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A
primary goal in cancer diagnostics is
to develop molecular contrast agents
that identify the presence of a malig-

nant tumor at early stages, track possible
migration of tumor cells, andmonitor tumor
response to surgical or pharmacological
treatments.1�3 The diagnosis of axillary lo-
calization of breast cancer metastases is at
present essentially based on highly invasive
and seldom conclusive detection methods,
often requiring the sentinel lymph node
dissection.4 In this context, a primary chal-
lenge is the design of new tools allowing
easy, reliable, and noninvasive identifica-
tion of lymph node metastases. A possible
strategy resides in the development of new
target-specific multifunctional tracers cap-
able of optimizing breast cancer diagnosis
in vivo by combining low-invasive fluores-
cence techniques and magnetic resonance
imaging (MRI).5 In the past decade, nano-
technology has provided new tools in this
direction. In particular, the development of
a new generation of multifunctional hybrid
organic/inorganic nanomaterials, including
iron oxide nanoparticles, held great pro-
mises for diagnosis and treatment of malig-
nant tumors.6,7

A broad range of new synthetic strategies
for iron oxide nanoparticles have been re-
ported, enabling fine-tuning of size, shape,
and magnetic properties.8 Recently, novel
biofunctionalization approaches have been
successfully attempted to improve the nano-
particle stability in physiological media and
to gain a control on tight immobilization,
distribution, and suitable orientation of
target ligands on the nanoparticle surface,

which is essential for optimizing the target-
ing efficiency toward cell receptors.9�12 Sev-
eral in vivo studies have demonstrated the
potential of targeted iron oxide nanoparti-
cles as local enhancers of MRI contrast, and
the first clinical trials conducted on patients
bearing metastatic lymph nodes have pro-
vided promising perspectives.13,14 From
these studies, a crucial point has emerged
and still needs to be thoroughly examined,
that is, the targeting mechanisms and the
fate of the different components of hybrid
nanoparticles when they have reached their
final destination. Although a few investiga-
tions have provided important data with cell
cultures,15 the molecular features of the
interaction of hybrid nanoparticles with cells
and tissues in vivo remain unexplored. In
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ABSTRACT Subcellular destiny of targeted nanoparticles in cancer cells within living organisms

is still an open matter of debate. By in vivo and ex vivo experiments on tumor-bearing mice treated

with antibody-engineered magnetofluorescent nanocrystals, in which we combined fluorescence

imaging, magnetic relaxation, and trasmission electron microscopy approaches, we provide evidence

that nanoparticles are effectively delivered to the tumor by active targeting. These nanocrystals

were demonstrated to enable contrast enhancement of the tumor in magnetic resonance imaging.

In addition, we were able to discriminate between the fate of the organic corona and the metallic

core upon cell internalization. Accurate immunohistochemical analysis confirmed that hybrid

nanoparticle endocytosis is mediated by the complex formation with HER2 receptor, leading to a

substantial downregulation of HER2 protein expression on the cell surface. These results provide a

direct insight into the pathway of internalization and degradation of targeted hybrid nanoparticles

in cancer cells in vivo and suggest a potential application of this immunotheranostic nanoagent in

neoadjuvant therapy of cancer.
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particular, it is still a matter of debate whether functio-
nalization with homing ligands is able to guide nano-

particles to the tumor by active targeting also in living

organisms, or nanoparticle delivery is rather mediated

by passive transport via opsonization and/or macro-

phage incorporation.16,17

Recently, we have designed a versatile molecular
nanohybrid suitable for site-specific immobilization of
antibodies.18 This nanocomplex was a magnetite nano-
crystal conjugated with a recombinant low molecular
weight monodomain of protein A, which exhibited a
strong affinity for human and rabbit IgG molecules.
Magnetic nanocrystals conjugated to the commercial
anti-HER2 monoclonal antibody trastuzumab (TMNC)
were demonstrated to be effective in selectively recog-
nizing the “human epidermal growth factor receptor 2”
(HER2) expressed in MCF-7 breast cancer cells in cul-
tures. HER2 is a membrane tyrosine kinase receptor
belonging to the family of the erbB and is overexpressed
in 25�40% of human mammary carcinomas. HER2
regulates cell growth, adhesion, migration, and cell
differentiation and is referred to as an “orphan” receptor
because no known endogenous ligand has yet been
identified.19,20

In the present work, we have improved the prepara-
tion of TMNC for in vivo application, allowing us to carry
out a careful investigation of their targeting efficiency
and biodistribution by combining MRI monitoring,
highly sensitive epifluorescence tracking of TMNC in
Balb/c nude mice bearing MCF-7 cells, and accurate
tissue analyses. The results we are presenting here
provided a new insight into the fate of the individual
components of the hybrid nanocomposites once they
reached the target cells in vivo. In order to track the
organic moiety separately from the metal core, we
preferred to label only trastuzumab (Tz) with Alexa-
Fluor660 (AF660), rather than making the nanoparticle
entirely fluorescent.
Due to the targeting efficiency of antibodies, IgG-

functionalized nanoparticles have foundbroad interest
for application in cancer diagnosis and as carriers of
chemotherapeutic agents for the treatment of malig-
nant tumors.21�23 A further aim of this work was to
investigate the potential of TMNC as a neoadjuvant
agent for combination therapy of breast cancer ex-
ploiting the attitude of Tz to inhibit the signaling
processes triggered by HER2 overexpression.

