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Abstract

The early identification of the insurgence of a malignant cancer and the
selective targeting of the tumor with specific drugs are still an open
frontier for cancer diagnosis and treatment. The ultimate goal is to
improve the therapy efficiency and to reduce the side effects usually
encountered with conventional chemotherapy. Worldwide, mammary
carcinoma represents the second most recurrent type of malignant tumor
in adult women and the fifth cause of death among cancer types. In the
context of this thesis, I have designed and developed multifunctional
hybrid nanoparticles consisting of an inorganic iron oxide core, useful as
source of signal for magnetic resonance imaging (MRI), and an organic
shell, including bioactive ligands for the pharmacological effect combined
with specific cell targeting, and a molecular dye as fluorescence signal
emitter. The nanoparticle characteristics were optimized in terms of size,
morphology, surface charge, stability, fluorescence emission and
capability to enhance the MRI contrast. In addition, specific biomolecular
ligands based on anti-HER-2 monoclonal antibody have been developed
and novel strategies for their conjugation to nanoparticles were explored.
The resulting hybrid nanocomplexes were tested both in vitro and in vivo
to evaluate their toxicity, endocytosis, degradation pathways, and the
efficient recognition of cell-surface biomarkers. Next, these nanoparticles
proved to be highly effective in selectively targeting breast cancer cells in
transplanted mice bearing HER-2-positive tumors. A multifaceted
bioanalytical approach, combining fluorescence, magnetic relaxivity,
transmission electron microscopy, and histological experiments in vivo
and ex vivo, has demonstrated that these nanoprobes prevalently
accumulated at the tumor by an active targeting route. The nanoparticles
were endocytosed by the tumor cells following a lysosomal pathway of
degradation, while did not result in permanent damage of healthy
tissues. The principal outcome of this work was the development of a
versatile and reliable Dbiotechnological platform based on finely
structured, multifunctional nanosized probes useful for the interrogation

of biological systems.
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The growing impact of nanotechnology on biomedical science in view of a
potential routine clinical application has raised numerous questions,
which will require the joint efforts of interdisciplinary research groups to
be adequately faced. Of course, when using nanoparticles for targeted
cancer diagnosis, one of the main issues to be considered concerns the
design and optimization of effective functionalization strategies to
achieve a reliable receptor/cell targeting. However, the first step consists
in the evaluation of those factors related with the interaction of the cell
with heterogeneous nanomaterials before, during and after their
adhesion and incorporation. For this reason, we have designed a
nanotechnology platform using different complementary technologies
capable of providing compelling evidence on many of these key factors,
including the mechanisms of adhesion and internalization, the
degradation pathways, cytotoxicity, capability of nanomaterials of
providing suitable diagnostic signals useful for biomedical purposes, and
more. As a leading case to assess the utility of our multitask approach,
we chose the mammary carcinoma, a metastatic solid tumor, which
threatens millions of adult women every year worldwide.
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An attractive possibility to detect mammary carcinomas in the early
stages of their development in a noninvasive way can be envisaged in
developing tracing agents that can be delivered and detected via
magnetic nanoparticles. Thanks to their unique magnetic properties,
magnetic nanoparticles now find large application in many fields of
biomedical research, including use as magnetic resonance imaging
contrast agents, heating mediators for cancer thermotherapy, magnetic-
force-based drug and gene delivery systems, and tools for selective
separation and detection of biomolecules.

In the past, major concerns about magnetic nanoparticles have been
cellular toxicity, tendency to a rapid clearance after delivery in the
circulatory system, and low intracellular labeling efficiency. In
particular, these nanoparticles need to fulfill several criteria in order to
be used as diagnostic materials in humans, including high resolution,
accuracy and sensitivity of detection, which may be provided by using
magnetic nanoparticles coated with protein-targeting biomarkers
overexpressed by breast cancer cells, e.g., the human Epidermal Growth
Factor Receptor 2 (HER-2) receptor. In addition, they must be nontoxic
and able to interact in a physiological way with biological tissues without
aggregating while being delivered. Eventually, since membrane receptors
are endocytosed as part of their normal response to ligand binding,
magnetic nanoparticles have to follow physiological pathways when
internalized by the cell. So far, only preliminary evidence has been

reported about these latter factors, which are critical for clinical use.

A further fundamental feature concerns the nanoparticle capability to be
confined at the diseased site. When a sharp tissue distribution is desired,
targeted contrast agents are designed in such a way that they localize to
specific cell types through active binding mechanisms, which exploit the
conjugation of the signal enhancer with suitable molecular ligands.
Among them, most used are folate, small peptides, and antibodies, which
stimulate specific recognition with the associated tumor cell receptor.
When ligands are complex molecules, such as proteins, their proper
orientation on the surface of nanoparticles becomes a crucial factor for
maximizing the affinity for their molecular counterparts. Thus, the

ultimate challenge is represented by the development of reliable
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strategies for the conjugation of targeting biomolecules, especially
monoclonal antibodies (IgGs), to magnetic nanoparticles. The available
approaches can be collected in three general -categories: 1)
passive/electrostatic physical adsorption, 2) tight immobilization
exploiting the selective recognition of biological counterparts, and 3) the
formation of covalent chemical connections. Although these approaches
may offer different solutions and all have been successfully employed in
several circumstances, they share the same basic limitation, that is a
non-site-specific binding to IgG molecule, which affects the targeting
efficiency of the antibody. As a matter of fact, the actual conservation of
the targeting bioactivity of immobilized IgGs is not obvious and remains
a crucial issue, which must be addressed in designing a successful
targeted nanoprobe. Most of the current approaches directed to the
conjugation of antibodies to nanoparticles are usually designed to answer
to the specific requirements of the experiment of interest. However, in
view of clinical translation of a new generation of nanoscale targeted
diagnostics, versatile multitask nanoprobes would be highly desired to
improve and simplify sample handling and reduce the costs of Public
Health.

Finally, in view of a potential application in the treatment of human
cancer, several capital questions, mostly concerning toxicity,
biodistribution and targeting efficacy of nanoconjugates in vivo, remain
open, as documented by the large number of papers on this topic
appeared in the last years in top journals. In particular, antibody-
functionalized nanoparticles, sometimes referred to as the second
generation targeted nanoconjugates, while being universally recognized
as a powerful tool for the investigation at the cellular level, have been
seriously questioned as regard to their effective potential in vivo. Indeed,
it is commonly believed that alternative factors, including opsonization,
macrophage-mediated transport and passive delivery in general, might
strongly affect the targeting efficiency and final destiny of nanoparticles
and, in most cases, become the predominant factor. The last step of the
present work was focused on the optimization of a IgG-nanoconjugate to
perform an accurate study of nanoparticle-membrane receptor in vivo.
Our results strongly supported the assumption that active targeting is

indeed possible in vivo, allowing for tumor localization, and can induce
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receptor downregulation, interfering with cell-signaling processes, and
thus opening the possibility to utilize IgG-conjugated nanoparticles for
adjuvant and neoadjuvant therapy accompanying chemical treatments
and/or surgical intervention.

In summary, the general scope of this thesis was to develop a
comprehensive approach for the investigation of the different crucial
aspects involved in the interaction of hybrid bioinorganic nanoparticles
with biological systems for potential biomedical applications. Several
issues, including nanoparticle synthesis, biofunctionalization, toxicity
and use as diagnostic and therapeutic agents both in vitro and in vivo,
have been thoroughly examined and optimized. By taking advantage of
the interdisciplinary view offered by synergistic chemical, physical and
biochemical approaches, we have designed a new generation of
multifunctional hybrid nanosystems suitable to explore new frontiers in
the diagnosis and therapy of cancer disease, as illustrated in the
representative scientific platform depicted in the above block diagram. Of
course, the clinical application in human treatments is the final goal of
this and related research. However, to reach such objective is necessary
not only to design a suitable system for practical use, but also to assess
and optimize the essential characteristics for specific effects such as
safety, capability to get to the specific target, to provide useful signal
amplification and to avoid the immunogenic system. For this reason, in
order to have a feedback on the diagnostic and therapeutic potential of
the developing nanosystems and to focus the research on a specific
purpose, this project has been planned and developed in collaboration
with groups of medical doctors working at Sacco Hospital, Milan.
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In recent years, nanoparticles have played an increasing role in
biomedical research and clinical applications. The use of nanotechnology
is gaining interestin biology and medicine and the unique
chemical/physical properties of nanomaterials are being exploited in the
field of nanomedicine for basic research investigations as well as in
clinical practice for both diagnosis and treatment of several diseases.
Possible applications include drug delivery nanosystemsand cell
targeting, magnetic resonance imaging (MRI) contrast enhancement,
gene therapy, biomarker identification, targeted hyperthermia and many
others.1



CHAPTER 1 BACKGROUND
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Figure 1. Potential of nanomedicine.é

1. Nanotechnology and medical applications

Nanotechnology is defined as the intentional design, characterization,
production, and application of materials, structures, devices, and systems
by controlling their size and shape at the nanoscale (1 to 100 nm).?
Because nanomaterials are similar in scale to biological molecules and
systems, yet can be engineered to have various functions, nanotechnology
is potentially useful for medical applications. The field of nanomedicine
aims to use the properties and physical characteristics of nanomaterials
for the diagnosis and treatment of diseases at the molecular level.
Nanomaterials are now being designed to aid the transport of diagnostic
or therapeutic agents through biological barriers, to gain access to
specific functions, to mediate molecular interactions, and to detect
molecular changes in a sensitive and highthroughput manner. In
contrast to atoms and macroscopic materials, nanomaterials have a high
ratio of surface area to volume as well as tunable optical, electronic,
magnetic, and biological properties. In addition, they can be engineered
to have different sizes, shapes, chemical compositions, surface chemical
characteristics, and hollow or solid structures. These properties are being

incorporated into a new generation of drug delivery vehicles, contrast
2
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agents, and diagnostic devices, some of which are currently undergoing
clinical trials or have been approved by the Food and Drug
Administration (FDA) for use in humans, others are in the proof-of-

concept stage in research laboratories.

Nanomaterials in clinical
trials or FDA-approved
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Figure 2. Nanomaterials commonly used in medicine. Liposomes contain amphiphilic
molecules, which have hydrophobic and hydrophilic groups that self-assemble in water.
Dendrimers are branched nanostructures; each terminus contains reactive chemical
functional groups that allow the addition of multiple monomers to increase the size of the
nanostructure. Gold nanoparticles are solid metal particles that are conventionally coated
with drug molecules, proteins, or oligonucleotides. Quantum dots are semiconductor
nanocrystals endowed with strong photoluminescence usually consisting of a core-shell
structure (e.g., CdSe coated with zinc sulfide with a stabilizing molecule and a polymer
layer coated with a protein). Fullerenes and carbon nanotubes have only carbon-to-carbon
bonds. These nanostructures are commonly named according to the number of carbon
atoms that form the structure (e.g., a C60 fullerene contains 60 carbons).!
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Nanomaterials generally consist of metal atoms, nonmetal atoms, or a
mixture of metal and nonmetal atoms, commonly referred to as metallic,
organic, or semiconducting nanostructures, respectively. The surface of
nanomaterials is usually coated with polymers or biorecognition
molecules to achieve an improved biocompatibility and selective binding
with biological molecules. The final size, composition, shape (spherical,
rod-like, star-like, wires, octahedral, cubic, etc.) and morphological
characteristics (full, hollow, porous, etc.) of nanomaterials depend on the
salt and surfactant additives, reactant concentrations, reaction
temperatures, and solvent conditions used during their synthesis. A
common feature of all nanomaterials is their large ratio of surface area to
volume, which may be orders of magnitude greater than that of
macroscopic materials. For example, cutting a 1 ¢cm cube into 102! cubes
that are each 1 nm on a side will result in the same overall volume and
mass, but the surface area will be increased by a factor of 10 million.
Thus, the advantage of using nanomaterials as carriers is that their
surface can be coated with a large number of active molecules, which can

be delivered using only small volumes of formulation.8

1.1 Nanomaterials for in vivo investigation

A handful of nanomaterials are being studied in clinical trials or have
already been approved by the FDA for use in humans,®1! and several
proof-of-concept studies of nanomaterials in cell culture and small animal
models for medical applications are under way.1214 A number of these
nanomaterials are designed to target tumors in vivo and are intended for
use either as drug carriers or as contrast agents for molecular imaging.
Nanomaterials infused into the bloodstream can accumulate in tumors
owing to the “enhanced permeability and retention” (EPR) effect, as the
vasculature of immature tumors presents fenestrations with pores
ranging from 200 to 600 nm, allowing for the extravasation of
nanoparticles from the blood into the tumor tissue.l> The infusion of
antineoplastic drugs exploiting nanomaterials as carriers results in an
increased accumulation of drugs at the tumor, as compared with
conventional administartion. In addition, the high ratio of surface area to

volume favors high surface loading of therapeutic agents; when using
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organic nanomaterials, their hollow or porous core allows the
encapsulation of hundreds to thousands of drug molecules within a single
carrier nanoparticle. As the carrier degrades to some extent, the drug
molecules are released, and the rate of degradation can even be
controlled and finely tuned according to the polymer or coating
composition. These delivery nanovehicles can also be coated with
polymers, such as polyethylene glycol, to increase their half-life in the
blood circulation, to prevent opsonins from adhering to the nanomaterial
surface, and reduce the rapid metabolism and clearance of the
nanoparticulate. Moreover, the use of nanomaterials for drug delivery
may minimize adverse effects by preventing the nonspecific uptake of
therapeutic agents from healthy tissues.1617 Nanoparticles are further
attractive as sensitive contrast agents for cancer imaging. For instance,
in magnetic nanoparticle-enhanced MRI, a contrast can be observed
between tissues with and those without having captured
superparamagnetic iron oxide nanoparticles, owing to a difference in the
precession frequency of the water protons in proximity of paramagnetic
nanodipoles. The use of magnetic nanoparticles as contrast agents for
MRI, as compared with conventional MRI, was associated with
substantial increases in both diagnostic sensitivity (90.5% vs. 35.4%) and
specificity (97.9% vs. 90.4%) in the detection of metastatic tumors.!®
Magnetic nanoparticles are also being studied in clinical trials for
imaging of hyperplasia, adenoma, and more specifically, primary lung
cancer, in which a decrease in the function of the reticuloendothelial

system affects the amount of nonspecific phagocytic uptake.
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Figure 3. Nanomaterials used as labels to amplify detection signals in diagnostic devices.
Nanomaterials such as gold nanoparticles can be coated with biorecognition molecules to
target either a patient’s DNA or a protein sample. In this picture, gold nanoparticles are
coated with a complementary oligonucleotide (single-stranded DNA) that recognizes the
variant gene sequence captured on a surface. Once nanoparticles are bound to the surface,
the detected signal (e.g;, RAMAN absorption) associated to bimolecular counterparts is
amplified by means of a silver nitrate reduction reaction. This technique, commonly
referred to as Surface Enhanced Raman Scattering (SERS),'® has been reported to have

sensitivity equivalent to that of the polymerase chain reaction assay for genic analysis.!

