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Optimized multimodal nanoplatforms for targeting
oy B3 integrinst

Julie Bolley,® Yoann Lalatonne,®® Oualid Haddad, Didier Letourneur,
Michael Soussan,® Joelle Pérard-Viret® and Laurence Motte*?

Magnetic Resonance Imaging (MRI) using contrast agents is a very powerful technique for diagnosis in
clinical medicine and biomedical research. The synthesis of ultrasmall superparamagnetic iron oxide
(USPIO) nanoparticles targeting a,f3 integrins and acting as new MRI contrast agents seems to be a
promising way for cancer diagnosis. Indeed, it is well established that o,B3 integrin plays a key role in
tumor angiogenesis acting like a receptor for the extracellular matrix proteins like vitronectin,
fibronectin through the arginine-glycine-aspartic acid (RGD) sequence. Up-regulation of «,f3 has been
found to be associated with a wide range of cancers, making it a broad-spectrum tumor-marker. In this
study, USPIO nanocrystals were synthesized and surface passivated with caffeic acid. The large number
of the carboxylic acid functions at the outer surface of the nanoplatforms was used for the covalent
coupling of Rhodamine123, polyethylene glycol (PEG) and cyclic RGD. Soluble carbodiimide (EDC) and
N-hydroxysuccinimide (NHS) were used to crosslink carboxylic acid with the amino group of the ligands.
We examined the design of the nanoplatforms with each individual entity and then the combination of
two and three of them. Several methods were used to characterize the nanoparticle surface
functionalization and the magnetic properties of these contrast agents were studied using a 1.5 T
clinical MRI scanner. The affinity towards integrins was evidenced by surface plasmon resonance and
solid-phase receptor-binding assay.

Introduction

Targeted superparamagnetic iron oxide nanoparticles' (SPIONs)
are an exciting class of materials that are undergoing clinical
development as diagnostic,>* molecular imaging probes* and
therapeutic delivery vehicles.” The use of these nanomaterials in
biomedicine requires the ability to finely tune the surface
functionality to provide the selective or specific recognition
required for bio sensing.

Active targeting methods generally involve covalently
attaching a targeting ligand to the surface of a biocompatible
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coating.®” This facilitates for instance the active targeting of a
cancer cell biomarker and allows SPIONs to accumulate in the
cancer cells. The result is a better contrast between the tumor
and healthy tissues on a MR image. In addition, multivalent
interactions between the nanoparticles and their targets can
increase the affinity of target binding (avidity).®

Integrin o,B; are cell adhesion molecules known to be
involved in multiple steps of cancer angiogenesis, in cancer cell
proliferation and metastatic diffusion, in angiogenesis in
ischemic tissues, in atherosclerotic damage and in vascular
restenosis, as well as in osteoporosis.”*® The high expression of
integrin o,B; during tumor growth, invasion and metastasis
makes it an interesting molecular target for the development of
a,B; targeted therapeutic drugs and molecular imaging probes.
It is also highly expressed by several solid tumors such as
glioblastomas, melanomas, and ovarian, breast, and prostate
cancers, where it is involved in processes governing metas-
tasis."**> Monoclonal antibodies, cyclic RGD (Arg-Gly-Asp)
peptides and peptidomimetic antagonists have been shown for
their potential as therapeutic pharmaceuticals, inhibiting
endothelium-specific integrin survival signaling.**'* RGD has
been recognized as the minimal integrin sequence for the
preferential binding to o,fB; integrin. The -cyclization is
commonly employed to improve the binding properties of RGD
peptides, conferring rigidity to the structure and preventing



chemical degradation. cRGDfK and cRGDyK with lysine and
tyrosine residues respectively can be used for further chemical
conjugation reactions.® It has also been shown that the binding
of multivalent cyclic RGD peptides using dendrimers,"> "’
polymers,' liposomes,'” and nanoparticles* as substrates
enhances the integrin o,B; affinity, inducing better targeting
capability and higher cellular uptake through the integrin
dependant endocytosis. Thus, by increasing the peptide multi-
plicity, they significantly enhance the avidity of the multiple
ligands for the o,fB; integrin with a trend that is frequently
proportional to the number of RGD moieties.>**

One important challenge for nanomedicine is the develop-
ment of targeted multimodal medical imaging that could be
used for MR, for quantification of the integrin a,f; expression
level before and during the anti-angiogenic therapy or in the
case of surgical removal of the tumour, capable of achieving
high specificity and sensitivity by in vivo IR fluorescent imaging
for guided surgery. To achieve these goals, particle surface
engineering remains a key step for the bioactive nanoparticle
design.

In this article, the development of functionalized iron oxide
nanoparticles that orchestrate the dual imaging with magnetic
resonance, fluorescence imaging and a,f; targeting through
multivalent cRGDfK or cRGDfK-PEG,-NH, linked to iron oxide
nanoparticles, is reported. We focused on several characteriza-
tion methods in order to qualitatively or quantitatively charac-
terize the nanoparticle surface functionalization. The effect of
the multivalency for the interactions between the cRGD ligand
and the target a,B; receptor is studied by means of a Surface
Plasmon Resonance (SPR) and a solid-phase receptor-binding
assay. The influence of PEG linker and the contribution of the
number of grafted cRGD per nanoparticle are discussed.

For this purpose, iron oxide nanoparticles (NPs) were surface
functionalized with caffeic acid (CA), a catechol derivative.
Caffeic acid is one of the principal sources of biomass.*” This
nanoplatform was first designed with each individual entity:
fluorescent Rhodamine, PEG chain and cyclic cRGD with or
without PEG chain. In a second step the combination of various
functionalities onto the nanoparticle surface was performed.

To our knowledge, multimodal nanoplatforms elaborated
with caffeic acid have never been reported.

Rhodamine was used as the fluorescent moiety for conju-
gation considering low cost and remarkable stability of the
optical properties under pH modification compared to
commercially near infrared imaging agents.

Experimental section
Chemical and apparatus

The dye Rhodamine123 (R123), cRGD derivatives, cyclo(Arg-Gly-
Asp-d-Phe-Lys) (cRGDfK) and cyclo(Arg-Gly-Asp-d-Phe-Lys(PEG-
PEG)) (cRGDfK-(PEG),-NH,), and integrin a,f; were purchased
from Acros, Peptides International and Merck respectively.
Carboxyl-(tetraethyleneglycol)ethylamine (H,N-(PEG),~COOH)
and fluoraldehyde OPA reagent solution were purchased from
Thermoscientific. Fluoraldehyde OPA reagent solution contains
0.8 mg mL™' of o-phthalaldehyde (OPA), pH 10. Other

commercially available reagents for particles’ synthesis and
analyses were purchased from Sigma-Aldrich. For affinity
measurements, the sensor chip CM5 was purchased from GE
Healthcare.

