analyzed to calculate the IC50, with the 

GraphPad Prism software (Boston, MA, USA). 

 

2.10 Phototoxicity 

The phototoxicity was measured with the same set up for cells irradiation in the indirect singlet 

oxygen method measurements (section 6). 

a) Determination of the maximum irradiation duration, which corresponds, to the dose of non-

cytotoxic light for the cells (without product) 

The 4 types of cells are maintained in culture for 24 h in 96-well plates (7 plates / cells, 4000 

cells / well). For each type of cells, a plate is maintained for 1 hour at 37 ° C then returned back to 

the incubator, a plate left in the incubator (37 ° C, 0.5 % CO2) and 5 other plates are irradiated for 

several times of 20, 30, 40, 50, and 60 min at a wavelength of 645 nm for each product used in the 

phototoxicity study (here Porph(GdDTTA)4 and PpIX). Cell viability was determined by the 

resazurin test (0.2 mg/ml) after 48 incubation (37° C, 0.5% CO2). 
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b) Determination of the IC50 in the presence of Porph(GdDTTA)4 with and without irradiation 

for the calculation of the phototoxicity index (PI) which reflects the phototoxic potential of 

Porph(GdDTTA)4. 

The cells are kept in culture for 24 hours until monolayers form. For each chemical product 

tested, 6 96-well plates are then preincubated for 4 hours with 9 distinct concentrations of the 

photosensitizer (from 0 to 300 μM). Then, after changing the medium, three of the six plates were 

exposed to a dose of light determined in the first step (SI 5 figures SI 5 A and B, 20 min, using a 

light dose of 10 J.cm-2, 8mW.cm-2 power) and to a wavelength corresponding to the products tested 

(Porph(GdDTTA)4 and PpIX: 645 nm) using the LUMOS BIO led irradiator while the other three 

plates were kept in the dark. After 48 hours of incubation, the medium was replaced by a fresh 

culture medium containing resazurin with a final concentration of 0.2 mg/ml, and after a new 

incubation period of 4 hours, the amount of resorufin fluorescence was determined with excitation 

at 540 nm and measurement of its emission at 590 nm using the microplate reader. The data 

obtained was analyzed to calculate the IC50 with GraphPad Prism software. 

 

2.11 In vitro relaxivity studies 

Samples of Porph(GdDTTA)4 were diluted in injection saline (0.154 M NaCl) to various 

concentrations of Gd (0, 0.05, 0.1, 0.5 and 1 mM). 

In vitro relaxivity experiments were performed by recording T1 and T2 maps with a vertical 7T 

micro MRI imaging spectrometer equipped with an ultra-shielded refrigerated magnet (300WB, 

Bruker, Avance II, Wissembourg, France), a RF quadrature bird cage coil with an internal diameter 

of 40 mm (Bruker) and an active shielded gradient channel of 200 mT.m-1. The Paravision 5.1 

software enables acquisitions with the following parameters: for T1 mapping: RARE images; TE 
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= 13 ms; TR = 15s, 8s, 3s, 1.2s, 0.8s, 0.594s, 0.3s, 0.144s, 0.05s, 0.033s, RARE factor 2; for T2 

mapping: multi-echo MSME images: Hermitian pulse, TR / TE = 15 s / 11 ms, 32 echoes. Fields 

of view of 3 × 3 cm2, a matrix size of 128 × 64 and a slice with a thickness of 1.5 mm were used 

for both mappings. 

The relaxation times T1 and T2 of each sample were calculated by fitting the intensity of the S-

weighted signal T1 and T2 with the relation (for T1: y = A + B × (1-exp (-1 / T1)); for T2: y = A+B 

× exp(-1/T2). 

The molar relaxivities r1 and r2 expressed in mM-1.s-1 were obtained using the following 

equation: 1 / Ti = ri [Gd] + 1 / Ti, 0 with i: 1 or 2. 

 

2.12 Mouse colon tumor model 

A mouse bearing a subcutaneous CT26-Luc tumor23 for monitoring by bioluminescence imaging 

of tumor growth, was sacrificed 14 days after implantation. The tumor was removed and immersed 

in DMEM culture medium and cut into 3 mm3 fragments. 

8-week-old female Balb-C/JRJ mice with a mean weight of 20 g (Janvier, Saint Genest de l'Isle, 

France) were implanted with a CT26 tumor fragment subcutaneously in both flanks. 

The CT26 cell line (ATCC; LGC standards, Molsheim, France) originated from a chemically 

induced undifferentiated colon carcinoma. After implantation, tumor growth and weight of the 

mice were monitored daily using a caliper and scale. All work on animals was carried out in 

accordance with the institutional guidelines of the animal protocol in place at the University of 

Paris, referral CEEA34 apafis 18.037 and approved by the Ethics Committee No. 34 of the 

University. 
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2.13 In vivo biodistribution studies by MRI 

In vivo biodistribution studies were carried out by MRI to assess uptake, persistence and 

elimination of the product by the tumor, kidneys, muscle, spleen and liver according to the protocol 

developed in our facility.24,23 

Briefly, 8-week-old female BALB / c JRJ tumor bearing mice (Elevage Janvier, France) were 

anesthetized by inhalation of isoflurane, with respiration and temperature monitoring.23 100 μL of 

the product Porph(GdDTTA)4 in a 0.9 % saline NaCl solution with an optimized concentration of 

10 mM in Gd (50 mol/kg) were injected intravenously via the tail vein through a 30 G catheter, 

with n = 6 mice for reproducibility. 

The images were acquired on the 7 Tesla (300 MHz) microimaging spectrometer (Bruker, 

Wissembourg France) with image acquisition and processing protocol developed using Paravision 

5.1 software previously.24 

After positioning the anatomical sections recorded in the axial directions to locate the different 

organs of the mice (T1-weighted FLASH, 23 slices at 1mm, TE / TR 3.5 s/ 500 ms, NA: 4, NR: 1, 

scan time: 4 - 6 min, flip angle: 80 °, matrix 256 x256, FOV: 3 cm x 3 cm, in plane pixel resolution 

= 117 µm x 117 µm), 5 sections of 2mm thickness positioned to include the liver, spleen, kidneys, 

tumors are selected and DCE Dynamic Contrast Enhanced T1-weighted images with Intragate 

Flash sequences to overcome motion artefacts and DCE T1-weighted multi-slice sequence images 

were recorded. 