Nanoparticles can be also employed as labels for measuring molecules of
interest in biological samples. To this aim, nanomaterials can be used to
either simplify/amplify the readout or to lower substantially the
detection threshold of a diagnostic device. Nanoparticles are used in
lateral-flow in vitro diagnostic assays (LFA), such as the urine pregnancy
test, for detecting protein markers (e.g., human chorionic gonadotropin
[hCG]).20 This allows an easier readout of the signal at the point of care
without the need for a more complex instrumentation. A number of FDA-
approved LFAs for measuring human immunodeficiency virus (HIV),
malaria, and cardiac markers are also available. Although this technique
is simple to use and can be carried out rapidly (one complete assay takes
less than 1 h), it suffers from poor detection sensitivity (millimolar to

micromolar, depending on the biomarker). Gold nanoparticles are also
6
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used in highthroughput genomic detection devices without the need for
polymerase chain reaction (PCR) amplification but with a sensitivity on
the same order of that of PCR-based assays (Figure 3).2! This technology
has been approved by the FDA for genetic screening to determine drug
sensitivity and to detect genetic mutations. This approach does not suffer
from the problems often associated with conventional fluorescent probes
for microarray labeling, such as photobleaching (a loss of signal after
exposure to light), and can detect multiple markers with a high
sensitivity (95%) and low detection threshold (down to 10-18 M). A
modification of this approach called the bio-barcode assay is currently
being validated for the detection of proteins associated with prostate

cancer.22

1.2 Nanomaterials for theranostics

The term “theranostic” defines the combination of diagnostic and
therapeutic capabilities into a single agent, and identifies the ongoing
efforts in clinics to develop more specific and personalized therapies for
various diseases.?? The rationale arose from the fact that several diseases
are broadly heterogeneous and all existing treatments are effective for
only limited patient subpopulations and at selective stages of disease
development. The close marriage between diagnosis and therapy could
provide therapeutic protocols that are more specific to individuals and,
therefore, more likely to offer improved prognoses. The emergence of
nanotechnology has offered an unprecedented opportunity to draw
diagnosis and therapy closer. Nanoparticle-based imaging and therapy
have been investigated separately, and understanding of them has now
evolved in nanoplatforms that can codeliver therapeutic and imaging
functions. These nanoparticles possess unique optical or magnetic
properties and have been previously studied in the imaging setting and
have achieving successful outcomes in several circumstances. These have
laid the foundation for the current exploits, since the imaging probes can
be easily upgraded when loaded with appropriate therapeutics. It has
been shown that various kinds of therapeutics, including those based on
small molecules, proteins and nucleotides can be conveniently tethered
onto nanoplatforms. The large capacity even allows for the loading of a

7
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second or third functionality, a feature that encourages the formation of

an all-in-one nanosystems with comprehensive features (Figure 4).

Theranostic Nanomedicines

y A4 A
Imaging Drug Delivery Imaging Drug Release Imaging Drug Efficacy

Figure 4. Applications of theranostic nanomedicine formulations. Theranostic
nanomedicines can be applied for various different purposes, most notably for imaging drug
delivery (A-D), drug release (F-H), and drug efficacy (I-L). (A) Gamma camera imaging of
biodistribution and tumor accumulation of a passively tumor-targeted iodine!3!-labeled
HPMA copolymer in a Copenhagen rat bearing a Dunning AT1 tumor in its right hind limb.
(B) Gamma camera image showing effective active drug targeting to the liver using an
iodine!?3-labeled galactosamine-modified HPMA copolymer containing doxorubicin (.e.,
PK2) in a patient suffering from hepatocellular carcinoma. (C,D) Functional SPECT
imaging (C) of the tumor and liver localization of iodine!?*-labeled PK2 combined with
anatomical CT imaging (D), exemplifying that the majority of the liver-targeted polymeric
prodrug does not localize to the (dark) tumorous region in the middle of the SPECT and CT
image. (E,F) MR-based visualization and quantification of manganese and doxorubicin
release from temperature-sensitive liposomes (TSL). The color-coded Mn2b-enhanced T:
map obtained at 45 min after the i.v. injection of TSL into a rat bearing a preheated
fibrosarcoma tumor is shown in (E). (F) Amount of released doxorubicin calculated and
correlated on a pixel-by-pixel basis from the image in (E), exemplifying release in the
periphery of the tumor. (G,H) Release of Gd-DTPA from PLGA-based nanoparticles
containing iron oxide, Gd-DTPA and 5-FU. (G) Subtraction image of precontrast minus
postcontrast Ti-map (in red; showing Gd-DTPA release; note that the Gd-DTPA-signal is
quenched in close proximity to iron oxide), overlaid on a To*-weighted image, showing the
tumor accumulation of the particles (in black). (H) A 3D image depicting T»*-weighted
signals overlaid with quantitative T: values (yellow, 50 pM; red, 500 pM), enabling
quantification of drug release. (I,J) Accumulation of Gd-labeled polypropylene
diaminobutane dendrimers in a healthy mouse liver (I) and in a liver containing several
8
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metastatic lesions (J), exemplifying the suitability of these particles to visualize liver
metastases. (K) Biodistribution of indium!l-labeled PEGylated liposomes in a Kaposi
sarcoma patient. Localization to a large tumorous mass in the lower left leg and to several
metastatic lesions can be clearly observed, exemplifying the possibility of such formulations
for predicting and monitoring treatment responses. (L) Maximal intensity projection of an
MR angiography scan of a Dunning AT1 tumor obtained at 30 min after the i.v. injection of
a 25 kDa sized gadolinium-labeled HPMA copolymer. Such MR angiography-based
approaches are considered to be highly useful for noninvasively assessing the efficacy of
nanomedicine based antiangiogenic interventions.2?

2. Magnetic nanoparticle design for medical diagnosis and therapy

In the last decade, several investigations with different types of
crystalline iron oxides have been carried out in the field of nanosized
magnetic particles (mostly single domains of about 5-20 nm) in diameter
of maghemite (y-Fe203), and magnetite (FesO4), among which magnetite
is a very promising candidate since its biocompatibility has already been
established.2* With proper surface coating, the magnetic nanoparticles
can be dispersed in suitable solvents, forming homogeneous suspensions,
called ferrofluids.2526 Such a suspension can interact with an external
magnetic field and be positioned to a specific area, facilitating magnetic
resonance contrast enhancement. Nanosized crystals exhibit unique
physical and chemical properties that are not found neither at atom nor
at bulk level. Quantum size effects and the large surface area of
magnetic nanoparticles dramatically change some of the magnetic
properties and exhibit superparamagnetic character and quantum
tunneling of magnetization, because each particle can be considered as a
single magnetic domain.2” Based on their unique mesoscopic physical,
chemical, thermal, and mechanical properties, superparamagnetic
nanoparticles offer a high potential for a broad spectrum of biomedical

applications:

- cellular therapy, including cell labeling and targeting, tools for

cell-biology basic research to separate and purify cell populations
- tissue repair

- drug delivery
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- magnetic resonance imaging
- hyperthermia

- magnetofection
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Figure 5. Biomedical applications of magnetic nanoparticles.

For these applications, nanoparticles must have combined properties of
high magnetic saturation, biocompatibility and interactive functions at
the surface. The surfaces of these particles could be modified through the
creation of few atomic-thick layers of organic polymer or inorganic
metallic (e.g., gold) or oxide surfaces (e.g., silica or alumina), suitable for
further functionalization through the attachment of various bioactive
molecules.?8 As magnetic nanoparticles accumulate at the target site,
e.g., In a tumor tissue, they can play an important role in the detection of
malignancies through MRI or electron microscopy imaging to localize
them and measure their binding or as drug carrier for anti-cancer drugs.
Magnetic nanoparticles having suitable surface characteristics have a
high potential for use in a lot of in vitro and in vivo applications. In all
these cases, superparamagnetism is the key feature because magnetic
nanoparticles do not retain any magnetism after removal of the external
magnetic field. Thus, the utility of this class of nanoparticles depends

upon several parameters, including high superparamagnetic
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susceptibility for an effective magnetic enrichment,29 magnetic core size,
which should be possibly monodisperse in the range 6-15 nm,

superparamagnetic behavior,3 tailored surface chemistry.

Figure 6. Therapeutic strategies using magnetic nanoparticles. Functionalized magnetic
nanoparticles accumulate at the tumor tissues via drug delivery system (DDS). Magnetic
nanoparticles can be used as a tool for cancer diagnosis by MRI. Hyperthermia can then be
induced by exposure to an alternating magnetic field. Hence, magnetic nanoparticles can be
used for simultaneous cancer therapy and diagnosis.3!

2.1 Chemical synthesis of superparamagnetic iron oxide
nanoparticles

The wet chemical strategy for preparing monodisperse nanoparticles
involves the separation of nucleation step from growth of nanocrystals. A
burst nucleation event first occurs when the monomer concentration
quickly increases over a critical supersaturation without further
formation of nuclei afterwards. The produced nuclei then grow at the
same rate, resulting in monodisperse nanosized crystals. Once formed,
these nanoparticles have a high surface area and agglomerate rapidly to
minimize their surface energy. Thus, a suitable capping agent has to be
used to stabilize these nanoparticles and prevent them by forming

aggregates. Numerous synthetic methods have been developed to
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synthesize magnetic nanoparticles, including coprecipitation,3? sol-gel
synthesis,?® microemulsion synthesis,3* sonochemical reaction,3?
hydrothermal reaction,3¢ thermal decomposition,3” electrospray
synthesis,38 and laser pyrolysis.3? Coprecipitation of Fe3* and Fe2* ions is
a classical method used to prepare iron oxide nanoparticles on a large
scale by aging a stoichiometric mixture of inorganic salts in aqueous
solution. A set of experimental parameters, such as pH, reaction
temperature, and precursor, have been studied to control nanoparticle
morphology, size, and yeld. The solvothermal process exploits a high-
pressure reaction to obtain highly crystalline magnetic nanoparticles.
However, when using these two methods, it is difficult to produce
magnetic nanoparticles with a narrow size distribution. High
temperature decomposition of metal complexes is now routinely applied
to prepare magnetic nanoparticles with better-controlled size and
morphology.4®© A typical thermal decomposition method requires the
presence of a metal complex and a surfactant in an organic solvent with a
high-boiling point. In the reaction, the precursors are either added via a
hot-injection process or directly heated up from a homogeneous
mixture.4! In the hot-injection process, the thermally unstable metal
complexes are rapidly injected into a hot solution in the presence of
surfactants to create an instantaneous nucleation event, followed by a
controlled growth process. In the heating up procedure, all the precursors
are mixed and heated, magnetic nanoparticles are made by tailoring
reaction temperature and precursors concentration. Oleic acid and
oleylamine are two surfactants commonly used for nanoparticle
stabilization and for the control of nanoparticle size and morphology. The
metal precursors are usually metal acetylacetonates and metal oleates.
For example, iron(III) acetylacetonate, Fe(acac)s , was mixed with 1,2-
hexadecanediol, oleic acid, and oleylamine in dibenzyl ether and the
mixture was heated up to 300 °C to make monodisperse FesO4
nanoparticles with a narrow size distribution in the range 4-8 nm with 5-
10% dispersity. Iron(III) oleate was used to prepare monodisperse iron
oxide nanoparticles on a large scale. The first example of synthesis of
size-controlled monodisperse FesOs nanoparticles obtained through a
heating up procedure of Fe(acac)s in the presence of oleic acid and

oleylamine, was reported in 2002 by Sun et al.42 Rockemberger et al.
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demonstrated for the first time the applicability of hot injection approach

to the synthesis of y-Fe203 nanoparticles in 1999.43

Fe(OOCR)2
or

Iron oxide
+
RCOOH o8l

Figure 7. The formation of Fe3O4 nanocrystals. The middle and right panels are TEM
images of the as-synthesized nanocrystals taken at different reaction times.44

2.2 Surface modification of magnetic nanoparticles

In the preparation and storage of nanoparticles in colloidal form, the
stability of the colloid is of utmost importance. Ferrofluids are colloidal
suspensions of magnetic particles which possess a unique combination of
fluidity and aptitude to interact with a magnetic field. In the absence of
any surface coating, magnetic iron oxide nanoparticles have hydrophobic
surfaces with a large surface area to volume ratio. Due to colloidal
interactions between the particles, these particles agglomerate and form
large clusters, resulting in increased particle size. Hence, these clusters,
exhibit strong magnetic dipole—dipole attractions between them and
show ferromagnetic behavior.45 The adherence of magnetic nanoparticles
causes a mutual magnetization, resulting in increased aggregation
properties. For effective stabilization of iron oxide nanoparticles, often a
very strong requirement of density for coating is desirable. Stabilizers
such as a surfactant or a polymer are usually added at the time of
preparation to prevent aggregation of the nanoscale particulate. Most of
these polymers adhere to the surfaces in a substrate-specific manner.46
Monodisperse nanoparticles with controlled shapes and sizes are usually
coated with a long-chain hydrocarbon, leading to a hydrophobic surface.
To make these nanoparticles biocompatible for biological applications,
their surface needs to be functionalized, which is usually accomplished

by two alternative approaches, 1) surfactant addition or 2) surfactant
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exchange. Surfactant addition is achieved by means of the adsorption of
amphiphilic molecules that contain both a hydrophobic segment and a
hydrophilic component. The hydrophobic segment forms a double layer
structure with the original hydrocarbon chain anchored to the
nanoparticle surface, while the hydrophilic groups are exposed to the
outer layer of the nanoparticle, conferring it water solubility. In contrast,
the surfactant exchange approach involves the direct replacement of the
original surfactant with a new bifunctional surfactant. This bifunctional
surfactant has one functional group available for binding to the
nanoparticle surface tightly via a strong chemical bond and the second
functional group at the other end has a polar character so that the
nanoparticle can be dispersed in water or be conjugated to a further

molecule.

Surfactant exchange

&

W

s o 7
W

Surfactant addition

Figure 8. Strategies for NP surface modification.4?

There are various kinds of materials that can be chosen for coating
nanoparticles.4849 Polymer coating materials, including lipids, proteins,
dendrimers, gelatin, dextran, chitosan and PEG are often chosen for this
purpose.’0 Bifunctional molecules, such as dimercaptosuccinic acids
(DMSA), dopamine, and silanes, were also investigated for use in
nanoparticle functionalization. For example, dopamine was found to be a
stable anchor on the FesOs nanoparticle surface. In 2007, Messersmith
and coworkers published an approach inspired by the adhesive proteins
14
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secreted by mussels for attachment to wet surfaces.’! Mussels are
promiscuous fouling organisms and have been shown to attach to
virtually all types of inorganic and organic surfaces, including classically
adhesion-resistant materials such as poly(tetrafluoroethylene) (PTFE).
Clues to mussels adhesive versatility may lie in the aminoacid
composition of proteins found near the plaque-substrate interface, which
are rich in 3,4-dihydroxy-L-phenylalanine (DOPA) and lysine amino
acids. In addition to participating in reactions leading to bulk
solidification of the adhesive, DOPA forms strong covalent and
noncovalent interactions with substrates. DOPA and other catechol
compounds behave as binding agents for coating inorganic surfaces,
including the electropolymerization of dopamine onto conducting
electrodes; however, coating of organic surfaces has proven much more
elusive. Silanes were employed to exchange the hydrophobic ligands on
ferrite magnetic nanostructures. The end group of silanes, including
isocyanine, acrylate, thiol, amino, and carboxylic groups, offer extensive
chemistry for the modification of nanostructures. The use of dopamine
and saline as stabilizers often need to be combined with PEG or other
polymers to offer long-term nanoparticle stabilization in biological
solutions. Besides PEG, chitosan, alginate, and dextran can also be
utilized to disperse the nanostructures and offer them long-term stability
and biocompatibility. A shell does not only serve to stabilize and protect
the magnetic nanoparticles against degradation, but can also be used for
further functionalization with specific components, such as catalytically
active species, drugs, specific binding sites, or other functional groups.
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Figure 9. (A) Photograph of a mussel attached to commercial PTFE. (B, C) Schematic
illustrations of the interfacial location of Mefp5 and a simplified molecular representation
of characteristic amine and catechol groups. (D) The amino acid sequence of Mefp5. (E)
Dopamine contains both amine and catechol functional groups found in Mefp5 and was
used as a molecular building block for polymer coatings.5!