The chemical coupling under microwaves was performed
using a Monowave 300 (Anton Paar).

The infrared (IR) spectra of the caffeic acid (CA) and of
the nanoplatforms vyFe,O;@CA, vFe,0;@CA-R123, and
YFe,0;@CA-PEG-COOH were recorded as thin films on KBr
pellets on a thermo scientific Nicolet 380 FTIR and are reported
in frequency of absorption (cm™'). The infrared spectra of
cRGDAK before and after microwaves were recorded as a liquid
sample using a Tensor 27 spectrophotometer (Bruker, Karls-
ruhe, Germany) at a 1 cm™ " resolution.

UV-visible spectra were recorded on a Varian Cary 50 Scan
UV-Visible spectrophotometer. The size and the zeta potential
of the nanocomplex were determined by dynamic laser light
scattering (DLS) on a Nano-ZS (Red Badge) ZEN 3600 device
(Malvern Instruments, Malvern, UK).

TEM images were obtained using a FEI CM10 Microscope
(Philips) and samples were prepared by depositing a drop of
nanoparticle suspension on carbon coated copper grids placed
on a filter paper. The median diameter was deduced from TEM
data measurements, simulating the diameter distribution with
a lognormal function.

The magnetic behavior of the as-synthesized nanoparticles
was characterized at room temperature using a vibrating
sample magnetometer, VSM (Quantum Design, Versalab) and a
MIAplex® reader (Magnisense SA). The VSM measures the
magnetization by cycling the applied field from —2300 to
+2300 kKA m™' for two times with a step rate of 8 kA s’
Measurements were performed on powder samples and the
temperature was set to 298 K (25 °C) to study the behavior of the
particles at room temperature. The Miaplex reader is a minia-
turized chip detector system, measuring a signal corresponding
to the second derivative of the magnetization around zero
field.*® With this sensor, measurements are performed on
microliter sample volumes, in a handled portable device,
without liquid helium cooling to operate. Moreover, MIAplex®
signal measurement (~30 s) is about 10> times shorter than the
VSM (~1 h) and the sample quantity is 10® times lower (1 pg).

The MRI analyses were performed using a 1.5 T MRI scanner
(Philips intera 1.5T/Philips healthcare) at room temperature for
various iron concentrations. The longitudinal nuclear relaxa-
tion times T1 were obtained from an inversion recovery
sequence with a time repetition (TR) of 2000 ms, a time echo
(TE) of 16 ms and increasing time inversions (TIs) of 50, 100,
200, 300, 450, 600, 750, 900, 1,100, 1500 and 1800 ms. The
transverse nuclear relaxation times, 72, were measured from
axial T2-weighted SE images obtained with a TR of 2000 ms and
increasing TEs of 20, 40, 60, and 80 ms.

The thermogravimetric analysis (TGA) curves were recorded
using a LabsSys evo TG-DTA-DSC 16000 device from Setaram
Instrumentation.

The fluorescence measurements were performed with a Spex
FluoroMax spectrofluorometer (HORIBA Jobin-Yvon, France)
equipped with a Hamamatsu 928 photomultiplier.



Surface plasmon resonance measurements were carried out
using a BIAcore X100 (GE Healthcare) with a sensor chip CM5
(GE Healthcare).

The **I echistatin radioactivity was counted in a gamma
counter Wizard 1470 (Perkin Elmer).

Superparamagnetic nanoparticle preparation

Synthesis of yFe,O; nanocrystals. The maghemite NPs,
vFe,O; nanocrystals®»** (average diameter 9 nm and size
distribution ¢ = 0.2, see ESI Fig. S1t1) were synthesized
according to the following procedure. Dimethylamine
((CH;3),NH) was added to an aqueous solution of ferrous
dodecyl sulfate (Fe(DS),). The final concentrations after the
reactants mixed were 2.7 x 10 2 mol L * and 2.8 x 10~" mol
L~ for Fe(DS), and dimethylamine, respectively. The solution
was then stirred vigorously for 2 h at 28.5 °C. 2 mL of HCI (1 M)
were then added, in order to reach the isoelectric point (around
pH 7), inducing nanoparticle precipitation. The precipitate was
isolated from the supernatant using magnetic separation. After
10 washings at neutral pH, the nanoparticles were then
dispersed at pH 2 in distilled water. At this stage uncoated
v-Fe,O3; nanocrystals were produced.

Synthesis of yFe,0;@CA nanocrystals. After synthesis, the
nanoparticle surface was directly functionalized with caffeic
acid. 10 mL of an aqueous caffeic acid solution (10 mg mL ") at
PH 10 was directly mixed with 10 mL of bare y-Fe,O; particle
suspension (6 mg mL ™) at pH 10. After mixing for two hours at
room temperature, the functionalized magnetic particles were
washed 5 times using magnetic separation at pH 2. Then, the
magnetic yFe,O;@CA particles were dispersed in distilled water
and adjusted to pH 7. The average number of molecules of CA
per nanocrystal was measured by thermogravimetric analysis.

Coupling onto YFe,O;@CA nanocrystals and characteriza-
tion. In the following procedures, the coupling of the molecule
(R123 dye, H,N—(PEG),~COOH or cRGD derivatives) onto the
caffeic acid functionalized maghemite was performed in water
in a two-step procedure (activation and conjugation) at room
temperature or assisted by microwaves (see ESIf for the
comparison of coupling efficiency with and without micro-
waves). Firstly, the carboxylic acid functions at the outer surface
of the nanocrystals were activated using 1-ethyl-3-(3-dimethy-
laminopropyl) carbodiimide (EDC, #gpc = 5ncoon) and N-
hydroxysuccinimide (NHS, nnys = 57coon) at pH 4. The second
step was the linkage of the amine function of the interest
molecule with the activated carboxylic acid functions on the
nanocrystals. The pH of the yFe,0;@CA ferrofluid was adjusted
to 9 with N,N-diisopropylethylamine. The ligand was dissolved
in water at pH 9 and then added to the ferrofluid.

The procedure was carried out with various molar ratios R =
Ncoon/Nnn,- The modified particles were isolated with a magnet
at pH 2 and washed several times with deionized water. The
particles were re-dispersed in water at physiological pH for
various physicochemical characterizations.

The coupling efficiency of the dye R123 conjugation was
investigated qualitatively using various measurement methods:
infrared spectroscopy, dynamic light scattering, derivative

magnetization (Miaplex®), and quantitatively using fluores-
cence spectroscopy. The number of dyes per nanoparticle was
determined after molecule desorption with an alkaline medium
(pH 12 for 24 h) using a previously described procedure.*®
The magnetic particles were then separated from the superna-
tant by magnetic decantation. The pH of the supernatant was
adjusted to physiological pH and the concentration of R123 was
deduced from fluorescence measurements (see ESI Fig. S47).