RESULTS AND DISCUSSION

Optimization of TMNC Synthesis for In Vivo Studies. The
original procedure for the synthesis of TMNC involved
a nanocrystal controlled nucleation and growth by
solvothermal decomposition in the presence of oleic
acid followed by ligand exchange with N-phosphono-
methyl iminodiacetic acid phosphonate (PMIDA), which
led to a dispersion soluble in the aqueous phase. The
ligand was modified by condensation with 2,20-(ethy-
lenedioxy)bis(ethylamine) (EDBE) and further functiona-
lized with N-succinimidyl-3-[2-pyridyldithio]propionate
(SPDP). The resulting thiol-reactive PDP functionalities
were exploited for the conjugation with a recombinant
Cys3-ended single-domain variant of proteinA (spaBC3),
capable of capturing IgG molecules by strong binding
with their Fc fragment.18 SpaBC3 allowed for the tight
immobilization of Tz in the optimal orientation for
binding to HER2. TMNC proved to be long-term stable
in several buffered media and thus suitable for studies
with cell cultures. However, when we explored the
possibility of using TMNC for intravenous administration,
they invariably showed a tendency to accumulate at the
mouse tail, in correspondence to the site of injection.
After having thoroughly checked each step of the
synthetic procedure in terms of particulate stability,
we found that the critical step was the ligand ex-
change. Hence, we improved the phase transfer by
an intermediate reaction with tetramethylammonium
hydroxide (TMAOH), which led to the same final anti-
body nanocomplex dramatically reducing the TMNC
localization at the site of injection, as it was capable of
diffusing quickly in the bloodstream. The complete
sequence is reported in Scheme 1. Next, Tz was cross-
linked to spaBC3 with glutaraldehyde to enforce the
antibody grafting to the nanoparticle, which unfortu-
nately resulted in particle aggregation. Thus, we eval-
uated the spontaneous release of Tz labeled with
AF660 from TMNC in serum to assess the tightness of
Tz�spaBC3 binding under physiological conditions,
and we did not find any traces of released Tz after 1
week at 37 �C. Hence, we decided to utilize the
optimized TMNC for the in vivo studies.

HER2-Positive Tumor Imaging with AF660-TMNC. MCF-7
breast cancer cells were grown subcutaneously in
Balb/c nude mice. Once the tumor reached the size
of approximately 1 cmof diameter, 5 μg/g bodyweight
of AF660-TMNC was injected in mice by the tail vein,

Scheme 1. Step sequence for the preparation of TMNC.
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and their localization in the MCF-7 tumor was mon-
itored 24 h after injection by MRI to assess their
potential as targeted contrast agent for the detection
of HER2-positive breast cancer cells in vivo. T2-weighted
axial images of a tumor-bearing mice acquired pre-
injection (Figure 1a, control) and 24 h postinjection
(Figure 1b) of TMNC exhibited an increase in negative
contrast in correspondence to MCF-7 xenograft (red
circle) caused by nanocrystal accumulation at the
tumor. A remarkable decrease in T2* maps was also
observed in the tumor region at 24 h (Figure S2 in
Supporting Information). To confirm the specificity of
targeting after antibody conjugation, control MRI
images were acquired with PEG-coated MNCs (Figure

Figure 1. Monitoring of TMNC uptake in vivo by MRI. The
axial T2-weighted MR images have been obtained from
MCF-7 tumor-bearing mice (a) before and (b) 24 h after
the injection of nanocrystals. The images, obtained by a
T2-mapping sequence, were acquired at 32.2 ms echo
time.

