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& Photodynamic Therapy

A Theranostic Agent Combining a Two-Photon-Absorbing
Photosensitizer for Photodynamic Therapy and a Gadolinium(III)
Complex for MRI Detection

Julie Schmitt,[a] Val�rie Heitz,*[a] Ang�lique Sour,[a] Fr�d�ric Bolze,*[b] Pascal Kessler,[c]

Lucia Flamigni,[d] Barbara Ventura,*[d] C�lia S. Bonnet,[e] and �va T�th*[e]

Abstract: &&please provide academic titles (Prof. , Prof. Dr. ,
Dr.) for the authors&&The convergent synthesis and char-
acterization of a potential theranostic agent, [DPP-ZnP-
GdDOTA]� , which combines a diketopyrrolopyrrole-porphy-
rin component DPP-ZnP as a two-photon photosensitizer for
photodynamic therapy (PDT) with a gadolinium(III) DOTA
complex as a magnetic resonance imaging probe, is pre-
seented. [DPP-ZnP-GdDOTA]� has a remarkably high longitu-
dinal water proton relaxivity (19.94 mm

�1 s�1 at 20 MHz and
25 8C) for a monohydrated molecular system of this size. The
nuclear magnetic relaxation dispersion (NMRD) profile is
characteristic of slow rotation, related to the extended and

rigid aromatic units integrated in the molecule and to self-
aggregation occurring in aqueous solution. The two-photon
properties were examined and large two-photon absorption
cross-sections around 1000 GM were determined between
910 and 940 nm in dichloromethane (DCM) with 1 % pyri-
dine and in DMSO. Furthermore, the new conjugate was
able to generate singlet oxygen, with quantum yield of 0.42
and 0.68 in DCM with 1 % pyridine and DMSO, respectively.
Cellular studies were also performed. The [DPP-ZnP-
GdDOTA]� conjugate demonstrated low dark toxicity and
was able to induce high one-photon and moderate two-
photon phototoxicity on cancer cells.

Introduction

The combination of therapy and diagnosis has led to a new
field of research named theranostics, the aim of which is to de-
velop mild, efficient, and personalized treatments. Associating
an imaging modality to a therapeutic agent offers a promising
way to improve treatment by monitoring in vivo the delivery
and/or the effect of a drug. Several strategies have been pro-

posed to obtain theranostic agents based on molecular sys-
tems as well as on nanoparticles.[1]

As a diagnostic tool, magnetic resonance imaging (MRI) is
widely used in medicine. It is a non-invasive modality, which
provides images with excellent anatomical and temporal reso-
lution. A disadvantage of this technique, however, is its low
sensitivity requiring high concentrations of the contrast agents
to be injected.[2] Commercial contrast agents, based on para-
magnetic gadolinium complexes, are extracellular and have
low MRI efficiency. Their relaxivities, which measure the para-
magnetic enhancement of the longitudinal water proton relax-
ation rate, are only in the order of 4–5 mm

�1 s�1.[3] These values
could be significantly improved by optimizing the parameters
that influence relaxivity of the GdIII complexes, such as the hy-
dration number, the water exchange rate or the rotational dy-
namics, by structural modifications.[4]

Photodynamic therapy (PDT) is a minimally invasive therapy,
based on the localized light activation of a photosensitizer that
reacts with surrounding oxygen to produce singlet oxygen or
cytotoxic oxygen reactive species[5] produced by energy or
electron transfer from the triplet excited state of the photosen-
sitizer. Although it is frequently applied to various skin diseas-
es, age-related macular degeneration and cancerous tumors, it
suffers from several limitations. These involve low tissue pene-
tration of the visible light currently used in PDT, and photo-
damage induced by the excitation light outside the therapeu-
tic window (between 700 and 1000 nm), which is absorbed by
various endogenous chromophores. Recently, PDT based on
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two-photon excitation of a photosensitizer performed in the
near infrared region with short focalized laser pulses has
proven to be a promising approach to circumvent those limita-
tions.[6]

The design of theranostic agents that combine MRI detec-
tion capabilities with two-photon sensitization ability for PDT
is a further step towards a better control of this mild and effi-
cient therapy.[7] The most obvious benefit of such agents is
indeed to monitor the delivery of the photosensitizer to the
site of interest, to have a precise localization of the damaged
area and to treat it with high spatial resolution by means of
the combined imaging and therapeutic functions. Ideally, the
conjugation of the MRI contrast agent to a porphyrin deriva-
tive, known to preferentially accumulate in tumor tissues,
should not substantially change the biodistribution and the
therapeutic agent will act as a vehicle to deliver the MRI agent
to the area of the treatment. On the other hand, the chemical
association of the photosensitizer to the MRI probe can also
improve its relaxation properties. The increased size of the
theranostic system as compared to the contrast agent alone
will enhance its relaxivity by slowing down the rotational dy-
namics of the GdIII center, provided that the whole molecule
keeps a low inner flexibility.[3] Moreover, the photosensitizer
can benefit from the linkage with the GdIII ion, which could
promote intersystem crossing to the triplet state by heavy
atom effect[8] and enhance the triplet yield. Finally, as each
component (the GdIII complex and the photosensitizer) retains
its activity within the conjugate without a need of in vivo
cleavage, the real-time monitoring of not only the delivery but
also the excretion of the theranostic agent becomes possible.

Few molecular systems consisting of GdIII complexes associ-
ated to a porphyrin derivative used as a one-photon photosen-
sitizer for PDT have been reported to behave both as MRI con-
trast agents and singlet oxygen generators.[9] In those exam-
ples, the relaxivity of the contrast agent constructed on a por-
phyrin core was greatly affected by the size and flexibility of
the whole molecule. Various strategies have also been pro-
posed to assemble high concentrations of the MRI probe and
of the photosensitizer in a nanoparticle.[10] However, their
random proportion renders the pharmacokinetics of such sys-
tems difficult to predict. For the molecular PDT-MRI conjugate
systems reported so far, the optimization of the PDT sensitizer
component remains to be done, in particular in terms of lower-
ing the excitation energy close to the therapeutic window
(700–1000 nm) to achieve higher penetration depth in tissues.
This can be pursued mainly by two approaches: 1) by lowering
the HOMO–LUMO gap of the sensitizer through an appropriate
chemical modification, or 2) by using a sensitizer with high
two-photon absorption (TPA) cross-section in the therapeutic
window. The application of a two-photon sensitizer implies
also the advantages inherent to the TPA phenomenon, that is,
increased spatial resolution of the treatment and decreased
photodamage of the surrounding tissues.[6g]

Following the second strategy, we herein describe the con-
vergent synthesis of the theranostic agent [DPP-ZnP-GdDOTA]�

that associates a diketopyrrolopyrrole–zinc(II) porphyrin com-
ponent as two-photon absorbing photosensitizer for PDT with

GdDOTA as MRI probe (H4DOTA = 1,4,7,10-tetraazacyclodode-
cane-1,4,7,10-tetraacetic acid). We have evaluated the two-
photon absorption properties, the singlet oxygen generation
as well as the relaxivity of the new conjugate in solution. Cell
penetration and two-photon excitation experiments in cells
have been carried out to assess its potential as a near-IR two-
photon PDT photosensitizer.

