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ABSTRACT: The fast development of nanomedicines requires
more and more reliable chemical tools in order to accurately
design materials and control the surface properties of the nano-
objects used in biomedical applications. In this study we describe
a smooth and simple photografting technique, i.e., the clip
photochemistry, that allows the introduction of molecules of
interest in inert polymers or on stealth nanoparticles directly in
aqueous solution. First we developed the methodology on
polyethylene glycol (PEG) and looked for critical parameters of
the process (irradiation times, concentrations, washings) by using
several molecular probes and adapted analytical techniques (19F
qNMR, EA, LSC). We found that the clip photochemistry in
water is a robust and efficient method to functionalize PEG.
Second we applied it on PEGylated USPIO (USPIO-PEG) magnetic resonance imaging agent and succeeded in introducing
RGD peptide and homemade peptidomimetics on their PEG segments. The magnetic abilities of the conjugated nanoparticles
were unchanged by the derivatization process as evidenced by their relaxometric properties and their NMRD profile. When
tested on Jurkat lymphocyte T Cells, which express αvβ3 integrins, the USPIO conjugated with RGD ligands leads to an increase
of the transverse relaxation rate (R2) by a factor 10 to 14 as compared to USPIO-PEG. Consequently, it makes them good
candidates for targeted imaging technology in cancer therapy.

■ INTRODUCTION

In the scope of the development of nanomedicines, the
realization of multifunctional nanoparticles (e.g., targeted drug
delivery system with imaging or diagnosis abilities) has
increased in complexity and has become a real challenge. At
the same time, recent critical reviews have pointed out that the
lack of translation of promising nanotherapies, from the bench
to the bed side, may be due to irrelevant methods of
preparation.1−5 In this context there is a need for new chemical
tools.
Over several years we have developed a smooth and versatile

“clip photochemistry” technique in order to introduce reactive
N-hydroxysuccinimidyl (NHS) ester along a polymer chain.6,7

The principle is to take advantage of bireactive linkers which
own a light activatable function (i.e., 3-phenyl-3-(trifluor-
omethyl) diazirine (TPD)8 or perfluorophenyl azide (PFPA)9)
on one side and a NHS ester on the other side. This is a
straightforward way to functionalize inert commercial sub-
strates that avoid the tricky elaboration of reactive materi-

als.10−14 Due to the presence of very reactive intermediates, the
process is mostly practiced under inert atmosphere, on clean
surfaces or in the bulk of pure soft materials. The literature
presents very few examples of this photografting method in
liquid media. Beside the photoaffinity labeling (PAL) of
biological targets,15,16 the direct photochemical functionaliza-
tion of polymers (PEGs) in solution has been described, with
moderate success.17,18

One way to avoid a loss of reactivity in the liquid phase is to
design orthogonal photoconjugation processes based on the
recent development of the “photo-click reactions”. Barner-
Kowollik’s group has done pioneering work in this domain with
phototriggered Diels−Alder reactions19 or nitrile imine-
mediated tetrazole-ene cycloadditions (NITEC).20 Popik’s
group developed very fast and straightforward Diels−Alder or
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strain-promoted azide−alkyne cycloaddition (SPAAC) initiated
under UV activation.21,22 Both approaches are not straightfor-
ward and require first a multistep chemical derivatization of the
substrates in order to have the desired functions to fulfill
whether a Diels−Alder or a 1,3-dipolar cycloaddition.
In precedent studies concerning nanomedicines, we intro-

duced the targeting ligands on dry materials prior to their
formulation as a biomedical device.13,23,24 This method raises
the question, where will the targeting moieties be located:
displayed on the external corona or hindered in the inside
layers? Indeed, the control of the situation of the targeting
ligands after self-assembling is a difficult but crucial question.25

