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Abstract 

Photodynamic therapy (PDT) is an emerging theranostic modality for various cancer as well as 
non-cancer diseases. Its efficiency is mainly based on a selective accumulation of PDT and 
imaging agents in tumor tissue. The vascular effect is widely accepted to play a major role in 
tumor eradication by PDT. To promote this vascular effect, we previously demonstrated the 
interest of using an active- targeting strategy targeting neuropilin-1 (NRP-1), mainly 
over-expressed by tumor angiogenic vessels. For an integrated vascular-targeted PDT with 
magnetic resonance imaging (MRI) of cancer, we developed multifunctional gadolinium-based 
nanoparticles consisting of a surface-localized tumor vasculature targeting NRP-1 peptide and 
polysiloxane nanoparticles with gadolinium chelated by DOTA derivatives on the surface and 
a chlorin as photosensitizer. The nanoparticles were surface-functionalized with hydrophilic 
DOTA chelates and also used as a scaffold for the targeting peptide grafting. In vitro investi-
gations demonstrated the ability of multifunctional nanoparticles to preserve the photo-
physical properties of the encapsulated photosensitizer and to confer photosensitivity to 
MDA-MB-231 cancer cells related to photosensitizer concentration and light dose. Using 
binding test, we revealed the ability of peptide-functionalized nanoparticles to target NRP-1 
recombinant protein. Importantly, after intravenous injection of the multifunctional nano-
particles in rats bearing intracranial U87 glioblastoma, a positive MRI contrast enhancement 
was specifically observed in tumor tissue. Real-time MRI analysis revealed the ability of the 
targeting peptide to confer specific intratumoral retention of the multifunctional nanoparti-
cles. 

Key words: Targeted PDT; neuropilin-1; brain tumor; MRI; functionalized theranostic nanoparti-
cles 
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Introduction 

Both cancer diagnosis and treatment depend on 
selective delivery of appropriate agents to the malig-
nant tissues. Photodynamic therapy (PDT) is an in-
creasingly recognized theranostic alternative to treat a 
variety of cancer diseases. This technique involves the 
preferential uptake of photosensitizing molecules, 
also known as photosensitizers, by target tissue fol-
lowed by localized photoirradiation with visible light 
at an appropriate wavelength and dosage. Pho-
to-activation of the photosensitizer results in the for-
mation of photosensitizer excited state that transfers 
its energy to surrounding molecular oxygen to locally 
generate reactive oxygen species (ROS), such as sin-
glet oxygen (1O2), which damage target tumor cells 
and vasculature inducing tumor cells death [1-3]. 
Nevertheless, the clinical efficacy of PDT is often lim-
ited by the difficulty in systemic administration of 
mostly hydrophobic photosensitizers. The most 
commonly used photosensitizing agents are porphy-
rin-based molecules [4]. Many of them are limited 
because of poor water solubility, prolonged cutaneous 
photosensitivity, inadequate pharmacokinetics and 
low tumor selectivity [5]. To overcome these limita-
tions, numerous approaches have been proposed to 
direct the photosensitizer to tumor by active targeting 
strategies, including conjugation to specific antibodies 
and receptor peptide ligands [6- 8], and encapsulation 
of the photosensitizer within nano-sized carriers, such 
as emulsions, liposomes, and nanoparticles to en-
hance their water solubility and deliver higher local 
concentrations at the tumor tissue [9-11].  

In this aim, vascular targeted PDT also appears 
as a promising targeting approach in cancer treatment 
that has received considerable attention [12, 13]. De-
struction of the vasculature may indirectly lead to 
tumor eradication, following deprivation of 
life-sustaining nutrients and oxygen [14, 3], and this 
vascular effect is thought to play a major role in the 
destruction of some vascularized tumors by PDT [15, 
13, 16]. Therefore, tumor neovasculature known to 
express specific molecular markers [17] is a potential 
target of PDT damage. We have previously described 
the conjugation of a chlorine-type photosensitizer 
(TPC) to an heptapeptide (ATWLPPR), specific for the 
vascular endothelial growth factor (VEGF) receptor, 
neuropilin-1 (NRP-1) [18, 19]. We evidenced the im-
plication of NRP-1 in the cellular incorporation of the 
conjugate [20], and its in vitro efficiency as compared 
to non-targeted form [19]. In vivo evaluation demon-
strated the interest of using this active-targeting 
strategy, allowing efficient and selective accumulation 
of the conjugated photosensitizer in endothelial cells 

of tumor vessels [21, 22]. Although the pep-
tide-conjugated photosensitizer improved the tu-
mor-targeting efficacy, we observed a degradation of 
the peptide in plasma from 2 h post-intravenous in-
jection and biodistribution findings suggested that its 
appearance in plasma mainly resulted from the deg-
radation of the peptidic moiety into organs of the re-
ticulo-endothelial system [20, 23]. 

The use of biocompatible nano-carriers as plat-
forms to deliver photosensitizing and imaging agents 
has been reported to improve PDT efficiency and 
cancer detection [24-27]. Nanoparticles not only allow 
delivering of large amount of PDT and imaging 
agents, but can also be tailored to an appropriate size 
for enhancing their passive preferential accumulation 
in tumor tissue owing to the “enhanced permeability 
and retention effect” [28]. Due to their surface area, 
nanoparticles can be functionalized with various 
functional groups with diverse array of chemical and 
biochemical properties, including tumor selective 
ligands for active targeting strategies. We previously 
reported that hybrid silica-based nanoparticles seem 
to be very promising delivery systems satisfying all 
the requirements for an ideal targeted PDT [29, 30]. 
Among them, hybrid gadolinium oxide nanoparticles 
have been suggested as very attractive system aiming 
to combine magnetic resonance imaging (MRI) and 
treatment [31, 32, 33]. We recently described the syn-
thesis and photophysical characteristics of multifunc-
tional silica-based nanoparticles consisting of a sur-
face-localized tumor vasculature targeting peptide 
and encapsulated PDT and imaging agents [34]. In 
vitro investigations revealed that pep-
tide-functionalized nanoparticles specifically bound 
to NRP-1 recombinant protein, and conferred photo-
sensitivity to cells over-expressing this receptor, 
demonstrating that the photosensitizer covalently 
grafted within the nanoparticle matrix can be photo 
activated to induce cytotoxic effects in vitro [34]. In 
vitro characterization studies of these nanoparticles 
revealed a photodynamic efficiency in a concentra-
tion-dependent manner, providing direct evidence 
that the conjugated photosensitizer in the nanoparti-
cle matrix could be photoactivated to yield cytotoxic 
reactive oxygen species.  