Results and Discussion

The design of the theranostic system [DPP-ZnP-GdDOTA]� was
based on a convergent synthesis that couples in the last step
two well-defined components, a diketopyrrolopyrrole–zinc(II)-
porphyrin component, DPP-ZnP-NH2, decorated with hydro-
philic oligoethylene glycol chains, and an anionic [GdDOTA-
GA]2� complex, which provides sufficient water solubility to
the final compound for biological applications (Figure 1). The
use of a diketopyrrolopyrrole–porphyrin conjugate as a compo-
nent of the theranostic agent was motivated by our recent
studies on a related conjugate, DPP-ZnP-TIPS. This robust dye
has a large delocalized p-system and showed high TPA cross-
section in the near-IR.[11] Furthermore, it generated efficiently
singlet oxygen in solution, penetrated readily in cells, and ex-
hibited high two-photon induced phototoxicity on HeLa cell
cultures.

The final hetero-dinuclear [DPP-ZnP-GdDOTA]� complex, in-
corporating a ZnII in the porphyrin and a GdIII in the DOTA che-
late, could be conceived from the pre-metalated macrocyclic li-
gands by a careful choice of the reaction conditions to avoid
demetalation of these acid-sensitive complexes. An amide
bond formation in mild conditions was able to satisfy these re-
quirements. The DPP-ZnP-NH2 component can be readily ob-
tained from DPP-ZnP-TIPS (Figure 2).[11] The [GdDOTAGA]2� pre-
cursor contains a DOTA-like ligand, a common macrocyclic che-
lator for gadolinium(III)-based contrast agents that provides
high thermodynamic stability, kinetic inertness, and fast water
exchange.[3] In H5DOTAGA, one of the acetate pendant arms is
functionalized with an additional carboxylic acid. GdIII complex-
ation of [DOTAGA]5� involves four carboxylates and the re-
maining carboxylate of [GdDOTAGA]2� allows further reaction
without using a protection/deprotection step.[12] The [YDOTA-
GA]2� complex was also synthesized and used to prepare the
[DPP-ZnP-YDOTA]� conjugate, as the diamagnetic analogue of
the desired paramagnetic [DPP-ZnP-GdDOTA]� molecule
(Figure 2).

The DPP-ZnP-NH2 component was obtained in two steps
from DPP-ZnP-TIPS. After classical cleavage of the triisopropyl
silyl group using TBAF, the air-sensitive intermediate DPP-ZnP-
H was reacted with the tert-butoxycarbonyl (Boc)-protected 3-
iodobenzylamine[13] under standard Sonogashira cross-coupling
reaction conditions. Purifications with silica gel chromatogra-
phy&&ok?&& and size-exclusion column chromatography
led to DPP-ZnP-NHBoc in 42 % yield. Removal of the Boc-pro-
tecting group using trifluoroacetic acid led to partial demetala-
tion of the zinc(II) porphyrin, which was remetalated with
Zn(OAc)2·2 H2O to afford DPP-ZnP-NH2 in almost quantitative
yield.
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The complexation of DOTAGA anhydride with GdCl3 at neu-
tral pH adjusted with an aqueous sodium hydroxide solution
gave the complex Na2[GdDOTAGA] as reported.[12] The amide
coupling reaction leading to the final [DPP-ZnP-GdDOTA]� mol-
ecule was performed by using the sodium salt of the [GdDO-

TAGA]2� complex, dissolved in DMSO at 65 8C before addition
of the activating agent O-(benzotriazol-1-yl)-N,N,N’,N’-tetrame-
thyluronium (N-TBTU) tetrafluoroborate, and the base N,N-dii-
sopropylethylamine (DIPEA). Then a DMSO solution of DPP-
ZnP-NH2 was added dropwise and the reaction mixture was

Figure 1. Synthetic strategy to prepare the theranostic system [DPP-ZnP-GdDOTA]� from two components, DPP-ZnP-NH2 and [GdDOTAGA]2�. The related dia-
magnetic complex [DPP-ZnP-YDOTA]� and its precursors are also represented.

Figure 2. Synthesis of Na[DPP-ZnP-MDOTA], M = YIII or GdIII.
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stirred overnight at room temperature. Size-exclusion column
chromatography allowed the removal of the coupling agents
and unreacted starting porphyrin from the crude mixture.

The delicate purification of the final molecule was achieved
by size-exclusion column chromatography followed by prepa-
rative TLC using DCM/MeOH/NH4OH 80:15:5 as eluent to
afford the sodium salt Na[DPP-ZnP-GdDOTA] in 52 % yield. The
compound was characterized by high-resolution mass spec-
trometry. The isotopic profile of the molecular ionic species
[M + 2Na]+ , detected at 2470.8131, was in accordance with the
calculated one (Supporting Information, Figure S12). The relat-
ed diamagnetic yttrium(III) complex Na[DPP-ZnP-YDOTA] ob-
tained by reacting [YDOTAGA]2� with DPP-ZnP-NH2 in similar
reaction conditions as for [DPP-ZnP-GdDOTA]� was further
characterized with 1D and 2D 1H NMR spectroscopy in
[D6]DMSO (Supporting Information, Figure S9 and S10).

Relaxivity measurements

To characterize the relaxation efficiency of the theranostic
agent [DPP-ZnP-GdDOTA]� , nuclear magnetic relaxation disper-
sion (NMRD) profiles were recorded in water at two different
temperatures in the field range of 10 kHz–600 MHz (Figure 3).
Some relaxivity data were also obtained in an aqueous solu-
tion containing 1 % DMSO and were identical to those in
water. Likewise, the relaxivities in the presence of 50 mm NaCl
were very similar to those measured in H2O alone (Supporting
Information, Figure S14).

The most important parameters that influence relaxivity are
the number of water molecules directly coordinated to the
GdIII (q), their exchange rate with the bulk water (kex), the rota-
tional correlation time of the complex (tR), and the parameters
characterizing electron spin relaxation (tV and D2). These pa-
rameters govern relaxivity via the Solomon–Bloembergen–
Morgan (SBM) theory of paramagnetic relaxation.[3] We assume
that the [DPP-ZnP-GdDOTA]� complex has one inner-sphere

water molecule, analogously to GdDOTA and all similar DOTA
derivatives.[3]

The relaxivity obtained for [DPP-ZnP-GdDOTA]� , r1 =

19.94 mm
�1 s�1 (20 MHz, 25 8C), is remarkably high for a molecu-

lar system of this size (MW = 2.4 kDa) incorporating one mono-
hydrated GdDOTA complex. It is only slightly lower than the re-
laxivity of P760 (r1�25 s�1 mm

�1 between 20 and 60 MHz) with
an approximately double molecular weight (MW = 5.3 kDa),
which was previously developed as a low diffusion, fast clear-
ance blood pool agent.[14] In P760, a GdDOTA core is decorated
with four large (though not rigid) hydrophilic arms, thus the
GdIII is in the barycenter of the molecule and takes full advant-
age of the slow rotation of the entire system. The relaxivity of
[DPP-ZnP-GdDOTA]� is in the same order of magnitude as
those reported for various nanosized objects such as MOFs,[15]

polyrotaxanes,[16] micelles,[17] and slightly lower than that of op-
timized gold nanoparticles.[18] The relaxivity profiles display
a high field peak with a maximum at around 20 MHz, which is
characteristic of slow rotation (Figure 3). Such slow rotation is
the result of the large size of our molecule integrating extend-
ed and rigid aromatic systems. Furthermore, a self-aggregation
phenomenon occurring in aqueous solution is likely to further
contribute to slow rotation. Indeed, self-aggregation is postu-
lated on the basis of the photophysical properties of the con-
jugate in water (see below). The dilution of the circa 1 mm so-
lution by a factor of two did not have detectable effect on the
relaxivity. Water soluble tri- or tetra-anionic porphyrins are
known to aggregate spontaneously[19] and in the present [DPP-
ZnP-GdDOTA]� system, the large extended p-conjugate system
over the diketopyrrolopyrrole–zinc(II)porphyrin conjugate
might favor intermolecular p–p interactions. Self-aggregation
resulting in high relaxivities has been often observed for
medium-size systems consisting of several GdIII complexes
linked to an aromatic core.[20] Nevertheless, despite the large
size and the aggregation of [DPP-ZnP-GdDOTA]� , the relaxivity
is still limited by rotation and not by slow water exchange, as
evidenced by the temperature dependency of the NMRD
curves (the relaxivity decreases with increasing temperature).