T1-weighted DCE images were recorded during 40 min including pre and post injection 

performed 3 min after running a 40 min DCE protocole, and punctual measurements were recorded 

at 1 h, 3 h, 6 h and 24 h post injection. 
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The scanning time was of the order of 3 minutes 14 s per image which was sequentially recorded 

before and after the injection of the agent, Total Scan time: 40min). The acquisition parameters 

are: (IG FLASH, 5 slices of 2 mm, TR / TE: 100/4 ms, FOV: 3x3 cm, matrix 128x128,, flip angle: 

80 °, Time frame: 13, NR: 190, Pixel resolution: 236 µm / pixel dynamic tracking is measured 

from a first acquisition period of 40 min (13 images), then at 3 h, 6 h, 24 h and 48 h after injection 

with an IG FLASH acquisition: (IG FLASH, 5 slices of 2 mm, TR / TE: 100/4 ms, FOV: 3x3 cm, 

matrix 128x128, flip angle: 80 °, Time frame 3. 

T1 maps were recorded at 1h, 3h, 6h and 24h to quantify the Gd content in vivo (RAREVTR 

sequence: Hermitian pulse, flip angle of 90°, TE=11/22/33/44/55/66/88 ms, 

TR=5/2/1.2/0.8/0.6/0.5/0.25/0.19 s. A field of view of 3 cm×3 cm, a matrix size of 256×128 

corresponding to 117 μm×234 μm).  

 

2.14. Protocol for the evaluation of PDT treatment in vivo 

Balb-C / JRJ mice (female, Elevage Janvier, France) bearing bilateral CT26-Luc tumors on the 

flank were randomly separated into four groups to provide five mice for each group (n = 5, Table 

1). 

Group 1: Naive mice; 

Group 2: Irradiation : mice not injected with PS and irradiated mono-laterally with a laser at a 

wavelength of 645 nm (15 min, nominal 20 mW, 100 mW.cm-2, 191 J.cm-2) 1 hour after injection; 

Group 3: PS : mice intravenously injected with PS (50 mol (Gd).kg-1 body weight, 100 μL) and 

not irradiated; 
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Group 4: PS_PDT : mice injected with PS (50 mol (Gd).kg-1 body weight, 100 μL) by the 

intravenous route and irradiated in mono lateral at a wavelength of 660 nm (15 min, nominal 20 

mW, 100 mW.cm-2, 191 J.cm-2) 1 hour after injection. 

Table 1 : Groups of mice for the in vivo evaluation of PDT 

  Name PS Irradiation 

Group 1 Naive - - 

Group 2 Irradiation - + 

Group 3 PS + - 

Group 4 PS_PDT + + 

 

 

Figure 1 : Timeline scheme of the in vivo PDT treatment evaluation. 

 

As depicted in Figure 1, ten days after implantation of the tumor, the photosensitizer was injected 

intravenously with a catheter (30 G) placed in the tail vein of mice in groups 3 and 4. The mice 

were anesthetized with 1.5% isoflurane gas in an air / O2 mixture at 0.5 L/min and 0.2 L/min 

respectively. 
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After being anesthetized, the right tumors of mice in groups 2 and 4 were exposed to mono-

photon light from a laser fixed in a three-axis holder (coupled fiber diode laser, Qphotonics). Prior 

to irradiation, the tumor site was disinfected with ethanol. A black mask was placed around the 

mouse tumor to expose only the tumor to irradiation. 

Tumor volume and body weight were measured and recorded daily. The tumor volume was 

calculated using the following formula: Volume = (Length × Width2) / 2. 

 

2.15 Evaluating the effectiveness of treatment by optical imaging 

Luciferin (D-luciferin, Fluoprobes salt K +, Interchim) in the form of potassium salt, diluted in 

PBS 20 mg/ml was injected ip at 2 mg (100 μl from a 20 mg/ml PBS solution) per mouse, in large 

excess relative to the quantity of luciferase. Optical imaging was performed with a cooled 

Intensified Charge Coupled Device (CCD) camera (Biospace, PhotonImager Optima Paris, 

France). The acquisition of luminescence was initiated 20 min after injection of the substrate with 

a duration of 10 min. The level of luminescence expressed in ph/s/sr/cm2 was evaluated by a region 

of Interest (ROI) applied to the tumor zone (M3 Vision, Biospace software, Paris, France) and the 

kinetics ratio signal/ D0. The four groups of mice underwent the same protocol before treatment 

(pre-treatment) and 24 hh, 48 h, 72 h post-treatment. 

 

2.16 Evaluating the effectiveness of PDT treatment by MRI 

2.16.1. MRI acquisitions 

The images were acquired with a 7 Tesla (300 MHz) microimaging spectrometer (Bruker, 

Wissembourg, France) as described previously. Mice were anesthetized with 1.5 % isoflurane gas 
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in air/O2 75/25 % at 0.2 L/min. The respiratory rate was monitored throughout the procedure as 

well as the temperature. 

To monitor tumor volume and the appearance of necrosis and / or inflammation due to PDT 

treatment, T2 * and T2 weighted MRI images were acquired before treatment, then 24, 48 and 72 

h post-treatment. 

The T2 * images are recorded with a FLASH sequence: Hermitian pulse of 2 ms, TR / TE = 

350/5 ms, tilt flip angle of 40 °, synchronized with the respiration. A field of view of 3 cm x 3 cm, 

a matrix size of 256 x 256 corresponding to 117 μm x 117 μm in plane resolution and 19 to 25 

slices with a thickness of 1 mm were used, for an acquisition time about 7 min. 

T2-weighted images are recorded with the RARE sequence: (TR / TE = 2500/22 ms, 21 slices 

at 1 mm, RARE factor = 4, scan time: 10 min, Matrix: 256x256, FOV: 3 cm x 3 cm, same slice 

and in plane resolution as T2*, FLASH images: Hermitian pulse, TR/TE=350/5 ms, flip angle of 

40°, triggered on respiration. A field of view of 3 cm ×3 cm, a matrix size of 256×256 

corresponding to 117 μm×117 μm). 

