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T
he unique physical properties of
metal-based colloidal nanoparticles,
including optical, magnetic, and elec-

tronic, have attracted broad interest among
scientists from biomedicine-related disci-
plines in view of their potential application

in diagnosis and therapy of malignant
diseases.1�3 However, in order to become

suitable for utilization in a biological envi-
ronment, metal nanoparticles need to be
enveloped by a (bio)organic coating.4,5 The

interaction of the resulting hybrid nano-
particles with biomolecules, cells, and tis-

sues represents a key feature for their use
in biomedicine. Hence, gathering hybrid

nanoparticles together in correspondence to
an abnormal lesion results in a localized signal
amplification which, in principle, makes it pos-
sible to detect even very small size malign-
ancies.6,7 For example, the accumulation of iron
oxide nanoparticles in tumor tissues can be
favorable to enhance the contrast in magnetic
resonance imaging (MRI) or to optimize the
delivery of drugs to cancer cells.8,9

Among the various kinds of tumors,
breast cancer represents a target of primary
interest, both from a diagnostic and from a
therapeutic point of view,10 as it is the fifth
most common cause of cancer death world-
wide and the most frequent and persistent
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ABSTRACT A great challenge in nanodiagnostics is the identification of new strategies aimed to optimize the

detection of primary breast cancer and metastases by the employment of target-specific nanodevices. At present,

controversial proof has been provided on the actual importance of surface functionalization of nanoparticles to

improve their in vivo localization at the tumor. In the present paper, we have designed and developed a set of

multifunctional nanoprobes, modified with three different variants of a model antibody, that is, the humanized

monocolonal antibody trastuzumab (TZ), able to selectively target the HER2 receptor in breast cancer cells.

Assuming that nanoparticle accumulation in target cells is strictly related to their physicochemical properties, we

performed a comparative study of internalization, trafficking, and metabolism in MCF7 cells of multifunctional

nanoparticles (MNP) functionalized with TZ or with alternative lower molecular weight variants of the

monoclonal antibody, such as the half-chain (HC) and scFv fragments (scFv). Hence, to estimate to what extent

the structure of the surface bioligand affects the targeting efficiency of the nanoconjugate, three cognate

nanoconstructs were designed, in which only the antibody form was differentiated while the nanoparticle core was maintained unvaried, consisting of an

iron oxide spherical nanocrystal coated with an amphiphilic polymer shell. In vitro, in vivo, and ex vivo analyses of the targeting efficiency and of the

intracellular fate of MNP-TZ, MNP-HC, and MNP-scFv suggested that the highly stable MNP-HC is the best candidate for application in breast cancer

detection. Our results provided evidence that, in this case, active targeting plays an important role in determining the biological activity of the

nanoconstruct.

KEYWORDS: magnetic nanoparticles . active targeting . breast cancer detection . intracellular trafficking .
ligand�receptor recognition
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malignant cancer in females. At present, one of the
main issues in the treatment of breast cancer is the
identification of possible metastatic infiltrations at the
axillary nodes. The current methods to detect metas-
tases at nodal level require the surgical dissection of
the sentinel lymph node, which, however, does not
provide a preparatory diagnosis.11 In this context, the
development of innovative target-specific probes able
to perform a noninvasive identification of lymph node
metastases by MRI represents a primary challenge.12

For this reason, different strategies aimed to optimize
breast cancer diagnosis in vivo by the development of
multifunctional hybrid organic/inorganic nanomater-
ials have been proposed,13,14 and some in vivo studies
have demonstrated the potential of targeted iron
oxide nanoparticles as local enhancers of MRI contrast,
especially for metastatic lymph node detection.15,16

The “human epidermal growth factor receptor 2”
(HER2), overexpressed as a transmembrane receptor
in 25�30% of human mammary carcinomas, repre-
sents a good biomarker for tumor detection.17 The
rationale of takingHER2 as an electionmolecular target
for the identification of lymph nodal metastases re-
sides in the clinical evidence that, while a low level of
expression is present even in cells from healthy tissues,
HER2 is completely absent in lymph nodes of nonme-
tastatic patients.18

We have recently designed a versatile molecular
nanoconstruct consisting of a superparamagnetic iron
oxide core functionalized with the commercial anti-
HER2 monoclonal antibody trastuzumab (TZ), exploit-
ing the intermediation of a recombinant low-molecular
weight monodomain of protein A. These nanocrystals
were demonstrated to be effective in selectively tar-
geting HER2 in MCF7 breast cancer cells both in vitro19

and in vivo.20 Further studies, however, revealed that
the direct immobilization of the protein ligands on the
nanocrystal surface led to a surface exposure to de-
gradation by aggressive activity of biological agents
resulting in a loss of long-term stability in a physiolo-
gical environment.
Nowadays, many efforts are devoted to design