In the present study, we described the develop-
ment and the in vitro and in vivo evaluation of novel 
multifunctional nanoplatforms consisting of a sur-
face-localized tumor vasculature targeting NRP-1 and 
encapsulated PDT and imaging agents, as potential 
theranostic system for PDT and imaging of cancer. We 
optimized peptide-targeted silica-based small nano-
particles grafted by gadolinium chelates for MRI and 
a chlorin as a photosensitizer. Multifunctional nano-
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particles were evaluated in vitro, demonstrating an 
efficient photodynamic activity on cancer cells, relat-
ed to the photosensitizer concentration and light dose, 
and their ability to target NRP-1 recombinant protein. 
In vivo studies on rats bearing an orthotopic human 
brain tumor (U87) revealed a tumoritropic accumula-
tion of the multifunctional nanoparticles, providing a 
tumor positive MRI contrast enhancement and high-
lighted the role of the peptide-targeted nanoparticle in 
the intratumoral retention of the nanoparticles. 

Materials and Methods 

Nanoparticles synthesis and functionalization 

The approach developed is based on multifunc-
tional silica-based nanoparticles consisting of a sur-
face-localized tumor vasculature targeting NRP-1 
peptide and gadolinium chelates as MRI contrast 
agent and encapsulated a chlorin as photosensitizer. 
Multifunctional silica-based nanoparticles were de-
signed, consisting of a surface grafted tumor targeting 
peptide H-Ala-Thr-Trp-Leu-Pro-Pro-Arg-OH (called 
ATWLPPR) and encapsulated a photosensitizer (a 
chlorin, (5-(4-carboxyphenyl)-10,15,20-triphenyl- 
chlorin, TPC) and a MRI contrast agent (gadolinium 
DOTAGA), and noted NP-TPC-ATWLPPR. Nanopar-
ticles without photosensitizer and surface targeting 
peptide were also synthesized and considered as 
control, noted NP. The synthesis of Gd2O3 nanoparti-
cles embedded in a polysiloxane shell has been widely 
described previously by our group [35-37, 32]. The top 
down process leading from the gadolinium oxide 
particles to the ultrasmall polysiloxane particles with 
gadolinium chelates at the surface has been recently 
published [33]. 

Preparation of gadolinium oxide core: Gadolin-
ium chloride salt (3.346 g, GdCl36H2O) was placed in 
60 mL of diethylene glycol (DEG) at room tempera-
ture under vigorous stirring. The suspension was 
heated at 140°C until the total dissolution of gadolin-
ium chloride salt (about 1 h). When the solution was 
clear, 0.3 equivalent volume of sodium hydroxide 
solution (1.33 mL, 2.03 M) was added drop by drop 
under vigorous stirring. Afterwards, the solution was 
heated and stirred at 180°C for 3 h. A transparent 
colloid of gadolinium oxide nanoparticles was ob-
tained and brought back to room temperature before 
storage at -18°C.  

Peptide synthesis: The synthesis of 
H-AT(tBu)W(Boc)LPPR(Pbf)-OH peptide, called pro-
tected ATWLPPR, was carried out on a fully auto-
mated ResPepXL synthesizer (Intavis AG, Köln, 
Germany) according to a classical 
9-fluorenyl-methoxy-carbonyl (Fmoc)/tBu sol-

id-phase methodology. Details of the method were 
previously described by our group [38, 34]. 

Photosensitizer synthesis: 5-(4-carboxyphenyl)- 
10,15,20-triphenylchlorin (TPC) was synthesized as 
described by Whitlock [39] and our group [40] as well 
as 5,10,15,tri-(p-tolyl)-20-(p-carboxylphenyl)chlorin-
succinidyl ester (TPC-NHS). 

Grafting of TPC-NHS into polysiloxane shell 
and coating of gadolinium oxide cores by the grafted 
polysiloxane shell: A solution containing TPC-NHS 
(26.4 µmol) and two equivalents of aminopropyltri-
ethoxysilane (APTES, 52.8 µmol) dissolved in 2.5 mL 
of dimethylsulfoxide (DMSO) was prepared as a 
precursor TPC-APTES and stirred for 2 h at room 
temperature. The silane precursors (APTES (0.75 mL) 
and triethoxy silane (TEOS, 0.5 mL)) and hydrolysis 
solution (aqueous Et3N in DEG (1.07 M of triethyla-
mine (TEA), 0.75 M of water)) were sequentially and 
alternatively added to 60 mL DEG solution containing 
Gd2O3 nanoparticles ([Gd]=45 mM) under stirring at 
40°C. The whole addition of silane precursors and 
hydrolysis solution is performed in 4 steps. Each step 
consists in the addition to the colloid of a portion of 
the silane precursors mixture (25% for each step) fol-
lowed by the addition of hydrolysis solution mixture 
(25% for each step). The solution of TPC-APTES is 
added in the first step with the other silane precur-
sors. The delay between both additions is 24 h. After 
the last addition, the final mixture was stirred for 48 h 
at 40°C. 

Functionalization of the polysiloxane shell by 
DOTAGA: To facilitate the dispersion of the particles 
in biological media in one hand, and to provide 
chemical functions allowing further functionalization 
of the nanoparticles (i.e. with targeting peptide) in the 
other hand, DOTAGA chelate (1,4,7,10-tetraazacyclo-
dodecane-1-glutaric anhydride-4,7,10-triacetic) acid 
was covalently grafted at the surface of the pol-
ysiloxane shell. DOTAGA is coupled to the nanopar-
ticles through an amide link by the reaction with the 
amine functions of the APTES. DOTAGA (1.47 g, 
DOTAGA/APTES ratio is 1.0) in 6 mL of anhydrous 
DMSO is added to 60 mL of the precedent colloidal 
solution and stirred for 1 h. DOTAGA was furnished 
by Chematech (France). 

Covalent grafting of the protected peptide on 
DOTA-nanoparticles: To prepare the nanoparticles 
grafted with peptide, 1.64 x 10-8 mol of gadolinium in 
DOTA-nanoparticles was dispersed in 7 mL of wa-
ter/dimethylsulfoxide (DMSO), 1/1, v/v. The DOTA 
carboxylic acid functions were first activated by 5 
equivalents of a mixture EDC/HBTU, 1/1, (EDC, 8.2 x 
10-8 mol, 16 µg, HBTU 8.2 x 10-8 mol, 32 µg, DIEA 10 
µL). The mixture was stirred during 10 min before 
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addition of 122.8 µg (9.84 x 10-8 mol) protected peptide 
ATWLPPR. After 18 h at room temperature under 
stirring, water and DMSO were evaporated and 5 mL 
of pure trifluoroacetic acid (TFA) was added to 
deprotect the side chains of the peptide. The stirring 
was carried on during 2 h at room temperature. Ul-
trapure water was added and the solvents were 
evaporated. Several cycles of addition of water and 
evaporation were realized to eliminate most of TFA 
and DMSO. The purification of the pep-
tide-functionalized nanoparticles was realized first by 
dialyses with a 5000 Da cellulose membrane against 
ultrapure water, secondly by several cycles of dialysis 
during 2 h or 3 h each followed by ultrafiltrations with 
Vivaspin® (MCWO 5000 Da) during 7 min at 3500 g. 
Finally, the water was removed under vacuum and 
the concentration of the nanoparticles was adjusted. 
Thanks to the fluorescence of the tryptophan residue 
(excitation and emission wavelengths at 280 and 350 
nm, respectively); it was possible to estimate the 
number of grafted peptide onto the nanoparticles. The 
number of the peptide units coupled to the nanopar-
ticles has been estimated by comparing the fluores-
cence of the tryptophan of the peptide coupled to the 
nanoparticle to a fluorescence calibration curve of the 
peptide in solution.  