For instance, it was observed that a lipophilic ligand at the distal
end of a PLGA−PEG copolymer ended in the core of
nanoparticles after self-assembly.26 We see, with the photo-
grafting in aqueous solution, an easy way to anchor ligands
exclusively on the external soluble parts of particles. Moreover,
complex systems that cannot be dried, such as nanoparticles in
colloidal suspension, might be ideally treated in water.
Previously, we have grafted a Gly-Arg-Gly-Asp-Ser (GRGDS

named RGD) peptide and a synthetic RGD peptidomimetic
(RGDp) on ultrasmall iron oxide particles (USPIO) used as
magnetic resonance imaging (MRI) contrast agents.27,28 RGD

and analogues target integrin αvβ3 which is a membrane
receptor overexpressed by cancer cells and angiogenic
endothelium. It was also evidenced that the targeting of this
receptor enhanced the cellular uptake of particles.29 We
succeeded in introducing the RGDs on freeze-dried USPIO,
but with low yields and significant aggregation and material
losses. Anyway, the targeted USPIO showed unchanged
magnetic properties and enhanced in vitro labeling efficiency
as compared to the native particles.27 Targeted USPIO for the
localization and imaging by MRI of tumor or angiogenic
vasculature are of great interest,30 but their production is still an
ongoing challenge.4,25 In this context we wanted to propose the
clip photochemistry strategy in the aqueous media as a safe and
controllable process.
In this paper we first present the development of the clip

photochemistry in water on PEG and we explore several
factors. The NHS functionality on PEG is assayed with
molecular probes counted by quantitative 19F NMR spectros-
copy (19F qNMR), liquid scintillation counting (LSC), and
elementary analysis (EA). Then, we apply it to graft RGD and
RGDp on PEGylated USPIO (USPIO-PEG)31 in water
environment. The RGD and RGDp conjugated USPIO-PEG
are thoroughly characterized by LSC, EA, photo correlation

Scheme 1. “Clip Photochemistry” to Obtain NHS Functionalized PEG Followed by Chemical Derivatization with Molecular
Probes

Figure 1. Stacked 19F NMR (282.09 MHz, D2O:CD3CN) spectra of the PEG clip photochemistry process and derivatization with TagF6 under
condition A ([PEG2k] = 20 mM, [TDP clip] = 10 mM); (A) PEG mixed with NHS-TPD clip before irradiation; (B) crude PEG-g-NHS obtained
after 30 min of irradiation at 350 nm; (C) purified PEG-clip-TagF6 with trifluoroethanol as internal standard for 19F qNMR.
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spectroscopy (PCS), transmission electron microscopy (TEM),
magnetometric and relaxometric profiles, and their magnetic
labeling abilities are assessed in vitro toward Jurkat cells, a
model of leukemia expressing integrin αvβ3.

■ RESULTS AND DISCUSSION
1. Clip Photochemistry in Aqueous Media. 1.1. PEG

Functionalization. The principle of the photografting process
is depicted in Scheme 1. An aqueous solution containing
MePEG and O-succinimidyl-4-(1-azi-2,2,2-trifluoroethyl)-
benzoate (NHS-TPD clip) is submitted to black light (350
nm). Then, the activated diazirine function, by loss of
dinitrogen, gives a stabilized trifluoromethylphenylcarbene
which inserts into any C−H bond situated in its close vicinity,
leading to a PEG with pendent NHS ester (Me-PEG-g-NHS).
This desired singlet carbene pathway can be disturbed by
several side reactions particularly in water.32−36 A detailed
review of the possible parasitic reactions and the experimental
choices made to avoid them is given in the Supporting
Information. Most notably, (i) acetonitrile was added for the
TPD clip solubility and for the stabilization of the singlet
carbene;37 (ii) the formation of a stable diazo compound was
avoided with a diazirine concentration under 10 mM;35,36 and
(iii) the insertion in the C−H bond was favored by increasing
PEG concentration in the presence of an excess of TPD clip,
but (iv) with a constant PEG:TPD clip molar ratio of 0.5.
As seen in Figure 1 the whole process is followed by 19F