2.16.2 MRI data analysis 

Tumor volume was measured from T2-weighted images: each slice was opened in ImageJ 

software (National Institutes of Health, Bethesda) using the BrukerOpener plugin and region of 

interest (ROI) from the tumor was delimited manually to provide in each slice an area expressed 

in mm2. Knowing that the thickness of the slice was 1 mm, the tumor volume was obtained by 

adding the volume calculated for each slice to provide a final volume in mm3. The normalized 

tumor volume was then calculated at each time point by dividing the tumor volume by that of the 

tumor at D0. 
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To assess the effectiveness of the treatment and compare the different groups of mice, the 

percentage under percentile 25 and percentile above 75, respectively %p25 and %Ap75 post-

treatment methodology was used23. Briefly, the pixel intensity distribution of each tumor was 

obtained from of T2-weighted images, the percentage of pixels under the value I0.25 = 0.25 x 

(Intensitymax -Intensitymin) and the percentage of pixels above the value I0.75 = 0.75 x 

(Intensitymax -Intensitymin) have was calculated and written %p25, %Ap75 using the Matlab 

software (cf. SI 9). 

The Mann-Whitney non-parametric test was used to compare two by two groups, the values p 

are obtained. 

To measure the Gd concentration in tumors by MRI, during the biodistribution studies, T1 maps 

were computed and plotted in function of time. And the derived concentration C were evaluated 

from the formula : 1/Ti = ri x C + 1/Ti°   i=1,2. 

Tumor volume and body weight were measured and recorded daily. Tumor volume was 

calculated by the following standard formula: Volume = (Length × Width2) / 2 

 

2.17 Evaluation of treatment efficacy by histology 

Following the applied PDT treatment, the 20 mice from a first pool were sacrificed 24 h after 

the treatment, the tumor was removed and quickly frozen in isopentane cooled with liquid nitrogen. 

In order to evaluate the ex vivo perfusion of the tumors, mice were injected iv with 100𝜇L of 

Hoechst 33342 solution (10 mg / kg dissolved in physiological saline, molecular probes, Eugene, 

OR, USA) 1 min before sacrifice. Hoechst 33342 is a nucleic acid marker that fluoresces blue 

when bound to dsDNA and is used as marker of in vivo functional tumour vasculature.12 
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Ten m sections of frozen tissue were obtained in the central axial plane of the tumor, placed on 

histological slides (Polysine®, CML, Nemours, France) and stored frozen at -80 °C. before 

staining. All stainings were performed at the same time and microscope image scanning was 

performed under identical lighting conditions to ensure that the analyzes of the different slides 

were comparable. 

2.17.1 Microvascular Density (MVD) 

The quantification of vascularization was performed using anti-CD31 (PECAM1) labeling 

consisting of a three-step procedure as described above25. Briefly, tissue sections were first 

incubated with the primary monoclonal anti-mouse CD31 (PECAM1) monoclonal antibody (BD 

Biosciences, le Pont de Claix, France; 15.6 𝜇g/mL) for 2 h at 37°C. The slices were then incubated 

for 30 minutes with the secondary goat anti-rat biotinylated rat secondary antibody (0.5 mg/mL) 

and finally with streptavidin-conjugated peroxidase (Sigma, 1/400 dilution). Staining was 

performed with a 3,3-diaminobenzidine substrate (DAB, Sigma) to obtain a brown precipitate. 

Tissues were counter-stained with Gill hematoxylin to visualize the cell nuclei. 

The quantification of the number of vessels per square millimeter (mm2) was performed on 10 

images extracted from the virtual section at x20 magnification recorded on a Olympus microscope 

and calculated with a home-made specific macro under the ImageJ26 software as described above.27 

2.17.2  Cellularity 

The quantification of the number of cells was analyzed on the same images using a specific 

home made macro developed under the ImageJ software, i.e. the contrast was improved (saturation 

= 50), the background was subtracted (roll = 100 lights), the image was transformed into 8 bits. 

Then the brightness was adjusted from 69 to 255 and the image was binarized. Finally, a watershed 
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filter was applied to separate nuclei and particles with a size from 20 to 1000 and a circularity from 

0 to 15. 

2.17.3 Necrosis 

A hematoxylin eosin counterstain was performed for the evaluation of necrosis10. Slides were 

washed with distilled water and fixed for 20 minutes with 4% paraformaldehyde in phosphate 

buffer. The slides were then cleaned under running water for 5 minutes and stained in hematoxylin 

solution for 1 minute. Differentiation was performed in saturated lithium solution for 5 min. The 

slides were then stained with eosin for 30 s. Finally, the slides were dehydrated in alcohol and 

mounted with Eukitt's fast hardening mounting medium, (Sigma-Aldrich, St. Louis, MO, USA). 

Necrosis analysis was performed by quantifying the percentage of necrosis in the local areas 

(center and edges). To obtain a necrosis value at the edge and center of the tumor, a quantification 

of the number of areas of pink staining per square millimeter (mm2) was performed in five different 

selected points on the same slide per animal. 

2.17.4 Immune response 

Against many pathogens such as viruses or tumor cells, an innate immune response is the first 

line of defense. A battery of enzymatic biomarkers, antibodies or defense cells are involved in this 

immune response. Among them, T lymphocytes play an important role and express the membrane 

marker CD3. Therefore, the detection of this CD3+ T cell marker (IGR Facility, Villejuif, France) 

was sought in the studied tumors to verify if the immune response was further activated with our 

theranostic PS. The quantification of CD3 cell density was performed on 10 images recorded on a 

Zeiss photonic microscope, located in the center (n=5) and in the periphery (n=5) of the tumor 

with a x20 magnification after a calculation performed with a specific homemade macro under the 

ImageJ software. 
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2.17.5 Statistical analyses 

The histological result was expressed as mean ± SEM, a unidirectional analysis of variance and 

the Bonferroni multiple comparison test was applied to determine the significance of the result, P-

value Summary: <0.001 Extremely significant ***; 0.001 to 0.01 Very significant **; 0.01 to 0.05 

Significant *;> 0.05 Not significant. 

 

3. RESULTS AND DISCUSSION 

The synthesis of the theranostic agent Porph(GdDTTA)4 (see Fig 2) that consists of a free base 

meso-tetraarylporphyrin connected to four Gd(III)DTTA complexes (DTTA: diethylenetriamine-

N, N, N", N"- tetraacetate) was previously reported,18 DTTA being a heptadentate ligand, two 

water molecules complete the coordination sphere of the Gd(III) ion of each complex. 