Photon Correlation Spectroscopy (PCS) and 

zeta potential measurements 

PCS and Zeta potential measurements were 
performed with a Zetasizer Nano ZS (Malvern, Eng-
land) equipped with a 532 nm frequency doubled 
DPSS laser, a measurement cell, a photomultiplier and 
a correlator. Scattering intensity was measured at a 
scattering angle of 173° relative to the source using an 
avalanche of photodiode detector. Prior to analysis, 
nanoparticles were suspended in ultrapure water and 
adjusted to pH ~ 7.0. 1 ml of nanoparticles sample at 5 
mM of gadolinium was measured in a clear disposa-
ble Zeta cell (DTS1060 Malvern). The measurements 
were made at a position of 5.50 mm and 2.00 mm from 
the cuvette wall for the PCS or Zeta potential meas-
urements, respectively, with an automatic attenuator 
and at a controlled temperature of 20°C. This setup 
allows considerable reduction of the signal due to 
multiple scattering events and enables working in 
slightly turbid media. Intensity autocorrelation func-
tions were analysed by CONTIN algorithm in order to 
determine the distribution of translational z-averaged 
diffusion coefficient of particles, DT (m2. s-1). The DT 
parameter is related to the hydrodynamic radius (Rh) 
of particles through the Stokes-Einstein relationship:  

DT = kBT/6πηRh 

where η is the solvent viscosity (Pa.s), kB is the Boltz-
mann constant (1.38 x 10-23 N.m.K-1), T is the absolute 
temperature (°K) and Rh (m) is the equivalent hydro-
dynamic radius of a sphere having the same diffusion 
coefficient than the particles [41]. For each sample, 15 
runs of 10 s were performed with three repetitions. 

Photophysical properties 

Absorption spectra were recorded on a Per-
kin-Elmer (Lambda 35, Courtaboeuf, France) 
UV-visible spectrophotometer. Fluorescence spec-
trum were recorded on a SPEX Fluorolog-3 spectro-
fluorimeter (Jobin Yvon, Longjumeau, France) 
equipped with a thermo stated cell compartment 
(25°C), using a 450 W Xenon lamp. The spectra were 
performed on suspensions of samples (nanoparticles 
and free TPC) prepared in ethanol. 

Binding of functionalized nanoparticles to re-

combinant NRP-1 protein 

A competitive binding assay was used. Neuro-
pilin-1 was obtained from R&D Systems (Lille, 
France), as recombinant chimeric protein. The surface 
of Maxisorpmicroplates (Dutscher) was coated with 
NRP-1 (2 µg/mL) in phosphate buffered saline (PBS) 
overnight at room temperature. After washing (PBS 
containing 0.05% Tween 20), the plates were blocked 
with PBS containing 0.5% bovine serum albumine 
(BSA, blocking buffer) during 1h at 37°C, to prevent 
non-specific interactions. Binding of the functional-
ized nanoparticles to NRP-1 was assessed using 5 
ng/mL of biotinylated VEGF165 (R&D Systems) in 
blocking buffer containing 2 µg/mL heparin. Bioti-
nylated VEGF165 was added to the coated wells in the 
absence or presence of increasing concentrations of 
NP-TPC-ATWLPPR or control NP as competitors, or 
large excess of unlabelled VEGF165 as positive control 
(0.5 µg/mL, R&D Systems). After a 2 h-incubation at 
room temperature, the wells were washed and the 
amount of bound biotinylated VEGF165 was stained 
with streptavidin horseradish peroxidase conjugate 
(R&D Systems) for 20 min at room temperature. Fol-
lowing a wash to remove unbound enzyme conjugate, 
a substrate solution (R&D Systems) was added. After 
30 min at room temperature, reaction was stopped by 
the addition of Stop Solution (R&D Systems) and op-
tical densities were measured at 450 nm against a 
background control containing only blocking buffer, 
using a Multiskan microplate reader (Labsystem, 
Cergy-Pontoise, France). Results were expressed as 
relative absorbance to negative control without any 
competitor. Reported values are the average of tripli-
cate measurements. 
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Cell line and culture 

To investigate the potential of functionalized 
nanoparticles to induce in vitro photodynamic effect 
on tumor cells, MDA-MB-231 human breast cancer 
cells over-expressing the vascular neuropilin-1 
(NRP-1) receptor were used. MDA-MB-231 cells were 
purchased from American Type Culture Collection 
(ATCC, Manassas, VA, USA). Cells were routinely 
grown in Roswell Park Memorial Institute (RPMI 
1664) medium (Invitrogen, France) supplemented 
with 9% heat-inactivated fetal bovine serum (PANTM 
Biotech GmbH, Germany), 100 U/mL penicillin and 
100 µg/mL streptomycin (Invitrogen, France), and 2 
mM L-Glutamine (Invitrogen, France) in a controlled 
atmosphere of 5% CO2, 95% humidified air at 37°C in 
75 cm2 culture flasks. Cell culture materials were 
purchased from Costar (Dutscher, Brumath, France).  

In vitro cytotoxicity and photodynamic activity 

In vitro cytotoxicity and photo-induced cytotoxi-
city of the synthesized nanoparticles were investi-
gated using the metabolic-based cell viability assay 
(MTT) and the real-time impedance-based analysis. 

Real-time impedance-based cell analysis: 
MDA-MB-231 cells attachment, proliferation and size 
variations were monitored in real-time and measured 
as impedance using 96-well E-PlatesTM and the 
xCELLigence system (Real Time Cell Analyzer Single 
Plate (RTCA SP®) system). The xCELLigence system 
was developed to monitor cell proliferation in re-
al-time, without incorporation of dyes, by measuring 
electrical impedance created by cells across the 
high-density electrode array coating the bottom of the 
wells [42]. Impedance value is automatically con-
verted to Cell Index (CI) value that is defined as rela-
tive change in electrical impedance, created by at-
tached cells, to represent cell status, and is directly 
proportional to number, size, and attachment forces of 
the cells. 

