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ABSTRACT: Multifunctional nanoparticles are usually pro- A%
g g g g P One-step multifunctionality
duced by sequential synthesis, with long multistep protocols. ; Laggllilng
Our study reports a generic modular strategy for the parallel . ncionalized .
one-step multifunctionalization of different hydrophobic modules ﬁ s ol
- & - r

nanoparticles. The method was designed and developed by ? ' PET
taking advantage of the natural noncovalent interactions . .
between the fatty acid binding sites of the bovine serum _ TyorTy

. . . . Hydrophobic s MRI
albumin (BSA) and the aliphatic surfactants on different Nanopartice

inorganic nanomaterials. As a general example of the approach,

three different nanoparticles—iron oxide, upconverting nano-

phosphors, and gold nanospheres—were nanoemulsified in water with BSA. To support specific applications, multifunctional
capability was incorporated with a variety of previously modified BSA modules. These modules include different conjugated
groups, such as chelating agents for ®*Ga or *Zr and ligand molecules for enhanced in vivo targeting. A large library of 13
multimodal contrast agents was developed with this convergent strategy. This platform allows a highly versatile and easy tailoring
option for efficient incorporation of functional groups. Finally, as demonstration of this versatility, a bimodal (PET/MRI) probe
including a maleimide-conjugated BSA was selectively synthesized with an RGD peptide for in vivo imaging detection of tumor
angiogenesis.

B INTRODUCTION

media, by ligand exchange,5 direct chemical modification of the
surfactant,®”’

Because of their unique physicochemical properties at the
molecular and cellular levels, inorganic nanoparticles are
particularly interesting for in vivo medical imaging and drug
delivery."”” Thermal decomposition is one of the most used
synthetic methods rendering crystalline and highly mono-
dispersed hydrophobic NPs. These particles are stabilized with
surfactants made of long aliphatic chain like oleic acid or
oleylamine, and are therefore dispersible only in different
organic solvents.”* Consequently, the multiple steps for the
final multifunctionalization start with the hydrophilic con-
version of the NPs to obtain a probe stable in physiological
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or stabilization within a hydrophilic coating
matrix.*” The various hydrophilic coating matrix approaches
proposed include inorganic or organic encapsulation, such as
polymeric or protein-based, and micellar or liposomal
structures.'~"> This hydrophilic coating provides improved
colloidal stability to the NPs, protection from opsonization, and

biocompatibility.'® It is also of paramount importance that the
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coating allows stable drug entrapment or further functionaliza-
tion like attachment of targeting ligand and additional imaging
probes.'>'* BSA fulfills all of these requirements, as several
research groups have demonstrated.'> Albumin is the most
abundant protein in the blood and has crucial biological
functions, including the transport of hydrophobic molecules to
the tissues.' BSA as an organic nanoparticle or coating for
inorganic NPs has also been regorted to improve the in vivo
properties of the probe.'>'7~" Schiffler et al. and others
recently showed that albumin—NP conjugates not only have
improved biocompatibility but also may be used as a potential
tool for organ targeting like brain or lungs.zo’21 Nonetheless,
albumin conjugation on NPs is always made on an existing
hydrophilic coating, bringing into play covalent or ionic binding
or just simple adsorption.”* ** As far as we know, no method
that directly transfers hydrophobic OA/OM coated NPs in
aqueous phase with BSA has previously been described.