 

Figure 2: Chemical structure of the theranostic agent Porph(GdDTTA)4. 
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3.1 Photophysical properties 

In previous studies, the water-soluble compound was shown to have the lowest Q absorption 

band at 634 nm in water adjusted at pH 7. It is capable of generating singlet oxygen with a quantum 

efficiency of 0.45 in water H2O at pH 7 and upon irradiation at 516 nm.18 We evaluated the 

photophysical properties of this compound with our following experimental conditions. In aqueous 

D2O solution, the complex was found to have a luminescence quantum yield of 0.072 and a 

fluorescence lifetime of 11 ns. The ability to catalytically generate singlet oxygen from molecular 

oxygen was tested using a direct and indirect method at the irradiation wavelengths 505/510 and 

660/670 nm in an air-saturated D2O solution, with absorbance of 0.2. Singlet oxygen quantum 

yields of 0.42/0.39 were obtained at 505/510 nm respectively in a D2O solution with the 

corresponding methods, which is comparable to the previously reported value (equal to 0.45).12 

Upon irradiation at 660/670 nm, singlet oxygen quantum yields of 0.24/0.28 in a D2O solution 

were measured. This again indicates that the compound has an effective photosensitization 

potential in aqueous solution.  

 

The absorption spectra as a function of time from 1 to 10 min irradiation at 510 nm 

corresponding to in vivo irradiation durations are stable, suggesting a molecular stability of the 

theranostic compound upon irradiation generating singlet oxygen (see SI2 Fig SI 2), an important 

characteristic feature for its application in vivo as a photosensitizer for PDT. 

 

3.2 Cellular Internalization 

In a preliminary study, we found that Porph(GdDTTA)4 internalised in Hela cells.18 In this 

present study, we wanted to evaluate its internalization in cancer cells and non-cancerous cell lines. 

For this purpose, the internalization of the compound was tested in human colon adenocarcinoma 
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cancer HT-29, murine colon adenocarcinoma CT26 cell lines and non-cancerous human MRC-5 

and murine TIB-75 cell lines. 

The theranostic agent Porph(GdDTTA)4 seems to accumulate inside the cell after 4 hours 

(intracellular cytoplasmic compartment) with a higher internalization in HT-29 and CT26 

malignant cells compared to healthy MRC-5 and TIB-75 cells, where a very weak or even no 

fluorescent signal is observed by confocal microscopy (Figure 3). Contrarily to our theranostic 

agent, the commercial photosensitizer PpIX seems to accumulate efficiently in both tumor and 

healthy cells, resulting in an apparent specificity of Porph(GdDTTA)4 towards tumor cells, after 4 

hours of incubation with the cells. Porphyrins derivatives are known to accumulate selectively in 

cancer cells28,29. This selectivity could be explained by the fact that Porph(GdDTTA)4. is an 

amphiphilic molecule. It has hydrophilic groups, allowing high solubility, and hydrophobic core, 

which would facilitate the passage through the membranes. PpIX protoporphyrin is very 

hydrophobic, which would probably explain its strong affinity with the membranes30 of the both 

normal and tumor cells studied in this work and its similar internalization in healthy and tumor 

cells. 

Each PS has its own cellular internalization, localization is governed by its physicochemical 

characteristics, protein binding capacity, aggregation state, extra and intracellular concentration 

and incubation time.31 It has been shown that the mechanisms of uptake may be complex, such as 

simple diffusion across the lipid bilayer, endocytosis after the hydrophobic association of PS with 

transportation blood plasma proteins such as LDL32 and HSA biomolecules.28 
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Figure 3: Confocal microscopy images of photosensitizer Porph(GdDTTA)4, PpIX and the 

control in the absence of PS, in four cell lines. Blue color is the Hoechst nuclei staining, and red 

color is the porphyrins fluorescence. Red arrows show the fluorescence of the PS after 4 hours 

incubation at 1 µM. 

The dark cytotoxicity of the PS was investigated and evaluated in the same four cell types, 

namely CT26, HT-29, TIB-75 and MRC-5, after 24 hours of incubation (Table 2, Figure SI 3). A 

low cytotoxicity of Porph(GdDTTA)4 was evaluated for concentrations below 23 μM with cell 

viability greater than 90 % (SI 3 Figure SI 3). The concentration of PS necessary to kill 50% of 
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the cells (IC50 values) was determined to be approximately 23 μM for CT26, 84 μM for TIB-75, 

334 μM for HT-29 and 98 μM for MRC-5. The values for the dark toxicity of Porph(GdDTTA)4 

are close to the range reported for the related free-base porphyrins (~20-85 μM),33 the IC50 value 

for the gadolinium complexes used for MRI is in the range of mM.34 This allows to conclude that 

the photosensitizer Porph(GdDTTA)4 combining the porphyrins and the Gd complex is mildly 

toxic in the dark and that the PDT studies could be performed safely with concentrations at 10 % 

of the dark cytotoxicity around 1 μM in vitro. 

It is interesting to emphasize that the strongest cytotoxicity is observed on the murine tumor 

CT26 cell line compared to the non-cancerous cell lines TIB-75 or MRC-5. Concerning the human 

cells line, the cytotoxicity is more important on the control cell line MRC-5 (IC50 value of 98 μM) 

compared with the malignant cell line HT-29 (IC50  value of 334 μM, see table 1 and SI 3, 

cytotoxicities IC50 curves). 

 

Table 2: IC50 cytotoxicity assays results of Porph(GdDTTA)4 and PpIX. 

IC50 (µM) 

Incubation time 24h 

Murine cell lines  Human cell lines  

Malignant 

CT26 

Reference  

TIB-75 

Malignant 

HT-29 

Healthy 

MRC-5 

Porph(GdDTTA)4 23 ± 3 84 ± 15 334 ± 100 98 ± 17 

PpIX 24 ± 3 44.5 ± 0.3 >300 >300 

 

The lower IC50 value for CT26 tumor cells is consistent with the apparent stronger selective 

internalization in these tumor cells, compared to reference TIB-75 or MRC-5 cells. The IC50 values 
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for the dark toxicity of the theranostic agent are close to the values found for PpIX, which are 

superior to 300 µM for HT-29 and MRC-5, and 24 µM for CT26 and 44.5 µM for TIB-75. 