nanosystems, which can be localized at cancer cells
for an extended period of time, in order to optimize
diagnostic sensitivity and therapeutic efficiency. How-
ever, to make a full vision of the problem, a thorough
knowledge of the interaction of nanoparticles with the
target cells, as well as of their intracellular fate, is
necessary. Thus, recent studies were aimed to correlate
the physicochemical properties of nanomaterials (i.e.,
size, shape, and surface charge) with the kinetics of
internalization, intracellular localization, exocytosis,
and rate of degradation in target cells.21�25 Indeed,
an investigation of how size, shape, and chemistry of
nanoparticles affect their delivery in cancer cells is
essential to redesign tracers and drug delivery systems
able to accumulate efficiently at the tumor. A recent

study describing internalization, trafficking, and meta-
bolism of nanoparticles in cells has disclosed the
involvement of different endocytic mechanisms and
intracellular pathways.26 We have already demon-
strated that TZ-conjugated magnetic nanoparticles
administered to breast-cancer-bearing mice are able
to selectively target the implanted MCF7 cells, enhanc-
ing MRI contrast of HER2-positive tissues, and then
enter such tumor cells by a receptor-mediated inter-
nalization mechanism to be eventually degraded by a
lysosomal pathway.20 However, controversial evidence
has been provided on the real importance ofmolecular
targeting to improve the localization of nanomaterials
at a specific malignant lesion.27�29 Indeed, while ligand-
mediated interaction with a membrane receptor has
been established to be the preferred route to enhance
selectivity in the nanoparticle interaction with cancer
cells, enhanced permeation and retention (EPR) effect
has been proposed by several groups to be the preferred
route to achieve higher nanoparticle accumulation at the
tumor site in vivo, which, in contrast, shouldbe favoredby
nonfunctionalized long-circulating nanoparticles.30�33

For this reason, new reliable strategies for getting control
on positioning of targeting molecules on the surface of
multifunctional nanoparticles (MNP) have been devel-
oped to shed light on this debate.5,34�36

The aim of the present work was to investigate the
dependence of targeting efficiency and biodistribution
of HER2-directed multifunctional nanoparticles engi-
neered with TZ derivatives on the structural features of
the immobilized homing ligands. Specifically, we have
developed three different hybrid MNPs consisting of a
common nanocolloidal core functionalized (1) with TZ,
(2) with a TZ half-chain obtained by mild reduction of
disulfide bridges between the IgG heavy chains (HC),
and (3) with an anti-HER2 scFv containing a cysteine
residue in the loop useful for site-specific immobiliza-
tion (C-scFv).37,38 The shared colloidal core exploited in
the present work was an iron oxide nanocrystal coated
with a highly soluble amphiphilic polymer forwhichwe
have preliminary evidence that long-term stability is
significantly improved compared with our previous
similar nanocomplexes. The resulting three nanocon-
structs were exploited to perform in vitro, in vivo, and
ex vivo experiments to compare their targeting poten-
tial toward a HER2-positive breast cancer murine mod-
el. Accurate cellular and subcellular analyses were also
performed to characterize the interaction of the nano-
constructs with cancer cells.

RESULTS

Synthesis of Targeted Nanoparticles. Highly uniform hy-
drophobic ironoxidenanocrystals (8.2( 1.1 nmbyTEM)
were synthesized by solvothermal decomposition from
iron oleate complex in a solution of octadecene in the
presenceof oleic acid as cappingagent (MNC, Figure 1A).39

MNCs were suspended in chloroform and transferred to
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a water phase after coevaporating with a 0.5 M solution
of an amphiphilic polymer (PMA)40 and resuspending
the homogeneous mixture in sodium borate buffer,
pH 12. The use of this polymer proved excellent in
affording colloidal stability to small nanoparticles even
after multiple protein conjugations, which is usually
difficult to achieve.41 The resulting highly water-solu-
ble MNC@PMAs were modified by condensation with
2,20-(ethylenedioxy)bis(ethylamine) (EDBE) and further
functionalized with N-succinimidyl-3-[2-pyridyldithio]-
propionate (SPDP), giving the common building block
for all three nanoconstructs. The resulting thiol-reactive
PDP functionalities were exploited for the conjugation
of the molecular targeting agent with three different
approaches using three different species, namely, TZ,
HC, and scFv (Scheme 1).

The first approach, following the immobilization
strategy described in a previous report,19 was based
on the use of a recombinant Cys3-ended single-domain
variant of protein A (spaBC3), capable of capturing
human IgG molecules via strong binding with their Fc
fragment. SpaBC3 allowed for the tight immobilization
of TZ in the optimal orientation for binding to HER2,
leading to MNP-TZ (Figure 1B). The second approach
exploited the thiol groups derived from the rupture of
disulfide bonds bridging the two half-chains of the
antibody, obtained by pretreatment with the reductive
agent MEA (MNP-HC, Figure 1C). In the last approach,
the thiol-reactive nanoparticles were reacted with a cys-
engineered scFv antibody fragment (C-scFv) cloned and
produced in our laboratory, resulting in MNP-scFv
(Figure 1D).38 To improve the conjugation efficiency,
C-scFv was pretreated with 1 mM dithiothreitol (DTT) in
order to prevent the scFv dimer formation due to the
presence of a free cysteine in the peptide sequence.