Figure 2. CCD camera images of mice bearing MCF-7 xenografts (a) and of the isolated tumors (b) at 5 h, 24 h, and 1 week
postinjection of AF660-TMNC. Epifluorescence intensity images and spectrally unmixed fluorescence images are reported on
left and right, respectively. (c) Averaged epifluorescence intensity of isolated tumors.Mean( SE of three different samples for
each experimental time.
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S3). Next, epifluorescence (Epf) images of supine mice,
obtained with a CCD camera (IVIS Lumina II, Calipers Life
Sciences, UK) at 5 h, 24 h, and 1 week after injec-
tion, confirmed the capability of AF660-TMNC to target
the HER2-positive tumors (Figure 2a). The maximal Epf
emission in xenografts was observed at 5 h, while the
signal intensity in the tumor unexpectedly decreased
after 24 h. Ex vivo analysis of Epf in isolated tumors
confirmed the maximal signal intensity at the shorter
time of exposure (Figure 2b), as also indicated by the
averaged Epf intensity, reported in Figure 2c as themean
value from three different tumors for each experimental
condition. The drop in Epf was initially attributed to the
surface-weighted properties of Epf imaging, which usual-
ly allows for an optimal detection sensitivity but is
strongly limited by the short penetration depth of
photons, which is dependent on diffusion time, as pre-
viously observed.24 Nevertheless, we could not exclude
that the fall of fluorescence observed by CCD images
could, at least partially, reflect the degradation of the
organic corona, subsequent to the receptor-mediated
TMNC internalization. Indeed, the metabolization of the

organic moiety, including the fluorochrome, associated
with the saturation of membrane HER2 receptors, could
cause an overall fluorescence decrease. This hypothesis is
supported by previous evidence that one possible me-
chanism, by which Tz inhibits the tumor development,
involves HER2 downregulation mediated by the rapid
degradation of the Tz�HER2 complex upon endocy-
tosis.25 Such a postulated mechanism suggested that
TMNC was likely to be directed to lysosomal degrada-
tion via receptor-mediated endocytosis triggered by
formation of the Tz�HER2 complex (Scheme 2). In a
recent study, Wuang et al. observed that the interna-
lization of Tz-modified nanoparticles in HER2-positive
breast cancer cells could be prevented by treatment
with excess free Tz, which corroborates the assumption
that the nanoconjugate endocytosis could be recep-
tor-mediated.26 Therefore, within our model, we pre-
dicted that fluorescence signal associated with the
presence of Tz in TMNC would rapidly decrease, while
in contrast, iron oxide would progressively accumulate
inside the tumor tissue. Further investigations were
needed to assess the reliability of our interpretation.

Scheme 2. Mechanism of TMNC internalization and degradation in HER2-positive MCF-7 cells. In a first step, TMNC binds to
HER2 membrane receptors, inhibiting homodimer formation. Next, the TMNC�HER2 complex formation triggers the local
membrane invagination, followed by the complex incorporation within internal early endosomes, which evolve in late
endosomes and, eventually, in lysosomes, where the organic corona is rapidly degraded. This process results in a reduced
surface expression of HER2 receptor.

Figure 3. Fluorescence intensity (a) and inverse relaxation time (b) of MCF-7 lysates, at 5 h, 24 h, and 1 week postinjection of
AF660-TMNC. Mean ( SE of three different samples.
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Mechanism of TMNC Incorporation in MCF-7 Cells. Spectro-
fluorimetric assays performed on lysates of the same
tumors analyzed by the CCD camera provided support
to the latter interpretation, as tissue depth was not an
issue in this case. Fluorescence intensity, normalized to
the overall mass of proteins in each lysate, once again
was maximal at 5 h and progressively decreased over
time (Figure 3a). The same samples were also analyzed
by magnetic relaxation measurements to assess the
relative amount of iron due to the presence of mag-
netic nanocrystals incorporated in the tumor tissue.
Magnetic relaxometry shares the same basic principle
with MRI but exhibits several advantages in semiquan-
titative determinations, including (1) higher sensitivity,
(2) it enables a direct measurement of the magnetic
power of a sample, and (3) image deconvolution is not
needed, which in some cases may cause artifacts. As a
matter of fact, most studies making use of MRI for
semiquantitative analysis require whole-body perfu-
sion to eliminate blood interferences.24 However, we
were interested in investigating the nanoparticle dis-
tribution under normal blood flow conditions, which

better reproduces the dynamic behavior of the indivi-
dual parts of a functioning organism. As each type of
tissue from different organs is differently perfused, a
broad variability in the intrinsic transverse relaxation
should be expected from one organ to another.27

Hence, to appreciate the impact of TMNC accumula-
tion in a particular tissue, the detected T2 values were
compared with the respective averaged readout signal
of the same tissue from untreated mice (control). A
relevant amount of TMNC in the MCF-7 tumor at 5 h
postinjectionwas inferred by the increase in 1/T2 of this
sample, remarkably higher than the control. The gra-
dual increment in 1/T2 over time was an index of the
progressive accumulation of iron in the tumor and
confirmed that TMNC was incorporated by MCF-7 cells
and forwarded to the degradation pathways (Figure 3b).

To corroborate our observation that the drop of
fluorescence in the tumor was actually due to the
degradation of the nanocomplex inside the cells and
to obtain a more accurate quantification of nanocryst-
als in the tumor, we repeated the experiment with
perfused mice, where blood supply was absent. Spec-
trofluorimetric and relaxometric analysesof tumor lysates
are reported in Supporting Information (Figure S4).