Background impedance of the E-Plate was first 
determined before seeding the cells by the addition of 
50 μL culture medium to each well, and subtracted 
automatically by the RTCA software following the 
equation: CI=(Zi-Z0)/15 with Zi as the impedance at 
any given time point and Z0 as the background signal 
[43]. Subsequently, a 150 μL cell suspension contain-
ing 104 MDA-MB-231 cells was seeded in each well, 
and allowed to settle at the bottom of wells for 20 min 
before starting impedance measurement in 15 min 
intervals. 24 h after seeding, 10 μL of growth medium 
without or with increasing final concentrations of 
photosensitizer (0.05, 0.10, 0.50, 1.00 or 10.00 µM) in 
NP-TPC-ATWLPPR or the corresponding final con-
centrations of gadolinium (2.9, 5.8, 29.2, 58.5 or 585.0 

µM) for the control NP was added in each well, and 
the cultures were kept in darkness. Each concentra-
tion was tested in sixplicate. To allow nanoparticles 
internalization, the cells were grown for further 24 h 
during which impedance was measured every 15 min. 
The cells were then washed three times with growth 
medium and the medium was renewed by 150 µL 
fresh growth medium. The cell growth was then 
monitored for the indicated time, and impedance was 
measured every 15 min. Before, cells were either ex-
posed to various doses of light (1, 5, or 10 J/cm2) using 
a diode laser, Ceralas PDT 652 (CeramOptec GmbH, 
biolitec, Germany) to assess the photo-induced cyto-
toxicity of the NP-TPC-ATWLPPR, or let without ir-
radiation to determine their cytotoxicity in darkness. 
Irradiation was carried out at 652 nm with an irradi-
ance of 4.54 mW/cm2. Based on impedance meas-
urements, cell index values were automatically de-
rived and recorded as a function of time from the time 
of plating until the end of the experiments. 

MTT assay: Cell proliferation and survival after 
incubation with various concentrations of nanoparti-
cles without or with light irradiation was also meas-
ured using a single-point metabolic-based assay; 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide (MTT). Briefly, MDA-MB-231 cells were 
plated in sixplicate at a density of 4 x 103 cells per well 
in 96-well flat-bottomed microtiter plates in the vol-
ume of 200 µL per well, and let to adhere in 5% CO2 at 
37°C. Forty-eight hours after plating, wells were 
emptied and 200 µL of fresh medium without or with 
nanoparticles at the indicated concentrations of pho-
tosensitizer (in NP-TPC-ATWLPPR) or the corre-
sponding concentrations of gadolinium for the control 
NP without TPC and without peptide (NP) was 
added in each well. After a 24 h-incubation at 37°C, 
the medium was removed and cells were washed 
three times with fresh medium, and 150 µL of medi-
um were added. The cells were then either exposed to 
various doses of light (1, 5, or 10 J/cm2) using a diode 
laser, Ceralas PDT 652 (CeramOptec GmbH, biolitec, 
Germany) to assess the photodynamic activity of the 
nanoparticles, or let without irradiation to determine 
their cytotoxicity in darkness. Following a further 
24h-incubation at 37°C, cell survival was then meas-
ured as described previously [44]. Cell viability was 
expressed as the percentage of the controls cultivated 
under the same conditions without nanoparticles ex-
posure. 

Animals and tumor xenograft model 

Male athymic nude rats (mean weight 100 g, 
rnu/rnu, homozygous) purchased from Harlan 
(Harlan, Gannat, France) were used in the present 



Theranostics 2012, 2(9) 

 

http://www.thno.org 

894 

study. Animal care and studies were performed ac-
cording to the guidelines of the French Government 
(degree 87-848 of October 19, 1987) and approved by 
our institutional agreement number (C 54-547-03). 
Rats were housed in an isolation facility at 25°C and 
fed a standard pellet diet and provided water ad libi-
tum. U87 human glioblastoma cells were stereotacti-
cally implanted into the right brain hemisphere. For 
tumor implantation, rats (8 week-old, 180-200g weight 
at the time of implantation) were anesthetized by an 
intraperitoneal (i.p) injection of a mixture of keta-
mine/xylazine (90/10 mg/ kg respectively) and im-
mobilized in a kopf stereotactic frame (900M Kopf 
Instruments, Tujunga, CA). Following a local anes-
thesia with Xylocain (AstraZeneca, France) and anti-
septic preparation of the head, a midline incision was 
done and a burr hole was made in the right striatum 
(coordinates with regard to bregma: 0.5 mm anterior 
and 2.7 mm lateral). U87 cells were washed once with 
PBS (1x), trypsinized, centrifuged and resuspended at 
5.105 cells/5 μL Hank's Buffered Salt Solution (HBSS, 
1X). A volume of 5 µL of cell suspension was slowly 
injected at a depth of 4.4 mm into the right cau-
dal-putamen of the animal brain using a 
10µL-Hamilton microsyringe coupled in the infusion 
pump (0.5 μL/min). After injection the burr hole was 
closed with bone wax, the scalp incision sutured with 
6.0 Prolene suture and the surface was antiseptically 
cleaned. 

Nanoparticles preparation and intravenous 

administration  

Nanoparticles were suspended in ultrapure wa-
ter and NaCl 9‰ (1:1) to obtain a concentration of 100 
mM Gd in iso-osmolar solution, pH ~ 7.4. The injec-
tion solution was prepared for each type of studied 
nanoparticles (NP-TPC-ATWLPPR or NP) by dilution 
in 9‰ NaCl to obtain an injection volume of 500 µL 
(e.g. 25 µmol of Gd for a body weight of ~ 250 g). The 
anesthetized rat was catheterized into the caudal vein 
using a microperfusor (BD Vacutainer Safety-Lok: 
23G x 3/4’’x7’’ 0.6x19 mm x178 mm, France). The 
catheter was filled beforehand with 10% heparin 
(Heparin 25000 UI), which made it possible to check 
the venous return, the permeability of the catheter 
and to prevent its occlusion by coagulated blood. 500 
µL of the nanoparticles solution, followed by 500 µL of 
9‰ NaCl to flush the cannula line were slowly in-
jected (during 1 min).  

In vivo magnetic resonance imaging (MRI) 

Magnetic resonance imaging of the rat brain was 
performed by using a 7-Tesla horizontal bore system 
(Biospec; Brüker, Ettlingen, Germany) equipped with 

400 mT/m gradient set and a 30-mm-diameter surface 
coil for signal reception. Twenty days after intracra-
nial tumor inoculation, the animal was anesthetized 
with a mixture of air and 4% isoflurane. Anesthesia 
was maintained throughout the imaging procedure 
with 1.5-2% isoflurane. The caudal vein was catheter-
ized and the anesthetized animal was immediately 
prepared for MRI. The rat head was fixed with ear 
plugs and bar tooth to prevent head movement dur-
ing acquisition, and respiration was continuously 
monitored throughout acquisition using a pressure 
sensitive probe positioned over the rat’s diaphragm. 
Cerebral T2-weighted TurboRARE (Rapid Acquisition 
with Relaxation Enhancement) spin echo sequences 
(4200/12 [repetition time msec/echo time msec], 0.651 
mm section thickness, 2x2 cm field of view, 512-192 
matrix) were acquired for solid tumor location and 
size estimation. To assess the kinetics of the nanopar-
ticles in the tumor as well as the nanoparti-
cles-enhanced MRI signal intensity, a dynamic 
T1-weighted flash sequences (86/3.6 [repetition time 
msec/echo time msec], 0.651 mm section thickness, 
2x2 cm field of view, 512-192 matrix) were acquired 
just before injection and during 60 minutes. Following 
MRI analysis, rats were sacrificed and right and left 
hemispheres as well as other organs/tissues were 
dissected out and kept at -80°C for analysis of gado-
linium-based hybrid nanoparticles uptake. 