The average number of molecules of H,N-(PEG),~COOH per
nanocrystal was measured by several methods: infrared spec-
troscopy and OPA method. For the infrared spectroscopy
method, infrared spectra in KBr pellets of various proportions
of H,N-(PEG),~COOH mixed with a constant amount of
YFe,0;@CA were recorded. Then, the normalized 1110 cm™*
band was used for the establishment of the calibration curve
and the average number of H,N-(PEG),~COOH per nanoparticle
was deduced from this curve. For the OPA method, 50 puL of the
sample was diluted in 50 uL of NaOH 2 N and left overnight at
60 °C. 1 mL of OPA reagent was added to the mixture and
fluorescence measurement was recorded. The average number
of H,N-(PEG),~COOH per nanoparticle was deduced from a
calibration curve (see ESI Fig. S67).

The average number of cRGD derivatives was measured by
the OPA method after calibration curve establishment (see ESI
Fig. S107).

MRI measurements. The "H NMR relaxometric character-
ization was performed by measuring the longitudinal relaxation
times T; and the transverse nuclear relaxation times 7,, on a
1.5 T MRI scanner. The measurements were performed at room
temperature for various iron concentrations between 0.061 and
0.25 mM. The efficiency of MRI contrast agents was determined
by measuring the relaxivity r; defined as r; = (1/T4)meas/C and
the relaxivity r, defined as 7, = (1/T5)meas/C, Where (1/T1)meas OF
(1/T»)meas Was the value measured with the sample at concen-
tration C of iron.

Biological stability. The biological stability of yFe,O;@CA-
R123 and yFe,O;@CA-PEG-R123 was evaluated by fluorescence
spectroscopy using a previously described method.*” Briefly, the
particles were dispersed in 10% or 50% of FBS (Fetal Bovine
Serum) at an iron concentration of 0.1 mM. The fluorescence
intensity was recorded as a function of time.

ayB; targeting efficiency by surface plasmon resonance.
Surface plasmon resonance measurements were used to inves-
tigate the efficiency of the interaction between the integrin o, f3;
and the cRGD derivatives coupled to YFe,O;@CA. The nano-
particles on the surface of carboxymethyldextran (CMD)-coated
gold were immobilized by electrostatic interactions. Briefly, the
flow channel of BIAcore was equilibrated with Hepes buffer. The
cRGD derivative nanoparticles were immobilized on the second
channel of the sensor chip using a flow rate of 5 uL. min~" and
the yFe,O;@CA used as a reference was immobilized on the
first channel. Integrin o,fB; solutions were injected into the
BlIAcore flow channels at a flow rate of 30 pL min~* and allowed
to interact with the immobilized receptor. The specific inter-
action with the cRGD derivatives shifted the wavelength at
which the surface plasmon resonance occurred. This shift was
registered as response units (RU).



a,B; targeting efficiency by solid phase receptor binding
assay. The receptor binding assay was performed as described
previously.?®?° o, B; was diluted at 500 ng mL ™" in coating buffer
(20 mM tris, pH 7.4, 150 mM NacCl, 2 mM CaCl,, 1 mM MgCl,,
1 mM MnCl,) and an aliquot of 100 uL per well was added to a
96-well microtiter plate (Microlite 2+, Thermo Scientific) and
incubated overnight at 4 °C. The plate was washed once with
blocking/binding buffer (20 mM tris, pH 7.4, 150 mM NaCl,
2 mM CaCl,, 1 mM MgCl,, 1 mM MnCl,, 1% bovine serum
albumin) and incubated for an additional 2 h at room temper-
ature. The plate was rinsed twice with the same buffer and
incubated with the radiolabeled ligand at the indicated
concentrations for 3 h at room temperature. For co-incubations,
an unlabeled competitor was included at the concentrations
described. After three additional washes with blocking/binding
buffer, counts were obtained with boiling in 2 N NaOH and
subjected to y-counting. Non-specific binding of the ligand to
the receptor was determined with molar excess (200-fold) of the
unlabeled ligand. Each data point was a result of the average of
triplicate wells.

Results and discussion
YFe,0;@CA nanoplatform

Infrared spectroscopy is a very useful and direct technique for
studying the nature of surface complexation functions. Cate-
chol and carboxylic groups are well known as highly chelating
agents for the metal oxide surface. The CA coating on yFe,O;
NPs caused major changes in the spectra compared to free CA
(Fig. 1).

The infrared spectra of free CA (red curve, Fig. 1) is charac-
terized by different vibration bands (i) the alkene C=C
stretching vibration band at 1639 cm ™', (ii) the aromatic ring
C=C stretching vibration bands at 1602 and 1522 cm ", (iii) the
stretching vibrations of the phenolic group C-OH at 1417, 1376
and 978 cm™ ' and bending vibrations of the phenolic group
C-OH at 1280, 1522 and 1117 cm™ " and (iv) the stretching and/
or bending vibration of CO or OH in COOH at 1293, 1208 and
1163 cm™'.***! Upon adsorption of CA onto yFe,O; NPs (green
curve, Fig. 1) the difference between infrared spectra of free and
adsorbed CA appears, indicating surface complexation with
catechol bound to the oxide surface via two adjacent phenolic
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Fig. 1 (A) IR spectra of CA (red) and yFe,O3@CA (green); (B) coordination mode
of iron surface NPs with a catechol complex.

groups. The most notable modification on an IR spectrum of
YFe,0;@CA, in addition to the appearance of a strong Fe-O
stretching vibration band at 600 cm™' (inset Fig. 1), is the
complete disappearance of the bands at 978 cm ™', the decrease
of the intensity band at 1417 cm ™, while the band at 1280 cm™*
shift to 1267 cm™'. These bands, assigned to stretching and
bending vibrations of phenolic OH groups, are likely those
participating in the nanoparticle surface complexation with
catechol bound to the oxide surface in a bidentate form
(Fig. 1B). The binding of CA to iron oxide even affects the
stretching of the aromatic ring (bands > 1400 cm™'). The most
noticeable is the appearance of the strong characteristic band of
a conjugated aromatic ketone (~1605 cm™'),*> which confirms
the bidentate bonding of the catechol to the surface of the
nanoparticles.

Similar results were obtained on various nanocrystalline
metal oxides such as TiO,, Fe,0;, Fe;O, and ZrO,, surface
functionalized with various enediol ligands**™* and with 5-
hydroxy-5,5-bis(phosphono)pentanoic acid onto yFe,O3; NPs:**
the interaction with the surface takes place through the
hydroxymethylene bisphosphonate group, and the pendant
carboxylate is free and exposed to solution.

Hence, adding CA results in the replacement of nanoparticle
surface OH groups and the coordination of surface Fe atoms
with both OH groups of catechol.