Multifunctionality is a unique characteristic of nanomaterials;
the possibility of introducing several imaging agents, plus
biological targeting moieties and drugs, is one of the most
prominent features of this new type of chemistry. However, this
multiplex incorporation presents some inherent problems,
particularly the need for various complex sequential steps, in
turn reducing the overall yield and lowering the reproduci-
bility.*>~*” This is especially relevant nowadays for creating new
PET/MRI and Fluorescence/MRI agents with the idea of
combining sensitivity and improved spatial resolution.>**%*®

Following a modular approach, our proposal is different: by
the hydrophobic interactions between fatty acid binding sites of
albumin and the aliphatic chains on the coating of the NPs we
demonstrate how the parallel multifunctionalization is achiev-
able for a large variety of nanoparticles and coating possibilities.
As for nanoparticles we apply our approach to iron oxide
nanoparticles, up-converting nanophosphors, and gold nano-
particles. By using each type of NP with different combinations
of natural BSA and fractions of premodified BSA with Alexa
Fluor647, DOTA (chelator for ®Ga), DFO (chelator for %Zr),
or maleimide reactive moiety, a large library of multifunctional
contrast agents (BSA-NPs) was prepared. After a thorough
characterization of all the BSA-NPs the capacity of the platform
for targeted bioimaging was finally assessed. For this, a bimodal
contrast agent from the library was selected for RGD
conjugation and its accumulation in a mouse model of cancer
was studied by PET and MRL

B RESULTS AND DISCUSSION

Synthesis and Physicochemical Characterization of
BSA Coated IONP, UCNP, and AuNP. OA-IONP (1), OA-
UCNP (2), and OM-AuNP (3) were first prepared by
decomposition of organometallic precursors at high temper-
ature with small variations according to each type of metal core
(detailed protocols are shown in the experimental section).
UCNP refers to a family of nanoparticles comprising a wide
range of different types of inorganic core. In this study, we
have used a core composed of a NaGdF, host matrix with
ytterbium (Yb) and thulium (Tm) lanthanide dopants
embedded in a NaGdF, passive shell, abbreviated NaGd-
F,:Yb,Tm@NaGdF,. In all cases, the synthesis yielded
hydrophobic NPs with narrow size distribution (polydispersity
index, pdi <0.25 nm) and small hydrodynamic size between 10
and 30 nm depending on the type of NP (Supporting
Information Table S1).
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TEM images for the hydrophobic nanoparticles are shown in
Figure 1. The first step was to demonstrate the feasibility of
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Z potential / mV

Figure 1. (a) TEM images of hydrophobic NPs (1), (2), (3), and BSA
coated NPs (4), (5), (6). (b) Zeta potential of BSA coated NPs (4),
(5), (6) as a function of pH.

aqueous stabilization through BSA binding to the aliphatic
chains. This was achieved, as represented in Scheme 1la, by
adapting a simple, fast, and reproducible nanoemulsion
method.”

The nanoemulsion involved mixing a small volume of NPs
dispersed in hexane with an aqueous phase (phosphate buffer,
pH 7.2), 1/10 in v/v, containing BSA protein. Upon
homogenization and stirring, an oil-in-water nanoemulsion is
formed and gradual evaporation of the organic phase leads to a
stable colloidal aqueous solution of BSA-IONP (4), BSA-
UCNP (5), and BSA-AuNP (6). Stabilization was achieved by
hydrophobic van der Waals interactions between the surfactant
(OA or OM) of the hydrophobic NPs and the fatty acid
binding sites of the albumin. The BSA-stabilized NPs did not
show redispersion, if mixed again with hexane phase (1/1 in
volume). This method is more flexible, easier, and faster than
the widely common adsorption, conjugation, or desolvation
routes used to coat NPs with albumin.””**** To confirm that
the stabilization was achieved via hydrophobic interactions
between OA and BSA fatty acid binding sites, several control
reactions were performed. These consisted of repeating the
nanoemulsion formulation with a pretargeted BSA, in which the
fatty acid binding sites were previously saturated with free OA.
As expected, the BSA was not able to bind to the surface,
making the formation of a stable aqueous colloidal solution of
nanoparticles 4, 5, and 6 impossible. This confirms that the
binding origin is mainly through hydrophobic interactions and
not simple adsorption on the surface of the NPs. This
straightforward use of the fatty acid binding sites of BSA
simplifies the process against other synthetic strategies that use
multiple steps and/or harsh reaction conditions. Final hydro-
dynamic sizes of 4, §, and 6 were 97.2, 94.3, and 102.5 nm with
pdi below 0.25, showing that this approach leads to very
homogeneous dispersions with high reproducibility (Table 1).
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Scheme 1. (a) Modules for Combination in the Nanoemulsion Process; (b) Nanoemulsion Step with Selected Modules (Many
Other Combinations Are Possible); (c) Library of Multifunctional Nanoparticles Synthesized in This Work
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Table 1. Library of the BSA-NPs Contrast Agents: Main Physicochemical Properties and Imaging Modalities