To gain insight into the rotational dynamics of the system,
the microscopic parameters characterizing rotation were as-
sessed by fitting the experimental relaxivity data to the SBM
theory. To take into account internal dynamics, we incorporat-
ed in the fit the Lipari–Szabo treatment often used to describe
rotational motion of slow (ns) tumbling species.[21] In this ap-
proach, the dipolar interactions between the GdIII electron spin
and the water proton that generate the relaxation are influ-
enced by both fast local rotational motion of the Gd3 +–water
proton axis,&&ok?&& characterized by the correlation time
tRl, and a slower, global motion (characterized by tRg) that re-
flects the global motion of the system. The degree of spatial
restriction of the local with respect to the global motion is
measured by the generalized, model independent order pa-
rameter S2. The value of S2 ranges from 0 to 1, with S2 = 0 if
the internal motions are isotropic, and S2 = 1 if the internal mo-
tions are completely restricted.[3]

The fitting was restricted to frequencies above 6 MHz, as at
low magnetic fields the SBM theory fails in describing electron-

Figure 3. 1H Nuclear magnetic relaxation dispersion (NMRD) profiles for
[DPP-ZnP-GdDOTA]� (1.13 mm, pH 6.6) at 25 8C (~) and 37 8C (u) in H2O. The
continuous lines represent the fitted curves. The Gd3 + content was deter-
mined by ICP-AES measurements.
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ic parameters and rotational dynamics of slowly rotating ob-
jects. In the fitting procedure, the number of water molecules
directly coordinated to GdIII was fixed to 1, and the water ex-
change rate constant and its activation enthalpy (kex and DH¼6 )
were fixed to values determined for GdDOTA.[22] The diffusion
constant and its activation energy were also fixed to DGdH

298 =

26 � 10�10 m2 s�1 and EGdH = 20 kJ mol�1. The best fit parameters
obtained from the analysis of 1H NMRD data are summarized
Table 1 and the Supporting Information, Table S1, and the

fitted curves are presented in Figure 3. The parameters charac-
terizing electron spin relaxation (tv = 38�10) ps, D2 = (0.34�
0.04) � 1019 s�2) are poorly determined by this fit and should
not be over-interpreted. In Table 1, we compare our data to
those reported for a metallostar [Fe{Gd2bpy(DTTA)2(H2O)4}3]4�

compound which is a discrete molecular contrast agent with
six GdIII units conjugated to an iron(II)–tris(byridine) complex.
Although the metallostar has a higher molecular weight
(3.7 kDa), and a higher hydration number per GdIII (two instead
of one for [DPP-ZnP-GdDOTA]�), we chose this comparison
since its rotational dynamics has been also described with the
model-free Lipari–Szabo formalism.[23]

The global and local rotational correlation times obtained
for [DPP-ZnP-GdDOTA]� are longer than those for the metallos-
tar [Fe{Gd2bpy(DTTA)2(H2O)4}3]4� and are rather similar to the
values reported for micellar systems[17b] (for example, suggest-
ing that the formation of aggregates should be indeed consid-
ered to contribute to the high relaxivities). The low value of S2

shows that the motion of the GdIII-coordinated water proton
vector is largely decoupled from the overall motion of the ag-
gregates. One contributing factor to this flexibility is the pres-
ence of the alkyl-amide linker between the GdDOTA and the
highly rigid porphyrin core. As compared to
[Fe{Gd2bpy(DTTA)2(H2O)4}3]4� (Table 1), the relaxivity of our
system is lower under similar conditions. This lower relaxivity is
related to: 1) its lower hydration number (equal to one instead
of two for each of the six Gd centers of
{Fe[Gd2bpy(DTTA)2(H2O)4]3}4�), and 2) the increased flexibility of

the GdIII centers in [DPP-ZnP-GdDOTA]� (lower S2 value), de-
spite a larger size also reflected in the larger values of the
global rotational correlation time, tg

298 (due to the large molec-
ular weight of [DPP-ZnP-GdDOTA]� and its possible aggrega-
tion).

Given the hydrophobic nature of the p-conjugate diketopyr-
rolopyrrole–zinc(II)porphyrin system, we anticipated a possible
interaction of [DPP-ZnP-GdDOTA]� with serum proteins such as
BSA (bovine serum albumin) through hydrophobic interac-
tions.[24] This interaction would result in a longer tR, so an in-
creased relaxivity, as well as a longer circulation time. At
20 MHz and 25 8C, the addition of the physiological concentra-
tion of BSA (38 g L

�1) yields a relaxivity of 23.94 mm
�1 s�1, that

is, a circa 20 % increase in relaxivity compared to the value in
H2O only (19.94 mm

�1 s�1). This indicates the formation of
a supramolecular entity between our system and BSA, al-
though it is difficult to know if BSA interacts with the mono-
meric or the aggregated form of [DPP-ZnP-GdDOTA]� , or both.

Absorption and emission properties: Singlet oxygen produc-
tion

The theranostic system [DPP-ZnP-GdDOTA]� was designed for
two-photon absorption. However, since the relaxed triplet ex-
cited state formed upon two-photon excitation and responsi-
ble for the photoreactivity of interest is identical to the one
produced by one-photon excitation, we performed a photo-
physical characterization of the system (absorption, emission,
singlet oxygen yield) by a conventional one-photon study.
Characteristics such as absorption, and fluorescence quantum
yield, are key parameters for the determination of two photon
absorption spectra. Moreover, traceability of the photosensitiz-
er inside cells by fluorescence imaging depends on the lumi-
nescence efficiency, whereas one- and two-photon phototoxici-
ty induced by singlet oxygen are strictly related to energy
transfer from the excited triplet state of the sensitizer to mo-
lecular oxygen.

The photophysical characterization of [DPP-ZnP-GdDOTA]�

was performed in three solvents of different polarity: dichloro-
methane (DCM), dimethyl sulfoxide (DMSO), and water (H2O).

Absorption spectra obtained in these three solvents are
shown in Figure 4. The spectrum in DMSO appears more re-

Table 1. Best-fit parameters obtained from the fitting of the 1H NMRD
profile to the SBM theory, including the Lipari–Szabo approach for inter-
nal flexibility.[23]

Parameters [DPP-ZnP-
GdDOTA]�

[Fe{Gd2bpy(DTTA)2(H2O)4}3]4�

Mw 2448 Da 3744 Da
r1 [mmol L�1 s�1; 20 MHz,
25 8C]

19.94 27.03

q[a] 1 2
kex

298 [106 s�1][a] 4.1 7.4
DH¼6 [kJ mol�1][a] 49.8 41.3
El [kJ mol�1] 40�9 –
tl

298 [ps] 245�27 190
Eg [kJ mol�1] 14�5 –
tg

298 [ps] 2640�200 930
S2 0.26�0.02 0.6

[a] Fixed during the fitting procedure.