NMR. We observe the disappearance of the diazirine peak at
−65 ppm after 15 min of irradiation and consequently choose
an irradiation time of 30 min. Contrary to the complex 19F
NMR profiles obtained in the solid phase, here we observe
three main peaks (Figure 1B) at −73.2, −77.6, and −83.8 ppm
in the proportion 40%, 35%, and 25%, respectively. From the
literature33,38 we can guess that the peak at −77.6 ppm belongs
to the carbene adduct with water and the peak at −73.2 ppm
corresponds to the desired product of carbene insertion on
PEG. This is confirmed by the fact that it is the only one to be
kept after all the treatments (Figure 1C). We employed 3,5-bis-
trifluoromethyl-benzylamine (Tag F6, Scheme 1) as a molecular
probe to assay the NHS reactivity after grafting. It is a good
mimic of our RGD peptidomimetics leading to identical
functionalization rates that are determined with a well-defined
19F quantitative NMR (19F qNMR) protocol using trifluor-
oethanol as internal standard6 (Figure 1C). To eliminate the
contribution of unbound Tag F6 we subtract the value obtained
on a “non-irradiated” control sample treated in parallel to the
main “irradiated sample” (see Experimental Section). Hence,
we achieve a real amount of covalently bound TagF6 that
indicates whether the grafting is efficient or not.
Figure 2 shows the results recorded under two experimental

conditions. Under condition A we used the concentration
upper limit for the diazirine clip mentioned before (i.e., 10
mM) and, to keep a 0.5 molar ratio, a PEG concentration of 20
mM. We obtained a rate of 117 μmol of Tag F6 per gram of
PEG on the irradiated sample and of 61 μmol/g on the
nonirradiated one. This means a real amount of 56 μmol/g,
corresponding to the functionalization of 22% of the initial
quantity of NHS-TPD clip. It also signifies one grafted PEG
chain over ten. Under experimental condition B, we performed
the photografting in less concentrated solution, and as seen in
Figure 2, we obtained a grafting rate of 27 μmol/g on the
irradiated sample and of 5 μmol/g on the nonirradiated one.
This corresponds to 22 μmol/g of covalently grafted Tag F6

and a yield of 9% regarding the initial quantity of NHS-TPD
clip, meaning that we have functionalized 1 chain over 20. Due
to the presence of fluorine those results were easily checked by
elementary analysis (EA) (Figure 2) and we found almost the
same grafting rates and yields (i.e., real amount of 25 μmol/g
and yield of 10%). We also assayed the reactivity of Me-PEG-g-
NHS with tritiated glycine (3H-Gly, Scheme 1) to mimic the
grafting of the pentapeptide NH2-Gly-Arg-Gly-Asp-Ser-OH
(GRGDS). We found by liquid scintillation counting (LSC) a
glycine rate of 21 μmol/g on the irradiated sample and nothing
on the controls (Figure 2) which means a yield of 9% identical
to the one obtained with Tag F6. By comparison of conditions
A and B, better results in terms of yield were obtained with the
more concentrated solution, but also higher level of
physisorption of molecular probe, as seen on the control
sample (Figure 2). Anyway, all of these results evidence an
efficient and reproducible photografting of NHS-TPD clip on
PEG in aqueous solution, but with low yield in comparison to
the one obtained in solid phase, which is usually around 90%.6

As we have checked by 1H NMR that the reactivity of NHS
ester was not attained by the irradiation in water (see
Supporting Information), we can attribute this drop of yield
to the side reactions of carbene. These results of photografting
on PEG in aqueous solution pave the way for the grafting of
biomolecules to PEG corona of nanoparticles and to the
analytical tools that can be used for their quantification.