2.3 Targeted nanoparticles

It is obvious that future developments of magnetic nanoparticles will be
in the direction of active targeting through molecular imaging and cell
tracking. Therefore in the case of cancer diagnosis, the next challenge
resides in the generation of suitably functionalized surfaces of these
particles. The development of long-circulating nanoparticles is the first
requirement for active targeting. The most satisfactory strategy consists
in using macrophage-evading nanoparticles, with long plasma half-life in
order to increase the probability of attaining the desired target. The
design of such “stealth” nanoparticles requires the consideration of a
multitude of physico-chemical and physiological factors, affecting
circulation time. In particular, their surface protection by a barrier of
hydrophilic oligosaccharide groups is thought to prevent the opsonin
adsorption and therefore to avoid the macrophage recognition. Among
the physico-chemical factors, which are known to have an effect on the
opsonization process, the size, the surface charge density and the
hydrophilicity/hydrophobicity balance have been widely investigated,
either in liposome or in polymeric nanoparticle systems.’? The main

conclusion is that the smaller, the more neutral and the more hydrophilic
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the carrier surface, the longer its plasma half-life. Concerning the size
effect, the available data suggest that surface curvature changes may
affect the extent and/or the type of opsonin adsorption. It is generally
assumed that surface features are more important than those related to
the core, because the surface is in direct contact with blood and organs.
For hydrophobic carriers, many studies have concerned the development
of core-corona structures where the corona is made of hydrophilic
macromolecules for creating polymer brushes, acting as a steric surface
barrier and reducing opsonin adsorption. Among the natural or artificial
macromolecules, linear dextrans, PEG and their derivatives are widely
used. Linear dextrans have been used frequently as plasma expanders in
medicine: drugs conjugated to dextran remain in the blood circulation for
extended periods of time, proportional to the average molecular weight of
the macromolecule. The clearance rate of dextran-coated liposomes is
dependent on the density of dextran molecules. Other biological
macromolecules have been investigated, e.g., polysialic acid, heparin and
heparin-like polysaccharides, but, because of their high cost and/or the
possible immunological consequences associated with bacterial-made
macromolecules, efforts have been directed to the design of synthetic
hydrophilic macromolecules, including “block copolymers”. The strength
of polymer adsorption and the resultant polymer conformation is
dependent on the proportion and on the size of the hydrophobic block
(e.g., polypropylene oxide, PPO) that is flanked on both sides by two
hydrophilic chains of polyethylene oxide (PEO) block.53 In addition, the
physico-chemical properties and the curvature of the nanoparticle
surface play a role. The nanoparticle stealth behaviour is believed to be a
function of the thickness and of the density of the PEO layer.
Nevertheless, in order to avoid the possible depletion of copolymers in
the blood compartment, great efforts have dealt with the covalent
anchorage of PEO macromolecules onto the carrier surface. Such a route
is well known in galenical pharmacology, where drugs (small molecules,
peptides, proteins, antibodies and oligonucleoides) are conjugated to PEO
macromolecules in order to improve their circulation lifetime and
bioavailability and decrease their immunogenicity, renal clearance rate
and dosing frequency. This process is so widely used that it is called
PEGylation. Polyethylene glycol (PEG) is the a,w-dihydroxyl derivative of
PEO and is a flexible polyether, hydrophilic (but also soluble in some
17
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organic media), not biodegradable and easily excreted from living
organisms by physiological routes. Its functional end-groups are
available for derivatization leading to numerous possibilities for covalent
attachment onto preformed functional surfaces or anchoring during the
synthesis of polymeric particles. PEG has been shown to be the most
effective polymer for suppressing protein adsorption, the optimal
molecular weight varying between 2000 and 5000 Da. Lastly, regardless
of the active targeting strategy, long circulating carriers present also a
great interest as circulating reservoirs for drugs or therapeutic agents
with short elimination half-lives or for blood-pool imaging in nuclear
medicine. Moreover, long-circulating particles escape from the circulation
is normally restricted to sites where the capillaries have open
fenestrations, such as in the sinus endothelium of the liver, or when the
integrity of the endothelial barrier is perturbed by inflammatory
processes (e.g., rheumatoid arthritis, infarction, infections) or by some
kinds of tumors. Therefore the idea of exploiting such wvascular
abnormalities for extravasating and accumulating nanoparticles in these
inflammatory sites or tumors is particularly attractive. Such a strategy
can be considered both as an active and a passive targeting strategy, as it
is independent of the mononuclear phagocyte system mediation.
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Figure 10. Typical macromolecules used as hydrophilic coating for mononuclear phagocyte

system-evading nanoparticles.5¢
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Ligand conjugation is the second requirement for active targeting. To
increase the probability of redirecting long-circulating nanoparticles to
the desired target site, their surface has to be modified with ligands that
specifically bind to surface epitopes or receptors present on the target
cells, for istance, by molecular recognition processes involving antibody-
antigene interactions. In principle, these ligands have to be not
macrophage-recognizable and coupled to the surface of stealth carriers.
Such a strategy should open the possibility of targeting specific cell types
or subsets of cells within the vasculature and even elements of vascular
emboli and thrombi. In cancer therapy, active targeting could allow for
the selective destruction of cancer cells. Among these ligands, often
recurring are oligosaccharides, oligopeptides, folic acid, antibodies and
their fragments. Due to the unique specificity of monoclonal antibodies
for their molecular counterparts and to the possibility to produce
immunoglobulins for almost every known marker receptor, this class of
proteins is usually considered the preferred choice for active targeting
and grate effort has been devoted to the development of antibody-
functionalized nanocarriers. However, antibody coupling has at least two
drawbacks: 1) the overall size of the antibodies (typically in the range 15-
20 nm), which cause particles to diffuse poorly through biological
barriers, and 2) their immunogenicity, ie. the property of being able to
elicit an immune response within an organism. For this reason, the
coupling of small non-immunogenic ligands to polymeric carriers has
been also investigated. Therefore, for tumor targeting, folic acid,
antibodies or peptides could be grafted to PEGylated nanoparticles in
order to take advantage of the frequent overexpression of the specific
receptors onto the surface of human cancer cells. Interestingly,
nanoparticles conjugated with antibodies appeared to interact more
efficiently with their receptors than free antibodies. Thus, not only do
nanoparticles conjugated with biological molecules selectively target
cancer cells, but they could also improve the internalization of the

encapsulated drugs into the targeted cancer cells.
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2.4 Biomedical applications of magnetic nanoparticles
2.4.1 Magnetic Resonance Imaging

Superparamagnetic iron oxide nanoparticles can play an important role
as MRI contrast agents, to better differentiate healthy and pathological
tissues.’5 In vivo molecular imaging has been identified by the National
Cancer Institute of the United States of America as an outstanding
opportunity for studying diseases noninvasively at the molecular level.5¢
The aim is to visualize molecular characteristics of physiological or
pathological processes in living organisms before they manifest in form of
anatomic changes. MRI offers several advantages over alternative
techniques, including lack of irradiation, possibility to generate 3D
images, excellent spatial resolution with optimal contrast within soft
tissues, and a very good signal-to-noise ratio. Paramagnetic (e.g.,
gadolinium, europium, neodynium, and manganese-containing materials)
and superparamagnetic (iron oxide nanocrystals in the form of y-
Fes03,and Fes0s) compounds can be used as MR contrast materials. A
first important difference between these two classes of contrast
enhancers is that while paramagnetic species enhance the signal in T:-
weighted images resulting in a positive contrast, magnetic nanoparticles
provide strong signal enhancement in Ts-weighted images (negative
contrast), owing to a different contrasting mechanism.5758 Unfortunately,
in most cases, antibody-conjugated gadolinium complexes proved to be
largely unsuccessful due to the relatively low sensitivity of MRI and the
low density of cell target receptors, thus requiring administration of
excessive gadolinium doses. However, Gd-contrast materials may induce
severe adverse effects with lethal outcome that have been observed in
patients with compromised renal function and subsequent deposition in
different organs/tissues and release of highly toxic Gd3+ leading to a
nephrogenic systemic fibrosis. This drawback can be partially overcome
by using magnetic nanoparticles based on iron oxide, which have been
demonstrated to induce large increments in transverse relaxation rate
upon binding with a 108 signal amplification over Gd-DTPA.59 For this
reason, superparamagnetic iron oxide nanoparticles are gaining much
attention in view of their usefulness as contrast agents for MRI. The first
and major prerequisite of targeted contrast agents is the identification of

cell- and/or disease- and/or function-specific biomarkers. Ideally, the
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biomarkers should be solely and abundantly expressed on the desired cell
types. Furthermore, disease-specific biomarkers should be clearly
different from healthy status. Biomarkers for targeted contrast agents
are cell surface receptors, phospholipids of the outer leaflet of the cell
membrane, and enzymes. Targeted magnetic nanoparticles are composed
of at least two components: 1) the magnetic iron oxide core represents the
imaging or sensing component and 2) the attached molecules represent
the targeting or affinity component. Magnetic nanoparticles without
targeting components are rapidly engulfed by monocytes and
macrophages. Thereby, they can be used to image monocytes and
macrophages and their phagocytic aptitude in vivo.

2.4.2 Monitoring stem cell migration and tissue repair

Stem cells transplants is expected to have tremendous potential for the
treatment of many degenerative diseases because of their capability to
perform multiple cell cycle divisions and of their differentiation
efficiency.69 Several clinical trials are ongoing with different types of
stem cells. Mesenchymal stem cells are used for the reparation of
damaged tissues, regeneration of bone defects and spinal cord injury,
stroke and myocardial infarction, while neural stem cells are
investigated for the neural lineages generation of the nervous system. On
this basis, one important issue is to identify and track the stem cells
after their injection in the body, to monitor their motility and to follow
their localization and expansion thereafter. Among the available in vivo
imaging techniques useful for stem cell monitoring, MRI is particularly
promising since it can provide high spatial resolution images without
compromising the patient care. T2 contrast agents based on iron oxides
offer a powerful labeling for the in vivo visualization of stem cells.
Magnetic nanopaticle sizes for utilization in stem cell labeling can vary
from ultrasmall (within 35 nm) to micron-sized. The nanoparticles can be
coated by different polymers, including polyethylene glycol, silica,
dextran and polystyrene, to increase the stability of the suspension
avoiding the cell toxicity caused by the formation of large aggregates.
Different preparations may affect the labeling efficiency of nanoparticles,

which determines the interactions between nanoparticles and cells. The
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typical nanoparticle uptake follows an endocytosis pathway that can be
induced by mere incubation of the nanoparticle suspension in the cell
medium, which, in turn, can be improved by application of an external
magnetic field. The addition of adjuvants as transfection agents or
nanoparticle functionalization with antibodies exploiting a ligand-
receptor specific interaction, could be of help with some cell types. In
alternative, it is possible to induce a temporary membrane permeability
by electroporation or ultrasound pulses. Several magnetic nanoparticle-
based contrast enhancers were successfully applied to in preclinical
trials.6!

2.4.3 Drug delivery

Most pharmacological approaches to cancer therapy are based on
chemotherapeutic substances, which generally exhibit high cytotoxic
activities but poor specificity for the intended biological target. This
practice mostly results in a systemic distribution of the cytotoxic agents
leading to the occurrence of well-documented side effects associated with
chemotherapy. Besides magnetic force delivery, two alternative
“physiological” routes can be followed by magnetic nanoparticles, which
are common to all kinds of nanoparticulates. The passive targeting route
takes advantage of the biological function of the reticuloendothelial
system (RES), a cell family of the immune system comprising circulating
monocytes, bone marrow progenitors and tissue macrophages, which is
deputed to the first clearance activity in mammalian organisms. Once
unprotected particles are immersed in the blood stream, an array of
plasma proteins recognizes them as invading entities and immediately
adsorb on their surface. The parameters affecting the extent of
opsonization are essentially related to the physical properties of the
nanoparticle surface, including size, shape, charge and aggregation state.
Large objects are rapidly cleared and highly charged particles have a
tendency to attract opsonins. Consequently, magnetic nanoparticles
coated by these plasma proteins are rapidly endocytosed by the RES
cells, resulting in their removal from circulation and accumulation in
organs with high phagocytic activity, such as liver and spleen. Particle
size is a key parameter as magnetic particles smaller than 4 pm
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accumulate in the liver (70-90%) and spleen (3-10 %) quickly. Particles
larger than 250 nm are usually filtered to the spleen; particles in the
range 10-100 nm are mainly phagocytosed through liver cells, while
nanoparticles below 5.5 nm can be cleared by renal route.62 Therefore the
optimal particle size for drug delivery treatments ranges between 10 to
100 nm, as these will have the longest blood circulation time. It has been
suggested that also the shape can play a role.’3 Hence, passive
nanocarriers can be used to deliver drugs for the treatment of hepatic
diseases, such as liver metastases, and to favor the internalization of
antibiotics by phagocytic cells of the RES for the treatment of
intracellular infections. Magnetically assisted targeting will have the
advantage of increasing the local concentration of the administered drug,
while the overall dose can be reduced. The movement of magnetic
nanoparticles inside a matrix or fluid depends directly on a multitude of
factors such as the external magnetic field, the temperature and the
viscosity of the medium, the fluid flow, the interaction between
nanoparticles and fluid components and the size and shape of the
nanoparticles. The dynamics of nanoparticle transport in vivo through a
vein or artery to an area of interest are far from being fully understood
and modeled but there are nowadays several studies in this direction. In
contrast with the passive delivery route, active targeting has the
advantage of improving the accumulation of chemotherapeutics at the
tumor site, but requires multiple synthetic steps to tailor the chemical
properties of nanoparticles in order to achieve a suitably bioengineered
magnetic nanocarrier. In principle, it is always necessary to stabilize the
nanoparticle dispersion in the aqueous environment. As described in
Paragraph 2.3, coating the nanoparticles with a suitable polymer shell,
including organic (PEG, dextran, chitosan, polyethyleneimine, and
phospholipids) or inorganic (silica) is the first step. Whatever the
stabilizer, the next requirement is to reduce significantly the possible
interactions with opsonins and with the RES, by conjugating the
magnetic nanoparticles with an appropriate protein-repellent molecular
species, such as PEG. The final step consists in functionalizing such long-
circulating nanoparticles with targeting ligands having high selectivity
for specific cancer cell receptors. The full-armed magnetic drug delivery
nanosystem is obtained by loading a cytotoxic cargo at some stage of the
above synthetic steps.64
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Figure 11. Magnetic drug targeting. Magnetic drug nanocarriers decompose in the target
zone and release the drug.5

2.4.4 Cellular labeling and cell separation

Cell labeling with ferro/paramagnetic substances is an increasingly
common method for cell separation.66 Current techniques utilize either of
the following two approaches: attaching magnetic particles to the cell
surface or internalizing biocompatible magnetic particles by fluid phase
endocytosis, receptor-mediated endocytosis or phagocytosis. One strategy
for the efficient and specific cell labeling with magnetic particles is to
modify the nanoparticle surface with a ligand that is efficiently taken up
by the target cells via receptor-mediated endocytosis. A variety of
potential ligands have been conjugated to the nanoparticle surfaces to
facilitate receptor-mediated endocytosis of the nanoparticles. Targeting
agents have been demonstrated to preferentially target cell surface,
because the receptors for these ligands are frequently overexpressed on
the surface of mammalian cells. Many of these ligands are stable, and
generally poorly immunogenic. In the absence of any system to inhibit
endocytosis, most nanoparticles are endocytosed by cells and eventually
sequestered in digestive vacuoles inside the cell. Once the particles are
endocytosed, they are probably removed from the contact with specific

cell surface receptors and become ineffective. As a result of these events,

24



CHAPTER 1 BACKGROUND

the cells are at high risk of apoptosis from overload with particles. If the
particles can be prevented from leaving the cell surface, they remain in
contact with their specific receptors and are expected to leave the cell in
a state of prolonged stimulation while protecting the cells from damages
triggered by endocytosis.

o —

UNCOATEDMNPs  LIGAND DERIVATIZED CELLS HAVING RECEPTORS NANOPARTICLES BINDING THE
MNPs EXPRESSED ON THEIR RECEPTORS ON THE CELL
SURFACE FOR LIGAND SURFACE