Figure 4. Absorption spectra of [DPP-ZnP-GdDOTA]� in DCM (black thin),
DCM with 1 % pyridine (black dashed), DMSO (black thick), and H2O (gray).
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solved than in the other two solvents; in H2O, in particular,
a marked broadening of all bands occurs, very likely ascribable
to aggregation phenomena, as also evidenced by relaxometry
(see above). In comparison to the precursor DPP-ZnP-TIPS pre-
viously characterized,[11] [DPP-ZnP-GdDOTA]� displays a batho-
chromic spectral shift that is possibly due to the extended con-
jugation introduced by the phenyl group, the shift being more
pronounced in DCM than in DMSO (Supporting Information,
Figure S15).

Emission spectra recorded at room temperature are dis-
played in Figure 5 and the relevant luminescence data are col-
lected in Table 2. In DCM and DMSO the typical features of
porphyrin fluorescence appear, whereas in H2O a weak and
almost featureless spectrum is observed. In the latter case
a very low emission quantum yield and a non-exponential
decay, which can be fitted by a bi-exponential function with
a good approximation, are observed (Table 2), confirming im-
portant aggregation phenomena in this solvent. The fluores-
cence spectral features of the theranostic system in DCM and
DMSO are not affected by the solvent polarity and in both sol-
vents the emission maximum is at ca. 685 nm, overall red-shift-
ed with respect to precursor DPP-ZnP-TIPS.[11] The emission

decays are single exponentials, with a common value of 0.85�
0.1 (Table 2).

The emission quantum yield in DCM is about 2.5 times
lower than that in DMSO, which is most likely due to moderate
aggregation phenomena. To verify this assumption, the charac-
terization in DCM was also performed in presence of 1 % pyri-
dine, which, by axial coordination to the central ZnII ion of the
porphyrin, inhibits aggregate formation. Both absorption and
emission spectral profiles are almost unaffected by the addi-
tion of pyridine (Figure 4 and 5), in contrast to the red shift
usually observed for Zn-porphyrin axially complexed by N-li-
gands, whereas the emission quantum yield recovers the value
observed in DMSO (0.14, Table 2), similar to the one measured
for precursor DPP-ZnP-TIPS in both solvents (0.15).

Singlet oxygen quantum yield determinations were per-
formed by direct measurement of singlet oxygen phosphores-
cence in DCM and D2O and by an indirect method in DMSO. In
fact, the poor luminescence properties of singlet oxygen in the
latter solvent preclude direct phosphorescence determina-
tion.[25] In DCM, fD is of the order of 0.24 with almost no de-
pendence on the concentration of the solution (Table 2 and
Figure 6). The addition of pyridine increases this value, and

a concentration-dependent behavior is observed (Figure 6).
The higher value of singlet oxygen quantum yield (mean
value: 0.42) can be ascribed to a disaggregation effect induced
by pyridine. Nevertheless, this value is also affected by the
axial pyridine bond to the central Zn ion that changes the pho-
tophysical parameters of the porphyrin. In D2O, no singlet
oxygen signal was observed from [DPP-ZnP-GdDOTA]� , which
is most likely due to the aggregation phenomena favoring an-
nihilation processes, lowering the singlet oxygen quantum
yield below our experimental detection limit, around 0.1 in
these conditions. In DMSO the singlet oxygen quantum yield
was determined by using 1,3-diphenylisobenzofuran (DPBF) as
a singlet oxygen trap with reference to Zn-phthalocyanine
(ZnPc, fD = 0.67)[26] (see Experimental Section for details). Fig-
ure 7 a shows the evolution of the absorption spectrum of
a mixture of [DPP-ZnP-GdDOTA]� and DPBF upon irradiation at
672 nm. Subtraction of the constant contribution of [DPP-ZnP-
GdDOTA]� , not experiencing photodegradation, allows the vis-

Figure 5. Corrected emission spectra of iso-absorbing solutions of [DPP-ZnP-
GdDOTA]� in DCM (black thin), DCM with 1 % pyridine (black dashed), DMSO
(black thick), and H2O (gray). The spectrum in H2O is multiplied by 50. Excita-
tion is performed at 514 nm (A514 = 0.070).

Table 2. Luminescence data at room temperature.[a]

lmax [nm][b] ffl
[c] t [ns][d] fD

[e]

[DPP-ZnP-
GdDOTA]�

DCM 686, 750
(686, 750)

0.057
(0.14)

0.84
(0.90)

0.24�0.03
(0.42�0.08)

DMSO 684, 750 0.14 0.86 0.68
H2O 762 2.2 � 10�3 0.41

[60 %];
1.10
[40 %]

–[f]

DPP-ZnP-TIPS DCM 658, 724[g] 0.15[g] 1.06[g] 0.58[g]

DMSO 672, 734[g] 0.15[g] 1.00[g] 0.54[h]

[a] In round brackets values obtained with 1 % pyridine. [b] From correct-
ed emission spectra. [c] Fluorescence quantum yields, measured with ref-
erence to TPP (tetraphenylporphyrin) in aerated toluene as a standard.
[d] Fluorescence lifetimes, excitation at 560 nm. [e] Singlet oxygen pro-
duction quantum yields; see the Experimental Section for details. [f] In
D2O, below detection limit. [g] From Ref. [11]. [h] Measured with an indi-
rect method using DPBF as singlet oxygen trap (unpublished results).

Figure 6. Singlet oxygen production quantum yield of [DPP-ZnP-GdDOTA]�

in DCM (*) and in DCM with 1 % pyridine (*) as a function of absorbance at
442 nm.
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ualization of the consumption of DPBF as a function of the ir-
radiation time (Figure 7 b). Addition of NaN3 to the mixture,
a known singlet oxygen quencher, leads to invariance of DBPF
absorbance under the same irradiation conditions (Figure 7 b
inset). By comparison with the degradation rate measured
upon irradiation of the standard ZnPc (Supporting Information,
Figure S16 and S17) and taking into consideration the intensity
of absorption at the excitation wavelength of both the sample
and the standard, the fD value for [DPP-ZnP-GdDOTA]� in
DMSO is calculated as 0.68 (Table 2). This value is significantly
higher than that measured for DPP-ZnP-TIPS in DMSO (fD =

0.54, Table 2), showing that the proximity of the GdIII complex
has a positive role in increasing the intersystem-crossing yield
and hence the triplet yield of the photosensitizer.

[DPP-ZnP-GdDOTA]� was found to be thermally and photo-
physically stable in the explored solvents and under the em-
ployed experimental conditions.