1.2. Synthesis of Bioconjugated USPIO-PEG. 1.2.1. Grafting
of 3H-Glycine. Clip photochemistry on PEGylated ultrasmall
iron oxide particles (USPIO-PEG)31 required slight modifica-
tions mostly due to the dark red solution that limits the
transmission of light. We overcame this problem by (i) the
dilution with acetonitrile, (ii) a vigorous stirring that disperses
the solution as a thin layer on the surface of the flask, and (iii) a
prolonged irradiation time (2 h). Superparamagnetic particles
cannot be used in NMR, so we assayed the NHS
functionalization rates with 3H-Gly. By LSC we recorded a
grafting rate of 21 μmol of 3H-Gly per gram of USPIO-PEG
and only 2 μmol/g on the non-irradiated sample (Figure 3).
This applies for a covalent grafting rate of 19 μmol/g and an
estimated yield of 15%. For comparison purposes, the same

Figure 2. Grafting rates obtained on PEG2k with different initial
conditions (condition A: [PEG2k] = 20 mM, [TDP clip] = 10 mM;
condition B: [PEG2k] = 8 mM, [TDP clip] = 4 mM), different
molecular probes (Tag F6 and

3H-Glycine) and different quantification
techniques (aFluorine qNMR, bElementary Analysis, cLiquid scintilla-
tion counting).
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photografting procedure was also attempted twice on freeze-
dried samples of USPIO-PEG, and in both cases, very small
amounts (≤1 μmol/g) of molecular probe were measured with
nonsignificant differences between the main sample and the
controls (see Figure S4 in Supporting Information). Moreover,
the redispersion of the functionalized nanoparticles in solution
led to a lot of aggregates that needed to be filtered off. It thus
seems obvious that for this kind of stealth nanoparticles which
cannot suffer to be dried, the direct photografting in aqueous
solution is a method of choice.
1.2.2. Grafting of RGD and RGDp. The final aim of the

study was to develop a convenient way to produce USPIO-PEG
particles conjugated with the biomolecules GRGDS pentapep-
tide (RGD) and peptidomimetics of the RGD sequence
(RGDp). We synthesized two RGDp based on the same
tyrosine scaffold equipped with a caproyl spacer but differing
only by their basic moieties (compound 7 in Scheme S1 and
compound 12 in Scheme S2 in Supporting Information). The
caproyl spacer made them easier to synthesize and to handle in
comparison with the oligoethylene glycol (OEG) spacer used in
previous study.27 For the purpose of the study, we choose
RGDp with the naphthyridine function (compound 12), since
it is known to give the highest affinity for αvβ3 integrin (see
Table S1 in Supporting Information).
RGD and RGDp were grafted on USPIO-PEG as depicted in

Scheme 2, giving USPIO-PEG-RGD and USPIO-PEG-RGDp,
respectively. Thanks to the presence of a CF3 tag on the RGDp
molecule, a final grafting rate of 41 μmol per gram of USPIO-
PEG-RGDp and a grafting yield of 30% was obtained by EA.

The mean core diameter of the particles, determined by TEM,
was evaluated to be 7.7−7.9 nm. In each case, the presence of a
single population characterized by a quite narrow size
distribution was identified (Figure 4). It can be noted that
the photochemical treatment does not affect the size of the
magnetic iron oxide core.

2. Magnetic Properties of the Bioconjugated NPs.
Next we had to control whether the grafting methodology
impairs the magnetic properties of the USPIO-PEG nano-
particles. We determined their hydrodynamic size, longitudinal
relaxivity (r1), and transverse relaxivity (r2) (Table 1). A slight
increase in size is observed for USPIO-PEG-RGDp, whereas
USPIO-PEG-RGD seems to suffer a decrease. This might be
explained by the difference in size and in hydrophilicity of the
ligands. On one hand, we have a bulky (920 g·mol−1) and
lipophilic RGDp, and on the other hand a smaller (450 g·
mol−1) and more hydrophilic peptide (GRGDS). Conse-
quently, the former might be repelled far from the charged
surface of the nanoparticles and so provokes an increase of the
hydrodynamic radius, whereas the latter might be attracted by
these charges leading to a decrease of the hydrodynamic size.
The higher transverse relaxivities observed for USPIO-PEG-
RGDp are probably due to the slight tendency of these
nanoparticles to aggregate.
The nuclear magnetic resonance dispersion (NMRD)