BSA-NPs nanoparticle # % modified BSA
BSA-IONP 4 na.
BSA-UCNP 5 na
BSA-AuNP 6 n.a.
(Alexa647)BGA_ TONP 7 3% Alexa647
(Alexa647) B A AUNP 8 3% Alexa647
(DOTA)BSA-JONP 9 8% DOTA
(DOTA)BSA-UCNP 10 8% DOTA
(DOTA)BSA-AUNP 11 8% DOTA
(M )BSA-UCNP 12 30% Mal
(Alexa647)(DOTA)(Mal )RS A JONP 13 6% Alexa647 3% DOTA 30% Mal
(DFO)(Mal)BGA_ TONP 14 20% DFO 20% Mal
(Alexa647) (DFO)(Mal)BG A TONP 15 6% Alexa647 20% DFO 15% Mal
(DFO)(RGD)BG A JONP 16 20% DFO 20% RGD

size zeta potential
(nm) pdi mV) imaging properties
97.2 0.18 —19.7 T, MRI
94.3 0.19 —-17.9 T, MRI/Fluorescence
102.5 0.15 -9.5 UV—vis/fluorescence
93.0 0.15 —13.5 T, MRI/Fluorescence
108.9 0.22 —11.1 UV—vis/fluorescence/FRET
104.9 0.17 —-10.8 T, MRI/PET
78.7 0.20 —25.7 T, MRI/Fluorescence/PET
87.5 0.13 —19.8 PET/UV—vis
100.9 0.15 —-23.1 T, MRI/Fluorescence/targeting
90.2 0.19 —8.9 T, MRI/PET/Fluorescence/
targeting
91.9 0.18 —13.9 T, MRI/PET/targeting
78.4 0.16 —-12.0 T, MRI/PET/Fluorescence/
targeting
94.2 0.15 —14.5 T, MRI/PET/Angiogenesis

TEM images shown in Figure la confirm that the sizes match
with the formation of well-defined small clusters made up of a
few hydrophobic self-assembled NPs and surrounded by the
BSA. Colloidal stability was checked by measuring the zeta-
potential ({) variation, as a function of the pH (Figure 1b). As
expected, it followed the same evolution as the electric charge
of the BSA protein, with no net superficial charge around the
BSA isoelectric point (pH 4.7, 25 °C) and a negative potential
at physiological pH, preventing aggregation by strong repulsive
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electrostatic interactions and steric effects. The presence of
protein on the nanoparticle surface was further characterized by
infrared spectroscopy (FTIR, Supporting Information Figure
S1), thermogravimetric analysis (Supporting Information
Figure S2), and mass spectroscopy (MS, Supporting
Information Figure S3). The FTIR of the three types of BSA-
stabilized particles ((4), (5), and (6)), show the characteristic
absorption spectrum of the protein, with bands at 3284, 1642,
1530, and 1391 cm™' together with signals of the NP
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hydrophobic surfactant: OA/OM aliphatic chain moiety at
2920 cm™ (va C—H), 2850 cm™ (vs C—H), 1641 cm™ (us
C=0) 1576 cm™’, 1436 cm™ (v C—N), and 1534 cm™* (v
N—H) and inorganic core (for example Fe—O at 580 cm™" for
IONP). Thermogravimetric analysis (TGA) shows that organic
coating (corresponding to the removal of protein and surfactant
between 300 and 900 °C) represents approximately 43% (4),
50% (5), and 27% (6) of the total weight of each NP. The
smaller amount of organic phase for gold nanoparticles is most
likely due to a lower amount of OM on the surface of 3 in
comparison to the use of OA. Mass spectrometry data of the
three kinds of NPs (analyzed in positive ionization) were
representative of the expected BSA adducts and was similar to
the unbound BSA control spectrum.