 

3.3 Phototoxicity 

The phototoxicity of Porph(GdDTTA)4 was evaluated on 4 types of cell lines (CT26, HT-29, 

TIB-75 and MRC-5) incubated for 4 h with a concentration ranging from 0-300 μM and irradiated 

at 645 nm (10 J.cm-2) for 20 min after washing. The maximum irradiation time of the cells was 

determined after having irradiated them without PS incubation, at different exposure times to light 

(cf. Figure SI 4). In order to determine the phototoxicity index (PI), control plates of the different 

cells were just incubated for 4 hours with the product. Cell viability was determined 48 hours after 

irradiation (cf figure SI 5). The results are shown in Table 3. The phototoxicity index of 

Porph(GdDTTA)4 is from 202 and 20 respectively for CT26 and reference TIB-75 cells, and 10 

for HT-29 and with IC50 superior to 30 for reference MRC-5 cells. (Table 2). The PI of 

Porph(GdDTTA)4 on murine tumor cells CT26 is ten times higher compared to the healthy 

reference TIB-75 cells. Likewise, the PI on human tumor HT-29 cells is more than thirty times 

higher compared to healthy MRC-5 cells. 

 

Table 3 : Porph(GdDTTA)4 phototoxicity assay IC50 and PI. 

IC50 (µM) 

Incubation time 4 h 

Murine cell lines Human cell lines 

CT26 TIB-75 HT-29 MRC-5 

Dark 142 ± 12 241 ± 98 > 300 > 300 

Light  

at exc = 645nm  

0.7 ± 0.1 12.0 ± 0.6 30.0 ± 0.2 > 300 
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PI 202 20 10 undefined 

 

These results are consistent with those obtained in cell internalization studies, where an apparent 

increased accumulation in tumoral cells is observed. Strikingly, the lead compound of this study 

was found to be non-toxic in the dark at even higher concentrations (IC50, dark > 300 µΜ for 

human cells and > 100 µΜ for murine cells) compared to the commercially available PpIX (IC50, 

dark < 100 µM cf. SI 4), while being highly phototoxic in the low micromolar range (IC50, 645 nm 

= 0.7 ± 0.1 μM for CT26, IC50, 645 nm = 30 ± 0.17 for HT-29) with exceptionally high PI values 

(PI @645 nm > 200 for CT26, PI @645 nm > 10 for HT-29) more specifically to tumor cells. 

It is important to note that under identical experimental conditions, treatment with PpIX showed 

a strong phototoxic effect for both malignant and non-malignant cell lines (IC50 = 0.4-0.7 µM for 

tumour cells and IC50 = 7-10 µM for healthy cells) (SI 6 Table). This result is consistent with the 

extensive and non-selective internalization of commercial porphyrin in both healthy and tumour 

cells observed in the cell internalization study by confocal microscopy (Figure 3). The minimal 

uptake of Porph(GdDTTA)4 for MRC-5 human reference normal cell line indeed compared to 

tumoral cell lines, contrarily to PpIX molecule could be rationalized by the higher hydrophobicity, 

asymmetry and hydrophobic membrane permeation of PpIX. Indeed, Nishida et al. (2021)29, 

evaluated the intracellular distribution of porphyrin, and show that porphyrin was internalized by 

endocytosis and direct membrane permeation through the phospholipid bilayer. Similarly to 

Josefsen et al. (2012)28, they evidence that it forms very strong hydrophobic π–π stacking 

interactions with blood proteins in particular albumin, and the porphyrin–protein complexes are 

selectively taken up by cancer cells, by endocytosis of albumin, the primary pathway for tumor 

accumulation of porphyrins. Additionally, Mihai et al. (2023)29 evidenced that asymmetric 

structure of porphyrin with less bulky substituent was found to favor the internalization by 
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endocytosis and direct permeation, such as for PpIX. The charges of the porphyrins seem therefore 

to impact less the cells uptake. 

This result shows that the Porph(GdDTTA)4 is more selective to murine tumor cells and able to 

act at lower drug concentration, with a high PI of 202 compared to a clinically utilized tetrapyrrolic 

compound (5-ALA precursor of PpIX). 

Thus, the PI values of Porph(DTTA)4 are interesting from the perspective to apply and monitor 

PDT in vivo. 

 

3.4 Relaxivity studies in solution 

 

 

Figure 4: MRI T1 and T2 weighted images at 7T of Porph(GdDTTA)4 at various 0, 0.05, 0.1, 0.5 

and 1mM Gd3+ concentrations in saline (NaCl 154 mM) at 293K. 

The T1 weighted images (Figure 4 T1) from the PS sample at various Gd concentrations from 

0.05 to 1 mM Gd3+ visualized strong brightness for the high concentrated samples as expected for 

T1 Gd contrast agent. It should be noted that this theranostic molecule provides also T2 dark signal 

also on T2 weighted images, making it possible to be a T2 contrast agent.  
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Table 4: r1 and r2 relaxivity values of Porph(GdDTTA)4 and Dotarem® in saline NaCl 0.9% at 

7T, 293K. 

Porph(GdDTTA)4  mM
-1

.s
-1

 Dotarem® mM
-1

.s
-1

 

r
1
 = 7.5 + 0.8 r

1
 = 4.1 + 0.2 

r
2
 = 68.9 + 7.0 r

2
 = 3.9 + 0.2 

 

The relaxivities of the theranostic compound expressed in Gd concentration were measured in 

the injection solution from various Gd concentrations (0, 0.05, 0.1, 0.5, 1 mM), at 7T and 293K 

(Table 4). We recorded values of r1= 7.5 and r2 = 68.9 mM
-1

.s
-1

, which is of the same order of 

magnitude as the r1 = 8.8 m mM
-1

.s
-1

obtained in previous studies in 50 mM NaCl, at 7T, 293K18 

and which are higher values than those of the commercial Dotarem® (r1= 3.9 and r2= 4.1 mM-1.s-

1 at 7T). As previously explained,18 this relaxivity r1 increase is related to the two inner-sphere 

water molecules and to the medium size of the compound, which enables to maximize the 

relaxivity at high magnetic field. The high r2 values from magnetic susceptibility effects can be 

explained by a macromolecular behavior due to the 4 DTTA Gd arms in addition to the π–π 

stacking which contributes to the aggregation of the porphyrinic moieties in saline at this high mM 

concentrations which induces a magnetic susceptibility effect as described in the literature.18,31 

Other porphyrin based molecules of DPP-ZnP-(GdDOTA)2
16 and GdDOTA-ZnP-ZnP-

GdDOTA17 complexes consisting of π-extended Zn(II) porphyrin linked to two GdDOTA-type 

complexes for magnetic resonance imaging (MRI) detection were developed as photosensitizers 

for PDT. Both molecules showed high relaxivity per Gd ions (r1= 19.32 mM−1s−1 and 14.33 mM−1 

s−1, for DPP-ZnP-(GdDOTA)2 and GdDOTA-ZnP-ZnP-GdDOTA respectively, at 20 MHz and 

298 K) compared to clinical contrast agents at this low magnetic field. In vitro Hela cells studies 
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of internalisation and in vitro PDT at 660 nm evidenced also the potentiality of these molecules as 

theranostic agent. 