The average number of CA molecules was deduced using
thermogravimetric analysis and was found to be of 1100 per
nanoparticle which corresponds to a surface area of 23.1 A?
occupied by each CA ligand molecule (see ESI, Fig. S21). This
surface area is comparable to the results obtained on surface
modification of anatase particles with dopamine ligands.**

The yFe,O;@CA NPs formed highly stable ferrofluid in a
large range of pH, from pH 4 to pH 11 (Fig. 2A). At physiological
pH, the hydrodynamic diameter and zeta potential surface are
found equal to 12.5 nm and —45 £ 5 mV respectively. Consid-
ering the mean crystalline core (9 nm in diameter) and a layer of
about 0.9 nm for the coating of CA molecules,* this suggested
very low aggregation.

Concerning magnetic measurements, the magnetization
curve (Fig. 2B) and the second derivative of magnetization (inset
Fig. 2B, measured with MIAplex® detector) are characteristic of
superparamagnetic behavior. It has to be noticed that 11
months after synthesis no decomposition of the iron oxide NPs
and consequently alteration of the magnetic properties has
been observed (see ESI Fig. S31). The degradation of iron oxide
nanoparticles has been reported for other catechol derivatives
such as dopamine.***® Caffeic acid can be compared to nitro-
dopamine, another catechol derivative, which has irreversible
high affinity binding under physiologic conditions.* Indeed the
terminal conjugated COOH group from caffeic acid is a high
electron withdrawing group as the NO, group from nitro-
dopamine.

Once these nanoparticles yFe,O;@CA characterized, the
carboxylic acid functions at the outer surface were then used for
the covalent coupling of different ligands (R123, H,N—(PEG),-
COOH or cRGD derivatives) using carbodiimide chemistry with
a microwave assisted procedure. We recently showed that in the
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Fig. 2 (A) Hydrodynamic diameter (blue) and zeta potential (red) of
YFe,03@CA,; (B) the yFe,03@CA magnetization curve and the second derivative
of magnetization in the inset.

case of amide bond formation, the functionalization yield could
be increased using micro-wave energy.*® As described above, the
ultimate goal is to obtain a multimodal nanoplatform. Our
approach was to study each coupling and then various combi-
nations to optimize the nanosystem.

Coupling efficiency study on a yFe,O;@CA nanoplatform

Dye R123 coupling: yFe,0;@CA-R123. For the dye R123
coupling onto a yFe,O;@CA nanoplatform, microwave condi-
tions were used. High coverage of the surface of the NPs by R123
was obtained by this method*® as demonstrated by infrared,
UV-Visible and fluorescence spectroscopies (see ESI Table S1+
for comparison of conventional versus microwave covalent
coupling). The microwave treatment conditions have been
defined to t,,,x = 3 min and T,,,x = 150 °C. Several molar ratios
for R123 versus COOH functions were tested (R = ngi23/Mcoon)-

Fig. 3A shows the infrared spectra of the nanoplatform
vFe,0;@CA (green curve), R123 (pink curve) and after coupling
corresponding to R = 2 (blue curve) and R = 20 (black curve).

For a low ratio (R = 2), the infrared spectrum (blue curve) is
very similar to the native nanoplatform yFe,O;@CA (green
curve) whereas increasing the molar ratio to R = 20 (black curve)
leads to large changes all over the spectrum range suggesting
successful tailoring of the nanoparticle surface with R123
(Fig. 3A). The characteristic vibration bands of the functional-
ized nanoparticles Fe-O (600 cm ™), C-O (1267 cm '), as well as
R123 (between 1000 and 1800 cm ') appeared on the spectrum,
indicating efficient binding of R123 onto the nanoparticle
surface. A new band appears around 1634 cm ™" arising from the
amide bonding between R123 and yFe,O;@CA nanocrystals
which shows the successful derivatization of carboxylic acid at
the outer surface with the amine group of R123.

Similar to infrared characterization, the efficiency of R123
coupling on a nanoplatform is only detectable for a ratio R = 20
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Fig. 3 (A) IR spectra of yFe;O3@CA (green curve), free R123 (pink curve), and
yFe;03@CA-R123 R = 2 (blue curve) and R = 20 (black curve); (B) absorption
spectra of free R123 (pink curve C = 3 x 107° M), yFe,03@CA (green curve Cre =
1.2 x 107* M) and yFe,03@CA-R123 R = 20 (black curve Cre = 2.9 x 1074 M); (C)
emission fluorescence spectra (Aexe = 500 nm) of yFe;,03@CA-R123 Cre = 2 x
107*M, R = 2 (blue) and R = 20 (black) before (blue) and after R123 desorption
(pink) (R = Ng123/Ncoom)-

with UV-Visible spectroscopy (Fig. 3B). Under this condition, a
small bump around 520 nm appears due to grafting of R123 onto
the NP surface, which is red-shifted compared to free R123
(500 nm). Successful grafting is highlighted by emission fluores-
cence spectroscopy. The fluorescence emission spectrum of the
YFe,O;@CA-R123 gave a maximum wavelength at 518 nm, slightly
blue-shifted compared to free R123 (around 4 nm), Fig. 3C.

The fluorescence emission intensity increases with the ratio
R, due to the large number of R123 grafted onto the NP surface.
It is well known that quenching occurs due to both an energy
transfer process between the iron oxide and the fluorophore
and intermolecular quenching.>****> The average number of
rhodamine per nanoparticle, quenching factor and yield
coupling are reported in Table 1. These values are deduced after
a 24 h treatment of yFe,O;@CA-R123 ferrofluid in an alkaline
medium. Under this condition the coating is removed from the
surface of the nanoparticles and the supernatant is titrated by

fluorescence.?®

Hence increasing the ratio R increases the
average number of R123 per nanoparticle and the emission is
decreased by a factor 5 (Table 1).

Dynamic light scattering also revealed that the efficiency of
coupling is correlated with the excess of R123 (ratio R).
Compared to yFe,O;@CA nanocrystals, the synthesized fluo-
rescent particles with a constant zeta potential displayed an
increase of the mean hydrodynamic diameter (see Table 1).
Increasing the number of R123 molecules per nanoparticle
favours steric hindrance as well as -7 stacking between R123
of neighboring nanoparticles and induces aggregation states.
Magnetic measurements show that superparamagnetic
behavior is maintained for these R ratios (see ESI, Fig. S51).

H,N-(PEG),~COOH coupling: yFe,0;@CA-PEG-COOH. In
order to covalently link PEG chains on the yFe,O;@CA nano-
platform, the approach, described for dye coupling, was applied
using H,N-(PEG),~COOH. Several stoichiometric ratios were
tested (R = nprg/fcoon) under microwaves.