Library of Multifunctional Nanoparticles by Modular
Integration of Prelabeled BSA. Through traditional
bioconjugation (especially succinimide-activated carboxylic
groups) it is possible to incorporate a covalent linkage of
additional probes and add new functionalities to the protein.
One key aspect of our approach is the possibility of using the
nanoemulsion method with small fractions of modified BSA in
addition to the native BSA, a straightforward method of
obtaining water stable and multimodal NPs. In this flexible
modular approach, we have used BSA modules conjugated with
(i) Alexa Fluor647 fluorophore (optical modality); (ii) DOTA
chelating agent for short halflife isotope like ®Ga (PET
modality); (iii) DFO as chelating agent for long half-life isotope
like ¥Zr (PET modality); and (iii) a maleimide moiety
(functional group for easy attachment of a targeting peptide by
click chemistry). Different combinations between hydrophobic
NPs and the modified BSA modules were performed so as to
obtain a large molecular imaging portfolio of multifunctional
contrast agents (13 different BSA-NPs, Scheme 1).

Table 1 summarizes the different composition, physicochem-
ical properties, and imaging possibilities of each contrast agent.
Hydrodynamic sizes of the BSA-NPs ranged between 78.4 and
108.9 nm with a pdi for all of them below 0.25 and a negative
zeta potential { at neutral pH. It demonstrates the versatility of
this modular approach, in all cases resulting in very
homogeneous and particularly reproducible dispersions.

Imaging Modalities Provided by the Inorganic Core
of the Nanoparticles. Our modular approach is valid for
different types of nanoparticles, independently of the nature
and physicochemical properties of each IONP, UCNP, and
AuNP. The imaging functions of each preparation depend on
the core of the nanoparticles and the modified BSA modules in
the coating. Thus, we first evaluated the characteristics of the
core of the nanoparticles 4, S, and 6 as contrast agents for
different imaging techniques.

Iron Oxide NP Core. Fe;O, core confers superparamagnetic
behavior and normally high transversal relaxivity (r,) for T,-
weighted MRL> BSA-IONP (4) shows a large saturation
magnetization value of 70 emu g~ similar to the hydrophobic
particles, measured in a vibrating sample magnetometer, both
displayed in Supporting Information Figure S2. This large value
explains the high transversal r, value of 203.4 s™' mM™' (r, =
3.2 s7' mM™), which confirms these particles as an excellent
probe for T,-weighted MRI (Figure 2a). This was finally
evaluated by in vitro MRI with a series of dilutions in a T,-
weighted sequence (upper row of Figure 2b).

Upconverting NP Core. Upconverting nanophosphor cores
display upconversion fluorescence upon 980 nm cw. laser
excitation. In our case the NaGdF,:Yb,Tm@NaGdF, allows a
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Figure 2. (a) Plot of the T, relaxation rate against iron concentration
for BSA-IONP (4); (b) T,-weighted MRI phantoms for 4 and T-
weighted MRI phantoms for BSA-UCNP (5); (c) fluorescence
emission spectrum for $ after excitation with cw. laser at 980 nm;
(d) absorbance spectrum for BSA-AuNP, (6). (e) In vitro fluorescence
imaging of nanoparticles (Y***)BSA-TONP (7) and (x6#)BSA.
AuNP (8) and (f) in vitro PET imaging of nanoparticles (DOTA)BGA.
UCNP (10, 0.5 mM, upper row), (POTABSA-IONP (9, 0.5 mM,
middle row), and (P°TYBSA-AuNP (11, 025 mM, bottom row);
percentages indicate radiolabeling efficiency.