TARGETING

Figure 12. Schematic representation of derivatization of superparamagnetic iron oxide
nanoparticles with targeting ligands and their adhesion to cells. The derivatized
nanoparticles act as cellular labels that are targeted at the membrane receptors expressed
on cells surface without being internalized.24
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Figure 13. Scanning electron microscopy (SEM) (a-f) and transmission electron microscopy
(TEM) (g-]) images of human fibroblasts (a,g, control) and incubated with (b,h) uncoated
magnetic nanoparticles, (c,i) PEG-coated nanoparticles, (d,j) lactoferrin-derivatized
nanoparticles, (e,k) ceruloplasmin-derivatized nanoparticles and (f) insulin-conjugated
nanoparticles. Uncoated magnetic particles show vacuoles in cell body and distorted cell
membranes. PEG-coated nanoparticles were internalized in huge amounts without being
toxic, while protein-coated nanoparticles were not endocytosed and were found at the
cellular membranes (see arrows).23
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2.4.5 Hyperthermia

Another interesting application of magnetic nanoparticles is in cancer
thermotheraphy, which is considered as a supplementary treatment
associated with chemotherapy, radiotherapy, and surgery.¢” The idea of
using magnetic induction hyperthermia is based on the fact that when
magnetic nanoparticles are exposed to a variable magnetic field, heat is
generated by the magnetic hysteresis loss. The amount of heat generated
depends on the nature of magnetic material and of magnetic field
parameters. Magnetic particles embedded around a tumor site and
placed within an oscillating magnetic field will heat up to a temperature
dependent on the magnetic properties of the material, the strength of the
magnetic field, the frequency of oscillation and the cooling capacity of the
blood flow in the tumor. Cancer cells are sensitive to temperature
increase and are killed when the temperature raises above 43 °C,
whereas the normal cells can survive at higher temperature values. Heat
could be generated by applying an appropriate magnetic field. The size of
the magnetic crystals commonly employed in hyperthermia is
submicrometric, thus the powders or bulk of these biomaterials have
comparable properties. These materials are not only biocompatible, but
also bioactive and could be useful for bone tumors. Choosing high-power
magnetic nanocrystals combined with appropriate external magnetic
field, very small amounts of nanoparticles in the order of tenth of
milligram may easily be used to raise the temperature of biological tissue
locally up to cell necrosis. It has been shown that hyperthermia greatly
enhances cytotoxicity of radiation and drug treatment with brain tumor
cell lines, which were also confirmed in vivo by multimodel hyperthermia
studies with rat, rabbits and dogs.68 Concomitantly, Yanase M. et al.
have suggested that hyperthermia produced by magnetic nanoparticles
can activate the immune response against cancer cells triggered by
massive release of heat shock proteins from those treated cells. (Figure
14).
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Control _ Exposed three times

Figure 14. Antitumor immune response induced by hyperthermia using magnetite
nanoparticles. (A) Rats photographed at the 28t day after the magnetic cationic liposomes
injection. Rat glioma T-9 cells (1x107 cells) were transplanted subcutaneously into the left
femoral region of F344 rats. On the 9t day after transplantation into the left side, another
aliquot of the T-9 cell suspension (1x107 cells) was transplanted subcutaneously into the
right femoral region. The magnetic cationic liposomes were injected into the left tumor
only, on the 11th day after the first transplantation. When hyperthermic treatment was
repeated three times at 24 h intervals, both tumors had disappeared by the 28t day after

the magnetic cationic liposomes injection.69

The efficiency of this type of thermotherapy has been demonstrated on
several types of cancers including brain cancer,07! prostate cancer,’2'73
and breast cancer.47 Research in this area has also led to industrial
developments. In addition to the company Nanobacterie, there are at
least three companies that develop cancer therapy using the heat
generated by magnetic nanoparticles when the latter are exposed to an
alternative magnetic field (AMF).7 The patents that have been published
by these companies describe various ways of using the heat generated by
chemically synthesized magnetic nanoparticles to carry out AMF cancer

therapy.”

2.4.6 Magnetofection

Magnetofection is a method in which magnetic nanoparticles associated
with vector DNA are transfected into cells under the influence of an
external magnetic field. For this purpose, magnetic nanoparticles might
be coated with a polycationic polymer, such as polyethyleneimine which

readily associates with negatively charged DNA since the magnetic
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particles are positively charged due to polyethyleneimine coating.
Whether viral or nonviral vector is exploited, magnetofection has been
shown to enhance the efficiency of delivery up to several thousand times.
For magnetically assisted nucleic acid transfection, magnetofection is
unusually rapid, simple and yields transfection level saturation at low
doses in vitro. Furthermore, since these magnetic particles do not rely on
receptors or other membrane-bound proteins for cell uptake, it is possible

to transfect cells that normally are non-permissive.

3. Final considerations

Most of the work included in this thesis exploits a new generation of
targeted magnetic nanoparticles. The preferred molecular receptor
investigated is the Human Epidermal Growth Factor Receptor 2 (HER2),
which is considered one of the most relevant biomarkers for the diagnosis
of metastatic breast cancer. Mammary carcinoma is the second most
common type of malignant tumor in adult women after lung cancer, as
more than one million women are diagnosed with breast cancer every
year. Despite the advances in diagnosis and treatment, which have
resulted in a decrease in mortality in recent decades, breast cancer
remains a major public health problem. Among the most significant
unresolved clinical and scientific problems are the occurrence of
resistance to clinical treatments, their toxicity, and how to predict,
prevent and overcome them. However, the heterogeneity of human breast
cancer in terms of genetic features, molecular profiles and clinical
behavior represents a constraint obstructing the discovery of a resolution
to the disease. It is currently considered that the chances of success of a
therapy may increase if the tumor cells are selectively removed before
they can evolve to their mature stages up to metastases production. A
rationale for this resides in the common development story that has been
recently generalized for solid tumors.”™ A typical cell in the human body
is 10 pm in diameter. Hence every 1 cm3 of solid tissue contains
approximately 109 cells; the entire human body is estimated to contain
approximately 1014 cells. Because a malignant clone evolves from a single
cell, theoretically one would need a sensitivity of 10-14 to detect the
genesis of a tumor. However, solid tumors typically display Gompertzian
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kinetics, with a first phase starting from the single cell stage
characterized by a slow growth profile up to 105 cells, where a sudden
rise of the curve slope occurs in correspondence of a switch from a
diffusion-limited nutrition to a neovascularization. This threshold is
usually termed “angiogenic switch”. Finally, a second lag phase
culminates in death of the patient at approximately 1012 cell (see Figure
15). The goal of cancer imaging should be to detect and/or image the
smallest possible number of tumor cells, ideally early then the angiogenic
switch. Unfortunately, the present detection threshold for solid tumors is
approximately 109 cells (1 g = 1 cm3) growing as a single mass. Hence
from an imaging standpoint, the term remission literally means that
there are somewhere between zero and 109 malignant cells in the patient
body. This level of uncertainty is unacceptable to both the patient and
the radiologist.

Therefore, novel and more sensitive diagnostic tools are being developed,
with the aim of improving the early and noninvasive detection of rising
malignancies and the accuracy of tumor tissue localization. Meanwhile,
there is an emerging use of targeted therapies in oncology, depending on
the expression of specific proteins or genes present in the tumor cells. In
current studies, various types of nanoparticles conjugated with the anti-
HER2 monoclonal antibody (mAb), the so-called Trastuzumab (Tz), are
investigated extensively due to promising results in biological and
preclinical applications. In the review paper from our group included in
the publication section, we present a critical insight into the preparation
and use of different kinds of Tz-functionalized nanoparticles, with an
emphasis on the therapeutic and diagnostic (theranostic) potential of this
generation of hybrid nanoparticles, exploiting the multifaceted
mechanisms of action of Tz against malignant cells. (ARTICLE 1) The
state-of-the-art reported in such critical review article represents a

starting point from which I moved the first steps of my work.
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Figure 15. Gompertzian growth curve of a solid tumor and its relationship to cancer
detection and imaging. Number of malignant cells (ordinate) as a function of time
(abscissa). The transition from first lag to log phase of growth, associated with the
transition from diffusion-limited nutrition to neovascularization, is labeled "angiogenic
switch." Remission is shown as the uncertainty of cell number ranging from zero to the
current clinical threshold for cancer detection (approximately 10° cells growing as a single

mass).™
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1. Design and synthesis of magnetofluorescent nanoparticles and
preliminary studies on labeling of cancer cells

The first approach of my study consisted in the investigation of toxicity,
mechanism of endocytosis, and degradation pathways of multifunctional
nanoparticles for possible clinical translation as tumor diagnostics. Three
different models of nanoscale magnetofluorescent particle (MFN) systems
were designed and fabricated in a multilayer fashion. The magnetic core
consisted of a magnetic nanoparticle (MNP) cluster prepared by
conventional approaches either as a water dispersion of bare magnetite
nanocrystals (MNP1, 7 + 3 nm) or as surfactant-coated, highly
monodisperse 5 nm magnetite nanoparticles (MNP2) obtained by
solvothermal decomposition. The MNP cluster was embedded in a silica
shell of tunable thickness and coated by a fluorescent layer, which also
provided surface amino groups ready for further conjugation. In order to
obtain quite uniform MFNs, two main strategies were followed: 1) a sol-
gel process using an aqueous dispersion of as-synthesized uncoated FezO4
nanoparticles (MFN1) and 2) a reaction confinement within the

submicrometer domain of a water-in-oil microemulsion system using
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hydrophobic monocrystalline FesOs nanoparticles as the starting
material (MFN2).

OQ TEOS FITC-APTES
—_—

Q TEOS

Fez0, Fez0,@SiO, Fe;0,@Si0O,@FITC
MNP MFN 1,2

Scheme 1.

Both MFN1 and MFN2 nanoparticles were evaluated in terms of size,
morphology, zeta potential, fluorescence efficiency, capability of
enhancing T: relaxivity of water protons, and stability in water

suspension.

A)

B)

100 nm

50 nm

Figure 16. TEM images of A) MFN1 and B) MFN2 in ethanol. In both cases, an outer, less
contrasted shell is visible, attributable to the presence of an external silica layer that
incorporated the organic fluorophore.
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Figure 17. Magnetic and optical properties of as-synthesized MFNs. A) Relaxometric
analysis of MFN1 (full dots) and MFN2 (empty dots). The inverse of experimental T values
obtained at different MFN concentrations are plotted versus pg mL-1 MFNs. Both MFN1
and MFN2 are fitted by a line and the T2 relaxivities are given by the respective line slopes.
B) Relative fluorescence emission of MFN1 (dashed line) and MFN2 (continuous line).

Combining the magnetic, fluorescence, colloidal stability, and
morphological characteristics, we selected MFN2 as the best candidate
for biological evaluation. The mechanism of internalization, the
intracellular fate, and the toxicity in MCF7 adenocarcinoma cells were
studied. Besides the well-documented size effect,’ the anionic charge
proved to be a crucial factor for particle internalization, as nanoparticle
penetration through the cell membrane could be modulated by surface
charge. Ultrastructural analysis of transmission electron micrographs
combined with evidence from confocal microscopy suggested that
nanoparticles could be internalized by clathrin-mediated endocytosis and

macropinocytosis.
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Figure 18. Ultrastructural images of MCF7 MFN2 interaction. A) Nanoparticles adhere to
the cytoplasmic membrane at 30 min incubation and initial macropinocytosis 1is
demonstrated by extension of plasma membrane (star symbol) surrounding nanoparticles.
B,C) After 1 h, nanoparticle uptake takes place by processes consistent with
macropinocytosis (B) and clathrin-coated, vesicle-mediated internalization (C, arrow). D) At
5 h, a large amount of vacuoles (arrows) containing non-clustered nanoparticles are present
in the cytoplasm of MCF7 cells (N = nucleus). Scale bars A-C: 100 nm, D: 1 pum.

Moreover, the endocytic pathways of MFN2 was characterized by
investigating colocalization of the particles with different markers of
endocytic compartments, namely the recycling endosome marker
transferrin receptor, the early endosome marker EEA1, the Golgi marker

GM-130, and the lysosomal marker cathepsin D. Nanoparticles were

36



CHAPTER 2 RESEARCH WORK

found in EEA1-positive endosomes and in lysosomes, indicating that they
followed a physiological pathway of endocytosis.

Figure 19. Intracellular localization of MFN2 in MCF7 cells. Images reveal the localization
of MFN2, identified by their green fluorescence versus that of the early endosome marker
EEA1L, the recycling endosome marker TfR, the lysosomal protein Cat D, and the Golgi
marker GM-130, labeled using secondary, TRITC-conjugated Abs (red). Scale bar: 10 pum.

Magnetorelaxometric analysis demonstrated that nanoparticles enable
the detection of 5 x 105 cells mL~! after treatment with particle dosages
as low as 30 mg ml-!. In summary, nanoparticles appeared to be a
valuable and safe bimodal contrast agent that can be developed for
noninvasive diagnosis of breast cancer. (ARTICLE 2)
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Table 1. Relaxivity measurements on labeled MCF7 cellsla!

T, (ms)
Concentration | MCF7 MFN2 MFN2 MFN3
[cells mL™] unlabeled | [30 pg mL™] [50 pg mL™] [50 pg mL™]
5.0 x 10° 2153 +16 851 +12 616 = 10 1091 £ 15
1.0 x 10° 2408 + 21 1832 + 15 1793 + 14 2248 + 22
5.0 x 10° 2622 + 23 1983+ 14 1969 + 16 2338 £ 22
2.5%x10° 2646 + 29 2630 + 27 2603 + 24 2656 + 32

lal Data are the mean + SD of three different relaxivity measurements. ® T, values
correspond to progressive dilutions of an initial cell concentration after incubation with

different concentrations and kinds of nanoparticles.
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2. Magnetic nanoparticles for biomarker detection in biological samples

Along with the physico-chemical characterization of the above mentioned
magnetic nanoparticles, we studied in depth their magnetic properties
looking forward to their potential application as contrast agents for MRI.
To assess their capability to offer a robust contrast agent diagnostic
device, we measured the spin—spin relaxation time (T2) induced by our
core-shell magnetic nanoparticles on the adjacent water protons in
aqueous suspension. These biocomposite nanomaterials can provide a
powerful tool for the investigation of biointeractions, which are
fundamental for cell functionality as well as for modern diagnostic
techniques and new therapeutic outlooks. In this context, we have
focused on the development of a novel biosensor (magnetic switch
nanosensor, MNS) based on the use of the same kind of magnetic
nanoparticles suitably functionalized with surface ligands selective for
recognition of plasma proteins. The interaction of specific ligands
conjugated to magnetic nanoparticles with soluble protein markers
induce a reversible alteration of nanoparticle microaggregation state,
which can be sensitively measured as changes in T2 relaxation time of
water protons of the medium in which the recognition occurs. In addition,
as this detection method does not involve optical readout, the
measurement does not require optically purified samples and, for this
reason, it might be applied directly to extracted sera. The technique
sensitivity and the efficiency of the as-synthesized silica-encapsulated
magnetic nanoparticles (SMNP, Scheme 2) suggested their potential
application for the rapid and sensitive detection of a biological analyte in
solution. To assess the minimal useful SMNP concentration for
biosensing analysis, we first evaluated the range of concentrations within
which the signal was suitably stable. (Figure 20)
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Figure 20. T: relaxometry analysis of SMNP. The inverse of experimental T: values
obtained at different SMNP concentrations is plotted versus particle concentration (ug mL-
1). The experimental data are fitted by a line in the range of 20-250 pg mL-1. The T;
relaxivity is indicated by the line slope. Inset: magnification of the selected region, point
fitting in the range of 3-13 pg mL-.