Two-photon excitation spectra

TPA properties were investigated by means of the two-photon
induced fluorescence method as described previously.[11] TPA
was studied in DCM containing 1 % pyridine to avoid aggrega-
tion and in DMSO. The low values of [DPP-ZnP-GdDOTA]� fluo-
rescence quantum yield in water precluded the determination
of s2 in this solvent. Figure 8 shows the two-photon excitation
spectra of [DPP-ZnP-GdDOTA]� in DCM with 1 % pyridine and
in DMSO. This agent shows an interesting two-band pattern in
the 800–950 nm range with two maxima, one in the 800-
840 nm range (s2�750 GM) and one in the 910–940 range (s2

�1000 GM). The second band is slightly red-shifted from DCM
to DMSO, but the TPA intensity is similar in both solvents.
Compared to DPP-ZnP-TIPS, the parent molecule without the
contrast agent, s2 values in DCM are similar, whereas in DMSO,
the values are slightly higher. Combined to high singlet
oxygen generation quantum yield, these values yield to inter-
esting two-photon singlet oxygen action cross-section s2·fD (in
the range 910–940 nm) of 680 and 460 GM in DMSO and DCM
(1 % pyridine), respectively.

Cell behavior

The cellular penetration of [DPP-ZnP-GdDOTA]� was studied by
confocal microscopy. The presence of the gadolinium complex
slows down the cell penetration as compared to DPP-ZnP-TIPS,
and the maximum fluorescence signal obtained after incuba-
tion of HeLa cells with a 1 mm solution of the sensitizer was de-
tected after 24 h instead of 2 h. After 24 h incubation, two-
photon excited images (Figure 9) were also registered. The
brightness of this system in cells is lower than the one of the
parent molecule, indeed the laser power used to acquire con-
trasted images was higher than for DPP-ZnP-TIPS both in con-
focal and two-photon excited microscopy.

The dark cytotoxicity of [DPP-ZnP-GdDOTA]� was studied by
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide) test. A moderate dark toxicity was detected below 2 mm

after 28 h incubation with the sensitizer (Figure 10).

One-photon phototoxicity

Phototoxicity of [DPP-ZnP-GdDOTA]� was investigated using
a homemade LED Irradiation apparatus as described by Ander-
son et al.[6f] After 24 h incubation with 1 mm [DPP-ZnP-
GdDOTA]� in DMEM containing 1 % DMSO, the cells were irra-

Figure 7. a) Absorption spectra of a DMSO solution containing [DPP-ZnP-GdDOTA]� (7.8 � 10�6
m, a) and DPBF (5.2 � 10�5

m) upon irradiation at 672 nm (0–
30 min). b) The same spectra as (a) subtracted by the contribution of [DPP-ZnP-GdDOTA]� . Inset : the value of DPBF absorbance at 418 nm as a function of ir-
radiation time (*; values for the same experiment in the presence of NaN3 5.0 � 10�2

m are shown as *).

Figure 8. Two-photon excitation spectra of [DPP-ZnP-GdDOTA]� in DCM con-
taining 1 % pyridine (*) and in DMSO (^).
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diated one hour (lex = 660 nm, P = 1.7–4.2 mW/ cm2). The cell
viability was assessed 5 h after irradiation using the MTT assay
(Figure 11).

Non-irradiated cells showed a similar toxicity to the one ob-
served for the dark toxicity test. After one-hour irradiation with
an irradiance of 4.2 mW/ cm2, 70 % of cell death was detected,
even with a low concentration of the sensitizer (1 mm, com-
pared to 10 mm classically used). Irradiations with different
powers allowed us to determine the LD50 (light dose) of [DPP-
ZnP-GdDOTA]� , which was equal to 9 J cm�2.

Two-photon phototoxicity

Preliminary two-photon induced cell phototoxicity behavior
was explored with 1 mm [DPP-ZnP-GdDOTA]� as described pre-

viously.[10a–e] Briefly, 250 � 250 mm area of a HeLa cell culture
was incubated 24 h with [DPP-ZnP-GdDOTA]� and then irradi-
ated under a TP microscope (lex = 930 nm, P = 8 mW, 300 scans
at 400 Hz, pixel dwell time of 1.4 ms). The cell viability was as-
sessed 4 h after irradiation by means of a double coloration
with Hoechst (all cells staining) and Cytox orange (compro-
mised membrane cells) nuclear stains. The irradiation led to
about 50 % of cell death, whereas the irradiation of a similar
cell area not incubated with the sensitizer did not induce sig-
nificant cell death (2–5 % of dead cells). Since non-irradiated
zones presented an average cell death of 20 %, consistent with
the dark toxicity measured with the MTT test, a moderate two-
photon phototoxicity of 30 % can be inferred (Supporting In-
formation, Figure S18 and S19).

Conclusion

A potential theranostic molecule that associates for the first
time a two-photon photosensitizer for PDT with a GdDOTA-
based MRI contrast agent was synthesized. The new conjugate
[DPP-ZnP-GdDOTA]� and the YIII-complexed analogue [DPP-
ZnP-YDOTA]� were obtained in good yield, high purity and
were fully characterized. [DPP-ZnP-GdDOTA]� exhibits a high
longitudinal water proton relaxivity, r1 of 19.94 mm

�1 s�1 at
20 MHz, 25 8C in water and this value is further increased to
23.94 mm

�1 s�1 in the presence of BSA, demonstrating its po-
tential as an efficient contrast agent for in vivo MRI applica-
tions. The new molecule has a high two-photon cross section
around 1000 GM in DCM (1 % pyridine) and DMSO in the 910–
940 nm range, corresponding to the therapeutic window. The
singlet oxygen generation is high in DMSO and more limited
in DCM, where aggregation phenomena occur. Concerning
biological applications, the molecule is robust, penetrates in
cells and presents low dark toxicity. Preliminary PDT experi-
ments on HeLa cancer cells are promising; the conjugate dem-
onstrates high one-photon and moderate two-photon photo-
toxicity. Finally, the present system also validates the concept
of using a therapeutic agent, here the diketopyrrolopyrrole–
zinc(II)porphyrin conjugate, as a vector to convey an imaging

Figure 9. Two-photon excited microscopy image of HeLa cells incubated
with 1 mm of [DPP-ZnP-GdDOTA]� for 24 h (lex = 920 nm, laser pow-
er = 10 mW, scale bar = 25 mm).

Figure 10. Evaluation of the cytotoxicity of [DPP-ZnP-GdDOTA]� after 28 h
incubation on HeLa cell cultures.

Figure 11. One-photon phototoxicity assay on HeLa cells of [DPP-ZnP-
GdDOTA]� at 1 mm concentration after one hour of irradiation at
lex = 660 nm.
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probe of high relaxivity inside cells, in contrast to extracellular
agents of clinical use, such as GdDOTA. Such theranostic
agents are promising to expand MRI towards novel molecular
imaging applications and to perform more efficient PDT treat-
ments.

Experimental Section

General information

All chemicals were of the best commercially available grade and
used without further purification. Tetrahydrofuran was dried using
a dry solvent station GT S100. Dry chloroform was obtained by dis-
tillation over CaH2 under nitrogen. Triethylamine (Et3N, 99 %), and
anhydrous dimethyl sulfoxide (DMSO, 99.7 %) were purchased from
Aldrich Chemicals (France). Analytical thin-layer chromatography
(TLC) was carried out on Merck aluminum backed silica gel 60
F254 plates and visualization when required was achieved using
UV light. Precoated plates (PLC Silica gel 60 F254, 2 mm) were used
for preparative thin-layer chromatography. Column chromatogra-
phy was carried out on silica (Fluka 60, 70–230 mesh). Size-exclu-
sion chromatography was carried out using Bio-Beads S-X1, 200–
400 mesh (Bio-Rad). NMR spectra were recorded at the ambient
probe temperature using Bruker AVANCE 300, 400 or 500 spec-
trometers. Chemical shifts are quoted as parts per million (ppm)
relative to the residual peak of solvent and coupling constants (J)
are quoted in Hertz (Hz). Where assignments of 1H NMR spectra
are given, they were unambiguously established via COSY, HSQC,
HMBC and ROESY experiments. In the assignments, the chemical
shift (in ppm) is given first, followed, in brackets, by the multiplicity
of the signal (s singlet, d doublet, t triplet, m multiplet, br s broad
signal), the number of protons implied, the value of the coupling
constants in Hertz if applicable, and finally the assignment. UV/Vis
spectra were recorded on a UVIKON XL spectrophotometer. Mass
spectra were obtained by using a Bruker MicroTOF spectrometer
(ES-MS). ICP-AES was performed by emission spectrometry with
a Vista AX CCD Simultaneous ICP-AES Varian spectrophotometer.