Inductively coupled plasma-mass spectrome-

try (ICP-MS) analysis 

A Varian 820 MS instrument (Varian, Les Ulis, 
France) was used to perform ICP-MS (Inductively 
Coupled Plasma-Mass Spectrometry) analyses in or-
der to evaluate biodistribution of gadolinium hybrid 
nanoparticles. All samples (organs and urine), dis-
sected out from the rats bearing brain tumor, were 
completely dissolved with 70% HNO3 (5 mL per 
sample) and heated at 90°C until total mineralization. 
Each mineralized sample was solubilised in 25 mL of 
milli-Q water (resistivity > 18.2 MΩ) and analyzed by 
ICP-MS (Laboratoire Environnement-Hygiène of Eu-
rofins ASCAL, Forbach, France). The ICP-MS instru-
ment was initialized, optimized and standardized 
according to manufacturer recommendations. 

Results 

Synthesis and characterization of nanoparti-

cles 

Multifunctional small nanoparticles were suc-
cessfully developed consisting of a gadolinium oxide 
core as MRI contrast agent, which is coated by a silica 
shell containing the covalently encapsulated TPC 
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photosensitizer. The nanoparticles were sur-
face-functionalized with DOTA as hydrophilic che-
lates and ATWLPPR heptapeptide as a tumor vascu-
lature targeting NRP-1 unit. To evaluate the PDT effi-
ciency and targeting ability of the functionalized na-
noparticles, two nanoparticles batches were tested 
without (NP) or with (NP-TPC-ATWLPPR) TPC 
photosensitizer and ATWLPPR targeting peptide 
units.  

Size distribution and Zeta potential of the na-
noparticles were presented in Fig. 1A and B, respec-
tively, and values were summarized in Table 1. Hy-
drodynamic diameter was 4.6 and 3.3 nm for 
NP-TPC-ATLLPPR and NP, respectively. Hence, one 
can observe that peptide grafting on the surface of 
nanoparticles (~ 3 peptides per nanoparticle) and TPC 
encapsulating into the silica shell (~1.7 TPC molecules 
per nanoparticle) induce only slight increase in the 
hydrodynamic diameter (4.6 vs. 3.3 nm for 
NP-TPC-ATWLPPR and NP, respectively). The two 
nanoparticles batches were characterized by a single 
narrow peak with around 99.5% of the size distribu-
tion by volume (Fig. 1A). This indicates that the na-
noparticles were monodisperse in water probably 
because of their derivatization by the DOTA poly-
mers. Zeta potentials were also determined in ul-
trapure water to avoid the presence of counterions 
which could neutralize the charges on the nanoparti-
cles. Positive charge of 12.9 ± 4.0 and 4.3 ± 3.5 mV was 
measured for NP-TPC-ATWLPPR and NP, respec-
tively (Fig. 1B and Table 1). As suggested by our 
group [34], the higher positive charge of the pep-
tide-conjugated nanoparticles (12.9±4.0 mV) may be 
brought by the surface-grafted peptide ATWLPPR (~ 
3 peptides per nanoparticle). UV/Vis spectra of the 
NP-TPC-ATWLPPR nanoparticles showed that the 
nanoparticles displayed similar absorption features to 
free TPC, with the Soret-band and the respective 
Q-bands (Fig. 1C). No shift of the maximum absorp-
tion at Soret-band can be observed, suggesting that 
the photosensitizer was mainly in a monomeric form 
without aggregation inside the nanoparticles. This 
indicates that the photophysical properties of TPC 
molecules in the nanoparticles were well retained. 
According to the calibration curve of the UV/Vis ab-
sorption spectra of free TPC, the amount of grafted 
TPC within the nanoparticles NP-TPC-ATWLPPR 
was estimated around 1.7 TPC molecules per nano-
particle. According to the calibration curve of the flu-
orescence spectra of free peptide and the fluorescence 
of the peptide coupled to the nanoparticles in solu-
tion, we quantified ~ 3 peptides per nanoparticle.  

 

Table 1. Size and zeta potential of nanoparticles 

Nanoparticles types NP-TPC-ATWLPPR NP 

Hydrodynamic diameter 
(nm) 

4.6±3.8 3.3±1.1 

Zeta potential (mV) 12.9±4 4.3±3.5 

 

Molecular affinity of peptide-conjugated na-

noparticles 

The endothelium-homing peptide ATWLPPR 
was described to selectively target NRP-1 receptor 
expressed in angiogenic vasculature [19, 20, 22]. The 
molecular affinity of the nanoparticles for recombi-
nant NRP-1 protein was evaluated using competitive 
binding test. Increasing concentrations of peptide 
conjugated to NP-TPC-ATWLPPR nanoparticles or 
the corresponding concentrations of gadolinium in 
the control NP were tested. Results of binding test 
were presented in Fig. 2. Biotinylated VEGF165 bound 
to NRP-1 was greatly displaced by the pep-
tide-conjugated nanoparticles NP-TPC-ATWLPPR, 
indicating that the conjugated nanoparticles bound to 
recombinant NRP-1 chimeric protein. Although slight 
interaction of the un-conjugated NP was only detect-
ed with the higher concentration tested, 
ATWLPPR-conjugated nanoparticles showed a pep-
tide concentration-dependent binding to recombinant 
NRP-1 protein (EC50 = 56.6 µM for 
NP-TPC-ATWLPPR, corresponding to the concentra-
tion of competitor that displaced 50% of VEGF165 
binding). 