In all of these approaches, the functionalized MNPs
have been saturated with PEG molecules, which act as

colloidal stabilizers and reduce nonspecific capture by
the reticuloendothelial system. The hydrodynamic size
of nanoconstructs was 76.3( 9.1 nm (MNP-TZ), 48.7(
1.0 nm (MNP-HC), and 53.6 ( 4.4 nm (MNP-scFv), as
measured by dynamic light scattering (DLS), while the
zeta-potentialwas�27.2(5.7,�44.5(9.9, and�51.1(
2.4 mV, respectively. Representative size distribution
curves are reported in Figure S1 in the Supporting
Information.

In Vitro Assays. The binding capability of MNP-TZ,
MNP-HC, and MNP-scFv was first evaluated by flow
cytometry.MNP-TZ,MNP-HC,andMNP-scFv (20μgmL�1)
labeled with fluorescein isothiocyanate (FITC) were in-
cubated 1 hwith HER2-positive MCF7 cells. As a negative
control of binding specificity used to set up the positive
region, we have incubated each set of nanoparticles with
HER2-negative MDA cells. Flow cytometry evidenced a
right-shift of fluorescence signal compared to the nega-
tive control, which demonstrated the capability of MNP-
TZ, MNP-HC, and MNP-scFv of specifically recognizing
HER2 receptors on the MCF7 cell surface (Figure 2A).
Percentage values of cells in the positive region for each
kind of nanoparticle (Figure 2B) suggest that no signifi-
cant differences occurred in binding capability between
MNP-TZ, MNP-HC, and MNP-scFv. Moreover, nonspecific
uptake was basically negligible.

To validate flow cytometry data, the specificity of
binding of MNP-TZ, MNP-HC, and MNP-scFv with HER2
receptors was assessed by confocal laser scanning
microscopy (Figure 2C). MCF7 cells and, as a negative
control, MDA cells were incubated 1 h at 37 �C in the pre-
sence ofMNP-TZ,MNP-HC, andMNP-scFv (100μgmL�1).
As expected, all three nanoconstructs colocalized with
the HER2-positive cell membrane, confirming that they
were actually able to specifically target the receptor.
However, MNP-HC and MNP-scFv readily distributed in-
side the cell and even close to the nucleus,whereasMNP-
TZ was found only in the proximity of the cell surface.

Cell toxicity of all MNP was then assessed (see
Supporting Information Figure S2). We first evaluated
the effects of MNP-TZ, MNP-HC, and MNP-scFv on cell
viability through anMTT assay. After 24 h of incubation
with nanoparticles (20 and 100 μg mL�1 for each set),
MCF7 proliferation was not significantly affected com-
pared to untreated samples. After 48 h, however, we
observed a reduction in the proliferation rate of treated
samples that is probably attributable to a loss of
nanoparticle stability in culture medium at these con-
centrations. Cell death of MCF7 cells exposed to MNP-
TZ, MNP-HC, and MNP-scFv was also investigated. No
significant differences were observed between un-
treated and MNP-treated cells in terms of toxicity at
20 and 100 μgmL�1 after 4 and 24 h of exposure. Taken
together, these results indicated a good profile of
safety for all three nanoconstructs in cell cultures.

In Vivo Targeting of a HER2-Positive Tumor. The efficiency
of MNP-TZ, MNP-HC, and MNP-scFv in targeting in vivo

Figure 1. Transmission electron microscopy (TEM) images
of (A) MNC, (B) MNP-TZ, (C) MNP-HC, and (D) MNP-scFv.
Scale bar: 100 nm.
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Scheme 1. Step sequence for the preparation of MNP-TZ, -HC, and -scFv.