Compounds tert-butoxycarbonyl (Boc)-protected 3-iodobenzyla-
mine (I-Ph-NHBoc),[13] Na2[GdDOTAGA],[12] and Na2[YDOTAGA] [12]

were prepared according to previous reports.

Synthesis of DPP-ZnP-NHBoc

A solution of TBAF (25 mg, 79 mmol) in dry THF (1 mL) was added
to a degassed solution of DPP-ZnP-TIPS (147 mg, 79 mmol) in dry
THF (24 mL) under argon. The reaction mixture was stirred at room
temperature for 20 min and then anhydrous calcium chloride
(87 mg, 0.786 mmol) was added. The solvent was evaporated and
the crude was submitted to a silica gel column chromatography
(DCM/MeOH 96:4). Due to its instability, the deprotected com-
pound DPP-ZnP-H obtained as a brown-green solid was rapidly
used for the next reaction.

DPP-ZnP-H (65 mg, 20 mmol), [Pd2(dba)3] (1.7 mg, 2 mmol), CuI
(0.5 mg, 2.7 mmol), PPh3 (2.5 mg, 9.5 mmol), and I-Ph-NHBoc (19 mg,
57 mmol) were dried under vacuum for 1 hour at 45 8C. A solution
of dry THF (2 mL) and Et3N (1 mL) degassed by four freeze-thaw
cycles was transferred by cannula to the solids placed under
argon. The resulting mixture was stirred at 50 8C for 2 h. The sol-
vents were evaporated and the product was purified by silica gel
column chromatography (DCM/pyridine 1 %/MeOH 1 to 2 %) fol-
lowed by size-exclusion column chromatography (Bio-Beads S-X1)
with DCM. DPP-ZnP-NHBoc was obtained as a brown-green solid
in 42 % yield (63 mg).

1H NMR (300 MHz, CDCl3 + 1 % pyridine, 298 K): d= 1.50 (s, 9 H,
H10), 3.30 (s, 12 H, H1), 3.33 (s, 3 H, H25), 3.39 (s, 3 H, H20), 3.44–3.50
(m, 10 H, H24, H2), 3.55–3.57 (m, 4 H, H23, H19), 3.60–3.63 (m, 10 H, H3,

H18), 3.66–3.70 (m, 8 H, H4), 3.74–3.79 (m, 10 H, H22, H5), 3.82–3.85
(m, 2 H, H17), 3.92–3.95 (m, 8 H, H6), 3.98–4.02 (m, 2 H, H21), 4.04–
4.08 (m, 2 H, H16), 4.29–4.33 (m, 8 H, H7), 4.42 (d, J = 5.5 Hz, 2 H, H8),
5.20 (br s, 1 H, H9), 6.93 (t, J = 2.1 Hz, 2 H, p), 7.36 (d, J = 2.2 Hz, 4 H,
o), 7.45 (d, J = 8.2 Hz, 2 H, o’’), 7.51–7.53 (m, 3 H, mp, pp), 7.96 (d,
J = 8.3 Hz, 2 H, m’’), 7.98–8.01 (m, 2 H, op), 8.13 (d, J = 8.5 Hz, 2 H,
o’), 8.23 (d, J = 8.4 Hz, 2 H, m’), 8.91 (d, J = 4.6 Hz, 2 H, py2 or py3),
8.94 (d, J = 4.6 Hz, 2 H, py2 or py3), 9.66 (d, J = 4.6 Hz, 2 H, py1 or
py4), 9.67 ppm (d, J = 4.6 Hz, 2 H, py1 or py4).
13C NMR (125 MHz, CDCl3 + 1 % pyridine, 298 K): d= 28.53, 42.12,
42.48, 59.04, 59.11, 59.20, 67.89, 68.97, 69.13, 69.92, 70.54, 70.63,
70.74, 70.95, 71.91, 71.97, 93.39, 96.07, 96.23, 96.71, 100.09, 101.07,
101.45, 109.90, 110.15, 114.88, 122.47, 123.31, 127.36, 127.45,
127.82, 128.10, 128.89, 129.42, 129.74, 130.56, 130.80, 131.28,
131.73, 131.83, 132.55, 132.75, 139.51, 144.54, 148.41, 149.29,
149.82, 149.93, 152.04, 152.21, 157.09, 157.94, 163.03, 163.13 ppm.

HR ES-MS : m/z (%) 981.8761 (100) [M + 2Na]2 +/2 (calcd 981.8799
for [C104H121N7O24ZnNa2]2 +/2).

Synthesis of DPP-ZnP-NH2

Compound DPP-ZnP-NHBoc (63 mg, 33 mmol) was dissolved in dry
DCM (7 mL). The resulting mixture was cooled to 0 8C before
CF3COOH (0.5 mL) was added dropwise. After 2 h at room temper-
ature, the organic layer was washed with water (7 mL) and aque-
ous saturated NaHCO3 (10 mL). The organic layer was dried over
Na2SO4, filtered and evaporated. The crude product was dissolved
in dry CHCl3 (20 mL) and a solution of Zn(OAc)2·2 H2O (11 mg,
49 mmol) in MeOH (2 mL) was added dropwise. The resulting mix-
ture was stirred at 50 8C for 3 h. The solvents were evaporated.
DCM (10 mL) was added and the solution was washed twice with
brine (2 � 10 mL) then with water (10 mL). The organic layer was
dried over Na2SO4, filtered and evaporated to dryness. DPP-ZnP-
NH2 was obtained as a brown-green solid in 99 % yield (59 mg).