Table 1
scattering properties (hydrodynamic size, polydispersity index, and zeta potential)

R123 molecule number before and after molecule desorption, quenching and percentage of R123 per nanoparticle for R = 2 and R = 20, and dynamic light

Grafted molecule number

Before and after

R desorption Quenching % Dy, (nm) Pdi Zeta (mV)
R123 0 — — 0 12.5 0.2 —45+£5
2 3+1 11+ 3 4 1+0.3 24.2 0.3 —44 £ 7

20 11+1 55+1 5 5+0.1 32.2 0.3 —41 + 10

With the aim of quantifying coupling efficiency by infrared
spectroscopy, YFe,O;@CA nanoplatforms were mixed with
various amounts of free H,N-(PEG),~COOH. Comparing the
overlapping of yFe,0;@CA and H,N-(PEG),~COOH IR spectra
(Fig. 4A), the sharp band at 1110 cm ™' corresponding to C-O
symmetric stretching of H,N—-(PEG),~COOH could be used for
quantification. Indeed, a linear relationship of the C-O band
area, normalized with the Fe-O vibration band (from 500 to
750 cm ™ ') was obtained by increasing the amount of free H,N-
(PEG),~COOH (Fig. 4B and the inset).

The spectra of the composite nanoparticles yFe,O;@CA-
PEG-COOH (Fig. 4C) are similar to those of pure PEG and
vFe,O;@CA nanoplatforms, respectively. An increase in the
average number of PEG grafted onto the nanoparticle surface
with the R ratio is observed, corresponding to an increase of
coverage yield from 6% to 15% (Table 2).

To check our quantitative infrared assay, OPA and ther-
mogravimetric analysis methods were also used. The OPA****
reacts with amines to form blue fluorescent isoindoles in the
presence of reduced thiols.*>*® This reagent is not only used for
assays of amino groups, but also for assays of thiol groups.*”**
The amount of grafted H,N-(PEG),~COOH per nanoparticle is
deduced after chemical decomposition (2 N NaOH, 60 °C,
overnight) of the coupling and titration of amino groups in the
supernatant. A range of concentrations of free H,N-(PEG),-
COOH solutions (50 pL) added with basic solution (50 pL, 2N
NaOH, 60 °C, overnight) were prepared for calibration (see ESI,
Fig. S61). The coverage yields for various ratios R are reported in
Table 2. Thermogravimetric analysis was performed only for
one sample corresponding to ratio R = 5 (see ESI Fig. S7f) and a
coverage yield of 9 + 3% was measured.

A good correlation is obtained by comparing the results
deduced with IR spectroscopy, thermogravimetric analysis and
OPA methods (Table 2). This validates our IR approach for PEG
quantification after covalent coupling on yFe,O;@CA nano-
platforms. A major advantage of the latter method is the lower
consumption of material as compared to thermogravimetric
analysis (only 10 mg of material is needed) or OPA (the reagent
is unstable and sensitive to storage conditions which increases
the work and the costs, if the new reagent solution needs to be
prepared for each quantification).

The hydrodynamic size and zeta potential of yFe,O;@CA-
PEG-COOH are similar to the yFe,O;@CA nanoplatform. The
results are consistent with the low H,N-(PEG),~COOH
coverage yield (15% maximum) and to the fact that the

carboxylic acid function on the yFe,O;@CA nanoplatform
used for the covalent coupling is substituted to the carboxylic
acid function of the conjugated PEG. This induced no charge
surface modification.

It has to be noticed that with the same experimental condi-
tions, the coupling yield on the yFe,O;@CA nanoplatform is
higher for PEG (6-15%) compared to R123 (1-5%). This effect
could be correlated with higher amine reactivity and lower steric
hindrance with H,N-(PEG),~COOH compared to R123.

~1R2=0.977

Area .o/ Area Fe.0

T T T T T
1500 1250 1000 750 500

Wavenumber (cm™)

Fig.4 IR spectraof (A) yFe,O3@CA (green) and PEG (black); (B) yFe,Os@CA and
H>N—(PEG)4—COOH mixed in various proportions corresponding to a number of
PEG per nanoparticle equal to 100 (dark blue), 300 (black), 600 (blue), and 1000
(pink) — linear increase of the C-O band area (normalized with the Fe-O band)
with the number of PEG in the inset; (C) YFe,03@CA-PEG-COOH R = 2 (blue), R =
5 (pink), R = 20 (black) and R = 50 (red), (R = Npec/NcooH)-



Table 2 H,;N-(PEG),—COOH number and percentage per nanoparticle for various ratios (R = npec/ncoon) deduced from infrared spectroscopy and OPA reagent
methods, and dynamic light scattering properties (hydrodynamic size, polydispersity index, and zeta potential)

Grafted molecule number

R IR % OPA % Dy, (nm) Pdi Zeta (mV)
PEG 2 68 £+ 7 6+1 88 & 13 8§+1 11.8 0.3 —41+7
5 70 £ 8 641 80 £ 20 742 9.2 0.3 —41+7
20 140 + 15 13+£1 120 + 6 11+£1 17.7 0.3 -34+9
50 170 £ 18 15+2 142+ 7 13+1 11.6 0.3 —47£7
c¢RGD derivative coupling: yFe,O;@CA-cRGD and sequentially introduced by successive carboxyl group activation.

vFe,0;@CA—-(PEG-cRGD). The lysine residue (K) of ¢(RGDfK) or
the amine function of ¢(RGDfK)-PEG,-NH, was used to cova-
lently link cRGD derivatives on the yFe,O;@CA nanoplatform,
under microwaves. The microwave treatment conditions have
been set to thax = 3 min and Ty,. = 65 °C. Indeed, the structure
and properties of biomolecules such as peptides or proteins are
very sensitive to time and temperature. The infrared spectra of
¢(RGDfK) before and after this microwave treatment show no
modification, suggesting the stability of the cyclic peptide
under microwaves (see ESI, Fig. S87). The coupling procedures
were applied for various ratios (Rergp = Merap/Mcoon)-
Compared to the yFe,O;@CA nanoplatform, the infrared
spectra after cRGD derivative coupling show no evidence of
efficient conjugation (see ESI Fig. S97). As highlighted with the
OPA assay (below), this is due to the weak coverage yield. The
amount of ¢cRGD ligand grafted per nanoparticle was deduced
using the OPA method (Table 3).

As observed previously for dye and H,N-(PEG),~COOH
coupling, the coupling enhancement increases with the ratio R.
The coverage yield is lower using c¢(RGDfK) compared to
¢(RGDfK)-PEG,-NH,. The ¢cRGDIK steric hindrance is reduced
by the presence of PEG linkers.

DLS measurements (Table 3) indicate that for a same
number of ¢cRGD per nanoparticle the hydrodynamic size is
largest for yFe,0;@CA-PEG-cRGD than yFe,0;@CA-cRGD in
accordance with the increase of coverage yield.

Finally, comparing H,N—(PEG),~COOH and ¢(RGDfK)-PEG,-
NH, coupling, for the same R value (R = 2 and 20, Tables 2 and
3), the coverage yield is similar.