 

3.5 Biodistributions studies in vivo by MRI. 

The visual semi-quantitative analysis of the in vivo biodistribution of the Porph(GdDTTA)4 

measured by dynamic MRI shows a clear enhancement of the signal in the MR image (Figure 5 a) 

into the tumor areas at 30 minutes with a maximum intensity around 40 minutes, a remanence at 

more than 50 % of the MRI intensity of and a clearance time superior to 24 h. The DCE profile 

into the kidney shows similar pharmacokinetic behavior with a lower signal enhancement as regard 

to the tumor. 
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Figure 5: Biodistribution studies in vivo of Porph(GdDTTA)4 by a) DCE Dynamic Contrast 

Enhanced MRI on tumoral Balbc/JRJ mice n=6 (red arrows : tumor) and b) corresponding 

quantitative T1 map in tumor to measure the amount of Gd CA.  

 

The quantitative T1 map (Figure 5 b) is related to the computed concentrations evolution in time 

(1/T1 proportional to the CA concentration, with the hypothesis of r1 ~ r1 in saline physiological 

solution) into the tumor more accurately than the DCE T1 weighted method and confirms the 
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dynamic biodistribution profile of the PS with a maximum uptake at about 40 min and a 24 h 

remanence duration (Fig SI 8). 

Figure 5 a shows MRI cross-sections where the tumoral regions are highlighted as expected for 

the biodistribution of objects with size inferior to 5 nm. Comparison of the pre-contrast and post-

contrast MR images clearly reveals the higher brightness of the kidney and liver caused by 

Porph(GdDTTA)4 (see the Supplementary Information Fig. SI 7). The peaks of enhancement were 

observed at the same time, 3 minutes post-injection for all CA in the liver and the kidney followed 

by a phase of decay (Fig 5 a. and SI 7). The absolute values at 40 min post injection are the highest 

signal for the PS in the time profile (see red arrow, +75 % in the tumor, and fig 7a + 25 % in the 

liver, 10 % in the cortical region of the kidney), suggesting this best timing window for PDT 

irradiation. 

The CA are excreted from the liver and from the kidney cortex via the bladder as expected 

considering the molecular weight of the molecule M = 2.6 kD, size smaller than 30-50 kD, 5 nm. 

After 24 h, the levels of Porph(GdDTTA)4 came back to their 20 % of the pre-contrast values, for 

tumor and kidney, liver, related to their clearance. 

These in vivo results underline the benefit of this molecular theranostic agent to optimize the 

PDT protocol based on MR imaging. This imaging study indicates that this Porph(GdDTTA)4 

displays higher contrast enhancements over the full time period observed with detectable imaging 

properties, with a remanence window around 40-60 min (Table 5).  

In addition, this mid-size molecular moiety is advantageously eliminated after 24 h from all the 

organs, preventing the undesired long liver uptake of several days observed usually for 

nanoparticles. This kinetic renal elimination rather than the liver route indicates also a molecular 

biological behavior rather than a nanoparticular long time liver clearance35. The charges of this 
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porphyrin ensure its solubility in biological medium as shown by the biodistribution in many 

organs (liver, kidney, and tumor), and the molecular size would rather drive the kinetic 

biodistribution. 

 

Table 5 : Capture, maximum, remanence and clearance timings of the theranostic photosensitizer 

evaluated in vivo by MRI. 

 

Concentration of Gd 1 h post contrast can be calculated from the formulae: Concentration = 

(1/T1° - 1/T1) / r1 with the hypothesis of similar relaxivities values r1 in tissue as in physiological 

solutions. (cf Fig SI 8). The quantitative results of T1 mapping, which provide a measurement of 

Gd concentrations and thus of the theranostic agent, shows the optimized presence of the 

photosensitizer in the tumor during 3 h and confirms the results obtained in qualitative 

biodistribution by T1-weighted DCE sequences.  

The theranostic PS showed an MRI signal enhancement (Table 5) 3 min after injection, a 

maximum at 40 min post-injection, and a high retention of about 3-6 h till about 24 h, which 

presents a sufficient time interval for the application of PDT irradiation. For comparison in the 

Organ Beginning of 

capture  

(min) 

Maximum 

capture time 

(min) 

Remanence time 

at signal >+50 % 

(h) 

Clearance time 

(h) 

Tumor 3 40 6 >24 

Kidney 3 40 6 >24 

Liver 3 18 3 6 

Spleen 9 18 3 6 
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literature, Magnevist [Gd(III) complex of DTPA], a standard MRI agent that clinicians used in 

routine presents a shorter 0.2 hours half-life in blood, and half-life of elimination of 1.6 hours.27  

Compared with the few theranostic agents in the literature, our results are in coherence. 

Goswami et al.12 synthesized a HPPH-aminobenzyl-Gd(III)-DTPA (3-(1′-hexyloxyethyl) 

pyropheophorbide-a (HPPH) containing 3 Gd(III) aminophenyl DTPA) in particular, and recorded 

an enhancement of the MRI signal during 8 h post-injection, which reflects a long circulation in 

the blood. Yuzhakova et al.36 observed on their two photosensitizers of gadolinium (III) cations 

chelated by tetrapyrrolic macrocycles (GdPz1 and GdPz2) a remanence of more than 3h post 

injection in CT26 tumors in vivo.  

Notably, the quicker elimination of our studied PS from the bloodstream with a 20 % remaining 

MRI signal post 24 hours will help reducing side effects associated with sunlight exposure.29 

 

3.6 Application of PDT treatment 

With our compounds in hand, the next step was to assess the in vivo activity of the theranostic 

PS. For this purpose, twenty female 7 weeks old Balb-C mice bearing CT26 tumors (Elevage 

Janvier, France) were randomly separated into four groups, resulting in five mice for each group, 

Group 1 : Naïve, Group 2 : Irradiation, Group 3 : PS, Group 4 : PS_PDT. Ten days after tumor 

implantation, the PS was injected with 100 l at 10 mM Gd intravenously with a catheter (30 G) 

placed in the tail vein for groups 3,4. Mice were anesthetized with 1.5% isoflurane gas in an air/02 

mixture at 0.5 L/min and 0.2 L/min respectively. 