strong upconversion at three distinct and simultaneous sharp
emissions in UV (360 nm), visible blue (451 and 476 nm), and
NIR (800 nm) as shown in Figure 2c. As proof of concept of
the cell labeling capabilities of the BSA-UCNP, nanoparticles §
were cultured for 24 h with HT1080 cells (expressing RFP).
Then, the fluorescence of the internalized particles was studied
using two-photon imaging (Supporting Information Figure $4).
Images clearly show the signal from the nanoparticles, mainly
surrounding their nucleus, when excited at 980 nm. Although
the UCNP are mainly designed for optical imaging, here the
presence of gadolinium in the core also confers paramagnetic
properties and thus MRI contrast agent capability. The
longitudinal (r,;) and transversal (r,) relaxivity values of §
were measured (r; = 0.8 s  mM™ and r, = 2.5 s™' mM™"). The
relaxometric properties are modest since a compromise must be
reached between relaxometric and optical properties: the better
the fluorescence, the lower the r; value (due to size effects).
These values show that UCNP based contrast agents can also
be tuned for T,-weighted MRI applications, as the results
summarized in the bottom row of Figure 2b demonstrate. A
positive contrast is observed upon increase in the nanoparticle
concentration in comparison with water (encircled dark signal).

Gold NP Core. The most prominent feature of gold
nanoparticles is their surface plasmon resonance due to the
electromagnetic confinement, giving rise to their characteristic
color variations with size. This has been extensively exploited,
particularly for in vitro applications.*® The UV—vis absorbance
spectrum of the BSA-AuNP (6) presented in Figure 2d
confirms this, as proof of concept of the suitability of the BSA-
AuNP series for these applications. The spectrum shows the
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Figure 3. (a) PET imaging of (8920)(RGD)BS A TONP (16) at different time points postinjection in mouse bearing allograft tumor. (b) Axial T,
weighted MRI located at the tumor before and 24 h postinjection. (c) Standardized uptake value (SUV) of tumor (blue) and relative MRI mean
intensities at different days postinjection (to the intensity in a ROI located in the leg muscles, in red). (d) Activity measured in a gamma counter of

specific organs (72 h postinjection).

typical broad absorbance band for albumin around 250 nm and
the one typical for gold nanoparticles of this size at about 590
nm.

Characterization of the Functionalities Provided by
the BSA Modules of the Contrast Agents. The
fluorescence and PET imaging properties provided by the
different modified BSA modules were characterized (Figure 2).

Alexa Fluor 647 Conjugated BSA (7, 8, 13, and 15). The
(Alexa647)BSA module was added at maximum 6% weight of the
total BSA weight used. The presence of the dye, in
nanoparticles 7 and 8, was checked by fluorescence molecular
tomography using several phantoms of varying concentration
for nanoparticles (Figure 2e).

DOTA Conjugated BSA (9, 10, 11, and 13) and DFO
Conjugated BSA (14, 15, and 16). . To obtain nanoparticles
ready for PET imaging, radiometals and chelators are
commonly incorporated in the coating.’® We have demon-
strated the benefit of our proposal using a short half-life isotope
obtained from a generator (**Ga, t,/, = 68 min) and a long half-
life isotope delivered from a cyclotron (¥Zr, t,,, = 78.4 h). In
the case of ®®Ga, DOTA is the most often used chelator.>*
NHS-activated DOTA was covalently attached to BSA to
obtain the POTABSA module, fractions of which were added at
different proportions into the nanoemulsion formulation for
synthesis of 9, 10, and 11 (Table 1). These particles were then
labeled with %GaCl, eluted from a ®*Ge/%Ga generator. In all
cases, radiolabeling yield was up to 20% (Figure 2f), calculated
after subtraction of the nonspecific *Ga chelation by the native
BSA coating.