Active Targeting or Passive Delivery? As a final confirma-
tion that the in vivo localization of TMNC in MCF-7
tumors was actually due to an active targeting mediated
by its specific interaction with HER2 receptors, we
investigated the localization of injected nanocrystals in
mice bearing HER2-negative MDA cells. This tumor
model was previously validated as a negative control
for TMNC specificity in cell cultures.18 The localization
ofAF660-TMNCwasdetermined5hafter injection,which
corresponded to the time of maximal fluorescence in

Figure 4. CCD camera images of a MDA-bearing mouse (a)
and of the isolated MDA tumor (b) at 5 h postinjection of
AF660-TMNC. Epifluorescence intensity images and spec-
trally unmixed fluorescence images are reported on left and
right, respectively.

Figure 5. Immunohistochemistry of tumor section extracts
before (a) and after treatment with TMNC (b�d). Samples
were incubated with antibody rabbit anti-human c-erb-2
oncoprotein (1:1000 dilution, DakoCytomation), 2 h incu-
bation. (a) Strong and diffuse membrane c-erb-2 immu-
nostaining (score 3þ) in all of the neoplastic cells. (b�d) No
c-erb-2 expression is recovered in most of the neoplastic
elements, with only a few c-erb-2-positive cells with diffuse
(panel b, score 2þ) or focal (panels c and d, score 1þ) weak
pattern of distribution in the tumor at 5 h, 24 h, and 1 week,
respectively. Hematoxylin counterstaining, OM 40�.
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MCF-7 tumors. In vivo and ex vivo CCD camera obser-
vations of MDA xenografts (Figure 4a,b) showed a very
weak Epf in this cancer model compared toMCF-7, and
the averaged Epf intensity of the isolated MDA tumor
was significantly lower (P < 0.05 by Student's t-test)
than thatmeasured inMCF-7 tumors, although the bio-
distribution of TMNC in the two experimental models
was comparable (Figures S5 and S6). Moreover, the

fluorescence intensity of MDA lysate was one-fifth the
value measured in MCF-7 lysates in one of the three
tumors analyzed, while in the supplementary two sam-
ples was below the detection limit.

Immunohistochemical Analysis of HER2 Expression in Tumor
Tissues. Whereas it is well-known that HER2 overexpres-
sion is essentially a result of erbB2 gene amplification, it
has recently been recognized that erbB2 levels are also
regulated on the protein level.28 To assess the extent of
residual receptor expression after treatment of dis-
eased mice with TMNC, we performed an immunohis-
tochemical analysis of tumor tissues drawn at the same
time stages of the other experiments. In the absence of
TMNC (Figure 5a), we observed a diffuse and strong
membrane staining inmore than 60%of the neoplastic
cells (immunohistochemical score, IHC, þþþ). At 5 h
after TMNC injection (Figure 5b),most of the neoplastic
cells were c-erb-2-negative or had a weak and incom-
plete membrane staining (IHCþ). Only a small percen-
tage of the neoplastic elements were scored as c-erb-2
IHCþþ (weak yet completemembrane staining). At 24 h
and 1 week (Figure 5c,d, respectively), the tumor had a
reduced c-erb-2 expression: in these samples, only a
minimal residual amount of c-erb-2-positive cells was
recovered (IHCþ). These results confirm the direct
involvement of HER2 in the mechanism of TMNC
internalization and suggest a potential application of
TMNC in immunoadjuvant or even neoadjuvant therapy
exploiting their capability to interfere with HER2-me-
diated signaling.29

Fate of Captured TMNC in MCF-7 Cells. A confocal micro-
scopy examination of tumor cryosections indicated
that AF660-TMNC came into contact with the plasma
membrane of cells to be subsequently internalized.
Figure 6, reporting a single z-plane in the cells, in which
nuclei are focused, shows that TMNC was interacting
with cell surface at 5 h. An intense fluorescence signal

Figure 6. Confocal laser scanningmicrographs (single optical sections) of cryosectionsobtained fromMCF-7 tumors at 5 h, 24h,
and 1 week postinjection of AF660-TMNC, and then counterstained with DAPI for nuclei detection. Autofluorescence sample
(AF) is a MCF-7 tumor from noninjected mice. The confocal images of nanocrystals (red) have been overlaid on the
corresponding bright-field images reporting nuclei (blue). A high magnification of representative cells can be observed in the
insets. Scale bars = 10 μm.