UV/Vis (DCM): lmax (log e) = 458 (5.26), 514 sh, 592 sh, 683 nm
(4.88).
1H NMR (500 MHz, CDCl3 + 1 % pyridine, 298 K): d= 3.30 (s, 12 H,
H1), 3.33 (s, 3 H, H25), 3.39 (s, 3 H, H20), 3.45–3.49 (m, 10 H, H2, H24),
3.51–3.53 (m, 2 H, H19), 3.54–3.56 (m, 2 H, H23), 3.59–3.62 (m, 10 H,
H18, H3), 3.67–3.69 (m, 8 H, H4), 3.76–3.78 (m, 12 H, H8, H5, H22), 3.82–
3.85 (m, 2 H, H17), 3.92–3.94 (m, 8 H, H6), 3.99–4.01 (m, 2 H, H21),
4.05–4.07 (m, 2 H, H16), 4.30–4.32 (m, 8 H, H7), 6.93 (br s, 2 H, p),
7.36–7.38 (m, 6 H, o, m“), 7.50–7.53 (m, 3 H, mp, pp), 7.94 (d, J =

7.9 Hz, 2 H, o”), 7.99–8.00 (m, 2 H, op), 8.13 (d, J = 8.2 Hz, 2 H, o’),
8.23 (d, J = 8.2 Hz, 2 H, m’), 8.91 (d, J = 4.4 Hz, 2 H, py2 or py3), 8.94
(d, J = 4.4 Hz, 2 H, py2 or py3), 9.66 (d, J = 4.4 Hz, 2 H, py1 or py4),
9.67 ppm (d, J = 4.4 Hz, 2 H, py1 or py4).
13C NMR (125 MHz, CDCl3 + 1 % pyridine, 298 K): d= 42.08, 42.44,
46.12, 59.06, 59.13, 59.23, 67.81, 68.93, 69.10, 69.90, 70.51, 70.60,
70.71, 70.92, 71.88, 71.93, 93.14, 96.00, 96.34, 96.71, 100.00, 100.95,
101.56, 109.84, 110.09, 114.78, 122.42, 122.77, 123.47, 127.34,
127.40, 128.03, 128.89, 129.41, 129.73, 130.53, 130.80, 131.29,
131.73, 131.77, 132.51, 132.74, 143.07, 144.52, 148.42, 149.29,
149.48, 149.76, 149.87, 152.00, 152.18, 157.88, 163.02, 163.13 ppm.

HR ES-MS : m/z (%) 1818.7247 (100) [M + H]+ (calcd 1818.7323 for
[C99H114N7O22Zn]+).
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Synthesis of Na[DPP-ZnP-MDOTA]

A solution of Na2[MDOTAGA] (12.7 mmol. L�1, 50 mmol, 1.5 equiv) in
dry DMSO was stirred under argon at 60 8C for 5 h. TBTU (18 mg,
56 mmol) and DIPEA (18 mL, 102 mmol) were added to the resulting
solution. Then DPP-ZnP-NH2 (59 mg, 33 mmol) previously dissolved
in dry DMSO (2 mL) was added dropwise. The reaction mixture was
stirred at room temperature overnight. DMSO was evaporated at
60 8C under reduced pressure before water (10 mL) and DCM
(10 mL) were added. The organic layer was washed with water and
brine. The organic layer was dried over Na2SO4, filtered, and evapo-
rated. The product was purified by size-exclusion column chroma-
tography (Bio-Beads S-X1, 18 g) eluted with DCM, followed by
a silica prep-TLC (2 mm) eluted with DCM/MeOH/NH4OH (80:15:5).
The product was extracted from silica three times with a mixture
of solvents DCM/MeOH/NH4OH/DMSO (80:15:4:1). Remaining silica
was removed by several centrifugations and filtrations. After evap-
oration of the solvents, the compound was redissolved in DCM
(10 mL) and this solution was washed with water (10 mL) and
brine (10 mL). The organic layer was dried over Na2SO4, filtered,
and evaporated. The compound was dried under vacuum.

Characterization of the gadolinium(III) complex Na[DPP-ZnP-
GdDOTA]: Brown-yellow solid (42 mg, 52 %).

UV/Vis: (DCM): lmax (log e) = 455 (5.29), 515 sh, 590 sh, 622 sh,
672 nm (4.85).

HR ES-MS : m/z (%) 2475.8193 (100) [M-H2O + 2Na]+ (calcd
2475.7982 for [C118H139GdN11O31ZnNa2]+ , 100 %)

Characterization of the yttrium(III) complex Na[DPP-ZnP-YDOTA]:
Brown-yellow solid.
1H NMR (300 MHz, DMSO, 298 K): d= 1.71–1.92 (m, 2 H, H10), 2.11–
2.92 (m, 25 H, DOTA), 3.19 (s, 12 H, H1), 3.20 (s, 3 H, H25), 3.25 (s, 3 H,
H20), 3.38–3.66 (m, 44 H, OCH2), 3.85 (m, 8 H, H6), 3.92 (m, 2 H, H21),
3.99 (m, 2 H, H16), 4.34 (m, 8 H, H7), 4.35–4.49 (m, 2 H, H8), 7.04 (m,
2 H, p), 7.35 (br s, 4 H, o), 7.51 (d, 2 H, J = 8.1 Hz, m’’), 7.62 (m, 3 H,
mp, pp), 7.97 (m, 2 H, op), 8.09 (d, J = 8.1 Hz, 2 H, o’’), 8.22 (d, J =
8.1 Hz, 2 H, o’), 8.31 (d, J = 8.1 Hz, 2 H, m’), 8.53 (br s, J = 6.5 Hz, 1 H,
H9), 8.91 (d, J = 4.7 Hz, 2 H, py2 or py3), 8.93 (d, J = 4.7 Hz, 2 H, py2
or py3), 9.71 (d, J = 4.5 Hz, 2 H, py1 or py4), 9.76 ppm (d, J = 4.5 Hz,
2 H, py1 or py4).

HR ES-MS : m/z 2406.7977 [M-H2O + 2Na]+ (calcd 2406.7806 for
[C118H139YN11O31ZnNa2]+ , 100 %)

Spectroscopy and photophysics

DCM and DMSO were of spectroscopic grade from Merck and
Carlo Erba, respectively. Tri-distilled (Millipore Milli-Q) water and
deuterated water (D2O) from VWR Chemicals were used. 1,3-diphe-
nylisobenzofuran (DPBF), Zn-phthalocyanine (ZnPc), pyridine, and
sodium azide (NaN3) were from Aldrich.

Absorption spectra were recorded with a PerkinElmer Lambda 650
UV/Vis and with a Lambda 9 UV/Vis-NIR spectrophotometers. Emis-
sion spectra were collected with an Edinburgh FLS920 fluorimeter
equipped with a Peltier-cooled Hamamatsu R928 PMT (200–
850 nm), and corrected for the wavelength dependent phototube
response. The fluorescence quantum yields were determined with
reference to TPP (tetraphenylporphyrin) in aerated toluene as
a standard ffl = 0.11).[27] Fluorescence lifetimes were measured with
an IBH time-correlated single photon counting apparatus with exci-
tation both at 465 nm and 560 nm. The analysis of the lumines-
cence decay profiles against time was accomplished with the DAS6
Decay Analysis Software provided by the manufacturer. Estimated
errors are 10 % on exponential lifetimes, 20 % on quantum yields,

20 % on molar absorption coefficients and 3 nm on emission and
absorption peaks.

Singlet oxygen production quantum yields in DCM and D2O were
measured with reference to Rose Bengal bis(triethylammonium)salt
fD = 0.48 in DCM),[28] and to 5,10,15,20-tetrakis(4-sulphonatophe-
nyl)porphyrin (TPPS4) (fD = 0.64 in D2O),[29] respectively, by compar-
ing the intensity of singlet oxygen phosphorescence spectra mea-
sured with a FLS920 spectrofluorimeter (Edinburgh) equipped with
a Hamamatsu R5509–72 supercooled photomultiplier tube at
193 K and a TM300 emission monochromator with a grating
blazed at 1000 nm. Excitation at 442 nm was performed with
a Kimmon Koha Co., Ltd. HeCd laser (the power was reduced to
ca. 7 mW to avoid annihilation effects).