profiles, shown in Figure 5, confirm that the magnetic
properties are maintained after the clip photochemistry process
and that no significative change is observed. Table 2 gives the
magnetization and the radius obtained by fitting of the NMRD
curves. With all these observations it seems clear that the
targeted USPIO are suitable for biomedical applications.

3. Targeting Properties of the Bioconjugated NPs. In
our previous study27 we tested the magnetic labeling of cells
with Jurkat T lymphocyte cells which are considered a good
model for the study of αvβ3 integrin expression.39−41 When
stimulated with phorbol 12-myristate 13-acetate (PMA) they
overexpress αvβ3 integrin. We incubated stimulated and non-
stimulated Jurkat cells with the USPIO nanoparticles for 2 h,
then washed out the excess and measured the transverse
relaxation rate R2 at 60 MHz. We evidenced a good cell labeling
with the two bioconjugated nanoparticles which are more
efficiently trapped by the activated cells. Indeed, as seen in
Figure 6, the relaxation rate measured is more than twice as
great when the cells are stimulated and overexpress integrin
receptors. In comparison with the results previously obtained in
the same in vitro experiment, with non-PEGylated USPIO,27

here the native USPIO-PEG were not captured by stimulated
nor by unstimulated cells and so reveal a real stealthiness.
Therefore, with the conjugated particles we observed an
enhanced cellular uptake characterized by a pronounced effect
on R2 which is increased more than 10 times (i.e., 10 times with
USPIO-PEG-RGD and 14 times with USPIO-PEG-RGDp).
Moreover, as this effect is amplified by the augmentation of
αvβ3 integrin it could be attributed to a receptor dependent
endocytosis. As these USPIO-PEGs have already shown a long
circulating behavior in vivo,31 this added targeting ability makes
them good candidates for sensitive MRI applications.

■ CONCLUSIONS
In this study we have expanded the scope of a post-
functionalization methodology, the so-called “clip photo-
chemistry”, usually dedicated to dry materials and clean
surfaces, to aqueous solutions. It allowed us to transform a

Figure 3. Grafting rates of 3H-Glycine on USPIO-PEG determined by
LSC ([USPIO-PEG] = 92 mM, [PEG] = 0.7 mM).

Scheme 2. Clip Photochemistry Grafting of RGD and RGDp
on USPIO-PEG Nanoparticles
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commercial unreactive polymer, presently a 2 kDa PEG, into a
material bearing reactive functions along its backbone following
a simple protocol. We have exemplified the technique by
grafting in water environment several molecular probes onto
the polymer and we evidenced the main parameters and
limitations of the photografting in this media. As a very smooth
and clean chemical process, it also opens the door to a great
versatility; for instance, we can imagine introducing several
other functions such as maleimide, clickable functions or
leaving groups simply by using photoactivable clips bearing
these groups.
However, from our point of view, the most interesting

application of this photografting in water would be for the
derivatization of nanosystems and more specifically “stealth”
nanoparticles. The development of a clean chemistry for the
introduction of targeting ligands on external coronas of
nanoparticles is a great challenge in itself. For instance, this is
a long-term research challenge of our groups to produce stealth
USPIO nanoparticles that could specifically map tumor
tissues.27,31 In the present work, with the clip photochemistry
in water, we were able to introduce highly specific ligands of
αvβ3 integrins (a marker of certain cancer cells and endothelial
tissues) on PEGylated USPIO nanoparticles without interfering

Figure 4. TEM pictures of the USPIO-PEG (left), USPIO-PEG-RGD (middle), and USPIO-PEG-RGDp NPs (right). The size distribution was
obtained after a count of more than 300 particles. PDI: polydispersity index. Scale bar = 100 nm.