Figure 7. TEM images of MCF-7 tumors isolated at 5 h (a,b),
24 h (c,d), and 1 week (e) postinjection of AF660-TMNC. At
5 h, (a) two nanocrystals (arrows) are interposed between
the membranes of two adjacent cells. At a higher magnifi-
cation (inset), it is evident the close interaction of nano-
crystal with membrane (arrows), which invaginates at the
binding site level (b). At 24 h, nanocrystals are compart-
mentalized (arrows) in endosomes (c) and lysosomes (d)
and, after 1 week, only in lysosomes (e): m, mitochondria; N,
nucleus; d, desmosome. Scale bars = 1 μm (a,c,d,e), 100 nm
(b and insets).
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was observed in correspondence with the cells, and
the staining was mainly localized at the membrane
level, as evidenced in the high-magnification image of
a single cell cross section. Within 24 h, TMNC was en-
docytosed by tumor cells, as indicated by the presence
of labeled spots deep in the cytoplasm and nearby
the nucleus. Fluorescence intensity appeared strongly

reduced in tumors isolated after 1 week, where only
rare spots were still detectable in close proximity to the
nucleus. TEM images provided compelling evidence
that TMNC was captured by the plasma membrane of
MCF-7 cells within the first 5 h (Figure 7a) followed by
membrane invagination, which likely reflects the bind-
ing to the target receptors activating the process of

Figure 8. Averaged epifluorescence intensity of isolated liver, kidneys, spleen, and lungs (a), and fluorescence intensity (b)
and inverse relaxation time (c) of organ lysates at 5 h, 24 h, and 1 week postinjection of AF660-TMNC. Mean ( SE of three
different samples for each experimental time.

Figure 9. Histopathological analysis of tissue samples. No histological lesions in liver, kidneys, and spleen. A mild
inflammatory interstitial infiltrate in all lung samples; a mild hyperplastic reaction of the bronchial epithelium is observed in
24 h lung sample (center of the figure). Hematoxylin-eosin, OM 20�.
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internalization (Figure 7b). After 24 h, TMNC was re-
covered inside the cytoplasm, compartmentalized in
endosomes (Figure 7c) and lysosomes (Figure 7d),
suggesting that it was subjected to a typical endocytic
pathway upon incorporation by the cell.30 The pres-
ence of TMNC in lysosomes clearly indicates that the
degradation of nanocomplexes beganwithin the first 24
h from their injection, thus justifying the drop in fluo-
rescence observed in intact tumors and lysates at this
time of exposure. The degradation process progressed
over the following days, as indicated by the presence of
nanocrystals only in lysosomes after 1 week (Figure 7e).

Analysis of Biodistribution of TMNC in Tumor-Bearing Mice.
To evaluate the biodistribution of injected TMNC in
mice, some model organs have been monitored by a
CCD camera as described above for extracted tumors.
The Epf images of liver, kidneys, spleen, and lungswere
determined 5 h, 24 h, and 1 week after AF660-TMNC
injection. The averaged Epf intensities for each imaged
organ (Figure S6) are represented in Figure 8a. Epf
intensity was remarkably higher in liver and kidneys,
and a detectable tendency to decrease over time in
these two organs was apparent.

A more quantitative assessment of TMNC in each
individual organwas performedbymeasuring the fluo-
rescence intensity of lysates. A comparison between
the different organs was possible by normalizing
the fluorescence values to the total protein content
(Figure 8b). The results obtained confirmed a prefer-
ential distribution of TMNC in liver and kidneys after
5 h, and an appreciable fluorescence was also recov-
ered in lungs, although no significant labeling was ob-
served in ex vivo imaging, probably due to a deeper
penetration of labeled nanocrystals in this tissue.More-
over, Figure 8b clearly shows the progressive decrease
of intensity in liver and kidneys: after 1 week from
TMNC injection, the fluorescence intensity of liver and
kidneys was reduced to about one-third and one-fifth,
respectively, of the values recorded at 5 h. A relaxo-
metric analysis of the same organ lysates confirmed
that nanocrystals were present in liver and kidneys
at 5 h postinjection detected as an increase in 1/T2
compared to the respective controls (Figure 8c). On one
hand, the increase over time in the liver ofmagnetically
active content owed to the metal core combined with
the decrease in fluorescence intensity associated with
the bioorganic corona suggests that TMNC was inter-
nalized and decomposed by this organ exploiting its
detoxification role.31,32 On the other hand, the gradual
decrease of 1/T2 values in the kidneys follows the drop
of Epf intensity in these organs. This effect might be
interpreted as the result of TMNC excretion, in contrast
with previous observations that a size limit of 5�10 nm
is allowed for particle excretion by the kidneys.33 A
possible explanation could be that TMNC were provi-
sionally captured by the kidneys while being delivered
down the blood flow, until they reached their final

destination at the tumor site or in the liver. Alterna-
tively, the gradual dissolution of the particles could
result in another iron phase with different magnetic
properties, therefore leading to different NMR contrast.
Whatever the actual interpretation, TMNC did not
accumulate in the kidneys for a long time. According
to the T2 values measured in spleen and lung lysates
(Figure 8c), we can assume that iron content was
detectable in lungs at 5 h and exhibited only small
variations over the experimental time. This result is in
agreement with previous studies describing distribu-
tion of intravenously injected nanoparticles in lungs.34,35

On the other hand, the metal appeared surprisingly
undetectable in the spleen.