Figure 2. Assessment of HER2 targeting efficacy. (A) Flow cytometry. MCF7 cells were incubated 1 h at 37 �C with MNP-TZ
(blue line), MNP-HC (black line), or MNP-scFv (red line). As negative control, MCF7 untreated cells were reported as black and
dashed lines. MDA cells incubated with MNP-TZ, MNP-HC, andMNP-scFv were used to set the positive region. (B) Percentage
of cells in the positive region. (C) Confocal microscopy images of MCF7 or MDA (negative control) cells, incubated for 1 h at
37 �C with FITC-labeled MNP-TZ, MNP-HC, or MNP-scFv. Nuclei were stained with DAPI. Scale bar: 10 μm.
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HER2-positive tumors has been compared. Balb/c nude
mice bearing a subcutaneous breast cancer (0.8 cm
size) grown by local injection of HER2-positive MCF7
cells were treated with nanoparticles labeled with
AlexaFluor 660 (AF660). MNP-TZ, MNP-HC, or MNP-
scFv (5 μg g�1 body weight) nanoparticles were in-
jected in mice by the tail vein, and their localization in
MCF7 tumor was monitored 5 and 48 h after injection
by an IVIS Lumina II imaging system. Epifluorescence
(Epf) images of anesthetized supine mice (Figure 3A)
indicated that all three nanoconstructs were able to
target the HER2-positive tumors at 5 h (I, III, and V).
However, after 48 h, the signal intensity in the tumor
exposed to MNP-TZ remarkably decreased (II). In con-
trast, a strong increase in fluorescence intensity was
observed in MNP-HC-treated mice (IV), while no sig-
nificant differences were evident in mice treated with
MNP-scFv (VI) compared to those monitored at 5 h. Ex
vivo analysis of tumor fluorescence was then per-
formed (Figure S3). As the injected solution of MNP-
TZ, MNP-HC, and MNP-scFv showed a significant dif-
ference in intrinsic fluorescence intensity (i.e., the
relative fluorescence of MNP-TZ and MNP-scFv ap-
peared lower compared with the HC nanoconjugate
due to the restricted number of labeled antibodies on
the nanoparticle surface or to the small number of
lysine residues available in the peptide sequence for
dye labeling, respectively), we chose to normalize the
recorded Epf values and homogenate fluorescence,
in order to provide a more appropriate comparison
between the three nanocomplexes. The results ob-
tained confirmed a strong decrease over time of
MNP-TZ Epf intensity, becoming undetectable after
48 h (Figures 3B and S3), and similarly, a remarkable
and significative drop of fluorescence was also ob-
served in tumor homogenates (Figure 3C). The increase
over time ofMNP-HC Epf detected in living animalswas
confirmed by ex vivo images, as well as the behavior of
MNP-scFv, whose signal intensity in the tumormass did
not change from 5 to 48 h after injection (Figure 3B and
S3). The relative fluorescence in tumor homogenates was
in accordance with Epf results for MNP-HC, while only a
slight, although significant, increase in fluorescence inten-
sity was detected inMNP-scFv-treated tumors (Figure 3C).
Todisclosepossibledifferences in uptake efficiency and/or
lysosomal degradation of these nanoparticle models, the
interaction of injected nanoparticles with tumor cells and
their intracellular fate was investigated at the cellular and
subcellular level from tumor extracts.

Fate of Nanoparticles in Cells from Tumor Extracts. The
internalization of MNP-TZ, MNP-HC, andMNP-scFv and
their fate in cancer cells were disclosed by confocal
microscopy and ultrastructural investigations of TEM
graphs performed on samples of tumors isolated at 5
and 48 h post-i.v. injection. Figure 4, reporting high-
magnification images of tumor cells obtained from con-
focal microscopy performed on sample cryosections,

Figure 3. (A) Epifluorescence (Epf) images of mice bearing
MCF7 xenografts, acquired 5 or 48 h after exposure toMNP-
TZ (I,II), MNP-HC (III,IV), MNP-scFv (V,VI), labeledwith AF660.
(B) Averaged epifluorescence intensity of the isolated tu-
mors. (C) Fluorescence intensity (FI) of tumor homogenates.
Epf and FI values have been normalized on fluorescence
intensity of injected solution in order to take into account
the differences in intrinsic fluorescence emission for each
nanocomplex. Mean ( SE of three different samples for
each experimental condition. *P<0.01 and **P<0.001 vs5h
(Student's t test).
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showed that at 5 h labeled MNP-TZ appeared mainly
localized at the cell periphery (A), while fluorescence of
MNP-HC (C) and MNP-scFv (E) spread out uniformly
inside the cell, suggesting that the smaller and more
stable MNP-HC and MNP-scFv were endocytosed by
tumor cells faster than MNP-TZ. This hypothesis, formu-
latedby in vitro (Figure 2C) and ex vivo (Figure 4) confocal
observation, was supported by TEM images (Figure 5). All
three nanoparticle models came into contact with the
plasmamembraneof tumor cells at 5h (Figure 5A,E,I), but
theywere internalizedwithdifferent rates.MNP-TZswere
identified only in vesicles displaced under the plasma
membrane and feasibly belonging to the early endoso-
mal network (Figure 5B), while MNP-HC and MNP-scFv
were observed in endosomes located deep inside the
cytoplasm (Figure 5F,L). Optical images show that, after
48 h, MNP-TZ fluorescence was limited to a few peri-
nuclear spots (Figure 4B), and the total staining intensity
appeared strongly reduced. This result was in line with
data obtained by IVIS and spectrofluorimetric assays and
suggested thatMNP-TZswere internalized by tumor cells
and immediately directed to the lysosomal pathway to
be rapidly degraded in the organic component. TEM
analyses furnished the conclusive proof, revealing the
presence of MNP-TZ at 48 h in lysosomes (Figure 5C,D).
Confocal analyses of MNP-HC cryosections (Figure 4D)
indicated a perinuclear distribution of the fluorescence
analogue to MNP-TZ at 48 h. Nevertheless, the number
and the fluorescence intensity of MNP-HC spots were
higher than those of the MNP-TZ samples. TEM images
provided evidence that MNP-HC did not distribute in
lysosomes, but they were still detectable in endosomes

deep inside the cytoplasm, feasibly resembling late en-
dosomes (Figure 5G,H).

After 48 h of exposure toMNP-scFv, confocal images
of tumor cryosections showed the same perinuclear
fluorescence observed for MNP-HC, even though the
resolution of MNP-scFv spots appeared underestimated
by the lower signal intensity of these nanoparticles
(Figure 4F). TEM observations revealed that MNP-scFv
distributed both in endosomes (Figure 5M) and in lyso-
somes (Figure 5N), suggesting a degradation rate inter-
mediate between MNP-TZ and MNP-HC.