Toward multimodal nanoplatform. To implement the func-
tionalization of the yFe,O;@CA nanoplatform with R123, H,N-
(PEG),~COOH and cRGD derivatives, different moieties were

Table 3

The cRGD peptide presenting carboxyl groups in the aspartic
acid side chain is introduced in the last step.

First, we studied the 2 step functionalization with R123
and H,N-(PEG),~COOH using yFe,0;@CA-PEG-COOH and
YFe,0;@CA-R123 nanoplatforms respectively. The average
number of grafted molecules is reported in Table 4. It can
be observed that the second step surface functionalization
induces lower coverage efficiency as compared to the two
nanoplatforms.

Moreover after addition of H,N-(PEG),~COOH (R = 50) onto
the yFe,O;@CA-R123 nanoplatform, an increase of fluores-
cence quenching factor from 4 to 7 was observed (Table 5). The
same quenching factor was obtained after grafting R123 (R = 2)
onto the vYFe,0;@CA-PEG-COOH nanoplatform. DLS
measurements performed before and after the second step
surface functionalization show an increase of hydrodynamic
diameter and decrease of zeta potential. This indicates that
some aggregation occurs during the second step that could
explain the increase of quenching factor due to intermolecular
quenching.?® Considering R123 coupling on the yFe,O;@CA-
PEG-COOH nanoplatform, the dye could be linked with COOH
of CA (around 960) or PEG chains (142). In the latter case, a
decrease of quenching factor due to the PEG linker spacer could
be expected by decreasing the dye-NP surface interaction. This
suggests that R123 coupling occurs with COOH of CA.

The coupling efficiency of ¢(RGDfK)-PEG,-NH, (R = 2) is
similar compared to the coupling on the yFe,O;@CA-R123
nanoplatform (two step functionalization, 64 ¢(RGDfK)-PEG,-
NH,, Table 4) with the yFe,O;@CA nanoplatform (one step
functionalization, 61 ¢(RGDfK)-PEG,-NH,, Table 3). The same
quantity of cRGDfK was calculated with the three step func-
tionalization consisting in sequential addition of R123 (R = 2),

c¢(RGDfK) and c(RGDfK)-PEG,-NH, numbers and percentage per nanoparticle for various ratios (R = ncrgp/Ncoon) deduced with the OPA reagent method,

and dynamic light scattering properties (hydrodynamic size, polydispersity index, and zeta potential)

Grafted molecule number

R OPA % Dy, (nm) Pdi Zeta (mV)
cRGDfk 0.2 25+£2 2+0.2 16 0.3 —44 + 12
2 43 +£4 4+0.4 18 0.2 —43 + 12
20 59 +9 5+1 15 0.3 —44 + 8
¢(RGDfk)-PEG,-NH, 0.2 35+ 8 3+1 22 0.3 —36 £ 12
2 61 £3 6+ 0.3 18 0.2 -39+7
20 130 + 30 12 +3 30 0.3 —40 £ 10



Table 4 R123, HN-(PEG),—COOH and cRGD ligand number and % per multimodal nanoplatform and fluorescence imaging

Grafted molecule order

Grafted molecule number

15 and 3rd R123 % R123 Fluorescence image  PEG % PEG cRGD % cRGD
PEG R123 — 8+1 0.7 +£ 0.1 [ ] 142 £ 7 13 + 0.6 — —

R123 PEG — 11 +2 1+ 0.2 ° 93 + 11 8§+1 —

R123 cRGDfk-PEG,-NH, — 11 +2 1+0.2 ° 64 +1 3+0.2 64 +1 6 +0.1
R123 PEG cRGDfk 11 +2 1+0.2 ° 93 + 11 8+1 62+ 5 6+ 0.5

Table 5 Quenching and dynamic light scattering properties (hydrodynamic size, polydispersity index, and zeta potential) of the multimodal nanoplatforms

Grafted molecule order Quenching Dy, (nm) Pdi Zeta (mV)

1% ond 3rd Before After Before After Before After Before After
PEG R123 — — 7 12 31 0.3 0.3 —47 + 7 —-37+6
R123 PEG — 4 7 24 34 0.3 0.3 —44 + 7 —41 + 11
R123 cRGDfk-PEG,-NH, — 4 32 24 35 0.3 0.2 —44 + 7 —44 + 6
R123 PEG cRGDfk 7 29 34 37 0.3 0.3 —41 + 11 —33+7

then H,N-(PEG),~COOH (R = 50) and finally cRGDfK (R = 2)
(Table 4). Comparing these two methods, similar number of
dye, PEG chains and c¢RGD ligands were obtained with compa-
rable dynamic light scattering properties (Table 5). However the
two step functionalization is less time consuming. In addition,
the R123 quenching increases drastically, but is still sufficient
for fluorescence imaging as shown in Table 4.

The surface functionalization of the yFe,O;@CA nanoplat-
form with R123, H,N-(PEG),~COOH and cRGD derivatives was
successfully performed and characterized. To complete this
study, the stability of these nanoplatforms in the biological
environment was performed, and their properties as MRI
contrast agents as well as their affinity towards integrins were
evaluated.

Biological stability

NP stability in serum is an important criterion for their utility as
target nanosystems in vivo. Using the change in fluorescence
emission intensity in the presence of plasma as a surrogate for
protein adsorption, stability in the serum of yFe,O;@CA-R123
and yFe,0;@CA-PEG-R123 nanoplatforms was studied. Nano-
platforms were incubated with 10% and 50% FBS (Fetal Bovine
Serum) solutions. The kinetic displacement of the quenched and
bound R123 on the NP surface was monitored by fluorescence
spectroscopy. The quenching factor in serum is similar to that
measured in water (see ESI Table S27). After 24 h, less than 15%
of release is reached, (Fig. 5). This evidenced the bio-stability of
this nanoplatform through the high CA anchoring on the iron
oxide surface and the covalent coupling through amide binding.
This argues the possibility of their use for in vivo experiments.

MRI analysis

Medical imaging techniques such as positron emission
tomography (PET) and magnetic resonance imaging (MRI) are

routinely used in hospitals and allow detection of pathological
tissues such as cancer. In comparison with PET, MRI is a very
powerful imaging tool due to its high spatial resolution.
However, a major limitation of MRI is the low sensitivity to
exogenous molecular probes (contrast agents). The next gener-
ation of dual-modality instruments based on the combination
of PET and MRI could become promising.**-** Another approach
is to engineer the properties of the MRI probe to optimize its
sensitivity. To examine the feasibility of the as-synthesized
nanoparticles as MRI contrast agent, the relaxation times 71
and T2 were measured on a 1.5T clinical MR scanner at room
temperature for various iron concentrations. The longitudinal
r1 relaxivity is deduced from T1-weighted images obtained from
an inversion recovery sequence. The transverse nuclear relaxa-
tion times, 72, were measured from a spin echo sequence.