This behavior was confirmed also with perfused
mice, demonstrating that this effect could not be
attributed to paramagnetic inhomogeneities from cir-
culating blood (Figure S7).

Assessment of TMNC Toxicity. In order to investigate the
possible toxic effects of TMNC on nontarget organs,36

we performed a histopathological examination of liver,
kidneys, spleen, and lungs isolated 5 h, 24 h, and
1 week after TMNC injection (Figure 9). No histological
lesions were found in liver, kidneys, and spleen at all
observed times. Lung tissues were characterized by a
focal and mild inflammatory infiltrate localized at the
interstice. Bronchi were spared except for samples at
24 h, in which an early hyperplastic reaction of the
epithelium was observed. This acute alteration was
transitory and regressed within a few days. Samples at
1 week exhibited no traces of lesions.

TMNC safety has been also verified by investigating
liver and kidney functionalities in serum (Table S1).
Dosage of aspartate transaminase (AST), alanine trans-
aminase (ALT), urea, and creatinine was performed by
specific commercial assay kits (BioAssay Systems, USA).
An apparent alteration of renal and hepatic function-
ality was observed in the first 5 h, but it was completely
restored within the following 24 h.

CONCLUSION

In summary, we have synthesized a PEGylated hy-
brid magnetic nanoparticle functionalized with fluor-
escently labeled trastuzumab (TMNC) with a control on
the antibody orientation on the nanoparticle surface to
optimize the targeting efficiency. These nanoparticles
proved to be highly effective in selectively targeting
HER2-positive breast cancer cells in vivo and thus are
expected to have potential for monitoring metastatic
lymph nodes. A multifaceted bioanalytical approach,
combining fluorescence, magnetic relaxivity, transmis-
sion electronmicroscopy, and histological experiments
in vivo and ex vivo, has demonstrated that TMNC (1)
prevalently accumulated at the tumor by active targeting
and at the liver after an initial broad distribution, (2)
was endocytosed by the cells of tumor tissues
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following a lysosomal pathway of degradation, and (3)
did not result in permanent damage of healthy tissues,
although an initial bronchial inflammation was recov-
ered, which will need further investigation in the future.
Our results suggest that TMNC is internalized by HER2
receptor-mediated endocytosis, leading to the capture
of the TMNC�HER2 complex by lysosomes, followed
by rapid degradation of the bioorganic corona, while
the inorganic core is expected to be more slowly
decomposed. Most importantly, this work highlights
the necessity of using different approaches for nano-
particle tracking in vivo, as we have demonstrated
that organic fluorophores utilized for fluorescent
labeling of immobilized biomolecules could be
rapidly metabolized upon internalization of the

TMNC�HER2 complex, while metal components of
nanoparticles kept accumulating in the tumor. Im-
munohistochemical analysis has provided evidence
that TMNC was able to saturate HER2 monomers
expressed on cell surface of the tumor tissue, thus
eliciting the rapid receptor degradation, which is
expected to strongly interfere with signaling pro-
cesses promoted by this receptor. This behavior
paves the way to explore the potential of TMNC as
an immunotheranostic agent, which might find ap-
plication in presurgical neoadjuvant treatments. The
in vivo molecular approach described here may
provide a new perspective in the design of the next
generation of multifunctional nanohybrid systems
for biomedical application.