As a proof of concept of the efficiency and reliability of MNS, we
examined the accurate detection of anti-HSA (human serum albumin)
antibodies in fluid samples by protein-functionalized magnetic
nanospherical probes. HSA is the most abundant serum protein in the
human circulatory system. It is well documented that a few largely
widespread diseases consist of anomalous concentrations of anti-HSA
antibodies as a consequence of pathological changes of the systemic
condition that cause the extracellular proteins to become antigenic. The
alterations in the conformation and the biological properties of HSA are
usually triggered by protein oxidation due mainly to the undesired
presence of reactive oxygen species. Indeed, protein oxidation phenomena
are generally associated with cellular functional disruption along with
many other protein conformational changes. There are several studies
that provide evidence that such protein oxidation is often associated with
cellular  disorder observed during aging and  age-related
neurodegenerative diseases, including Alzheimer and Parkinson
diseases.80 Although the circulating autoantibodies exhibit reactivity
against both native and modified proteins, modified HSA appears to be
highly immunogenic compared with native HSA.81 A number of studies
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point to type 1 diabetes mellitus, familial dysautonomia, and liver failure
as the main pathologies in which a remarkable occurrence of anti-HSA
Abs is observed, with the concentration of anti-HSA Abs in diabetic
patients being 5-20 times greater than in healthy subjects. For this
reason, the application of a method, such as MNS, for the rapid,
sensitive, and selective detection of anti-HSA Abs in solution could be

highly beneficial for clinical practice.

. HSA
Py TEOS 2 .Lys _‘%;g
®¢ “arms lut ld hyd
aqueous NHj NH, (glutaraldehyde)

Fe;0,4 NP SMNP

Scheme 2.

HSA molecules were covalently conjugated to amino functionalized
SMNP, via glutaraldehyde cross linking and the residual CHO terminal
groups were saturated with lysines. First, we performed a set of
measurements to evaluate the temporal changes of water T2 relaxation
time induced by MNS in the presence of 100 pM target complementary
polyclonal Ab (pAb).
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Figure 21. Time course of changes in water T2 using MNS in the presence of 100 pM anti-
HSA pAbs and schematic of the particle aggregation sequence in response to the
addition/subtraction of anti-HSA pAbs.

Once the optimal parameters were adjusted, the method proved to be
very sensitive, providing concentration- and time-dependent responses.
Furthermore, we demonstrated that the developed immunoassay was
able to quantitatively determine the biomarker concentration from the T2
linear correlation, thereby supplying a rapid, yet accurate, assay with

sensitivity in the femtomolar range (Figure 22).
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Figure 22. Time-dependent changes in T resulting from the aggregation states induced by
different anti-HSA concentrations: (A) 1 uM; (B) 100 nM; (C) 10 nM; (D) 1 nM; (E) 100 pM,;

(F) 10 pM; (G) 1 pM; (H) 100 fM.
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A further major advance of our MNS-based method is that the T:
relaxometry experiment can be used to determine concentrations of a
specific target quantitatively when its concentration is not known a
priori. We obtained a standard calibration curve by plotting log(T2-T2,)
vs. log[Ab], where the Ab concentration is expressed in pg mL-! and Ty, is
a fitting parameter useful for linearization. The high susceptibility and
stability of these magnetic nanoparticles, as well as their accessible
synthetic preparation, make these nanosensors a promising new tool for
versatile and effective analysis of biological samples. (ARTICLE 3)
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Figure 23. Logarithmic plot of relaxometric analysis of MNS incubated with different
concentrations of anti-HSA pAb.
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3. Antibody functionalization of nanoparticles for selective targeting of
cancer cells

After the toxicity investigation and the interaction/internalization
studies of the nanoparticles with cells, the subsequent step was the
nanoparticle functionalization with biomolecules in order to achieve a
selective targeting to the cancer cells. We optimized the characteristics of
the magnetic nanoparticle hybrid system in order to present the lowest
molecular weight, reduce the nanoparticle overall size and increase the
stability in aqueous medium. Highly monodisperse magnetite
nanocrystals were synthesized in organic media and transferred to the
water phase by ultrasound-assisted ligand exchange with an
iminodiacetic phosphonate (PMIDA). The resulting water soluble
magnetic nanoparticles were characterized by transmission electron
microscopy ~ (TEM), dynamic light scattering (DLS), and
magnetorelaxometry, which suggested that this method allowed us to
obtain stable particle dispersions with narrow size distribution and

unusually high magnetic resonance Tz contrast power (Figure 24).
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Figure 24. (a) T: relaxometry analysis of newly synthesized magnetic nanoparticles. Inset:
nanoparticle phase transfer from organic solvent (MNCO in chloroform) to aqueous solution
(MNC1). (b) Hydrodynamic size distribution histograms of oleic-coated FesO4 nanoparticles
(dashed line) and after ligand exchange (continuous line). Diameters were measured by
DLS in chloroform and water, respectively. Inset: TEM images of as synthesized
nanoparticles in hexane (top) and after the surfactant exchange in PBS (bottom). Scale bars
50 nm.
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These nanoparticles were conjugated to a newly designed recombinant
monodomain low molecular-weight fragment of protein A (spaBC3),
which exhibited a convincingly strong affinity for human and rabbit IgG
molecules (we used Tz). SpaBC3, designed to present a terminal cysteine
tripod, was produced in £. coli, purified by combined His-tag and GST
technologies (Figure 25).

(@) (b)
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Figure 25. a) SDS-PAGE of spaBC3 purified fractions. Purified protein (4 pg) was loaded
after elution with PreScission protease (left). After purification with Ni-NTA agarose to
remove GST contaminants, the same amount of spaBC3 was loaded on SDS-PAGE with or
without 0.1 M dithiothreitol (DTT) in running buffer (right and middle, respectively). (b)
SpaBC3 binding assay. SpaBC3 (250 ng) was filtered through PVDF membrane and
incubated with rabbit IgG or Tz. IgG removal was obtained by Na-citrate incubation. GST
protein (C-, 250 ng), as negative control, and rabbit IgG or Tz (250 ng), as positives, were
used. The presence of rabbit IgG or Tz was revealed by antirabbit or antihuman secondary
antibodies conjugated to HRP, respectively.

SpaBC3 was conjugated to MNC1 through an appropriate protocol:
carboxylate functionalities were converted into amine ends by reaction
with a bifunctional diamino-linker; the amino functionalities on the
particle surface allowed the conjugation with N-succinimidyl-3-[2-
pyridyldithiol-propionate (SPDP) resulting in the thiol-reactive pro-
functional MNC3 (Scheme 3). MNC3 were the ideal building block for
bioconjugation with thiol-engineered protein A variant, as PDP
functionality is very reactive toward sulfhydryl ends of organic and
biological thiol-containing molecules by formation of stable disulfide
bridges. Owing to the nature of antibody-protein A binding, tight
antibody immobilization occurred through the Fc fragment thus taking

full advantage of the targeting potential of bound IgGs.
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Scheme 3.

As a proof of concept of the utility of our paramagnetic labeling system of
human IgGs for biomedical applications. Tz was immobilized on hybrid
magnetic nanoparticles (TMNC). TMNC and the supernatant (unbound,
ub) were analyzed by western blotting with anti-HER-2 antibody in order
to reveal HER-2 binding to TMNC (Figure 25b). The nanoparticles were

then assessed by immunoprecipitation assay (Figure 26).

TMNC ub

Figure 26. HER-2 receptor is selectively recognized by TMNC.
Bound and unbound proteins were then eluted in SDS-PAGE
application buffer, electrophoresed, and immunoblotted using
either anti-HER-2, anti-Drp1, anti-Akt, and anti-Clnx antibodies.

Clnx
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To validate the immunoprecipitation data, the specificity of binding
between TMNC and HER-2 was observed by confocal laser scanning
microscopy. Indeed, as HER-2 is a transmembrane receptor, TMNC were
expected to accumulate in correspondence of the external surface of
HER-2-overexpressing cells. TMNC were observed in HER-2 positive
MCFT7 cell surfaces, but not in MDA negative control cells, demonstrating
that they localized selectively in correspondence of transmembrane
receptors owing to the presence of the specific targeting agent.
(ARTICLE 4)
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Figure 27. Confocal laser images of MCF7 and MDA cells cultured with TMNC or free Tz.
MCF7 and MDA were incubated for 15 min with TMNC (150 ug mL-!; panels d-f and 1-n,
respectively) and Tz (15 pg mL-1; panels a-c and g-i, respectively). Cell membranes were

stained with DiD oil (blue). TMNC and Tz were labeled with antihuman FITC secondary
antibodies. Scale bar = 10 ym.
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4. Biofunctionality of protein ligands conjugated to nanoparticles

Despite the huge interest for monoclonal antibody nanoconjugates, only
poor evidence is available on the actual conservation of the protein
biofunctionality at the molecular structural level, once Tz has been
covalently conjugated to the nanoparticle. Such difficulty mainly resides
in the lack of reliable methods capable of providing exhaustive
information on structural/conformational features sustaining the protein
functionalities of nanobioconjugate systems. This is indeed a crucial
point, which urgently needs to be addressed. We investigated the
possibility to provide a direct evidence on the extent of preservation of
the structural bioactivity of IgGs immobilized onto the surface of iron
oxide nanoparticles deduced by accurate analysis of the essential folding
features obtained by Fourier-transform infrared (FTIR) spectroscopy. As
a model for this study, PEG-stabilized, Tz-modified magnetite
nanoparticles (TMNP) were developed. Bare monodisperse magnetite
nanoparticles were obtained by a coprecipitation approach in water and
modified on the surface with PEG600 diacid, exploiting the high affinity
of carboxylate functionality for iron oxide, for ready conjugation with
amine-containing biomolecules by amide coupling. To examine their
potential in mAb conjugation, purified Tz was covalently bound via

amine-bearing lysine residues.
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Scheme 4.
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In order to explore the structural properties of the conjugated antibody,
we applied FTIR spectroscopy to obtain information on protein secondary
structure (Figure 28). This method in some circumstances has been
exploited to investigate protein molecules physically adsorbed onto

nanoscale surfaces.82:83

(a)
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Figure 28. Structural characterization of Tz, TMNP and MNP2 by FTIR spectroscopy. (a)
FTIR absorption spectra in the amide I and amide II regions of (A) free Tz, (B) a mixture of
free Tz and free MNP2, (C) TMNP, and (D) MNP2. In this spectral region, MNP2 (D)
displayed only a broad absorption around 1606 cm-!, while TMNP (C) showed the protein
amide I and amide II bands confirming the success of the bioconjugation. (b) Second
derivatives of the spectra reported in (a). Spectra were collected at time O (continuous
lines), after 24 h (dashed lines), and after 96 h (dotted lines). The spectra are dominated by
two components at 1692 cm~! and 1641 cm~! assigned to the native B-sheet structure of Tz
that were found to be stable both in the free and in the bioconjugated protein.

The amide I and amide II bands in the TMNP spectrum, due to the
absorption of the C=0 stretching and N-H bending vibrations,
respectively, of the protein backbone, confirmed that the conjugation
reaction occurred successfully. Indeed, unconjugated MNP2 displayed a
completely different profile in this spectral region. Information on the
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secondary structure of the protein can be obtained through the analysis
of the amide I band, as it is the spectral region most sensitive to the
structural conformation changes of the protein. To check whether TMNP
were indeed able to maintain the specific targeting capability of Tz for
HER-2-positive breast cancer cells, we investigated the TMNP binding to
HER-2 in HER-2-overexpressed MCF7 cells. Immunoprecipitants (IP)
and the supernatants (unbound) were first analyzed by western blotting
with anti-HER-2 antibody in order to reveal TMNP binding to HER-2
receptor. The comparison between TMNP and MNP2 confirmed that the
conjugation with Tz was necessary to immunoprecipitate HER-2
membrane receptor in MCF7 whole cell extract (Figure 29).

TMNP MNP
IP uB IP uB

Figure 29. Immunoprecipitation of HER-2 in MCF7 cells. Immunoprecipitation was
performed using anti-HER-2 antibodies crosslinked to TMNP and MNP2 (as negative
control). Bound (IP) and unbound (UB) proteins were eluted in SDS-PAGE application
buffer, electrophoresed and immunoblotted.

The immunoprecipitation data were confirmed by relaxivity
measurements, which provided evidence on iron oxide capture by MCF7,
and by immunofluorescence after TMNP incubation with living cells.
TMNP were observed in MCF7 cell surfaces, demonstrating that they
localized selectively in correspondence of transmembrane receptors

(Figure 30). (ARTICLE 5)
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green: TZ blue: mb merge

Figure 30. Confocal laser images of MCF7 cells cultured with TMNP or free Tz. MCF7 were
incubated for 20 min with TMNP (a-c) or Tz (d-f). As negative control, MCF7 were stained
with secondary antibodies anti-human FITC (g-i). Cell membranes (mb) were stained with
DiD oil (blue). TMNP and Tz were labeled with anti-human FITC secondary antibodies.
Scale bar = 10 pm.
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5. Enhancement of targeting efficiency of immunoconjugates by multiple
presentation of scFv fragments on silica nanospheres

The experiments reported in paragraphs 3 and 4 highlight the
importance of ligand arrangement on nanoparticle surface to achieve an
optimal molecular recognition. Next, we moved to the assessment of a
further parameter, namely multivalency, which is usually responsible of
enhancing the overall affinity of a molecular species for its biological
counterpart. Indeed, multiple presentation of ligands on a 3D nanoscale
surface is expected to result in an increase of binding affinity due to a

cooperative effect.

In the context of our breast cancer model, we found that monoclonal
antibodies are often less effective toward solid tumors, because only a
small amount of mAbs can indeed accumulate at the tumor tissue, due to
their high immunogenicity and low penetration. Moreover, mAbs remain
circulating for an extended time because their large size prevents
excretion by renal clearance. Recently, recombinant antibodies with
modified properties have been designed in order to improve tissue
penetration and biodistribution. Among them, small antibody fragments
consisting of the variable heavy chain (Vu) and light chain (Vi) regions
connected through a synthetic loop, called single-chain fragment variable
recombinant antibodies (scFv), hold great promise. ScFv display has
improved biodistribution compared to intact IgGs due to small size
(typically in the 20-30 kDa range) and absence of a highly immunogenic
stem. However, a poor retention time and a decreased affinity and
specificity caused by their monovalent binding strongly limit their
application in cancer immunotherapy.8 Hence, while immunogenicity is
remarkably weakened and scFv clearance is accelerated, the binding
efficacy is often reduced compared to their parent mAb resulting in a
remarkably lower affinity for the receptor. Multimerization has been
recently envisaged as a strategy to enhance the functional affinity
(avidity) of scFv increasing the ka by 2-3 orders of magnitude relative to
the monovalent fragment. We developed a strategy to enhance scFv
target binding efficacy that makes use of silica nanoparticles (SNPs) as a
multimerization scaffold. Uniform 60 nm spherical SNP were
synthesized and scFv was linked to SNP by two alternative strategies: 1)

by His-tagged affinity-oriented immobilization (SNP-HT), 2) covalently
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attached via glutaraldehyde crosslinking resulting in functional SNP-UT
(Figure 31).

Figure 31. a) Method 1: SNP functionalized with Ni-NTA groups tightly and specifically
interact with scFv histidine tag leading to an oriented protein immobilization (SNP-HT). b)
Method 2: the available amino groups of lysine residues of scFv bind to SNP via the
aldehydic groups, which have been generated on the surface of nanoparticles by
glutaraldehyde addition, resulting in a random ligation (SNP-UT). ¢) TEM (Inset:
magnification) and d) SEM images of as-synthesized SNP.

To assess the effect of multivalent presentation of scFv on silica
nanoparticles, SNP-HT and SNP-UT binding toward HER-2 receptor in
breast cancer cells was evaluated by flow cytometry, which evidenced a
right-shift of fluorescence signal accounting for an increase in scFv
binding efficacy upon multimerization due to SNP conjugation (Figure
32). Moreover, scFv multimerized on SNP via glutaraldehyde
crosslinking (SNP-UT) exhibited a mean fluorescence intensity value
very close to that of intact Tz, indicating that there was a significant
improvement in receptor binding capability, which can be attributed to

avidity effect. However, the conjugation strategy exploited for scFv
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multimerization on SNP surfaces (method 1 vs. method 2) did not prove

to be crucial in enhancing scFv binding efficiency in this case.
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Figure 32. Multivalent presentation of scFv onto SNP-HT and SNP-UT enhances binding
avidity toward HER-2 receptor. (A) MCF7 cells were incubated with scFv (black), SNP-HT
(blue), SNP-UT (red), or trastuzumab (Tz, gray continuous) and processed by flow
cytometry. ScFv incubation with HER-2 cells as negative control (gray dashed line). (B)
Mean fluorescence intensity (MFT).