Table 1. Comparison of USPIO-PEG Physicochemical
Parameters

r1
a (nM−1

s−1)
r2
b (nM−1

s−1)
rh
c

(nm)

USPIO-PEG 20 MHz 30.4 62.2 24
60 MHz 11.2 59.7

USPIO-PEG-RGD 20 MHz 31.9 73.9 17
60 MHz 14.8 68.9

USPIO-PEG-RGDp 20 MHz 30.1 106.5 34
60 MHz 12.2 103.3

aLongitudinal relaxivity determined at 37 °C. bTransverse relaxivity
determined at 37 °C. cHydrodynamic size determined by photon
correlation spectroscopy (PCS).

Figure 5. NMRD profiles of USPIO-PEG-RGDp, USPIO-PEG-RGD,
and USPIO-PEG (without vector).

Table 2. Parameters (Magnetization and Radius) Obtained
from the Theoretical Fitting of the NMRD Profiles

Msat (Am
2/kg) r (nm)

USPIO-PEG-RGD 50.2 ± 0.3 5.6 ± 0.1
USPIO-PEG-RGDp 46.6 ± 0.3 6.4 ± 0.1
USPIO-PEG 46.9 ± 0.3 5.9 ± 0.1

Figure 6. Relaxation time (R2) measured on Jurkat cells treated with
the different USPIO-PEG.

Bioconjugate Chemistry Article

DOI: 10.1021/acs.bioconjchem.5b00041
Bioconjugate Chem. 2015, 26, 822−829

826



on their magnetic abilities. Moreover, with the in vitro model of
Jurkat cells, we evidenced a good stealthiness of native
PEGylated particles and we showed that the conjugated ones
are able to label cells expressing the targeted integrins ten times
more than nonconjugated ones. These furtive targeted USPIO
would be of great interest for sensitive MRI applications in
cancer treatment and detection.

■ EXPERIMENTAL SECTION
All solvents used were of analytical grade. All chemicals (unless
stated) were purchased from Sigma-Aldrich and Acros. α-
Methoxy-ω-hydroxyl-poly(ethylene glycol) 2000 kDa (PEG
2k) was purchased from Fluka. Dialysis membranes RC,
MWCO 2000 Da and CE 7, MWCO 500 and 10000 were
obtained from Spectra/Por. The RGD peptidomimetics were
synthesized in our laboratory following procedures described in
the Supporting Information. O-Succinimidyl-4-(1-azi-2,2,2-
trifluoroethyl)benzoate (NHS-TPDclip) was prepared as
previously published.6 PEGylated ultrasmall iron oxide particles
were prepared as described elsewhere31 and are presented in an
aqueous suspension with a [Fe] of 185 mM. Glycine [2-3H]
pack size 1 mCi was purchased from American Radiolabeled
Chemicals. 1H (500 MHz) and 13C (125 MHz) NMR spectra
were recorded on a Bruker Avance 500 spectrometer.19F
(282.09 MHz) NMR spectra were recorded on a Bruker
Avance II spectrometer. Spectra were obtained in D2O or
CD3CN at room temperature. Chemical shifts are reported in
ppm and are calibrated at 0 ppm on the TMSP and CFCl3
signals for 1H NMR and 19F NMR, respectively. Irradiations
were performed in a homemade reactor (rotating quartz flask of
15 mL) with 3 × 8 W BLB lamps (360 nm) placed at a distance
of 4.5 cm. Liquid Scintillation Counting (LSC) was performed
on a TriCarb 1600 TR liquid scintillation analyzer (Perki-
nElmer instrument, San Diego, CA).
Photografting of PEG in Aqueous Conditions (PEG-g-

NHS). Samples were prepared by adding the required volume
of a 20 mM NHS-TPD clip solution (prepared by dissolving 13
mg NHS-TPD clip in 2 mL of CH3CN) in 2 mL of a PEG 2000
kDa solution in H2O/CH3CN in order to have a PEG:NHS-
TPD clip ratio of 0.5. Then, the mixed solution was irradiated
for 30 min. The completion of the irradiation was followed by
19F NMR after addition of few drops of D2O.
Photografting on PEGylated USPIO (USPIO-PEG-NHS).