In vitro PET imaging of phantoms for nanoparticles 9, 10,
and 11 were carried out showing a strong signal over the range
of concentrations (Figure 2f). The intensity for nanoparticles
11 is clearly lower due to two factors: a smaller amount of
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(POTA)BSA module on the surface and also a smaller AuNP
concentration (0.25 mM of Au for 11 in comparison to 0.5 mM
of Fe for 9 and Gd for 10). In the case of ¥Zr, a common
chelating agent is DFO.>> A previously prepared module of
BSA covalently attached to DFO groups was incorporated in 14
and 15 coating and radiolabeling yield of the probe obtained
was up to 14%. All these radiolabeling yields are particularly
high if we consider that the amount of ™***)BSA is no higher
than 8% in the case of *®*Ga and 20% for ¥Zr and, from that
percentage, only a fraction of chelators would be available for
coordination with the radioisotope.

Maleimide Conjugated BSA and Biofunctionalization (12,
13, 14, and 15). Maleimide is often used to attach
biomolecules in a specific manner, through click chemistry
with thiol groups.s’34 In the synthesis of 12, 13, 14, and 15 a
fraction of commercial (™™d)BSA modules (10—20 mal-
eimide per BSA) were incorporated. The presence of BSA
bearing maleimide module in the coating of these NPs was
verified by FTIR with a characteristic band from the maleimide
at 1130 cm™'; the example for 12 is shown in Supporting
Information Figure S1. This module adds to the platform the
possibility of an easy functionalization with thiol bearing
targeting molecule. This was further verified by the conjugation
of a thiol derived cyclic RGD peptide on the coating of 14.

Evaluation of Cytotoxic Effects and Biodistribution.
Cytotoxicity studies were carried out for each type of inorganic
core with a full natural BSA coating (4, S, and 6). Cytotoxicity
was evaluated after incubation of each agent at different doses
with CS7BL/6 mouse adult fibroblasts (MAFs) over 72 h. As
displayed in Supporting Information Figure SS, in the cell
viability assay we did not observe any toxic effect for 4 and 6,
only for 5, when a slightly more pronounced effect is observed
at the higher dose. An additional experiment studied the

dx.doi.org/10.1021/bc500536y | Bioconjugate Chem. 2015, 26, 153—160
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internalization of 7 in the MEFs at 40 yg-mL™" over 24 h by
fluorescent cytometry analysis. The presence of AlexaFluor 647
conjugated BSA fraction in the coating of 7 enhanced the
sensitivity for detection and thus the possibility of observing the
cellular internalization of the nanoparticle by flow cytometry
(Supporting Information Figure SS). Cell fluorescence and SSC
(side-scattered light-related to cell internal complexity)
increased in the cells treated and confirmed a high uptake of
the NPs (Supporting Information Figure S5).*> The strain
caused on MAFs by such high internalization can explain the
small cytotoxic effect observed at the highest doses. Gold and
gadolinium inorganic cores have been described as less
biocompatible than iron oxide,***” also explaining the higher
apoptotic occurrence found for S. As expected, the elimination
of the hydrophobic character on the surface, due to the BSA
coating, translates to a very low toxicity.>®

The biodistribution of BSA nanoparticles was studied by
fluorescence, using also nanoparticle 7 in mice (N=3). After 24
h, mice were sacrificed and after saline perfusion, the main
organs were extracted. Ex vivo fluorescence, as expected,
revealed a large proportion of 7 in the liver and in spleen.
Substantial accumulation of the probe was also observed in
other organ of the RES system (kidney) and interestingly, a
fraction also appears to target the brain (Supporting
Information Figure S6). The results were confirmed by
microscopy of histological organs sections stained with Prussian
blue for iron detection. (Supporting Information Figure S6).