The specificity of binding between SNP-HT or SNP-UT and HER-2 was
assessed by confocal laser scanning microscopy. We expected an
accumulation of SNP-HT and SNP-UT at the level of the cell membrane
of HER-2 positive cells only, which would confirm that nanoparticle
capture occurs via specific membrane receptor-mediated internalization.
SNP-HT and SNP-UT (Figure 33) were indeed observed on HER-2-
positive MCF7 cell surface but not on HER-2-negative MDA cells, which
demonstrates that they were both actually capable of specifically
targeting their transmembrane receptor. Images show that SNP-UT and
SNP-HT were mostly localized on cell membrane after 1 h incubation,

although a small amount of nanoparticles were already internalized.
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scFvB0EG SNP-HT SNP-UT

Figure 33. Assessment of targeting efficacy of SNP-HT and SNP-UT on HER-2 positive
cells. Free scFv was used as a positive control. ScFv, SNP-HT, and SNP-UT were revealed
with FITC-labeled anti-whole mouse secondary antibodies (green, A). Nuclei were stained
with DAPI (B), membranes (MB) with DiD oil (C). Merge images are shown in D. Scale bar:
10 pm.

These results suggest that the use of size- and shape-controlled inorganic
nanoparticles as a multimerization scaffold is capable to improve scFv
target binding efficacy, reaching an affinity value very close to that of
native IgG. (ARTICLE 6)
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6. Reversible immobilization of biomolecules on hydrophobic
nanoparticles for the investigation of signaling mechanisms

In our ongoing studies on possible new strategies for the orientation-
controlled immobilization on nanoparticles, we focused on another class
of non-peptidic  molecules of biomedical interest, namely
lipopolysaccharide (LPS), of Gram-negative bacteria. These potent
proinflammatory molecules include a hydrophilic oligosaccharide chain of
variable length and a hydrophobic, membrane-anchoring moiety, termed
lipid A. The interaction of LPS with cells of the innate immune system
leads to the formation and release of endogenous mediators, which
initiate inflammatory and immune responses essential for optimal
antibacterial defense. Such a cascade of events is triggered by activation
of the Toll-like receptor 4 (TLR4) by LPS.

The design of metal-based nanoparticles that possess a suitable rigid
size-controlled support for the reversible anchorage of a limited number
of LPS molecules suggests a novel approach to the development of
nanoscale vectors for delivery of TLR4 agonists. To provide nanoparticles
that would more likely make possible the stable and reversible binding of
a monolayer of LPS monomers, we designed a hydrophobic brush
nanoparticle (HBNP) system with an outer layer of exposed hydrocarbon
chains at the surface. A biphasic mixture of HBNPs resuspended in
hexane and of an aqueous dispersion of LPS, was mildly warmed (40 °C)
and sonicated to cause the slow evaporation of the organic solvent while
mixing. This process promoted the formation of LPS-coated magnetic
nanoparticles (LMNPs, Figure 34).
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Gram-negative bacteria P aggregates (micelles, blebs) LPS
monomers

Lipophilic HBNP

Hydrophilic LMNP

Figure 34. LPSs extracted and purified or spontaneously released from Gram-negative
bacteria form large aggregates (micelles, membrane blebs) in an aqueous environment.
LPS-coated magnetic nanoparticles (LMNPs) mimicking LPS aggregates are obtained by
coating a hydrophobic brush nanoparticle (HBNP) with LPS.

DLS analysis and TEM images of LMNPs in water confirmed that the
recovered hybrid nanoparticles retained their shape and were generally

organized as small clusters of individual particles.
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Figure 35. On the left, TEM images of a) HBNPs in hexane and b) LMNPs in distilled
water. Scale bar: 10 nm. ¢) The upper colored phase is a HBNP dispersion in hexane, while
the lower colorless phase is 16.7 pm LPS in Tris—EDTA. d) LMNP aqueous dispersion after
phase mixing and evaporation of the organic solvent. e) Purification of LMNPs by magnetic
decantation. On the right, hydrodynamic size distribution of LPS micelles (red line) and of
purified LMNPs (black line) in PBS buffer obtained by DLS. The micelles were recovered in
the supernatant solution after magnetic sequestration of LMNPs from the reaction mixture.
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The bioactivity of LPS bound to LMNPs was assessed by measuring the
ability of LMNPs to stimulate TLR4-dependent cell activation.
Increasing concentrations of LMNPs induced a dose-dependent activation
of transformed HEK293 cells expressing CD14, MD-2, and TLR4, as
manifested by extracellular accumulation of interleukin-8 (IL-8) from
treated “HEK-TLR4” cells (Figure 36a) and of secreted embryonic
alkaline phosphatase from treated “HEK-Blue” cells (Figure 36b).
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Figure 36. a) LMNP-dependent IL-8 production in HEK-TLR4 cells. b) Measurement of
LMNP-induced activation of the transcription factor NF-kB level in HEK-Blue cells.

To further define the ability of LMNPs to stimulate TLR4-dependent
cellular responses, LMNP-induced activation of cells of the innate
immune system was investigated using wild-type (wt), CD14--, and
TLR4-- murine bone-marrow derived dendritic cells (BMDCs) and bone-
marrow derived macrophages (BMDMs). Cell activation was monitored
by the accumulation of extracellular tumor necrosis factor a (TNF-a)
during incubation for 24 h. As shown in Figure 37, LMNPs produced
dose-dependent activation of both cell types derived from wt mice. To
verify that the biological activity observed for LMNPs was exclusively
related to the immobilized LPS and not influenced by the inorganic core,
we tested LPS-free, watersoluble magnetic nanoparticles as a negative
control.
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Figure 37. LMNP- and free LPS-mediated activation of BMDCs (left) and BMDMs (right).
Cells of the innate immune system were activated with LMNPs and the corresponding
amounts of free LPS and the release of TNF-a were measured in the supernatant 24 h

later. Data are means of at least three independent experiments.

Finally, we compared of the dose-dependent activation by LMNPs and by
LPS of HEK-TLR4 and HEK-Blue cells (Figure 36) and of wt and CD14--
murine BMDMs and BMDCs (Figure 37). It was revealed that the
LMNPs were about tenfold less potent than LPS when normalized for the
amount of LPS added. Even at the highest dose tested (4.2 nM), LMNPs
had no detectable cytotoxic effect, which indicated that the reduced
potency of LMNPs in inducing TLR4-dependent cell activation was most
likely due to reduced efficiency of delivery of LPS from LMNPs (versus
aggregates of LPS) to CD14 and to MD-2-TLR4 and not a general
cytotoxic effect of the LMNPs. (ARTICLE 7)
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7. Active targeting of antibody-engineered multifunctional nanoparticles
in mice and downregulation of HER-2 expression in breast cancer cells

TMNC used for HER-2 labeling in MCF7 cell cultures were further
assessed as to their capability of targeting breast cancer cells in vivo and
of imaging their localization in living animals. To this aim, we have
improved the preparation of the hybrid nanocomposites for in vivo
application. The original procedure for the synthesis of TMNC, presented
in paragraph 2, involved a nanocrystal controlled nucleation and growth
by solvothermal decomposition in the presence of oleic acid followed by
ligand exchange, which led to a dispersion soluble in the aqueous phase.
However, when we explored the possibility of using TMNC for
intravenous administration, they invariably exhibited 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 exchange. Hence, we improved the phase transfer by an
intermediate reaction with tetramethylammonium hydroxide (TMAOH,
Scheme 5), which led to the same final antibody nanocomplex
dramatically reducing the TMNC accumulation at the site of injection, as
it was capable of diffusing quickly in the bloodstream. Moreover, Tz was
labeled with Alexa Fluor 688 for fluorescence imaging purpose.
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Scheme 5

We carefully investigated the TMNC targeting efficiency and
biodistribution by combining MRI monitoring, highly sensitive
epifluorescence (Epf) tracking of nanoparticles in mice bearing MCF7

cells, and accurate tissue analyses. These nanoparticles proved to be
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highly effective in selectively targeting the tumor mass, resulting in a
detectable increase in contrast by MRI. Indeed, a remarkable decrease in

T2-weighted axial maps was observed in the tumor region at 24 h.

Figure 38. Monitoring of TMNC uptake in vivo by MRI. The axial Ts-weighted MR images
have been obtained from MCF7 tumor-bearing mice (a) before and (b) 24 h after the

injection of nanocrystals.

Epf images of supine mice, obtained with a CCD camera at 5 h, 24 h, and
1 week after injection, confirmed a localization of TMNC in
correspondence of the HER-2-positive tumors (Figure 39). We observed
the same behavior with perfused mice, which suggested that TMNC

diffused in the extravascular region of the tumor tissue.
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Figure 39. CCD camera images of (a) mice bearing MCF7 xenografts and (b) of the isolated
tumors at 5 h, 24 h, and 1 week postinjection of 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 (standard error) of three
different samples for each experimental time.

The maximal Epf emission in xenografts, as confirmed by isolated
tumors, was observed at 5 h, while the signal intensity in the tumor
unexpectedly decreased after 24 h. The fall of fluorescence observed by
CCD images reflected the degradation of the organic corona, subsequent
to the receptor-mediated TMNC internalization. Therefore, we predicted
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 (Figure 40).
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Figure 40. Mechanism of TMNC internalization and degradation in HER2-positive MCF7
cells. In a first step, TMNC binds to HER-2 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 HER-2 receptor.

Spectrofluorimetric assays performed on lysates of the same tumors
analyzed by the CCD camera provided support to the Ilatter
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. The same samples were also analyzed by magnetic relaxation
measurements to assess the relative amount of iron due to the presence
of magnetic nanocrystals incorporated in the tumor tissue. The gradual
increment in relaxivity (1/T2)over time was an index of the progressive

accumulation of iron in the tumor (Figure 41).
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Figure 41. Fluorescence intensity (a) and inverse relaxation time (b) of MCF7 lysates, at 5
h, 24 h, and 1 week postinjection of TMNC.

In accordance with the putative mechanism of TMNC internalization
illustrated in Figure 40, immunohistochemical analysis provided
evidence that nanoparticles were able to saturate HER-2 monomers
expressed on cell surface of the tumor tissue, thus eliciting the rapid
receptor degradation, which is expected to strongly interfere with
signaling processes promoted by this receptor accounting for a direct
involvement of HER-2 in the mechanism of TMNC internalization
(Figure 42).

Figure 42. Immunohistochemistry of tumor section extracts (a) before and (b-d) after
treatment with TMNC. (a) Strong and diffuse membrane c-erb-2 immunostaining 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) or focal (panels ¢ and
d) weak pattern of distribution in the tumor at 5 h, 24 h, and 1 week, respectively

65



CHAPTER 2 RESEARCH WORK

A confocal microscopy examination of tumor cryosections indicated that
TMNC came into contact with the plasma membrane of cells to be
subsequently internalized (Figure 43). Within 24 h, TMNC was
endocytosed 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.

Figure 43. Confocal laser scanning micrographs of cryosections obtained from MCF7 tumors
at 5 h, 24 h, and 1 week postinjection of TMNC, and then counterstained with DAPI for
nuclei detection. Autofluorescence sample (AF) is a MCF7 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 pm.

TEM images provided compelling evidence that TMNC was captured by
the plasma membrane of MCF7 cells within the first 5 h followed by
membrane invagination, which likely reflects the binding to the target
receptors activating the process of internalization (Figure 44). After 24 h,
TMNC was recovered inside the cytoplasm, compartmentalized in
endosomes and lysosomes, suggesting that it was subjected to a typical

endocytic pathway upon incorporation by the cell.
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Figure 44. TEM images of MCF7 tumors isolated at (a,b) 5 h, (c,d) 24 h, and (e) 1 week
postinjection of TMNC. At 5 h, two nanocrystals (arrows) are interposed between the
membranes of two adjacent cells. At a higher magnification (inset), it is evident the close
interaction of nanocrystal with membrane (arrows), which invaginates at the binding site
level. At 24 h, nanocrystals are compartmentalized (arrows) in endosomes (c) and lysosomes
(d) and, after 1 week, only in lysosomes (e). m, mitochondria; N, nucleus; d, desmosome.
Scale bars = 1 um (a,c,d,e), 100 nm (b and insets).
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To evaluate the biodistribution of injected TMNC in mice, some model
organs have been monitored by a CCD camera (Figure 45). The Epf
images of liver, kidneys, spleen, and lungs were determined 5 h, 24 h,
and 1 week after TMNC injection. The results obtained confirmed a
preferential distribution of TMNC in liver and kidneys after 5 h, and an
appreciable fluorescence was also recovered in lungs, although no
significant labeling was observed in ex vivo imaging, probably due to a
deeper penetration of labeled nanocrystals in this tissue. We observed
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.
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Figure 45. (a) Averaged epf intensity of isolated liver, kidneys, spleen, and lungs. (b)
Fluorescence intensity and (c) inverse relaxation time of organ lysates at 5 h, 24 h, and 1
week postinjection of TMNC.

Finally, in order to investigate the possible toxic effects of TMNC on non-
target organs, we performed a histopathological examination of liver,
kidneys, spleen, and lungs isolated 5 h, 24 h, and 1 week after TMNC
injection. No histological lesions were found in liver, kidneys, and spleen
at all observed times, while in lungs an initial inflammation process was
recovered, which reversed rapidly afterwards (Figure 46). (ARTICLE 8)
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Kidney
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Figure 46. 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.

69



CHAPTER 2 RESEARCH WORK

70



CHAPTER 3 OUTLOOK

Chapter 3

Outlook

Contents

1. Site-specific conjugation of scFvs to nanoparticles by bioorthogonal

strain-promoted alkyne-nitrone cycloaddition 73
2. Protein oriented ligation on nanoparticles exploiting genetically

encoded fusion with Os-Alkylguanine-DNA transferase 80
3. Conclusion 85

The design of ideal targeted nanoparticles needs careful optimization of
fundamental features including uniform size and shape, surface charge,
optical and magnetic properties, and efficient functionalization with
suitable homing ligands to improve the signal amplification and target
selectivity toward malignant cells. We devoted great effort to the
development of novel strategies for the biofunctionalization of
nanoparticles with proteins to improve the targeting efficiency of
nanoparticles toward cell receptors. Protein orientation on the surface of
nanoparticles becomes a crucial factor for maximizing the affinity for
their molecular counterparts. We reasoned that the bioorthogonal
ligation approach could be particularly promising for this purpose, as it
involves two different active chemical functionalities placed on the
respective ligand pairs, which are joined together. In this light, we are
focusing on the investigation of different models based on the interaction
between recombinant proteins made by a molecule of biomedical interest
(protein, antibody, antibody fragment, etc.) in fusion with a small peptide
sequence (capture module) which covalently and selectively binds the
nanoparticle functionalized with a substrate analogue or inhibitor in
order to generate an oriented and stable functionalization. The

advantages of this approach are:
- stable and highly specific binding

- attachment of protein with uniform orientation
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- reduced risk of protein degradation or denaturation because of the
occurrence of a spontaneous biological interaction instead of a chemical

coupling

Small
molecule
ligand

Bulk Support Material

Figure 47. Covalent immobilization via enzymatically active fusion protein

In the course of the last part of this project, we have just finished two
works focusing on this protein conjugation strategy. In this section, the
results of these works are presented, the first exploiting an alkyne-
nitrone cycloaddition reaction, while the second taking advantage of the
SNAP-tag technology.
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1. Site-specific conjugation of scFvs to nanoparticles by bioorthogonal
strain-promoted alkyne-nitrone cycloaddition

We have explored a new method based on a single-step bioorthogonal
reaction as an efficient variant of the copper-free “click” cycloaddition, for
the reliable surface functionalization of magnetofluorescent
nanoparticles with proteins. This approach has several advantages
compared with other methods: 1) the reaction is fast and versatile, 2) a
complete control on the site of conjugation of the protein (and
consequently on the protein orientation on the nanoparticle) can be
achieved with a precision of a single aminoacid, 3) the reaction works
best in a biocompatible environment and 4) the reaction is byproduct-
free, thus each step of purification is simple and efficient. We validated
the method using a scFv mutant of the anti-HER2 antibody against
breast cancer cells, demonstrating that the resulting scFv-functionalized
nanoparticles were able to selectively bind to the specific membrane

receptors expressed on target-positive cancer cells.