Singlet oxygen production quantum yield in DMSO was measured
with a comparative method using DPBF as a singlet oxygen trap,
which is oxidized by singlet oxygen and its degradation can be
monitored by the decrease of its absorbance at 418 nm.[30] ZnPc
was used as a standard (fD = 0.67).[26] Solutions of the standard or
of the Gd complex containing DPBF 5.2 � 10�5

m, prepared in the
dark, were irradiated at 672 nm (A672 = 0.6) by using an irradiation
set-up composed by a 150 W xenon lamp (LOT) and a Omni-l 150
monochromator (Zolix), under continuous stirring. The light inten-
sity was 12 mW cm�2. The singlet oxygen quantum yield of the
sample (fD) were determined by using Equation (1):

�D ¼ �std
D

R � Istd
abs

Rstd � Iabs

ð1Þ

where R and Rstd are the DPBF degradation rates for the sample
and the standard, respectively, and Iabs&&ok?&& is the intensity
of absorption at the excitation wavelength calculated as described
in reference.[30] NaN3 was used at the concentration of 5.0 � 10�2

m

to efficiently quench the produced singlet oxygen.[31] Small
changes in the absorption spectra of both sample and standard
were observed upon the addition of NaN3.

Two-photon photophysical properties

The TPA cross-section spectra were obtained by up-conversion
fluorescence measurements[32] using an Insight Spectra-Physics
(680 nm/1300 nm) femtosecond laser. The excitation beam is colli-
mated over the cell length (10 mm). The fluorescence, collected at
908 of the excitation beam, was focused into an optical fiber con-
nected to a spectrometer. The incident beam intensity was adjust-
ed to ensure an intensity-squared dependence of the fluorescence
over the whole spectral range. Calibration of the spectra was per-
formed by comparison with the published 800–950 nm Rhodami-
ne B two-photon absorption spectrum.[33] Below 800 nm, a signifi-
cant contribution from one-photon absorption was noticed by
a non-quadratic dependency dependence of the emitted fluores-
cence vs the laser power and points below this wavelength were
discarded.

Cell culture

HeLa cells were cultured in DMEM complete culture medium con-
taining phenol red. They were seeded and maintained in LabTek
(Lab-Tek II) or Ibidi (m-Dish 35 mm Grid-500) culture flasks or petri
dishes for two-photon microscopy. The Ibidi Grid 500 petri dish
presents a grid with 500 � 500 mm on the glass bottom allowing an
easy localization of the irradiation zones in TP-PDT experiments.
MTT toxicity test were performed in tetraplicates with extempora-

Chem. Eur. J. 2016, 22, 1 – 13 www.chemeurj.org � 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim10

�� These are not the final page numbers!

Full Paper

1 1
2 2
3 3
4 4
5 5
6 6
7 7
8 8
9 9

10 10
11 11
12 12
13 13
14 14
15 15
16 16
17 17
18 18
19 19
20 20
21 21
22 22
23 23
24 24
25 25
26 26
27 27
28 28
29 29
30 30
31 31
32 32
33 33
34 34
35 35
36 36
37 37
38 38
39 39
40 40
41 41
42 42
43 43
44 44
45 45
46 46
47 47
48 48
49 49
50 50
51 51
52 52
53 53
54 54
55 55
56 56
57 57

http://www.chemeurj.org


neous solutions of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tet-
razolium bromide.

One-photon phototoxicity tests

One-photon phototoxicity tests were performed, as described pre-
viously, using a homemade apparatus[6f] using 5 mm 660 nm Lite-
on LED (Mouser electronics ref. 859-LTL-353CKR-H3) adapted for
black Corning 96-well special optics plates. Cells were cultured
2 days in these 96-well plates and incubated with 1 mm solution of
Na[DPP-ZnP-GdDOTA] in complete DMEM medium containing 1 %
DMSO for 24 h. The plates were irradiated 1 hour and the light in-
tensity was measured with a power-meter. The cell viability was es-
timated 5 h after irradiation as described in the cell culture para-
graph.

Two-photon imaging and two-photon photodynamic thera-
py

Two-photon microscopy studies were performed on a Leica SP8 in-
verted microscope with x 63 lBlue HCS plan apo objective. A Co-
herent Chameleon Ultra 2 laser was used for irradiation with 150 fs
pulses with a repetition rate of 80 MHz at lex = 910 nm. A region of
250 � 250 mm was irradiated (1.4 ms/pixel) with a power of about
5.9 mW at the back pupil of the objective.

HeLa cells were incubated 24–28 h with 1 mm of [DPP-ZnP-
GdDOTA]� in DMEM culture medium containing 1 % DMSO.

Before irradiation, a phase contrast image of the &&word miss-
ing?&& was taken to assess the number of cells before irradia-
tion.

After TP-PDT irradiation, the cells were left 4 h in an incubator.
Then, cell viability was determined by staining with Hoechst nucle-
ar stain (a blue fluorescence indicates the nucleus of all cells) com-
bined with Cytox orange. This later allows for detection of cells
with compromised cytoplasmic membrane (an orange fluorescence
indicating dead cells). Confocal images were obtained with a Leica
TSP SPE microscope using two channels, one for Hoescht (ex.
405 nm) and one for CYTOX orange (561 nm). We noticed that
dead HeLa cells detached from the glass bottom and were there-
fore not detected with confocal microscopy.

A control experiment to test the viability of cells under TP irradia-
tion in absence of the sensitizer [DPP-ZnP-GdDOTA]� (but with 1 %
DMSO) was performed. It showed that the cell viability was above
95 % after 300 scans of irradiation, performed in the same condi-
tions as with [DPP-ZnP-GdDOTA]� .

Relaxometric measurements

Proton NMRD profiles ([DPP-ZnP-GdDOTA]�= 1.13 mm, pH 6.6 in
H2O, and [DPP-ZnP-GdDOTA]�= 0.96 mm, pH 6.85 in aqueous NaCl
50 mm) were recorded on a Stelar SMARTracer Fast Field Cycling
relaxometer (0.01–10 MHz) and a Bruker WP80 NMR electromagnet
adapted to variable field measurements (20–80 MHz) and con-
trolled by a SMARTracer PC NMR console. Higher field relaxivities
were measured on Bruker AVANCE NMR spectrometers at 300 MHz,
400 MHz, and 600 MHz. The temperature was monitored by
a VTC91 temperature control unit and maintained by a gas flow.
The temperature was determined by previous calibration with a Pt
resistance temperature probe. The longitudinal relaxation rates (1/
T1) were determined in water and in aqueous NaCl 50 mm. The
least-squares fit of the 1H NMRD data was performed using Visuali-
seur/Optimiseur[34] running on a MATLAB 8.3.0 (R2014a) platform.
The relaxivity was also measured in the presence of BSA 38 g L

�1

for [DPP-ZnP-GdDOTA]�= 0.23 mm, in H2O at 298 K and 20 MHz.
The exact GdIII ion concentration was determined by ICP-AES analy-
sis after microwave-assisted mineralization.
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A Theranostic Agent Combining
a Two-Photon-Absorbing
Photosensitizer for Photodynamic
Therapy and a Gadolinium(III)
Complex for MRI Detection

A bifunctional agent that combines
a (diketopyrrolopyrrole)porphyrin com-
ponent as a two-photon photosensitizer
for photodynamic therapy (PDT) with
a gadolinium(III) DOTA complex as
a magnetic resonance imaging probe
was synthesized. Relaxometric, photo-
physical, and in cell studies highlight
the potential of this molecule as a thera-
nostic agent.
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