Biodistribution. Biodistribution of injected MNP-TZ,
MNP-HC, and MNP-scFv in mice was determined by
analyzing model organs with the same methods de-
scribed above for extracted tumors. The overall results,
reported in Supporting Information Figure S4, indi-
cated that MNP-TZ, MNP-HC, and MNP-scFv mainly
accumulated in liver and kidneys, even though only a
transitory capture by kidneys looked feasible, in accor-
dance with the size limit allowed for particle excretion
by this organ.42 The Epf decreased in liver and kidneys
of treated mice within the first 48 h, suggesting the
progressive elimination of all three nanoconstructs,
which could be particularly promising for potential
clinical application.

Figure 4. Confocal laser scanning micrographs (single op-
tical sections) of cryosections obtained from MCF7 tumors
at 5 and 48 h postinjection of MNP-TZ (A,B), MNP-HC (C,D),
or MNP-scFv (E,F) labeled with AF660, and then counter-
stained with DAPI for nuclei detection. The confocal images
of nanocrystals (red) have been overlaid on the correspond-
ing images reporting nuclei (blue). Scale bar: 10 μm.

Figure 5. TEM images ofMCF7 tumors isolated at 5 and 48 h
postinjection of MNP-TZ (A�D), MNP-HC (E�H), or MNP-
scFv (I�N). To the right of each single figure, the corre-
sponding higher magnification image is reported. Nano-
particles and cell membranes are evidenced by small and
big arrows, respectively. Scale bars: 100 nm.
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Active Targeting Discrimination in Vivo. In the light of the
remarkably better performance of MNP-HC suggested
by the above-mentioned results, we selected this
nanoconstruct to evaluate the importance of active
molecular recognition in targeting tumor cells in vivo.
The accumulation of MNP-HC in MCF7 tumor mass in
living mice was compared with tumor distribution of
the following negative controls: (1) unconjugated PE-
Gylated MNP (MNPP) and (2) MNP conjugated with the
half-chain of a nonspecific rabbit IgG (MNP-HC(IgG)).
For a more appropriate comparison of biodistribution
of these three nanoconstructs, nanoparticles were labeled
with AF660 directly on the PMA shell (see Supporting
Information). Figure 6A confirmed the efficient targeting
of MNP-HC toward HER2-positive solid tumors at 5 h
postinjection. A reliable Epf signal was also observed in
MNPP and MNP-HC(IgG)-treated mice to indicate a non-
negligible EPR effect at 5 h after treatment. Nevertheless,
while fluorescence intensity of the tumor exposed to
MNP-HC increased after 48 h, a drop of fluorescence was
observed forMNPP andMNP-HC(IgG). A determination of
fluorescence intensity was then performed in isolated
tumors. Averaged Epf and homogenate fluorescence
values, normalized on the fluorescence intensity of in-
jected solution (see Materials and Methods), were re-
ported in Figure 6B,C, respectively. In accordance with
the results of Figure 3 and in line with in vivo images
(Figure 6A), a significant increase of fluorescence intensity
with time was observed in the tumors exposed to MNP-
HC, while no significant differences were evident in mice
treated with MNPP or MNP-HC(IgG). Figure 6B,C also
showed a strongly reduced distribution of MNPP in
tumors, whose fluorescence values were 10�30-fold low-
er than that observed with the antibody-conjugated
nanoparticles ready after 5 h. Epf-related biodistribution
of the three nanoconstructs in some model organs con-
firmed the preference of MNP in liver and kidneys,
regardless of antibody conjugation (Figure S5). Further-
more, we observed an Epf intensity in the organs of
MNPP-treated mice 15-fold lower than that of MNP-HC
andMNP-HC(IgG), in agreementwith tumor distribution
values.

DISCUSSION

At present, diagnosis of axillary localization of breast
cancer metastases is based on invasive detection
methods, which involve the sentinel lymph node
biopsy. In this context, one of the most significant
goals is represented by the identification of new
target-specific contrast agents able to optimize breast
cancer diagnosis and metastatic localization by MRI.
The present paper describes the potential of multi-
functional nanoparticles bioenginereed with variants
of anti-HER2 monoclonal antibody to target HER2-
positive tumors and accumulate in cancer cells. To this
aim, three PEGylated magnetofluorescent nanoparti-
cles have been synthesized by functionalizing the