Nanoparticles-induced dark cytotoxicity in 

vitro 

 Dark cytotoxicity (without light irradiation) was 
first assessed by MTT test on the MDA-MB-231 breast 
cancer cells, overexpressing NRP-1 receptor [38]. In-
creasing concentrations of nanoparticles-grafted 
photosensitizer molecules (NP-TPC-ATWLPPR) or 
photosensitizer-free nanoparticles (NP) (from 0.05 to 
10.00 µM of TPC, corresponding to 2.9 to 585.0 µM of 
gadolinium oxide, respectively) were tested (Fig. 3). 
As shown on Figure 3A, 48 h after nanoparticles ex-
posure, cytotoxic effect was evidenced only with the 
higher concentration (10.00 µM/585.0 µM) leading to 
a reduction of 37% and 41% of cell survival for 
NP-TPC-ATWLPPR and NP, respectively. No cyto-
toxic effect was measured (mean cell viability superi-
or to 80%) for cells exposed with concentrations from 
0.05 to 1.00 µM for both nanoparticle groups 
(NP-TPC-ATWLPPR and NP) compared to untreated 
cells (Fig. 3A).  
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Figure 1. Absorption spectra, size and zeta potential of gadolinium-based hybrid silica nanoparticles. (A) Size distribution by volume of the hydrodynamic 
diameter (expressed in nm) of nanoparticles (NP-TPC-ATWLPPR or NP) in suspension at 20°C. (B) Zeta potential distribution (expressed in mV) of the 

nanoparticles (NP-TPC-ATWLPPR or NP) suspensions. (C) Absorption spectra of free photosensitizer TPC and suspension of NP-TPC-ATWLPPR 

nanoparticles in ethanol. 

 
 
 

Figure 2. Binding of ATWLPPR-targeted (NP-TPC-ATWLPPR) and 
untargeted (NP) nanoparticles to NRP-1 recombinant protein. Binding 

of the biotinylated VEGF (5 ng/mL) to recombinant chimeric NRP-1 
protein, in the presence of 2 µg/mL heparin, was evaluated in compe-
tition with an excess of VEGF165 as positive control (0.5 µg/mL), 
NP-TPC-ATWLPPR (grey) or NP control (black) at the indicated 

concentrations of ATWLPPR or the corresponding concentrations of 
gadolinium (Gd), respectively. Data points show the mean ± S.D., n=3. 

EC50 = 56.6 µM (NP-TPC-ATWLPPR) 
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Figure 3. Impact of nanoparticles-containing photosensitizer and peptide (NP-TPC-ATWLPPR) or nanoparticles only (NP) on MDA-MB-231 cell activities 
in darkness. A) MDA-MB-231 cells were exposed to NP-TPC-ATWLPPR (black) or NP (gray) at the indicated concentrations for 24 h at 37°C. Cells were 

washed and incubated at 37°C for further 24 h. Cell viability was then measured using MTT test (values are presented as the mean ± S.D). B) Kinetics of 
the normalized cell index of the MDA-MB-231 cells exposed to various concentrations of NP-TPC-ATWLPPR (a) or the corresponding concentrations of 
gadolinium in the control NP (b) for 24h before washing. Cell index was monitored during 143 h after nanoparticles exposure by using the xCELLigence 

system. All reported data are the means of six replicates. 
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 We also used a real-time cell analysis system to 
investigate the dynamics of cytotoxic effects of mul-
tifunctional ultrasmall nanoparticles. RTCA system 
measures impedance-based signals and provides dy-
namic information about cell response. The cellular 
response was continually monitored for 143 h in 
darkness from the time of nanoparticles addition. As 
shown in Figure 3B, electrical impedance measure-
ments from adherent cells, expressed as normalized 
cell index kinetics, showed no decrease in cell index 
values whatever the nanoparticles type (NP and 
NP-TPC-ATWLPPR) concentration used as compared 
to untreated cells. A transient decrease of cell index 
was recorded at 24 h-post addition, related to the 
temporary interruption of impedance measurement 
during the washing step performed to washing off the 
un-internalized nanoparticles. However, from ~ 60 h 
after nanoparticles exposure, cell index kinetics were 
clearly modified displaying an evident 
time-dependent decrease of cell index for all the con-
centrations tested, suggesting a late cellular effect on 
cell proliferation. 

In vitro photodynamic activity of nanoparticles 

 On the basis of the data obtained from the dark 
cytotoxicity studies using MTT test (Fig. 3A), photo-
dynamic activity was investigated with two non cy-
totoxic concentrations of TPC (0.1 and 1.0 µM) into the 
nanoparticles NP-TPC-ATWLPPR. MDA-MB-231 
cancer cells were exposed to 0.1 and 1.0 µM of TPC 
into NP-TPC-ATWLPPR for 24 h. Following washing, 
the cells were irradiated with various doses of red 
light (652 nm). After 24 h post-irradiation, cell viabil-
ity was estimated with MTT test. As shown in figure 

4, the nanoparticles induced a light dose-dependent 
increase in photocytotoxicity, achieving at 20 J/cm2 a 

decrease in cell viability up to 24 and 1% for 0.1 and 
1.0 µM TPC, respectively. Moreover, the nanoparticles 
exhibited photocytotoxicity in a TPC concentra-
tion-dependent manner as the nanoparticles at 1.0 µM 
was 3.3 times more effective than 0.1 µM (50% cell 
growth inhibitory light dose, DL50 = 9.16 vs. 2.80 J/cm2 
at 0.1 and 1.0 µM, respectively). 

The dynamic response of the MDA-MB-231 
cancer cells exposed to increasing concentrations of 
NP-TPC-ATWLPPR and various doses of light was 
also monitored using real-time impedance-based 
analysis (Fig. 5A-B-C). As expected according to our 
findings from dark cytotoxicity kinetics (Fig. 3B), no 
decrease in cell index values was observed during the 
first 24 h post-exposure to nanoparticles before light 
irradiation (Fig. 5, left panel). However, cell index 
kinetics obtained during the time interval from 25 to 
55 h post-irradiation clearly showed discriminant 
profiles (Fig. 5A-B-C, right panel). According to na-
noparticles concentrations and light doses, kinetic 
profiles showed a transient or a persistent decrease of 
normalized cell index (Fig. 5A-B-C, right panel). Be-
side the nanoparticles concentration- and the light 
dose-dependent photocytotoxicity, distinct phases of 
cell response along the post-irradiation period can be 
highlighted, thus showing time-dependent cellular 
effect. Interestingly, as shown on Fig. 5-D (right pan-

el), photosensitizer-free nanoparticles (NP) showed 
no decrease of cell index values whatever the concen-
trations even after light irradiation with 10 J/cm2 as 
compared to untreated cells. This means that the na-
noparticles-induced photocytotoxicity relies on the 
photoactivation of the photosensitizer molecules 
grafted inside the nanoparticles.  

 

 

Figure 4. In vitro photodynamic activity of nanoparticles-containing photosensitizer and peptide (NP-TPC-ATWLPPR) according to MTT assay. 