 

 

3.7.1 Monitoring the efficacy of PDT by bioluminescence and MRI imaging 
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A :  

 

a) Group 4 PS_PDT b) Group 1 Naive c) Group 2 Irradiation d) Group 3 PS 

 

 

B :  
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Figure 6: In vivo bioimaging for tumor growth study after PDT. A : Bioluminescence 

normalized signal evolution (measured in ph/cm2/s/sr) of the CT26 tumor mice 24h, 48, 72 h 

post PDT. a) PS_PDT: PS + irradiation, b) Naïve, c) Irradiation alone, d) PS alone.  B : 

MRI tumor volume growth measured at 0, 24 h, 72 h . Mann-Whitney test, n=5, *P<0.05 

In order to evaluate the tumor burden (activities), we measured the bioluminescence signal 

related to the tumor at 24, 48 and 72 h post full PDT with Porph(GdDTTA)4 molecule injection 

and irradiation normalized to the injection day as shown in Figure 6 A. The result shows that PDT 

significantly decreases the tumor burden at day 4 post PDT compared to control mice naïve mice. 

For the group PS_PDT (PS + irradiation), we observed a significant impact of the tumor activity 

during 72 h post irradiation, while for the group of mice that received the injection of the 

photosensitizer only or irradiation only, a stabilization of the bioluminescent signal in function of 

time was observed compared to the group of naive mice. It should be noted that contralateral PDT 

(no irradiation of the tumor) tumor shows a tendency to stabilise, suggesting an immune effect as 

described in the literature.1 
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The tumor growth was also quantified by 3D MRI which provides a more accurate real 3D 

volume of the tumor. Figure 6 B. 

 

3.6.2 Monitoring the effectiveness of PDT by MRI imaging 

 

Figure 7: Necrosis detection by in vivo MRI induced by PDT. (a) MRI images before and after 

PDT. (b) percentile %p25 graphs at 0, 24 and 72 h post injection. 

 

 

Figure 8: Inflammation induced by PDT visualized by in vivo MRI a) MRI images before and 

after PDT. (b) percentile %Ap75 graphs at 0, 24 and 72 h post injection. 
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The monitoring the effectiveness of PDT by MRI imaging was assessed by using a post-

processing methodology previously described with a new parameter %Ap0.75 (% Above 

percentile 75 %, cf SI 9) computing bright intensity pixels attributed to inflammation by MRI. 

The %p0.25 and %Ap0.75 in the treated tumor was significantly higher compared to the control 

groups (Figures 7 and 8, respectively). 24 h after injection of the theranostic agent and irradiation, 

the %p0.25 and %Ap0.75 significantly increased reflecting the necrosis and inflammation 

respectively which are the expected consequence of the treatment PDT. Our hypothesis is that the 

irradiation of the tumor after injection the theranostic photosensitizer induced the photoactivation 

of the photosensitizer and after expected ROS release, tumor cells die, leading to tumor volume 

impairment. 

 

Optical bioluminescence imaging becomes a widely non-invasive, low cost, user friendly, and 

quantitative imaging modality reflecting the malignant biological activity reported by the 

luciferase gene expression in tumoral cells. However, the bioluminescence signal could be affected 

by ATP37 and O2 level.38 To improve the accuracy of tumor growth impacted by PDT, the effect 

of the therapy was evaluated by measurements of tumor volume growth by MRI (Figure 6 B) as 

MRI modality provides absolute accurate and quantitative 3D volume measurement. At 24 h after 

treatment, we observe that the complete theranostic treatment with irradiation shows a significant 

decrease with a significant tumor regression observed at 24 h post treatment compared to naïve 

group. Furthermore, longitudinal follow-up describes a decrease in tumor volume with a 

significant difference still present 4 days after this complete PDT treatment. The contralateral 

tumor shows a mild non-significant tumor development compared to the control tumors of the 

"naive" tumor bearing mice. This slowing down of a non-irradiated contralateral tumor is known 
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in the literature and could be explained by the development of an immune effect1,39 remaining to 

be further investigated. Overall, we have therefore provided proof of concept of the efficacy of the 

treatment strategy with this novel theranostic PS. 

This result confirms our MRI observations in the follow-up of tumour growth assessment by 

bioluminescence imaging. 

Compared with the theranostic MRI porphyrins in the literature, the Gd-DTPA-porphyrin 

conjugate of Hindré et al. showed high magnetic contrast in vitro, cell internalisation by 

fluorescence microscopy and generation of singlet O2 in solution.11 TPP-Gd2(DTPA)4
12

, HPPH-

3GdDTPA13 and Gd4DTTA porphyrin complex15 derivatives show also high relaxivities and 

similar PDT in vivo efficacy in tumor in the red region, 650-680 nm. A Zn phthalocyanine 

conjugated with GdDO3A-amide complex40 showed good photophysical and photochemical 

properties in vitro, as well as high MR contrast agent feature to generate a potential theranostic 

PDT agent. Porphyrazines functionalized with GdDO3A-amide such as ZnPz-nGd (n = 1, 2, 4, 

8)14, showed a high relaxivity at 60 MHz, 30 times higher for the n=8 complex, than the mono 

GdDO3A, a good internalization in cells compared with clinical PS, kept electronic spectroscopic 

features as non-functionalized Zn-porphyrazine and demonstrated efficient PDT in vitro. One of 

the complex Gd (ZnPz-1Gd) provided efficient PDT in vivo. 