As shown in Fig. 6A and B, 71 and T2 weighted images of the
YFe,0;@CA nanoplatform change in signal intensity with an
increasing amount of nanoparticles, indicating that the

Release (%)

Time (h)

Fig. 5 Release of yFe,O3s@CA-R123 in 10% (pink) and 50% (red) FBS and
release of yFe;O3@CA-PEG-R123 in 10% (blue) and 50% (green) FBS.



synthesized nanoparticles generated MR contrast on proton
relaxation times weighted sequences. As expected, relaxation
rates varied linearly with the iron concentration (see ESI
Fig. S117). The longitudinal and transverse relaxivities (1 and
r2) were deduced from the slope of the curves and were 9(+2)
and 233(+7) mM ' s~ respectively. The high r2/r1 relaxivity
ratio of 25.9 suggests a high T2-effect. This demonstrates that
vFe,O;@CA nanoparticles can be efficient 72 contrast agents.

Fig. 6C shows the relaxivities r2 for different synthesized
nanoplatforms. r2 constants varied from 185 up to 242 mM "
s~ ', depending on their functionalization. This evidenced that
the r2 value is not too sensitive to the functionalization of the
particle by small molecules. Moreover these r2 values are
slightly higher than commercial MRI contrasts agents such as
the Endorem® from Guerbet (98 mM ' s~ ') and the Resovist®
from Bayer Healthcare (151 mM ™" s ').*® Such values for r2
suggest that CA coated nanoparticles can act as 72 contrast
agents due to their 72 value.

Binding investigation

Surface plasmon resonance evaluation of interaction
between various nanoplatforms with «,B; integrins. The avail-
ability of the cRGD ligand on the nanoparticles was first
investigated using surface plasmon resonance. SPR is a very
sensitive technique to study biomolecular events in the nano-
molar range. In a first series of experiments, the CMD sensor
chip was coupled with a,B; by the amine groups. To ensure a
low non-specific binding of the nanoplatforms yFe,O;@CA
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Fig. 6 (A) T1 weighted (TR = 2000 ms, TE = 16 ms, Tl = 200 ms) and (B) T2
weighted (TR = 2000 ms, TE = 20 ms) MR images of yFe,03@CA at Cre = 0.061;
0.093; 0.125; 0.188; 0.25 mM; (C) r2 relaxivity values of various nanoplatforms (1)
YFe,03@CA; (2) yFe;,03s@CA-R123 R = 2; (3) YFe,03@CA-PEG-COOH R = 50; (4)
YFe;03@CA-cRGD R = 2; (5) yFe,0O3@CA-(PEG-cRGD) R = 2; multimodal nano-
platforms (6) 2 step and (7) 3 step strategy.

nanoparticles were used as a blank. The nanoparticles were
injected into the SPR instrument containing the a,f;-coated
sensor ship. After injection, an immediate change in response
was observed indicating a non-specific binding. In order to
study the potential affinity, the previous standard procedure
was changed, using the direct immobilization of nanoplatforms
on CMD.

Fig. 7 shows the sensorgram of time depending on the
binding of various nanoplatforms yFe,O;@CA, yYFe,0;@CA-
c¢RGD (R = 2, 43 cRGDfK/NP) and yFe,0;@CA-(PEG-cRGD) (R =
2, 61 ¢(RGDfK)-PEG,-NH,/NP) to the CMD coated surface of the
Biacore chip.

The response values (RU) for yFe,O;@CA (black curve
Fig. 7A) and yFe,0;@CA-cRGD (green curve Fig. 7A) are high,
1500 and 1800 respectively, indicating a strong interaction
between these nanoplatforms and CMD. The RU signal is lower
with the <yFe,0;@CA-(PEG-cRGD) nanoplatform (red curve
Fig. 7A) and increases to 230 after 3 injections. It has to be
noticed that despite various washings and drastic procedures
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Fig.7 (A) Immobilization of yFe;,O3@CA (black), yFe;03@CA-cRGD (green) and
yFe,O3@CA-(PEG cRGD) (red, after 3 injections of yFe,O3@CA-(PEG-cRGD) in
order to increase the immobilization) onto the CMD chip and (B) response after
a,B3 injection of 200 nM on yFe,Os@CA (black), 1 nM on yFe,03@CA-cRGD
(green, R =2) and 30 nM on yFe,03@CA-(PEG-cRGD), R = 2 (red). (C) Steady state
affinity of successive growing e, B3 concentrations (1.23 nM, 3.7 nM, 11.1 nM and
33 nM) injected on yFe,O3@CA-cRGD.



tested using NaOH or HCI (100 nM), following the interaction
phase, the constant signal demonstrates a strong interaction
between these nanoplatforms and CMD. Such interaction could
be due to the formation of hydrogen bonds between the large
number of hydroxyl groups of CA (1100) and CMD. The inter-
action is largely switched off by the introduction of the
¢(RGDfK)-PEG,-NH, spacer that reduces hydrogen bonding,
resulting in a significant decrease of the signal. Fig. 7B shows
the response of various nanoplatforms after o,fB; injection,
using each nanoplatform as a negative control (reference) on
the first channel. The RU signal is nearly constant for the
vFe,0;@CA nanoplatform (black curve Fig. 7B) indicating no
affinity with a,B; integrins. The RU signal increases for the
other two nanoplatforms, going from yFe,0;@CA-(PEG-cRGD)
(RU = 14, red curve Fig. 7B) to yFe,0;@CA-cRGD (RU = 100,
green curve Fig. 7B) nanoplatforms, indicating increasing effi-
cient binding.

Assuming the molecular weight of 150 kDa for integrin a3
and around 1300 kg mol ™" for immobilized nanoparticles the
theoretical a,B; binding capacity (see ESIf SPR analysis) is
around 25 RU and 200 RU for yFe,0;@CA-(PEG-cRGD) and
vYFe,0;@CA-cRGD nanoplatforms respectively. These values are
in rather good agreement with experimental ones. It is worth
mentioning that below 30 nM of a,f; concentration injection,
no significant surface plasmon resonance signal change was
observed with the yFe,0;@CA-(PEG-cRGD) nanoplatform
modified SPR chip surface. These results could be explained by
taking into account the lower interaction of yFe,O;@CA-(PEG-
cRGD) compared to yFe,O;@CA-cRGD nanoplatforms with a
CMD chip.

A significant surface plasmon resonance binding kinetic
assay was obtained after injection of various concentrations of
a,PB3 over the yFe,O;@CA-cRGD nanoplatform modified SPR
chip surface (Fig. 7C). An affinity constant of 9 nM is deduced
from steady state affinity. This value is several orders lower than
the affinity constant of free cRGDfK published in the literature,
1.3 pM,** suggesting a much better affinity of cRGDfK conju-
gated to the nanoplatform. Such difference could be due to a
multivalence effect induced by the large number of cRGDfK
grafted onto the yFe,O;@CA nanoplatform.