Figure 6. (A) Epifluorescence (Epf) images of mice bearing
MCF7 xenografts, acquired 5 or 48 h after exposure to
MNPP, MNP-HC(IgG), or MNP-HC, labeled with AF660 on
the PMA shell. (B) Averaged epifluorescence intensity of the
isolated tumors. (C) Fluorescence intensity (FI) of tumor
homogenates. Epf and FI values have been normalized on
fluorescence intensity of injected solution in order to take
into account the differences in intrinsic fluorescence emis-
sion for each nanocomplex. Mean ( SE of three different
samples for each experimental condition. *P < 0.05 vs 5 h
(Student's t test).
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surfacewith trastuzumab, orwith the antibody variants
HC and scFv, in order to optimize the targeting effi-
ciency. All of these nanoparticles proved to be highly
effective in selectively targeting HER2-positive breast
cancer cells in vitro, but their behavior in vivo, assessed
by fluorescence analyses and transmission electron
microscopy, revealed several differences. The results
obtained with the fluorescent nanoconstructs indi-
cated that all three variants were able to target HER2-
positive MCF7 breast cancer cells in vitro (Figure 2),
in vivo, and ex vivo (Figures 3 and S3). Starting from the
assumption that the ideal candidate for cancer diag-
nosis should be a nanosystem able to localize itself at
cancer cells for an extended period of time, we decided
to investigate the behavior of the three nanoconstructs
at 5 and 48 h postinjection in MCF7 tumor-bearing
mice. We found that MNP-scFv represented a more
efficient probe compared to MNP-TZ because its Epf in
the tumor mass did not decrease over time, as con-
versely occurred with the whole antibody. Neverthe-
less, themost significant result has been obtained with
MNP-HC, whose Epf in the 48 h xenograft was even
higher than that recorded after 5 h. The trend over time
of tumor fluorescence suggested a possible different
behavior for the three nanoprobes in cancer cells,
especially referred to a different timing of interaction
and incorporation of nanoparticles. In fact, while MNP-
TZ followed the same mechanism of entry and fate in
cancer cells previously described for similar TZ-engi-
neered nanoarchitectures,20 involving a receptor-
mediated internalization followed by degradation of
the organic shell by a lysosomal pathway, a compar-
able degradative process did not seem to affect MNP-
HC and MNP-scFv within the first 48 h from injection.
To better disclose the subcellular activity of MNP-TZ,

MNP-HC, and MNP-scFv, a comparative analysis of
internalization, trafficking, and metabolism in MCF7
cells of the different nanoparticles was performed by
confocal and electron microscopy. The overall results
demonstrated that MNP-HC and MNP-scFv were
endocytosed by MCF7 cells faster than MNP-TZ
(Figures 2C, 4, and 5), in line with previous findings
describing a strict relationship between the size of
protein-coated nanoparticles and the rate of uptake
by a receptor-mediated mechanism, referred to as the
so-called “wrapping time”.21,43 According to this theory,
single spherical nanoparticles smaller than 50 nm dia-
meter should not produce enough free energy to be
endocytosed by the tumor cell and more clustered
nanoparticles are necessary to trigger the wrapping
process. Conversely, for nanoparticles larger than
50 nm, the wrapping time is inversely proportional to
the size. More receptors are taken up during the
binding process with a consequent effect on the
kinetic of recruitment on the cell membrane. The
hydrodynamic diameter of MNP-HC and MNP-scFv
was around 50 nm, while the dispersed MNP-TZ had

a diameter of about 80 nm, although we found that the
lowstability ofMNP-TZoriginatedaggregates in serumof
size up to 310 nm. The presence of MNP-TZ aggregates
could feasibly justify the slow internalizationofMNP-TZ in
MCF7 cells compared to MNP-HC and MNP-scFv.
Once internalized, all three nanoparticles were di-

rected to the endosome�lysosome pathway, but sig-
nificant differences were observed also in the trafficking
and degradation timing (Figure 4). TEM observation
clearly revealed that while MNP-TZ, endocytosed by cell
membrane at a slower rate, quickly addressed the lyso-
somal system to be immediately degraded, MNP-scFv
andMNP-HC remainedwithin endosome-like vesicles for
an extended period of time. More specifically, at 48 h
postinjection, MNP-scFv compared both in endosomes
and in lysosomes, while no lysosomes containing MNP-
HC have been detected (Figure 5). We thus postulated
also that MNP-HC would be finally driven to the lysoso-
mal pathway, although at amuch slower rate. The reason
behind the different rate in MNP-TZ, MNP-HC, and MNP-
scFv intracellular trafficking remains at least partially
unclear.While the lowMNP-TZ stability can feasibly affect
the intracellular fateof this nanoconstruct, thedifferences
between MNP-HC and MNP-scFv trafficking are less
obvious because the variation in size is not enough to
justify suchan influence.We speculated that thebehavior
of these nanoconstructs could be related to the different
interactions of the two antibody variants with the target
cell, accounting for a receptor-mediated active targeting.
Active targeting contribution to the distribution of

nanoparticles in solid breast cancer has been deter-
mined in vivo, by comparing the accumulation in the
tumor mass of MNP-HC and nonspecifically targeted
nanoparticles. Indeed, the EPR effect, often responsible
for the high distribution of administered drugs in
tumor area,44 could be the cause of the strong accu-
mulation of biofunctionalized MNP in mice xenografts
(Figures 3 and S3). We demonstrated that the presence
of the HER2-directed ligands on the MNP surface
increases the overall concentration of nanoparticles
in solid tumors within the first 48 h post-treatment,
while unconjugated MNP or nanoparticles engineered
with the nonspecific IgG ligand do not accumulate in
tumors for such a long time (Figure 6). The very low
amount of MNPP observed in tumor and organs
(Figures 6B,C and S5) suggested that nonfunctiona-
lized nanoparticles were rapidly excreted by the organ-
ism, in agreement with their small size.