MATERIALS AND METHODS
TMNC Production. Magnetic nanocrystals (MNCs) were synthe-

sized and functionalized with an individual B domain of protein
A (spaBC3), as described in our previous work with modi-
fications.18 Briefly, 8 nm iron oxide nanoparticles coated with
oleic acid dissolved in chloroform (84 mg, 4.3 mL) were diluted
with chloroform (20 mL) and were treated with an aqueous
solution of tetramethylammonium hydroxide (TMAOH, 2.4 g in
80 mL) overnight under vigorous stirring at room tempera-
ture.37 The organic solution containing the surfactant was
removed by centrifugation at 1000g (3 min). The aqueous
solution of TMAOH-coated MNC was mixed with 0.1 M
N-phosphonomethyl iminodiacetic acid phosphonate (PMIDA,
500 mg) dissolved in an aqueous ammonia solution in order to
promote ligand exchange. Carboxyl groups onto the surface of
the resulting nanoparticles were converted into amine ends by
reaction with the bifunctional diamino linker 2,20-(ethylene-
dioxy)bisethylamine (EDBE, 284 μL) via N-(3-dimethylaminopro-
pyl) N-ethylcarbodiimide hydrochloride (EDC, 16.2 mg) activa-
tion. N-Succinimidyl-3-[2-piridyldithio]propionate (SPDP, 4.3 mg)
dissolved in dry DMSO (0.75 mL) was conjugated to MNC via
NHS ester. The resulting thiol-reactive nanoparticles (1 mg)
were incubated in the presence of spaBC3 (0.5 mg), obtaining
the binding of 0.1 mg of spaBC3. The amount of spaBC3 bound
was determined by protein quantification of supernatants. The
remaining PDP functional groups were saturated with excess
PEG500-SH. Trastuzumab was labeled with AlexaFluor660 dye
(Invitrogen, Carlsbad, CA) according tomanufacturer's protocol.
Trastuzumab conjugation on nanoparticles was performed by
incubating nanoparticles (1 mg) at room temperature for 2 h in
the presence of labeled Trastuzumab (0.3 mg), obtaining the
binding of 0.1 mg of Tz. The amount of Tz bound was deter-
mined by protein quantification of supernatants.

Cell Culture and Xenograft Tumor Models. MCF-7 cells were grown
in 50% Dulbecco's modified Eagle's medium (DMEM), 50% F12
(EuroClone Celbio, Milan, Italy) supplemented with 10% (v/v)
fetal bovine serum (Hyclone Celbio, Milan, Italy), L-glutamine
(2 mM), penicillin (50 UI mL�1), and streptomycin (50 mg mL�1)
at 37 �C under a humidified 95%:5% (v/v)mixture of air and CO2.
MDA-MD-468 was purchased by ATCC and cultured in Dulbec-
co's modified Eagle's medium supplemented with 10% (v/v)
fetal bovine serum (Hyclone Celbio, Milan, Italy), L-glutamine
(2 mM), penicillin (50 UI mL�1), and streptomycin (50 mg mL�1)
in the same condition of growth. Eight week old female Balb/c
nude mice were anesthetized by i.p. injection of 20 mgmL�1 of
Avertin, and estrogen pellets were placed s.c. on the back of the
mouse's neck by using a trocar. All tumor injections were done 2
days after this procedure. MCF-7 and MDA (10 � 106 cell for
each animals) were suspended in growth medium and mixed

with Matrigel high factor (BD, Biosciences) in 3:1 ratio and
injected into mammary fat pad of Balb/C nude mice (Charles
River). Animals were observed at least three times perweek, and
tumor formation was recorded; tumors were allowed to grow
up to 7�10 mm in diameter before nanocomplex injection and
imaging.

Magnetic Resonance Imaging. MRI experiments were perfor-
med on a 7-T Bruker Biospec 70/30 USR scanner, 30 cm hor-
izontal bore (Bruker BioSpin, Ettlingen, Germany) equippedwith
a BGA12S (200 mT/m) gradient system and with a 35 mm
quadrature volume coil for RF excitation and signal reception.
Mice were anaesthetized with 1.5�2% isoflurane (60:40 N2O/O2

(vol/vol), flow rate 0.8 L/min). To detect the depth of anesthesia
and the animal health condition during the MRI study, the
respiratory rate and temperature were monitored by a pneu-
matic and rectal sensor, respectively. Animals were positioned
on an animal bed equipped with a nosecone for gas anesthesia
and a three-point-fixation system (tooth-bar and ear-plugs). A
3-orthogonal plane gradient echo tripilot scan was used as a
geometric reference to locate the kidneys and the bladder, from
which to choose the sections. T2-weighted images (Coronal;
RARE factor = 8, TR = 2 s, TE = 34.8ms, inter echo time = 11.6ms,
FOV = 4� 3.4 cm2, datamatrix 300� 256, slice thickness = 1mm,
trigger on with respiration gate = 2 s, NA = 8) were acquired to
visualize anatomical details (liver, kidneys, bladder, tumor). T2*-
weighted images (Coronal, Multi Gradient Echos, flip angle = 30�,
TR = 800 ms, numbers of echoes = 4, first TE = 3 ms, echo
spacing = 5 ms, FOV = 3 � 3 cm2, data matrix 256 � 256, slice
thickness = 1 mm, trigger on with respiration gate = 800 ms,
NA = 1; axial; FLASH flip angle = 30�, TR = 350 ms, TE = 5.4 ms,
FOV = 2.2 � 2.2 cm2, data matrix 256 � 256, slice thickness =
1 mm, NA = 1) were acquired to visualize the susceptibility
artifacts due to the presence of iron. To obtain T2 and T2* map,
MSME and MGE sequences were carried out, respectively
(MSME, axial, TR = 3.2 s, numbers of echoes = 20, echo spacing =
10.7 ms, FOV = 2.2 � 2.2 cm2, data matrix 256 � 256, slice
thickness = 1.5 mm, NA = 1; MGE, axial, flip angle = 30�, TR =
1.5 s, numbers of echoes = 18, first TE = 4 ms, echo spacing =
6ms, FOV = 2.2� 2.2 cm2, datamatrix 256� 256, slice thickness =
1.5 mm, NA = 2). From these images, the tumor was manually
segmented and maps were computed by the Paravision 5.1
Bruker software.