In Vivo Targeted Multimodal Imaging of Tumor in
Mice with Selected BSA-NPs Contrast Agent (16). Due to
the excellent colloidal properties and in vitro MRI/PET/OI
contrast effects, we finally examined the multimodal imaging
performance of one of the probes from the library for in vivo
biomedical application. One advantage of the modular
approach is the ease of further tailoring for biofunctionalization,
for instance, the addition of a targeting ligand. Arginine-glycine-
aspartic acid peptide (RGD) binds to the «,f; and a,f
integrins that are overexpressed in nascent endothelial cells
during angiogenesis in various tumors, and yet not in inactive
endothelial cells.” This property has been used many times for
successful tumor and angiogenesis detection, with a wide range
of probes from small chelators, polymeric nanoparticles, iron
oxide nanoparticles, to quantum dots.** Thus, taking advantage
of the presence of the maleimide-BSA module in the coating of
14, RGD modified with a thiol functionality was covalently
linked to the protein via a covalent thioether linkage with
maleimide group.41 (DFO)(RGD)BS A TONP (16) was labeled with
%71 and intravenously injected in tumor-bearing mice for PET/
CT imaging and MRI. One hour after the injection high
accumulation was found in the liver and spleen, as usual with
imaging probes. It is also clear that a large fraction of the probe
remained in systemic circulation. After 24 h, accumulation in
tumor was observed with persistent and intense signal until 72
h, clearly delimiting the affected area (Figure 3a). For T,-
weighted MRI basal image and 24 h post injection are shown
(Figure 3b). A loss of MRI signal intensity is clearly seen,
especially delimiting the tumor.

The quantification in both types of images (PET and MRI)
provides similar results. The tumor to muscle relative signal
intensity in MRI clearly decays 24 h postinjection in a similar
way in which the SUVmean (the decay corrected radioactive
signal intensity from PET images) increases, in both cases as
the (92)-RGD)BSA JONP (16) accumulates in the tumor
(Figure 3c). The ex vivo radioactive signal of main organs
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was measured; Figure 3d shows the % injected dose as a
function of the tissue weight for different organs. High signal in
liver and spleen is observed, like we saw in the images, as well
as in the tumor. Finally, bright field microscopy of different
sections of the tumor harvested 72 h after i.v. injection revealed
numerous Prussian blue stained areas (Supporting Information
Figure S7). It allowed investigating the localization of 16 in the
tumor. Distribution was heterogeneous (as already suggested
by the PET and MRI) with a high uptake in the periphery, in
accordance with the ensured RGD peptide targeting directed to
the nascent endothelial cells.

B CONCLUSIONS

Here we present a new approach for the modular multi-
functionalization of different hydrophobic nanoparticles. This
takes advantage of the parallel synthesis concept, rather than
the traditional sequential process used in nanoparticles
chemistry. In a single and rapid step, NPs are conjugated
with native/modified BSA to prepare “ready to use” multi-
functional nanoparticles. Using this modular albumin based
platform, we have developed a wide library of contrast agents
for cell labeling, drug delivery, and noninvasive imaging.
Because of the ease and versatility of the route, a large range
of BSA modules and ligands can be conjugated to the surface;
therefore, it could convert to a routine methodology for
preparation of a library of new molecular imaging agents. As an
example, one of these candidates was selected and used for
targeted PET/MRI multimodal in vivo imaging in a murine
tumor model. Moreover, as a translational improvement in the
field, the method presents notable advantages such as high
reproducibility, facile scale-up production, and the use of
biocompatible albumin coating. Finally, since albumin plays a
role as a drug carrier in the clinical setting, our findings can be
simply extended to incorporate new theranostic functions due
to the versatility and high binding capacity of this protein. This
modular proposal is very helpful, since it simplifies complex
tailored functionalization and circumvents typical cumbersome
problems associated with the reactions on the surface of the
nanoparticles.
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