Competition binding assay for o,B; integrin affinity. To
determine the affinity and specificity of our various nanoplat-
forms to o,B; integrins, radioactive '*>*I-labeled echistatin solid
phase binding assay was used.”® A purified o,p; receptor was
coated on Microlite-2+ plates at a concentration of 50 ng per
well as described in Materials and methods. *’I-Echistatin was
added to the wells to a final concentration of 0.05 nM in the
presence of various competing ligands. ¢cRGDfK, c¢(RGDfK)-
PEG,-NH, peptides and yFe,O;@CA labeled nanoplatforms at
indicated concentrations were added to the wells before the
addition of radio-ligand (Fig. 8).

We first tested the yFe,O;@CA nanoplatform for non-
specific binding to o, 83 and no binding was observed (Fig. 8A).
The concentrations of free ligands cRGDfK and c(RGDfK)-
PEG,-NH, required for half-maximal competitions are 93 nM
and 32 nM respectively, Table 6. Such a decrease in IC50 values,
comparing cRGDfK and ¢(RGDfK)-PEG,-NH, ligands, has to be

attributed to higher hydrophilicity introducing a PEG linker on
the cRGDfK ligand.

Incubation of the o,fB; receptor with increasing concentra-
tions of "*°I-echistatin led to a saturable binding (see ESI
Fig. S127). Non-specific binding was evaluated in the presence
of 200-fold molar excess of echistatin and was negligible.
Scatchard analysis of the binding gave a linear fit with a K4 of
0.22 nM. As described previously,* echistatin binds to a,f; in a
non-dissociable manner and hence only an apparent Ky value
can be assigned. Then the K; values for various RGD nano-
platforms are deduced from the IC50 values following eqn 1
(ref. 55):

K = 1)

As expected, K; values for the multivalent nanoparticles are
markedly decreased relative to the corresponding free ligand
(Table 6). Nanoparticles bearing cRGDfK or cRGDfK-PEG,-NH,
ligands demonstrate equivalent affinity (K;) for an equivalent
amount of peptides per nanoparticle (Table 6): compare R = 20
for yFe,03@CA-cRGD and R = 2 for yFe,O;@CA-(PEG-cRGD).
Hence, the addition of PEG linker onto the nanoplatform,
increasing the distance between the nanoparticle surface and
the cRGD ligand, does not induce better affinity as observed
with free molecules. This could be related to the short length of
the PEG linker (MW 300). However, as previously described,
better coverage yield is obtained with cRGDfK-PEG,-NH, (see
R = 20 Table 5) leading to a subnanomolar affinity of 0.8 nM.

Concerning the multimodal nanoplatforms, Fig. 8C shows
that the two multimodal nanoplatforms present similar IC50
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Fig. 8 '*l-echistatin was added to a final concentration of 0.05 nM in the
presence of various competing ligands at the indicated concentrations. After 3 h,
the wells were washed and radioactivity was determined by gamma-counting.
The ligands studied were (A) yFe,O3@CA (purple), cRGDfK (green) yFe,Os@CA-
cRGD for a ratio R = 0.2 (black), R = 2 (blue), R = 20 (red); (B) cRGDfK-PEG,-NH>
(green), yFe,O3@CA-(PEG-cRGD) for a ratio R = 0.2 (black), R = 2 (blue), R = 20
(red); (C) two step (red) and three step (black) strategies of multimodal nano-
platforms and their blanks (green) and (blue) respectively; (D) evolution of the
beta factor as a function of the cRGD number.



Table 6 1C50, K; and 8 factor towards a,B3, obtained by competition binding
assay, of yFe,O3s@CA-cRGD and yFe,O3@CA-(PEG-cRGD) nanoplatforms for a
ratoR=0,R=02,R=2andR =20

Grafted molecule

number
IC50 K;

R OPA % (nM) (oM) B
cRGDfk 0 — — 93 76 —
0.2 25 + 2 2+0.2 30 24 3.1
2 43 + 4 44+04 16 13 5.8
20 59+9 5+1 6 5 16
¢(RGDfk)-PEG,- 0o — — 32 26 @ —
NH, 0.2 35+ 8 3+1 17 14 1.9
2 61 +3 6+03 5 4 6.4
20 130 £ 30 12+ 3 0.8 0.7 40

values (3 nM and 7 nM for the two and three step strategy
respectively). Moreover, the presence of the dye has no effect on
IC50 values (nanoplatform with cRGDfK-PEG,-NH, R = 2
(61 cRGDfK-PEG,-NH,) IC50 = 5 nM).

To relate K; (multivalent) to K; (free) where the precise
number of ligand-target interactions is not known, Whitesides
and colleagues defined an enhancement factor 3, which
increases as the relative affinity of a multivalent interaction
increases: 8 = K; (free)/K; (multivalent).”® For the multivalent
nanoparticles tested here, 8 ranges from approximately 1 to 40
and vary linearly with the number of cRGD binding sites on the
surface of the nanoparticle (Fig. 8D). This is in close agreement
with observations of Piletska et al.®” with biotinylated nano-
particles and Soukka et al.*® with antibody nanoparticles who
stated that the avidity of the nanoplatform toward their
respective targets is directly correlated with the number of
binding sites on the nanoparticle surface.

Conclusions

A new nanoplatform has been elaborated as a dual imaging
magnetic resonance/fluorescence contrast agent targeting o, f3
integrins. For this purpose, the iron oxide NP for MR imaging
has been surface functionalized with caffeic acid as a green
robust anchoring agent. The free carboxylic moieties are used
for the covalent coupling of various functionalities: fluorescent
Rhodamine for fluorescence imaging, PEG chain as linkers and
cyclic cRGD for integrin targeting. The different multimodal
nanoplatforms are characterized in detail in order to control
their design. We showed that the synthesized particles present
T2 MR and fluorescence contrast depending on their concen-
tration. The specific targeting to the o,[; receptor has been
demonstrated with a surface plasmon resonance and a solid-
phase receptor-binding assay. The affinity was directly corre-
lated with the amount of cRGD per nanoparticle and was not
disturbed with dyes or PEG linker functionalities. The PEG
spacer allows conjugation of a larger amount of cRGD leading to
an optimized subnanomolar affinity of 0.8 nM compared to
76 nM for the free cRGD. These results added to the biostability
and the PEG chains for long time blood circulation pave the way

for their in vivo uses in dual imaging. For the in vivo study the
described coating process will be extended to NIR dye. In future
studies, the nanoparticle size and PEG chain length should
be optimized. Other specific peptides could also be conjugated
to the dual MR/fluorescent probe for targeting various
pathologies.
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