A sample was prepared by adding 1 mL of CH3CN and 300 μL
of a 5.5 mM NHS-TPD clip solution (prepared by dissolving 9
mg NHS-TPD clip in 5 mL of CH3CN) to 1 mL of USPIO-
PEG (185 mM, Rh = 24 nm, PEG 2.5 w%). Then the mixed
solution was irradiated for 2 h.
Preparation of PEG-clip-TagF6 and PEG-clip-Gly. To

the solution of PEG-clip-NHS prepared above, 2 mL of a
solution of the desired compound (3,5-bis-trifluoromethyl-
benzylamine (TagF6) 10 mM or Glycine:3H-Glycine 10:5.10−5

mM) in 0.1 M phosphate buffer (PB):CH3CN (1:1, v/v) at pH
8.0, is added and the mixture is shaken for 24 h at 20 °C.
The samples treated with TagF6 were dialyzed (MWCO

500) for 100−130 h against water with replacement of the
water every 8−12 h. Then, they were lyophilized, solubilized in
CH2Cl2, and filtered on PTFE Acrodisc filters (0.2 mm) and
dried under vacuum. The solid residue was solubilized in 0.1
mL of MeOH and precipitated twice in 2 mL of isopropyl ether
before being dried by azeotropic distillation with CH3CN. The
samples treated with 3H-glycine were dialyzed (MWCO 500,
for 100−130 h) against water.

The same protocol was applied with unlabeled Gly (1H-Gly)
for the preparation of samples analyzed by 1H NMR.

Preparation of USPIO-PEG-3H-Gly, USPIO-PEG-RGD,
and USPIO-PEG-RGDp. To the solution of USPIO-PEG-NHS
prepared above, 1 mL of a solution of the desired compound
(Glycine:3H-Glycine 10:5.10−5 mM, RGDp 30 mM and
GRGDS 50 mM) in PB:CH3CN (1:1, v/v) at pH 8.0, is
added, and the mixture is shaken for 3 days at 20 °C.
The samples were dialyzed (SpectraPor CE, MWCO 2000)

for 160 h against water with replacement of the water every 8−
12 h. The solution obtained was then concentrated to 1−2 mL
by ultracentrifugation (Amicon Ultra 3000).

Determination of the Grafting Rates and Yields. In
parallel to the main sample, irradiated in the presence of the
NHS-TPD-Clip, several reference samples were prepared to
control the nonspecific adsorption versus covalent grafting.
They are designed as non-irradiated (standard protocol
omitting the UV irradiation) and blank (standard photografting
protocol omitting the NHS-TPD clip). The final grafting rate,
defined as the real amount of covalently bound molecular
probe, was deduced from the subtraction of the grafting rate on
the nonirradiated sample to the one on the irradiated sample.
Grafting yield is defined as the ratio between the final grafting
rate to the initial amount of NHS TPD Clip.
Tag F6 rates on PEG-clip-Tag F6 samples were determined

by quantitative 19F NMR as described in ref 6 or by elementary
analysis (EA) with eq1