MDA-MB-231 cells were exposed to 0.1 µM (black) and 1.0 µM (gray) of TPC in NP-TPC-ATWLPPR. Following a 24 h-incubation at 37°C, cells were 
washed and exposed to the indicated doses of light and incubated for further 24 h. Cell viability was then measured using MTT assay. Values are the average 

of six replicates and presented as the mean ± S.D. DL50 = 9.2 or 2.8 J/cm2 at 0.1 and 1 µM of TPC in NP-TPC-ATWLPPR, respectively. 
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Figure 5. Kinetics of photo-induced cytotoxicity of nanoparticles according to real-time impedance-based analysis. MDA-MB-231 cells were monitored 
for 24 h during interaction with NP-TPC-ATWLPPR (A, B, C) or NP (D) at the indicated concentrations of photosensitizer or the corresponding con-
centration of gadolinium oxide for the control NP (left panel). Following washing, cells were exposed to various light doses (A: 1 J/cm2, B: 5 J/cm2, C and D: 

10 J/cm2) (right panel). Presented cell index values are the mean of 6 replicates.  
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Tumor tissue selectivity and MRI contrast 

enhancement in vivo  

To investigate MRI contrast enhancement in 
tumor tissue, cerebral MRI analysis of nude rats with 
orthotopic U87 glioblastoma model was performed 
about 20 days after intracranial tumor implantation. 
MRI analysis of the tumor tissue was investigated for 
intravenously injected un-conjugated and pep-
tide-targeted gadolinium-based hybrid nanoparticles. 
Dynamic data of MRI signal intensity from the se-
lected regions of interest (ROIs) in the tumor and the 
controlateral tissue were expressed as the mean signal 
per area unit and used to create kinetics of MRI con-
trast enhancement (EHC %) for all time points 
post-injection. The kinetics represent MRI contrast 

enhancement in both tumor and controlateral tissue 
normalized to the pre-injection MRI signal, and MRI 
contrast enhancement in tumor tissue normalized to 
controlateral tissue (Fig. 6A-B). As shown in Fig. 

6A-B, immediately after intravenous injection, what-
ever the nanoparticles types the MRI contrast en-
hancement increased rapidly and specifically in tu-
mor ROIs to achieve maximum enhancement at 2-7 
min post-injection, reflecting nanoparticles incorpo-
ration in tumor. We can note that tumor MRI signal 
intensity appears to be higher in rats injected with 
non-targeted nanoparticles probably due to higher 
pre-injection MRI signal (2.5-fold) because of more 
extended tumor mass as compared to that injected 
with targeted nanoparticles (Fig. 6B-C).  

 

Figure 6. Cerebral biodistribution and tumor MRI contrast enhancement by gadolinium-based hybrid silica nanoparticles with or without targeting peptide 
monitored during 1h and, immediately after intravenous injection. Dynamic T1-weighted images acquisition was started before intravenous injection of the 
nanoparticles (25 µmol of Gd / 250 g of body weight) to characterize the kinetics of the nanoparticles biodistribution in the tumor. MRI signal intensity 

kinetics of injected peptide-conjugated NP-TPC-ATWLPPR (A), and un-conjugated NP (B) nanoparticles were expressed as the enhancement of contrast 

(EHC %) normalized on pre-injection signal. The curves represent time-dependent signal intensity recorded from different ROIs selected from:  Con-

trolateral healthy hemisphere, Tumor tissue, or  the EHC in the tumor tissue as normalized on the contolateral healthy hemisphere. C) T1 coronal 

MRI images obtained (1) before nanoparticles injection, (2) maximal MRI signal intensity after injection and (3) 1h post-injection. 
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Most interestingly however, distinct decrease 
rates of tumor MRI contrast kinetics from the maxi-
mum peak were observed according to nanoparticles 
type. Indeed, peptide-targeted nanoparticles showed 
slower time-dependent decrease (2.75-fold) of tumor 
MRI contrast as compared to non-targeted NP (-0.0072 
vs. -0.0198 .min-1). Using the semi-logarithmic 
presentation of MRI contrast enhancement decrease 
kinetics (data not shown), half-life of peptide-targeted 
nanoparticles in the tumor tissue was estimated to be 
2.75-fold than that of the non-targeted nanoparticles 

(T1/2 = 96.25 vs. 35.00 min). To evaluate in vivo biodis-
tribution of the nanoparticles ~75 min 
post-intravenous injection, tumor-bearing rats were 
sacrificed at the end of MRI analysis and organs were 
subjected to gadolinium content quantification. 
Post-mortem ICP-MS analysis of the organs/tissues 
showed that whatever the nanoparticles groups gad-
olinium was detected in liver at low levels, but essen-
tially present in kidneys and urine (Fig. 7), suggesting 
rapid clearance of the nanoparticles by the renal route. 

 

 

Figure 7. Biodistribution of gadolinium-based hybrid silica nanoparticles with or without targeting peptide at 1h15 after intravenous injection (25 µmol of 

Gd/ ~ 250 g of body weight) in the caudal vein with NP-TPC-ATWLPPR (A) or NP (B). Gadolinium uptake was determined by ICP-MS analysis and 

expressed as percentage of the injected dose. Brain L: left brain hemisphere, Brain R: right brain hemisphere bearing xenografted tumor. 

  

Discussion 

Our strategy aims to favor the vascular effect of 
PDT by targeting tumor-associated vascularisation 
using peptide-functionalized theranostic nanoparti-
cles. The present study describes the development 
and the evaluation of novel small multifunctional 
silica-based nanoparticles as potential theranostic 
system for an integrated vascular-targeted PDT and 
MRI. Previous works of our group described the 
conjugation of chlorin photosensitizer to ATWLPPR 
peptide targeting NRP-1 over-expressed in tumor 
angiogenic vessels. In the present work, we developed 
ATWLPPR-targeted silica-based nanoparticles with 
gadolinium chelates as MRI contrast agent and a 
chlorin as photosensitizer. The nanoparticles were 
surface-functionalized with hydrophilic DOTAGA in 
part as scaffold for grafting of ATWLPPR peptide 
units. In vitro studies demonstrated the photodynamic 

efficiency of the chlorine-doped multifunctional na-
noparticles on cancer cells and their ability to target 
NRP-1 protein through the targeting peptide moiety.  