Copper catalyzed azide-alkyne cycloaddition (CuAAC), which has been
exploited for protein immobilization on iron oxide nanoparticles is
versatile,8® but requires metal catalysts that are toxic for cells and
unsuited for several kinds of proteins, which strongly limits its
applicability.86 The strain-promoted nitrone-alkyne cycloaddition
(SPANC) modification of CuAAC, in which the terminal alkyne is
replaced by a highly reactive cyclooctyne, does not require Cu(I) catalysis
and has provided excellent results. The reaction requires an N-terminal
serine residue in the peptide sequence, which can be easily converted to
reactive nitrone and in situ reacted with a ring-strained cyclooctyne-
bearing ligand. The kinetics of the reaction can be improved by
introducing electron-withdrawing substituents adjacent to the triple

bond of the ring-strained cyclooctyne.
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Scheme 6. Synthetic strategy and cell labeling.

Nanoparticles, obtained by solvothermal decomposition in organic
solvents, were transferred to water phase by mixing with an amphiphilic
polymer, which was previously reacted with fluoresceinamine. These
highly stable nanoparticles were functionalized with amino groups for
the reaction with a SH-terminated PEG5000 carbamate linker, reactive

for the scFv1 previously oxidated on the n-terminal serine.
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Scheme 7. Synthesis of scFv-functionalized nanoparticles. a) FITC-PMA; b) EDBE,
EDCHCIL 2h,c) SPDP, 4 h, r.t.;d) L1, 2 h, r.t. ;e scFvl, 1 h,r.t., 14 h at 4 °C

The functionalized nanoparticles were assessed by flow cytometry to
evaluate their affinity and target selectivity in labeling MCF7 breast
cancer cells expressing HER-2 membrane receptors. We have evidence of
a remarkable right-shift of fluorescence signal for both nanoparticles
concentrations with HER-2+ cells, which was not observed with MDA
cells. These results suggest that nanoparticles accumulate selectively on
MCF7 cells and that nanoparticle-HER-2 recognition is concentration-
dependent (Figure 48).
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Figure 48. MCF7 cells were incubated 1 h at 37 °C with 20 pg mL- (gray line) and 100 pg
mL-1 (black line), respectively, of nanoparticles. As a negative control, MDA cells were
treated with nanoparticles (dashed line).

The specificity of binding between nanoparticles and HER-2 was
validated by confocal laser scanning microscopy. We observed an
accumulation of nanoparticles and scFv1 at the cell membrane of HER-2+
cells only, which confirmed that nanoparticle capture by cells was

actually mediated by specific membrane receptor interaction.
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Figure 49. HER-2* cells (MCF7; A, E, K, N) and HER-2- cells (MDA; B, F, I, O) were
incubated 1 h at 37 °C with nanoparticles (100 pg mL-1). ScFv1 incubation with MCF7 and
MDA cells was used as positive (C, G, L, P) and negative controls (D, H, M, Q), respectively.
ScFvl was revealed by a FITC-conjugated antibody to whole murine IgG (C, D). Nuclei
were stained with DAPI (E, F, G, H) and membranes were stained with DiD oil (K, I, L, M).
Merge images were showed in panels N, O, P and Q. Scale bar = 10 pm

To evaluate the potential of the synthesized nanoparticles as magnetic
contrast agents in living cells, we performed a set of T2 relaxation
experiments on MCF7 and MDA cells. The treated samples as well as
unlabeled MCF7 and MDA cells (controls) were analyzed by relaxometric
measurements. All the treated MCF7 cells exhibited a significant dose-
dependent fall in T2 compared to the control, confirming the capture of
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paramagnetic iron by cultured. In contrast, MDA cells did not provide
evidence of Te decrease attributable to the interaction with nanoparticles

at all the concentration tested.
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Figure 50. Relaxivity measurements on treated and untreated (NT, controls) MCF7 and
MDA cells. Data are the mean + S.E. of three different relaxivity measurements. T2 values
refer to 5x105 cells after incubation with different concentrations of nanoparticles.

Finally, we investigated the cellular toxicity and cell proliferation of
nanoparticles. Nanoparticles were found to be non-toxic at 20 and 50 pg
mL-1 in MCF7 after 24 h of exposure, while induced about 15% mortality
at 100 pg ml, probably due to the high particulate concentration in
suspension. No differences were observed between untreated and
nanoparticle-treated cells in terms of proliferation, further confirming
the low toxicity of thes'e particles (Figure 51). These experiments
suggested a good profile of safety in cultures for TMFN. (ARTICLE 9)
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Figure 51. A) Cell death assay with TMFN. MCF7 cells. Cell death was assessed to
measure the exposure of Annexin V and the incorporation of 7-aminoactinomycin D,
evaluated by flow cytometry. The percentage of cell death in untreated population was
substracted. B) Cell proliferation assay with TMFN. MCF7 cells were treated with TMFN
Cell proliferation was tested by measuring the conversion of MTT into formazan. CTRL

represents untreated control.
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2. Protein oriented ligation on nanoparticles exploiting genetically
encoded fusion with Oe-Alkylguanine-DNA transferase

The second approach attempted in this explorative insight was a new
method based on the genetic encoding of mutants of human Oe-
alkylguanine-DNA alkyltransferase, also referred to as SNAP-tag, for the
reliable biofunctionalization of nanoparticles. The genetic encoding of the
targeting protein produced in N-terminal-linked fusion with SNAP,
reacted quickly, effectively and in a site-directed manner with guanine
derivatized multifunctional nanoparticles (MFN2). This resulted in the
formation of a new covalent bond between the protein and the
nanoconjugate (SSMFN) with release of a guanine molecule (Scheme 8).

MFN2 SSMFN

Scheme 8. Mechanism of SNAP-mediated immobilization of scFv on MFN2.

As a proof of concept of the potential of this method, we designed a
bimodular genetic fusion (SNAP-scFv) comprising a bioactive scFv
mutant selective for HER-2 receptor in breast cancer cells as a targeting
module, and SNAP as MFN2 capture module (Scheme 9).
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Scheme 9. Synthesis of MFN2.

We have demonstrated the wutility of this method for protein
nanoconjugation and cellular imaging by evaluating the effects of the
treatment of HER-2-positive breast cancer cells with SSMFN. HER-2-
positive MCF7 cells were used as model to assess the targeting efficiency
of SSMFN. Flow cytometry performed on HER2-positive MCF7 treated
with SSMFN evidenced a concentration-dependent signal right-shift
associated with labeled cells. In contrast, HER-2-negative MDA cells
remained unlabeled after SSMFN treatment at the highest concentration
(Figure 52).
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Figure 52. MCF7 cells were incubated 1 h at 37 °C with 20 pg mL- (gray line) and 100 pg
mL- (black line) of SSMFN. As a negative control, MDA cells were treated with 100 pg mL-
Lof SSMFN (dashed line).

Next, confocal laser scanning microscopy confirmed the specificity of
binding between SSMFN and HER-2 receptors. SSMFN and SNAP-scFv
colocalized at the cell membrane of HER2-positive cells only, which
confirmed that SSMFN adhesion to cell membrane was actually

mediated by specific interaction with HER-2 (Figure 53).
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Figure 53. HER-2* cells (MCF7, D) and HER-2- cells (MDA, C) were incubated 1 h at 37 °C
with SSMFN (100 pg mL-1). SNAP-ScFv incubation with MCF7 and MDA cells was used as
positive (B) and negative controls (A), respectively. SNAP-scFv was revealed by a FITC-
conjugated secondary antibody against whole murine IgG (green). Membranes were stained
with DiD oil (red). Scale bar = 10 pm.

Finally, cellular death experiments performed on MCF7 cell after
incubation with SSMFN at 20, 50 and 100 pg mL-1, demonstrated that
SSMFN were non-toxic in this range of concentrations, which 1is
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significant for in vitro and in vivo applications (Figure 54A). MTT assay
showed a proliferation profile similar to that of untreated cells both at 20
and 100 pg mL-! (Figure 54B).
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Figure 54. A) Cell death assay with SSMFN. MCF7 cells were treated with SSMFN for 24
h. Cell death was assessed by measuring the exposure of Annexin V and the incorporation
of 7-aminoactinomycin D evaluated by flow cytometry. The percentage of cell death in
untreated population was subtracted. The results are expressed as means + S.D. of the
mean of 3 individual experiments. B) Cell proliferation assay with SSMFN. MCF7 cells
were treated with SSMFN for up to 48 h. Cell proliferation was tested by measuring the
conversion of MTT into formazan. CTRL represents untreated control. The results are
expressed as means = S.D. of the mean of 5 individual experiments.

Our method proved to be rapid, efficient and potentially applicable to
most proteins, especially to the increasingly popular scFv targeting
ligands, without apparent loss of biological activity, which usually
represents a severe obstacle in the fabrication of bioinspired hybrid
materials. Another feature of attractiveness of our method is that it
makes use of hydrophobic nanoparticles, which have been rendered
water-soluble by coating with a suitable amphiphilic polymer. In this
way, the same approach can be immediately extended to several kinds of
nanomaterials, including gold, quantum dots, and many others that are

prepared by solvothermal decomposition methods in organic solvents.
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3. Conclusion

Cellular processes are commonly regulated by the presence of
simultaneous alternative pathways at the physiological level. Such
redundancies represent the main strategy exploited by the cells to
perpetuate their survival, resulting in a wide range of advantageous
possibilities to facilitate the persistence of normal cells. However, in the
early stages of malignancies, this “multiple choice” system may cause the
catastrophic fate of the host organism, as degenerated cancer cells are
allowed to increase their proliferative potential in the same way. Indeed,
tumor cells are able to bypass the proliferation check-point by
“contriving” new mechanisms for the control of their life maintenance
and for the development of their abnormal growth, thus becoming
substantially immortal. Based on this rationale, several modern
advanced therapeutic approaches for cancer treatment are focusing on
the assumption that the inhibition of a single proliferation pathway with
a suitable therapeutic agent may exhibit only limited efficacy. Actually,
to enhance the probability of success of the therapy, it is imperative to
selectively remove the tumor cell before it can evolve to its superior
stages up to the metastases production. In the latter stages of cancer
evolution, tumor cells acquire the ability to evade the proliferation
inhibition by pharmacological agents. Therefore, under this scenario
there is a growing need to develop novel and more sensitive diagnostic
tools which should improve the early identification of rising malignancies
and the accuracy of tumor tissue localization in order to improve the

positive outcome of surgical interventions.

The main scope of this work was the development of organic/inorganic
hybrid nanoparticles functionalized with active biomolecules for the
molecular receptor recognition in cancer cells. The occurrence of a
targeted ligand-receptor interaction can be sensitively detected by
conjugating selective molecular probes with a metallic nanoparticle
resulting in the amplification of a physical signal which would
theoretically enable to localize one individual malignant cell. Thanks to
the multifaceted properties of magnetic nanomaterials, we selected iron
oxide nanocrystals as model nanoparticle for the investigation of new
conjugation strategies and for the interaction of the resulting

nanobiocomplexes with superior biological systems. As a proof of concept
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of the utility of our nanobiotechnology platform we focused on the
conjugation of a monoclonal antibody currently in use for clinical
immunotherapy of breast cancer, the commercial trastuzumab and its
engineered variants, for which the natural receptor is well-documented
(the human epidermal grow factor receptor 2, HER-2).

The combination of individually FDA-approved molecular entities and
non-toxic nanomaterials leads to nanovectors ideally ready for in vivo
testing. If the ongoing trials on the first generation of hybrid
nanoparticles based on trastuzumab conjugates will demonstrate
successful, some of these systems may become a good candidate to be
developed as theranostic nanoclinics, since the diagnostic technique
mainly required for their use (MRI) is already a frequently used medical
tool for standardized clinical protocols.

The novel bioconjugation strategies explored within this work should be
generalized by validating them with alternative molecular ligands and
different kinds of nanoparticles, thus extending the field of applicability
of our approach. The forthcoming work will be the optimization of the in
vivo administrations of theranostic agents in superior animals models,
including primates, as the final goal of this project remains the clinical
translation of molecular nanoclinics to be used in combination with, or
even in replacement of, the current invasive diagnostic and therapeutic

techniques for the treatment of human breast cancer.
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1. Introduction

Cellular processes are commonly regulated by the presence of
simultaneous alternative pathways at the physiological level. Such
redundancies represent the main strategy exploited by the cells
to perpetuate their survival, resulting in a wide range of advan-
tageous possibilities to facilitate the persistence of normal cells.
However, in the early stages of malignancies, this “multiple choice”
system may cause the catastrophic fate of the host organism, as
degenerated cancer cells are allowed to increase their proliferative
potential in the same way. Indeed, tumor cells are able to bypass the
proliferation check-point by “contriving” new mechanisms for the
control of their life maintenance and for the development of their
abnormal growth, thus becoming substantially immortal. Based on
this rationale, several modern advanced therapeutic approaches for
cancer treatment are focusing on the assumption that the inhibi-
tion of a single proliferation pathway with a suitable therapeutic
agent may exhibit only limited efficacy. Actually, to enhance the
probability of success of the therapy, it is imperative to selectively
remove the tumor cell before it can evolve to its superior stages up
to the metastases production. In the latter stages of cancer evo-
lution, tumor cells acquire the ability to evade the proliferation
inhibition by pharmacological agents. Therefore, under this sce-
nario there is a growing need to develop novel and more sensitive
diagnostic tools which should improve the early identification of
rising malignancies and the accuracy of tumor tissue localization
in order to improve the positive outcome of surgical interven-
tions.

Highly metastasizing mammary carcinoma has been identified
as the second most common type of malignant tumor in adult
women after lung cancer [1], as 1.2 million women are diagnosed
with breast cancer every year. Current clinical approaches to the
detection of malignancy localization at the lymph nodal level are
not entirely satisfactory, particularly in terms of patient care. The
“Sentinel Lymph Node” method is universally accepted to be the
most superior approach for the detection of lymphatic axillary
chain nodal invasion. However, this approach is rather invasive,
as it is based on a surgical biopsy of the first lymph node of the
axillary chain spotted by a lymph-scintigraphy with 9™Tc [2].

In recent years, a variety of nanoparticles (NPs) functionalized
with cancer-specific targeting ligands have been investigated to
image tumors and detect peripheral metastases [3]. In particular,
they could be used in early identification of tumors, allowing for a
timely intervention with chemopreventive therapies. Several nan-
otechnological approaches have been used to improve the delivery
of chemotherapeutic agents to cancer cells with the goal of mini-
mizing toxic effects on healthy tissues while maintaining antitumor
efficacy. Doxorubicin has been formulated with a liposome deliv-
ery system into NP size, which maintains the efficacy of the drug
and decreases cardiac toxic effects [4]. One of these delivery sys-
tems, pegylated liposomal doxorubicin, is approved for treatment
of refractory ovarian cancer and Kaposi's sarcoma in the United
States. NP albumin-bound paclitaxel also exhibits greater efficacy
than conventional castor-oil-based paclitaxel with an improved
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safety profile [5], and is approved in the US for the treatment of
metastatic breast cancer.