CONCLUSION

Our study demonstrates the importance of evaluat-
ing in vivo the targeting efficiency of nanoconstructs
bearing homing ligands, even though they manifest
similar cell binding capability in culture. In summary,
the results of this study suggest that (1) the aggrega-
tion state of nanoparticle formulation is crucial for their
final destination once they reach the cellular target;
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(2) the interaction of antibody-functionalized MNP with
HER2-positive cancer cells, which affects their intracel-
lular fate, is at least partly dependent on the affinity of
the receptor for the peptide ligand; (3) although EPR
effect allows short-term accumulation of all nanoparti-
cles of this family irrespective of the presence of target-
ing ligands, only receptor-specific functionalization
affords long-term action in cancer cells in vivo; (4) the

longer period of accumulation of MNP-HC in the tumor
makes this nanoparticle the ideal candidate for future
application in breast cancer diagnosis. Further investi-
gations will be necessary to assess the effects of the
nature of different antibody derivatives (i.e., entire IgG,
HC, or scFv) on the intracellular fate of MNP and their
interference with cell processes with obvious repercus-
sion on biomedical potential of targeted nanoparticles.

MATERIALS AND METHODS
Synthesis of MNP-TZ, MNP-HC, and MNP-scFv. Surfactant-coated

Fe3O4 nanocrystals (MNCs) were synthesized in organic solvent
and transferred to water phase, according to the procedure
described in Supporting Information. The resulting core�shell
nanoparticles (MNC@PMA)were functionalized in order to obtain
the thiol-reactive MNP (MNP-PDP, Scheme 1) and processed for
the production of the final constructs.

To obtain trastuzumab-conjugated nanoparticles (MNP-TZ),
MNPs were functionalized with an individual B domain of
protein A (spaBC3), as described in our previous work.19 Briefly,
MNP-PDP (1mg)was incubated in thepresenceof spaBC3 (0.5mg).
The remaining PDP functional groups were saturated with excess
PEG500-SH. TZ was labeled with AF660 dye (Life Technologies)
according to manufacturer's protocol. TZ conjugation on nanopar-
ticles was performed by incubating nanoparticles (1 mg) at room
temperature for 2 h in the presence of labeled TZ (0.3 mg). Excess
chemicals and biological reagents were removed by dialysis, and
the MNP-TZs were collected.

For the production of MNP-HC, AlexaFluor 660-labeled TZ
dissolved in EDTA�PBS (1 mg mL�1) was added to the
2-mercaptoethanolamine kit (MEA, Thermo Scientific) and trea-
ted according to manufacturer's protocol to reduce the disul-
fide bridges between the two heavy chains of the IgG, obtaining
the half-chain antibody portions. The HCs were immediately
added to MNP (1 mg) and incubated at room temperature for
1 h. The remaining PDP functional groups were saturated with
excess PEG500-SH. Excess chemicals and biological reagents
were removed by dialysis, and MNP-HCs were collected.

To synthesize MNP-scFv, MNPs (10 mg) were incubated in
the presence of cysteine-modified ScFv molecules (2 mg),
obtained by site-directed mutagenesis of scFv800E6,37 as pre-
viously reported.38 Before incubation with MNP, scFv was
labeled with AF660 dye (Life Technologies) according to man-
ufacturer's protocol and treated with 0.1 M DTT. The remaining
PDP functional groups were saturated with excess PEG500-SH
and incubated at room temperature for 1 h. Excess chemicals
and biological reagents were removed by dialysis, and MNP-
scFv were collected.

Flow Cytometry. MCF7 and MDA-MD-468, cultured as de-
scribed in Supporting Information, were used as HER2-positive
and HER2-negative cellular models, respectively. For the flow
cytometry, cells were cultured on a 6-multi-well dish until sub-
confluence. Then, cells were incubated 1 h at 37 �C in the
presence of MNP-TZ, MNP-HC, and MNP-scFv (20 μg mL�1)
labeledwith FITC. After incubation, cells werewashed three times
with PBS, and labeled cells were analyzed on a FACS Calibur flow
cytometer (Becton Dickinson); 20 000 events were acquired for
each analysis after gating on viable cells.

Cell Death and Proliferation Assays. To assess cell death, MCF7s
were cultured on a multi-well dish until subconfluence. Cells
were then incubated 4 and 24 h at 37 �C in the presence ofMNP-
TZ, MNP-HC, and MNP-scFv (20 or 100 μg mL�1). After incuba-
tion, cells were washed twice with PBS and treated for FACS
analysis according to PE Annexin V apoptosis detection kit I
manufacturer's protocol (Becton Dickinson Biosciences). Briefly,
cells were resuspended in 1� binding buffer and incubated for
15 min in presence of 0.005 mL of Annexin-PE and 0.005 mL of
7-aminoactinomycin D to be then analyzed on FACS within the
subsequent 1 h; 20 000 events were acquired for each analysis

after gating on viable cells. Cell death is determined as the
populations positive for Annexin V and for 7AAD staining alone
and together.