Multifunctional nanoparticles demonstrated in 
vitro photodynamic efficiency related to photosensi-
tizer concentration and light dose as showed by using 
both impedance-based real-time cell analysis and 
MTT assay. In the absence of light irradiation, our 
multifunctional nanoparticles displayed no cytotoxi-
city at low concentrations, except a delayed alteration 
of cell proliferation observed with the cell index ki-
netics. Such late effect may be due to long retention of 
nanoparticles in in vitro cell culture system. Indeed, 
we observed alterations in cell proliferation even for 
low concentrations of nanoparticles however MTT 
test only showed a cytotoxic effect with the highest 
test concentration of 10 µM. This discrepancy already 
reported in the literature, may be mainly due to the 
fact that both assays measure distinct cell activities; 
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MTT test detects cell viability through mitochondrial 
metabolism, while RTCA considers cell death or pro-
liferation, cell morphology, and cell adhesion to the 
well as defined by cells-microelectrode contact surface 
[42, 45-48]. This observation raises the question about 
the underlying mechanism of nanoparticles interac-
tion on cellular activities. Numerous research groups 
have pointed out the difficulty of using classical sin-
gle-point techniques usually based on cell metabolism 
activity to assess nanoparticles-related cytotoxicity 
[49, 50]. Multifunctional nanoparticles conferred 
photosensitivity to cancer cells, providing evidence 
that the photosensitizer molecules covalently grafted 
within the nanoparticle matrix can be photoactivated 
in vitro. As reported by our group [34], such nanopar-
ticles indeed did not alter the photophysical proper-
ties of the encapsulated chlorin photosensitizer. Their 
photodynamic activity resulted in the loss of cell ac-
tivities related to photosensitizer concentration and 
light dose since no photocytotoxicity was detected 
with control nanoparticles without photosensitizer. 
Accordingly, nanoparticles-encapsulated photosensi-
tizer molecules inducing photosensitivity to cells were 
largely reported. Kopelman et al. synthesized a poly-
acrylamide multifunctional platform containing a 
MRI contrast enhancement agent and Photofrin® 
photosensitizer, as well as targeting unit (the integ-
rin-targeting RGD peptide) for specific cell targeting 
[25, 51, 52]. In vitro studies confirmed the photoacti-
vation of the encapsulated photosensitizer generating 
efficient PDT activity on cancer cells. More recently, 
Zhao et al., described the synthesis of silica-coated 
lanthanide-doped nanoparticles with phthalocyanine 
(AIC4Pc) photosensitizer covalently incorporated 
inside the silica shell for PDT and MRI. The authors 
demonstrated the ability of the nanoparticles to kill 
cancer cell upon near-infrared irradiation without 
cytotoxicity in darkness [27].  

Molecular affinity was investigated for pep-
tide-functionalized nanoparticles, demonstrating the 
ability of ATWLPPR homing peptide to bind recom-
binant NRP-1 protein. Peptide-conjugated chlorin 
demonstrated a molecular affinity of 213 µM (EC50 
value, the concentration of competitor that displaced 
50% of VEGF165 binding) [38], ATWLPPR-targeted 
nanoparticles (~3 peptides per nanoparticle) showed a 
3.5-fold high molecular recognition for NRP-1 protein 
(EC50 = 56.6 µM). This may be explained by a positive 
cooperativity in binding of nanoparticle-grafted 
ATWLPPR units through multivalent interactions 
with NRP-1 protein. Moreover, it is noticeable that 
previous findings of our group have still showed no 
additional increase of affinity with more than four 
peptides per nanoparticles [34] probably because ste-

ric hindrance due to the number of peptide units. 
Real-time monitoring of in vivo MRI signal al-

lowed us to demonstrate that intravenously injected 
nanoparticles induced specific enhancement of MRI 
contrast in tumor tissue, reflecting their high tumor-
itropic accumulation. This reveals the potential of the 
nanoparticles as MRI contrast enhancer and suggests 
nanoparticles passive targeting of tumor tissue prob-
ably through the Enhanced Permeability and Reten-
tion (EPR) effect characterizing malignant tissues [53, 
54]. Leaky vessels with large fenestrations result in 
extravasation and extensive leakage of circulating 
nanoparticles into the tumor tissue [17]. Slow venous 
return in tumor tissue and the poor lymphatic clear-
ance cause intratumoral retention of nanoparticles. 
Furthemore, both types of nanoparticles are sur-
face-functionalized with hydrophilic DOTAGA che-
lates that could endow the nanoparticles with water 
dispersibility and bioavailability [55] and improve 
their relaxivity properties [56, 55, 33]. Lux and 
co-workers (2011) have recently reported that similar 
small gadolinium hybrid nanoparticles functionalized 
with DOTA displayed significant increase of longitu-
dinal relaxivities in solution with better MRI contrast 
enhancement in vivo as compared to DOTA(Gd) or 
DOTAREM®, among the most frequently used MRI 
contrast agents [33]. It should be noted that tumor 
MRI signal intensity appears to be higher with 
non-targeted nanoparticles probably due to the more 
extended tumor mass. Interestingly, we evidenced 
that ATWLPPR-targeted nanoparticles can favour the 
intratumoral retention of functionalized nanoparticles 
compared to control nanoparticles, providing a pro-
longed selective and positive MRI contrast enhance-
ment. This could indicate that tumor clearance of 
peptide-targeted nanoparticles is delayed through 
peptide functionalization. Although the use of tar-
geted nanoparticles as platforms for theranostic ap-
plications have been widely described, it is the first 
time that multifunctional silica-based nanoparticles 
targeting NRP-1 have been evaluated in vivo as a de-
livery system for PDT and imaging agents.  

In this targeting strategy, we revealed the in vitro 
photodynamic efficiency of the multifunctional sili-
ca-based nanoparticles for PDT and their accumula-
tion in tumor tissues. Our findings are promising and 
warrant further studies using these multifunctional 
nanoparticles for cancer theranostics in vivo. 
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toxy carbonyl; BSA: Bovine Serum Albumine; CI: Cell 



Theranostics 2012, 2(9) 

 

http://www.thno.org 

903 
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N,N-Diisopropylethylamine; DMF: Dimethylforma-
mide; DMSO: Dimethyl sulfoxyde; DOTAGA: 
(1,4,7,10-tetraazacyclododecane-1-glutaric anhy-
dride-4,7,10-triacetic) acid; EDC: Ethylene DiChloride; 
EHC: EnHancement of Contrast; FBS: Fetal Bovine 
Serum; Fmoc: 9-fluorenyl-methoxy-carbonyl; HBSS: 
Hank's Buffered Salt Solution; HBTU: 
2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyl-uronium 
hexafluorophosphate; ICP-MS: Inductively coupled 
plasma-mass spectrometry; MRI: Magnetic Resonance 
Imaging; MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyl tetrazolium bromide; NP: Nanoparticle; 
NRP-1: Neuropilin-1 receptor; 1O2: singlet oxygen; 
Pbf: 2.2.4.6.7-pentamethyldihydro-benzofuran-5- 
sulfonyl; PBS: Phosphate Buffered Saline; PCS: Photon 
Correlation Spectroscopy; PDT: photodynamic ther-
apy; ROS: Reactive Oxygen Species; RPMI: Roswell 
Park Memorial Institute medium; RTCA SP: Real 
Time Cell Analyzer Single Plate; tBu: tertio-butyl; 
TEA: TriEthylAmine; TFA: trifluoroacetic acid; TEOS: 
TriEthOxy Silane; TPC: 5-(4-carboxyphenyl)-10,15,20- 
triphenylchlorin; TPC-NHS: 5,10,15,tri-(p-tolyl)-20-(p- 
carboxylphenyl)chlorinsuccinidyl ester; VEGF: Vas-
cular Endothelial Growth Factor. 
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