=
× ×

×
⎛
⎝⎜

⎞
⎠⎟n

n
%F

MW 100
10TagF

F F

6
6

(1)

where nTagF6 is the grafting rates of Tag F6 in μmol/g, %F the
percentage of fluorine determined by EA, MWF is the molecular
weight of fluorine, and nF is the number of fluorine in Tag F6.
RGDp rates on USPIO-PEG-RGDp samples were deter-

mined by EA with eq 1.
3H-Gly rates on PEG-clip-3H-Gly and USPIO-PEG-3H-Gly

were determined by liquid scintillation counting (LSC). 1 mL
of the final sample solution was poured in 5 mL of
AQUALUMA in an individual PE vials and counted by LSC
to obtain the DPM value of the sample. The amount of 3H-Gly
in the sample was calculated from the DPM value by using a
calibration curve. The quantity of solid contained in 1 mL of
the final sample solution was determined by weighting the dry
residue obtained after evaporation under vacuum. Conse-
quently 3H-Gly rates given in μmol/g were calculated by
dividing the LSC quantity of 3H-Gly by the solid residue mass.

Physicochemical Characterization. Hydrodynamic size
measurement was carried out by photon correlation spectros-
copy (PCS) on a Malvern system (Zet̂asizer Nanoseries ZEN
3600, United Kingdom) using laser He−Ne (633 nm).
Nuclear magnetic relaxation dispersion (NMRD) profiles

were recorded with a field cycling relaxometer (STELAR,
Mede, Italy) measuring the longitudinal relaxivity (r1) in a
magnetic field range extending from 0.24 mT to 1 T at 37 °C.
Longitudinal (r1) and transverse (r2) relaxivity measurements at
0.47 and 1.41 T were performed on Minispec Mq 20 and Mq
60 spin analyzers (Bruker, Germany), respectively. The fitting
of the NMRD profiles by a theoretical relaxation model allows
the determination of the crystal radius (r) and the specific
magnetization (MS) as described elsewhere.42,43

The total iron concentration was determined by the
measurement of the longitudinal relaxation rate R1 according
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to the method previously described44 after microwave digestion
(MLS-1200 Mega, Milestone, Analis, Namur, Belgium). Briefly,
the samples were mineralized and the R1 values of the resulting
solutions were recorded at 0.47 T and 37 °C, which allowed the
determination of iron concentration using eq 2:

= − ×R R[Fe] ( ) 0.09151
sample

1
diam

(2)

where R1
diam in s−1 is the diamagnetic relaxation rate of water at

acidic pH (0.36 s−1) and 0.0915 in s.mM is the slope of the
calibration curve.
Transmission electron microscopy (TEM) was used to

obtain detailed morphological information on the samples and
was carried out using a Fei Tecnai 10 microscope (Oregon,
USA) operating at an accelerating voltage of 80 kV. The
samples were prepared by placing a drop of diluted suspension
of iron oxide nanoparticles on a copper grid (300 mesh),
allowing the liquid to dry in air at room temperature. The
statistical analysis of the TEM images was performed by iTEM
(Germany) on multiple images for each sample. The mean
diameter, the standard deviation, and the polydispersity index
(PDI) were calculated by measuring the particle diameter. The
number of nanoparticles counted ranged from 300 to 400.
Cell Cultures. The magnetic labeling of cells expressing

αvβ3 integrin was performed with Jurkat T lymphocytes. These
leukemic cells are known to express the αvβ3 receptor under
stimulation with phorbol 12-myristate 13-acetate (PMA, 30
nM, 48h, 37 °C, 5% CO2). Cells (10

6 cells/mL), stimulated or
not (negative control), were incubated in USPIO-peptide
suspensions (0.5 mM) during 2 h at 25 °C. After washing out
the excess particles, cells were seeded in a gelatin matrix for
measuring T2 (CPMG pulse sequence, Bruker Minispec Mq-60,
60 MHz, 15 °C). The efficiency of USPIO capture by cells is
determined by the R2

norm values (where R2 = 1/T2, while R2
norm

is the normalized R2 which is calculated by subtracting the R2 of
cells free of USPIO from the cells incubated with iron oxide
nanoparticles), the highest values corresponding to the best cell
targeting.40,41 These experiments have been done in triplicate.
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