Yuzhakova et al.36 used this same in vitro and in vivo evaluation strategy for the study of 2 

theranostic porphyrazines GdPz1 and GdPz2. By fluorescence imaging in vivo, the group observed 

a notable signal by fluorescence, and up to 96 h with a greater accumulation at 24 h in tumoral 

tissues compared to other tissues: skin, abdomen, lungs. By MRI at 9.4 T, they observed a 

remanence of more than 3 h. The r1 relaxivities were lower than the one of the commercial agent 

Dotarem®, whereas the r2 relaxivities measured by this team are extremely high, due to the PS 
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interaction with the solubilisation polymers. Indeed, pre-solubilisation of these agents in a 5% PEG 

polyimide solution was necessary. PDT treatment of CT26 tumors with one of the GdPz1 agents 

had no impact on their growth, while the second GdPz2 agent caused moderate inhibition of tumor 

growth, with more pronounced differences from untreated tumors at day 21 after tumor inoculation 

(11 days after treatment). The authors quantified in vitro higher phototoxicity index (PI) for the 

GdPz2 (PI about 10 times higher than for GdPz1) which could explain the PDT efficiency of only 

the second PS. Different experimental parameters such as different internalization, dose used, 

fluence (100 mW/cm2, 120 J/cm2) and irradiation wavelength at 600 nm lower than our 640 nm 

wavelength, the 3h post injection irradiation with lower tumor uptake compared to tumor blood 

higher concentration could explain their moderate impact in PDT efficiency. 

Li et al.13 also evaluated up to the in vivo stage their theranostic photosensitiser, HPPH-

aminobenzyl-Gd(III)-DTPA produced a remarkable increase in MRI signal 8 hours after iv 

injection and significant tumoricidal activity, 50 % tumour regression measured by caliper with 80 

% tumor disappearance in mice after 90 days. 

Further developments of theranostics comprising porphyrinic photosensitizer for PDT and MRI 

are towards nanotheranostics with for example Iron oxide nanoparticles41 combining MRI and 

PDT, and with additional therapy such as CDT42. 

So overall, we have demonstrated the proof of concept of the treatment strategy using this 

theranostic photosensitizer Porph(GdDTTA)4. 

 

Further complementary experiments using histology were also performed to investigate the 

microscopic cellular behavior for PDT. 
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3.8 Histological studies 

 

 

Figure 9 : Histology results, A : images of vascularization and B : graphs of microvascular 

density (number of vessels pixels/mm2), C : images and  D : graphs of necroses (areas without 

cells/total area), 1 day after PDT treatment. Mean ± SEM, One way Anova with Dunnett's 

Multiple Comparison Test, *, p≤.05; **, p≤.01; ***, p≤.001. 

 

In order to confirm these MRI and bioluminescence observations, histological analyses of the 

tumors were performed for the experimental condition 24 h after treatment. Histological staining 

of the vascularization (CD31, H Fig 9 A) and the necroses (HE Fig 9 C) was undertaken. Figure 9 

presents the results obtained in terms of microvascular density (Fig. 9 B, MVD, number of vessels 
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pixels/mm2) and necroses (Fig. 9 D, areas without cells/total area). In Fig. 9 B, the decrease of the 

MVD for the PDT treatment was significant compared to the control groups. Furthermore, in Fig. 

9 D, a significant increase of necrosis was observed also for PDT treatment compared to the 

controls groups, which are in agreement with the results obtained by MRI. 

 

In order to analyze the 24 h post-treatment environment related to immune response, 

lymphocytes infiltration via the expressed biomarker CD3 was analyzed by immunohistochemistry 

and quantification was performed using a macro programmed in Image J software dedicated to the 

segmentation of histological parameters based on contrast and color. 

We observed a significant increase in CD3 cell density on treated tumors compared to naive 

mice (Figure 10). A non-significant increase on the only irradiated tumor and on the contralateral 

tumors of the treated mice which may explain the bioluminescence results and the volume 

measurement by MRI. For the tumors of the mice receiving only the product, there was no 

difference in the density of CD3. 

 

 

 

 

 

 

 

 

 

 

Figure 10 : Quantification of lymphocytes density within the irradiated tumor and the contralateral 

tumor. Mann-Whitney test, n=5, *p<0.05. 
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These results show the presence of a localized immune effect at the level of the PDT treatment, 

but no significant immune CD3 effect on the other contralateral tumor. 

Some preclinical studies in different animal models demonstrate that in addition to the direct 

cellular and vascular effect, PDT shows proinflammatory effects capable of inducing an anti-tumor 

immune response.43,1 

Recent evidence has also suggested that PDT-induced vessel occlusion, ischemia, and direct 

tumor cell killing lead to a significant local inflammatory response.1,44 The photo-oxidative 

degradation of membrane lipids and the production of metabolites caused by necrosis are important 

mediators of inflammation.44 This damage generates various alarm signals (production of 

inflammatory mediators) that are detected by innate immunity.31 With the release of histamine and 

serotonin from the damaged vessels, there is an infiltration of the tumor by various populations of 

immune cells (lymphocytes and phagocytes). 

Vascular damage and tumor necrosis were observed in our PDT experiments and should 

therefore as observed in the literature described above, induce the activation of inflammatory 

mediators32 which could explain the inflammation observed in MRI. 

 

 

4. CONCLUSION 

We propose here to combine therapy with imaging for tumor treatment using a theranostic agent 

with three abilities of PDT treatment, optical in vitro imaging and MRI in vivo monitoring. This 

theranostic agent contains a porphyrin core for the PDT, and optical imaging, functionalized with 

four gadolinium complexes for MRI detection in order to ensure this dual features. The design of 

this molecule was made to provide high MRI relaxivity, good stability and solubility in water, an 
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excitation wavelength at 640 nm near the NIR region in order to increase the penetration of light 

irradiation in living tissue. 

Only the full combination of the photosensitizer administration with irradiation provided a 

significant decrease of the activity of the tumor cells and tumor volume on in vivo tumor model. 

This was shown 24 h post therapy after one single treatment. This proof of concept is highly 

interesting as it shows that theranostic agent without irradiation, or irradiation alone are not 

efficient in inhibiting tumor growth, and with non apparent toxicity in vitro and in vivo. MRI 

bioimaging evidenced two aspects: the first one is to be able to follow the biodistribution of the 

theranostic photosensitizer and the second interest is to evaluate the efficiency of this molecule in 

vivo by showing an increase of the necrosis and inflammation as well as the reduction of tumor 

size. The efficiency of this PDT treatment was also demonstrated by bioluminescence imaging and 

histology studies have rationalized the results at the cellular level by showing reduction of the 

vascularization and increased necrosis. 

In the design of innovative theranostic moiety, we have demonstrated that our all-in-one system 

offers a means of obtaining high-resolution and reproducible MRI images, for the in vivo 

monitoring of therapy, quantitative and accurate follow-up of biological responses and may be an 

interesting approach for improved biomedical imaging.8,41,42,45 

It confirms that the perspective of theranostics in routine healthcare to become plausible as an 

important element of personalized and predictive medicine.28,46 
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