For the proliferation assay, MCF7 cells were cultured on a 96-
multi-well dish at a density of 5000 cells cm�1 and then incubated
withMNP-TZ,MNP-HC, andMNP-scFv (20 or 100μgmL�1). At the
indicated time points, cells were washed with PBS and then
incubated for 3 h at 37 �C with 0.1 mL of 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) stock
solution previously diluted 1:10 in DMEMmediumwithout phenol
red. At the end of the incubation, 0.1 mL of MTT solubilizing
solution was added to each well to solubilize the MTT formazan
crystals (Sigma-Aldrich). Absorbances were read immediately in a
BIORADmicroplate reader using a test wavelength of 570 nm and
a reference wavelength of 690 nm.

In Vivo and Ex Vivo Assays. MCF7 cells were injected in female
Balb/c nude mice to obtain a valid breast cancer model (see
details in Supporting Information). AF660-labeled nanoparticles
(5 μg g�1 body weight) were injected in the tail vein of breast
cancer bearing mice. Epifluorescence imaging was performed
at 5 and 48 h postinjection by placing the animals, anesthetized
by i.p. injection of 20 mg mL�1 of Avertin, in a IVIS Lumina II
imaging system (Calipers Life Sciences) at 37 �C. Images were
acquired with a 720 nm emission filter, and excitation was
scanned from 570 to 640 nm; mice autofluorescence was re-
movedby spectral unmixing. After in vivo acquisitions,micewere
sacrificed and dissected tumors and organs (liver, kidneys,
spleen, and lungs) were analyzed in the IVIS system, as described
above for the whole animals. All Epf values of the isolated tissues
were normalized on the Epf obtained by IVIS acquisition of the
different nanoparticle solutions in a 96-well plate (�103).

Fluorescence intensity of tumor, liver, kidney, spleen, and
lung homogenates was also measured. According to the pro-
cedure, the isolated tissues were weighed and homogenized
with ultraturrax in a homogenization buffer (0.32 M sucrose,
100 mM Hepes, pH 7.4). Protein concentration of the samples
was measured using the bicinchonic acid (BCA, Pierce) protein
assay, and fluorescence was analyzed in a GloMax multi detec-
tion system (Promega). All tissue fluorescence values were
normalized on the fluorescence intensity of the different nano-
particle solutions (�105).

Confocal Laser Scanning Microscopy. For confocal microscopy
observations, MCF7 and MDA cells were cultured on collagene
(Sigma-Aldrich) precoated coverglass slides until subconflu-
ence and were incubated 1 h at 37 �C with 100 μg mL�1 of
MNP-TZ,MNP-HC, andMNP-scFv. Then, cells werewashed twice
with PBS, fixed for 10 min with 4% paraformaldehyde (Sigma-
Aldrich), and treated for 10minwith 0.1Mglycine (Sigma-Aldrich)
in PBS. Cells were permeabilized with an incubation of 5 min at
room temperature in 0.1%TritonX-100 in PBS. Ablocking stepwas
performed for 1 h at room temperature with a solution containing
2% bovine serum albumin (Sigma-Aldrich) and 2% goat serum in
PBS. Nuclei were stained with DAPI (40 ,6-diamidino-2-phenylindole,
Life Technologies) at a 1:10000dilution inblockingbuffer for 20min
at room temperature. Microscopy analysis was performed with a
Leica SP2 AOBs microscope confocal system (Leica Microsystems).
Imageswere acquiredwith 63�magnification oil immersion lenses
at 1024 � 1024 pixel resolution.

For the confocal microscopy of cryosections, MCF7 tumors
were isolated and fixed in 4% paraformaldehyde solution for 3 h,
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washed in PBS, and embedded in OCT (VWR, International) for
freezing in liquid nitrogen. Ten micrometer thick tumor cryosec-
tions were air-dried at room temperature for 1 h, rinsed with PBS,
and, after 5 min of permeabilization at room temperature with
0.1% Triton X-100 in PBS, counterstained with DAPI (diluted
1:1500 in PBS) for 20 min at room temperature. Microscopy
analysis of cryosections was performed with a Leica TCS SPE
confocalmicroscope (LeicaMicrosystems) at FondazioneFilarete,
Milano, Italy. Images were acquired with 40� magnification oil
immersion lenses at 1.5 zoom and 1024� 1024 pixel resolution.

Transmission Electron Microscopy (TEM). Small portions of MCF7
tumor samples were fixed in 2.5% glutaraldehyde (Electron
Microscopy Sciences) in 0.1Mphosphatebuffer, pH7.2, for 2h. After
one rinse with phosphate buffer, specimens were postfixed in 1.5%
osmium tetroxide (Electron Microscopy Sciences) for 2 h, dehy-
drated by 70, 90, and 100% EtOH, and embedded in epoxy resin
(PolyBed812Polysciences Inc). Ultrathin sectionswereexaminedby
means of a transmission electron microscope (Zeiss EM109).
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