TMNC Injection and In Vivo and Ex Vivo Fluorescence Imaging. Mice
were immobilized in a restrainer specifically designed for tail
vein injections (2 biological instrument, Varese, Italy) and 250 μL
of AF660-TMNC, 0.4 mg/mL was injected (5 μg/g body weight).
Fluorescence imaging was performed on a IVIS Lumina II CCD
camera (Calipers Life Sciences, UK) at 5 h, 24 h, and 1 week
postinjection. Animals were anesthetized by i.p. injection of
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20mgmL�1 of Avertin and placed in CCD camera at 37 �C. Images
were acquired with a Cy5.5 emission filter, while excitation was
scanned from 570 to Cy5.5, and mice autofluorescence was
removed by spectral unmixing. After in vivo acquisitions, mice
were sacrificed, and dissected tumors and organs were analyzed
with a CCD camera, as described above for the whole animals.

Confocal Microscopy of Cryosections. MCF-7 tumors were isolated
and fixed in 4% paraformaldehyde solution for 3 h, washed in
PBS, and embedded in OCT for freezing in liquid nitrogen. Ten
micrometer thick tumor cryosections were air-dried at room
temperature for 1 h, rinsed with PBS, and counterstained with
DAPI (diluted 2:1000 in PBS 0.1% Saponin) for 20min in the dark.
After three washes in PBS, sections were mounted in ProLong
Gold antifade reagent (Invitrogen) to be observed under a Leica
TCS SPE confocal microscope (Leica Microsystems, Wetzlar,
Germany). Confocal images were acquired at Fondazione Filar-
ete, Milano, Italia.

Tissue Concentration of AF660-TMNC in Lysates. To obtain tissue
samples, mice were sacrificed at different time points after in-
jection with nanoparticles. For fluorescence intensity measure-
ments, liver, spleen, kidney, and lung were excised, weighed,
and homogenized with ultraturrax with homogenization buffer
(0.32M sucrose, 100mMhepes, pH 7.4). The homogenate tissue
lysates were centrifuged, and supernatant was resuspended in
lysis buffer at a final concentration of 50 mM Tris, pH 7.4, and
SDS 1% and incubated for 30 min at 4 �C on a rotator. The
supernatant was used for bicinchonic acid (BCA, Pierce, CA)
protein assay and for fluorescence measurement with GloMax
Multi Detection System (Promega).

T2 Measurements of Lysates. T2 relaxation times were per-
formed at a temperature of 313 K using a Bruker Minispec
mq20 system (Ettlingen, Gerrmany) working with 1H at 20 MHz
magnetic field with the following parameters: Carr-Purcell-
Meiboom-Gill pulse sequence, 1000 echoes with a 20 ms echo
times and 2 s repetition time. Before T2 measurements, lysates
were diluted at a concentration of 1.5 mgmL�1 and introduced
using 10 mm NMR spectroscopy tubes prewarmed at 40 �C. T2
values were acquired after thermal equilibration.

Histopathological Analysis. Liver, kidneys, spleen, and lung
samples obtained from Balb/c mice were fixed in 10% buffered
formalin for at least 48 h and embedded in paraffin. Three
micrometer sections were cut, stained with hematoxylin and
eosin, and examined blindly.

Ultrastructural Analysis (TEM). Small portions of MCF-7 tumor
samples were fixed in 2.5% glutaraldehyde in 0.1 M phosphate
buffer, pH 7.2, for 2 h. After one rinsing with phosphate buffer,
specimens were postfixed in 1.5% osmium tetroxide for 2 h,
dehydrated by 70, 90, and 100% EtOH, and embedded in epoxy
resin (PolyBed 812 Polysciences Inc., USA). Ultrathin sections
were stained with uranyl acetate and lead citrate and examined
by means of a transmission electron microscope (Zeiss EM109).

Immunohistochemistry. Three micrometer thick paraffin-em-
bedded tissues were cut, deparaffinized in xylene, and rehy-
drated in ethanol. Microwave oven pretreatment was per-
formed (pH 8.0, EDTA buffer, 2 � 50). Immunohistochemistry
was performed by using a polyclonal antibody rabbit anti-
human c-erb-2 oncoprotein (1:1000 dilution, DakoCytomation,
2 h incubation). The reaction was revealed by means of super-
sensitive nonbiotin detection system (BioGenex) and diamino-
benzidine as chromogen.
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