Although the number of different types of NPs is increasing
rapidly, most of them can be classified into two major groups: (1)
particles containing organic molecules as a major building material
and (2) those that use inorganic elements, usually metals, as a core.
Liposomes, dendrimers, carbon nanotubes, emulsions, and other
polymers are a large and well-established group of organic parti-
cles. The use of these organic NPs has already produced promising
results. The structure, function, and biomedical applications of
these organic NPs have been reviewed recently [6-9].

Most inorganic NPs share the same basic structure, consisting
of a central core that defines the physical properties (detectable
source of signal), including fluorescence, optical, magnetic, and
electronic features of the particle, with a protective organic coating
on the surface which is usually responsible for the biological recog-
nition and improvement of the particle solubility, for protecting the
core from degradation in a physiologically aggressive environment
and for evading the clearance action of the host immune system
(Fig. 1). The present overview is essentially focused on this latter
class of composite NPs.

With the increasing use of targeted therapies in oncology, there
is the requirement for the methods of molecular profiling to be
optimized. The success of many targeted treatments depends on
the expression of specific proteins or genes present in tumor cells.
In breast cancer cells, the level of hormone-receptor expression
correlates directly with the benefit of endocrine treatments, and the
presence of “Human Epidermal growth factor Receptor 2" (HER2)
protein overexpression and/or gene amplification is a prerequisite
to benefit from target specific monoclonal antibodies [10].
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Fig.1. Schematicrepresentation ofan ideal hybrid functional nanoparticle designed
for HER2 receptor targeting. The optical/magnetic signal is produced by the metal
core, which is protected by an organic/inorganic polymer shell derivatized with
solubilizing stealthy molecules (e.g., PEG), and targeting ligands (e.g., trastuzumab).
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Some breast cancers produce protein biomarkers (e.g., estrogen
receptor, progesterone receptor, and HER2), on which therapeu-
tic decisions are made. The use of NPs is expected to allow for the
simultaneous detection and quantification of several proteins in
small tumor samples, which will ultimately enable the tailoring
of specific anticancer treatment to an individual patient’s spe-
cific tumor protein profile, potentially leading to a personalized
medicine [11].

To design a diagnostic approach to breast carcinoma using
nanoagents in humans, it is necessary to fulfill several criteria for
their utilization. These include high resolution and the accuracy and
sensitivity of detection, which may be provided by using NPs coated
with specific monoclonal antibodies against protein biomarkers
overexpressed by breast cancer cells, such as HER2 receptor. In
addition, they must ideally have no toxicity, and be able to inter-
act in a physiological way with biological tissues. In particular, they
should have a good safety profile and not aggregate when delivered
to biological tissues. Finally, since membrane receptors are endocy-
tosed as part of their normal response to ligand binding, functional-
ized NPs have to follow physiological pathways when internalized.
So far, only preliminary evidence has been reported in regard to
these latter factors, which are critical for clinical use [12-14]. The
ultimate challenge is represented by the development of efficient
strategies for the reliable conjugation of targeting biomolecules on
the NP surface. In fact, a major issue is the reliable conservation of
the biological activity of immobilized macromolecules.

Among the various molecular targets explored for the treatment
of human carcinoma, we chose to focus on examples involving NPs
conjugated with the anti-HER2 monoclonal antibody, the so-called
“trastuzumab”, which is commonly employed in current clinical
practice. In this review, we present the recent literature reporting
on the state of the art techniques for the preparation of various
typologies of trastuzumab-functionalized NPs, and their applica-
tion in biological and preclinical studies aimed at improving the
diagnosis and treatment of breast cancer. This overview is preceded
by a critical insight of the current knowledge in regard to the bio-
logical role of HER2 membrane receptor, the mechanism of action
of trastuzumab, its involvement in combination therapy and pro-
posed mechanisms of resistance developed by the malignant cell
in response to prolonged treatment with the antibody.

2. The Human Epidermal growth factor Receptor 2: action
and signaling inhibition

2.1. HER2 receptor mechanism of action

HER2 is a transmembrane tyrosine kinase receptor, which
belongs to the ERBB family and is overexpressed in 25-30% of
human breast cancers [15]. HER2 includes an extracellular domain
at which ligand binding occurs, an a-helical transmembrane seg-
ment and an intracellular protein tyrosine kinase domain [16].
An essential requirement for its function and signalling activity
is receptor dimerization (pairing) [16,17]. After ligand binding to
the extracellular domain, a conformational rearrangement occurs,
exposing the dimerization domain that forms the core of the
dimer interface with another receptor [18]. Receptor dimerization
is responsible for the transactivation of the tyrosine kinase por-
tion of the dimer moiety as each receptor activates its partner by
phosphorylation.

In contrast, HER2 involves an active tyrosine kinase domain and
its native form exists in the extended (open) ‘active’ conforma-
tion state, so it is constitutively available for dimerization [19-21].
HER2 can form homodimers or heterodimers with EGFR, HER3 and
HER4 and is required for key intracellular pathways that govern
fundamental cellular processes, including proliferation and cell sur-
vival [19,22]. Although HER2 dimerization partners are activated
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by different signaling molecules, the specificity of HER2 signaling
resides in its capacity to preferentially bind some effector proteins
[16,19,22]. In tumor cells, HER2 is overexpressed or constitutively
activates and stimulates many intracellular signaling proteins and
physiological pathways, such as the mitogen-activated protein
kinase (MAPK), Phosphoinositide 3 kinase/Ak transforming factor
(PI3K/Akt), mammalian target of rapamycin (mTOR), Src kinase,
and STAT transcription factors (signal transducers and activators of
transcription) [19,23,24]. However, pathology arises here whereas
the usual negative regulatory loops that function in normal cells
are impaired [25]. Two key signaling pathways activated by the
ERBB family dimers are the MAPK pathway, which stimulates
proliferation, and the PI3K/Akt pathway, which promotes tumor
cell survival. The activation of the MAPK pathway leads to the
transcription of genes that drive cellular proliferation, migration,
differentiation and angiogenesis [16,17]. Signaling through the
PI3K/Akt pathway leads to the activation, through phosphoryla-
tion, of many other proteins that initiate processes to enable cell
survival, suppression of apoptosis and cell cycle control (mTOR,
STAT and FOXO transcription factor) [22,26-29]. The involvement
of PI3K pathway in cancerogenesis is emphasized by the observa-
tion that many breast tumors exhibit low levels of phosphatase and
tensin homolog (PTEN) [30], the lipid phosphatase that dephos-
phorylates and reduces PIP3 (phosphatidylinositol 3-phosphate),
thereby reversing the action of PI3K.

2.2. HER2 inhibition by trastuzumab

Extracellular domain of HER2 has been the target of several
monoclonal antibodies created in order to inhibit the prolifera-
tion of human cancer cells. The most popular trastuzumab is a
humanized monoclonal antibody consisting of two antigen-specific
sites that bind to the juxtamembrane portion of the extracellu-
lar domain of the HER2 receptor preventing the activation of its
intracellular tyrosine kinase [31]. There are several possible mech-
anisms through which trastuzumab may decrease HER2 signaling
(Fig. 2). Some recent works showed that trastuzumab mediates
the activation of antibody-dependent cellular cytotoxicity (ADCC).
The presence of ADCC is mainly due to the activation of natural
killer (NK) cells, expressing the Fc gamma receptor, which can
be bound by the Fc domain of trastuzumab [33,34]. However,
Molina et al. demonstrated that, in HER2 overexpressing breast
cancer cell lines, trastuzumab may follow an alternative mecha-
nism of action involving blockage of the proteolytic cleavage of
HER2 extracellular domain, and p95 serum-release by inhibiting
metalloproteinase activity [35,36]. A diminished signaling mecha-
nism may result from trastuzumab-mediated internalization and
degradation of the HER2 receptor, but whether trastuzumab actu-
ally down-regulates HER2 or not is currently the subject of
debate [37-39]. Moreover, it is still unclear if trastuzumab is
capable of acting directly on HER2 intracellular partners [30,40].
Finally, trastuzumab treatment provokes cell cycle arrest dur-
ing the G1 phase, with a concomitant reduction of proliferation.
This event is accompanied by the reduced expression of proteins
involved in the sequestration of the cyclin-dependent kinase (cdk)
inhibitor p27y;p;, including cyclin D1. This results in the release
of p27yp, allowing it to bind and inhibit cyclin E/cdk2 complexes
[41].

2.3. Mechanism of resistance to trastuzumab

A large proportion of HER2-positive cancers demonstrate the
predisposition to develop resistance to HER2-targeted therapeu-
tics [42]. An improved understanding of the mechanisms involved
in the resistance of tumor cells to trastuzumab molecules will
provide the framework for developing new therapeutic strategies.



ARTICLE 1
M. Colombo et al. / Pharmacological Research 62 (2010) 150-165 153

—\ HERI, HER2,
HER3, or HER4,

A Receptor-specific
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Fig. 2. Signal transduction by the ERBB family and p ial mechani of action of t b. The four bers of the ERBB family: HER1, HER2, HER3, and HER4 (Panel
A).There are ligands specific for HER1, HER3, and HER4 receptors. All ERBB family receptors have an intracellular tyrosine kinase domain exclusive of HER3. Homodimerization
or heterodimerization induces phosphorylation of the tyrosine kinase domain activating both cell proliferation and survival signaling. HER2 is the preferred dimerization
partner for the other HER family members Phosphonlanon of the tyrosine residues on the intracellular domain of HER2 activate the lipid kinase phosphoinositide 3-
kinase (PI3K), which phosphorylates a p itol that in turn binds and phosphorylates the enzyme Ak transforming factor (Akt), driving cell survival. In parallel,
the mammalian homologue of the son of sevenless (SOS), a guanine nucleotide exchange factor, activates the rat sarcoma (RAS) enzyme that, in turn, activates receptor
activation factor (RAF) and then mitogen extracellular signal kinase (MEK). MEK phosphorylates, among others, the mitogen-activated protein kinase (MAPK), driving cellular
proliferation. One of many other downstream effects is the production of vascular endothelial growth factor (VEGF) supporting angiogenesis. The most well-documented
potential mechanisms of action of trastuzumab (Panels B-F). In panel C cleavage of the extracellular domain of HER2 by matrix metalloproteinase-2 (MMP-2) is shown.
It leaves a membrane-bound phosphorylated p95, which can activate signal-transduction pathways. Shedding reduction of the extracellular domain through blndlng of
trast b to a j brane domain of HER2 (Panel C). Trastuzumab may mediate reduction of HER2 signaling by physwally ibiting either h dimerization, as
shown, or heterodimerization (Panel D). Recruitment of Fc-competent immune effector cells and the other comp of antibody-dependent cell diated cytotoxicity
by trastuzumab, leading to tumor-cell death (Panel E). Additional mechanisms such as receptor down-regulation through endocytosis have been postulated (Panel F).
Reproduced with permission from Ref. [32].
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Several hypotheses about trastuzumab resistance have been put
forward.

For example, up-regulation of HER2 levels has been associ-
ated with resistance to HER2 antagonists. Moreover, a number of
mutated forms of HER2 have been identified and thought to mod-
ulate the activities of the receptor ensemble. In particular, a HER2
mutant containing a G776 (YVMA) insertion in exon 20 exhibits
higher activity than the wild-type protein in activating down-
stream signaling events by forming the EGFR/HER2 heterodimer,
which thereby enhances survival, invasiveness, and tumorigenic-
ity [43]. Moreover, in the presence of an excess of EGFR ligands,
of HER2 or both, the resulting heterodimers drive cells towards
proliferation and inhibition of apoptosis and possibly interfere
with trastuzumab [44]. Among these ligands, transforming growth
factor-a (TGF-at) potentially plays an important role in resistance
to trastuzumab.

In their cell lines model, Nahta et al. observed IGF1R/HER2 het-
erodimers. In the presence of these heterodimers, trastuzumab was
completely unable to arrest cell proliferation [45]. These results
highlight IGF1R as a possible mediator of trastuzumab resistance
and a possible therapeutic target in patients with trastuzumab-
resistant disease. Nagata et al. also suggested an important role
of decreased expression of the PTEN protein [30]. The authors
demonstrated that, in sensitive cells, trastuzumab causes a dis-
ruption of the binding of Src kinase to HER2, allowing PTEN
to inhibit Akt, which results in the growth arrest. When PTEN
levels are low, however, Akt remains active and trastuzumab effi-
cacy is diminished. Nagy et al. observed that the expression of
MUC4, a membrane-associated mucin which contributes to the
masking of membrane proteins, was higher in the resistant clone
(JIMT1) than in trastuzumab-sensitive lines [46]. Knockdown of
MUC4 expression by RNA interference increased the binding of
trastuzumab. The HER2/EGFR heterodimer may undergo antibody-
induced internalization, ubiquitination, and proteolysis [47-50].
The internalization of HER2/EGFR represents a mechanism by
which the HER2-specific antibodies disable the transforming activ-
ity of the receptor. Before concluding this summary presentation
of the proposed mechanisms of trastuzumab-mediated resistance,
a recent study highlighting the contribution of the transmem-
brane receptor Notch-1 has to be taken into account [51]. Notch
receptors operate both as recipients of extracellular signals at the
cell surface and as transcription factors, playing a critical role in
lineage specification and thus acting to promote breast cancer.
[52,53]. It is noteworthy that cells treated with trastuzumab, or
a dual EGFR/HER2 TKI, exhibit increased Notch activities. There-
fore, the inhibition of the Notch signaling pathway is expected
to increase the inhibitory effect of HER2-targeted therapeutics
[51].

Finally, recent data suggest that cancer stem cell (CSC) popu-
lation can play a role in resistance to trastuzumab treatment [54].
CSCs, first demonstrated in acute myelogenous leukemia in 1994
by Dick and colleagues, are defined as a small population of can-
cer cells that are capable of giving rise to a new tumor [55-57].
CSCs exhibit characteristics of both stem cells and cancer cells, as
they have the properties of self-renewal, asymmetric cell division,
resistance to apoptosis, independent growth, tumorigenicity and
metastatic potential. The CSC population is also defined by the
expression of a specific set of markers, depending on the cancer
of origin. In breast cancer, all cells have the CD44*/CD24~ phe-
notype and carry the genetic risk factors (BRCA1 and/or HER2)
[58]. The interaction between CD44 and hyaluronic acid has been
implicated in resistance to trastuzumab by masking the interac-
tion of the antibody with the HER2 receptor on the cell surface
[59]. The presence of a drug-resistant population that can regen-
erate a tumor after treatment could have serious consequences for
therapy.

3. Recent advances in the use of trastuzumab in clinical
therapy

Over the last few years adjuvant therapy of HER2 positive
node-negative or node-positive breast cancer has evolved dramat-
ically, as it predominantly consisted of trastuzumab (Herceptin®;
Genentech) as single agent after multi-modality anthracycline-
based therapy, or as a part of therapy including doxorubicin
(Adriamycin®; Pfizer), cyclophosphamide (Cytoxan®; Bristol-
Myers Squibb) and paclitaxel (Taxol®; Bristol-Myers Squibb) [15].
It is now widely accepted that treatment with trastuzumab will
decrease the risk of disease recurrence by approximately 50%,
when administered concurrently or sequentially with chemother-
apy. However, the use of trastuzumab in metastatic breast cancer
(MBC) patients is limited by cardiotoxicity, specifically in patients
with prior anthracycline exposure or other risk factors for car-
diomyopathy.

Taxanes are now considered among the most active agents in
MBC when combined with trastuzumab [60]. Preclinical studies
indicate synergistic interactions of trastuzumab with docetaxel,
and additive interactions with paclitaxel. Results from clinical trials
demonstrate that the response rates with docetaxel in combination
with trastuzumab are higher than those with paclitaxel, although
no clear cross-trial differences between other efficacy endpoints
have emerged. However, taxanes-trastuzumab combinations have
been shown to induce superior disease control. Correlative stud-
ies of taxanes, as well as recent formulations of paclitaxel bound to
albumin NPs (Abraxane®; Abraxis Bioscience), in combination with
trastuzumab, will inform clinical practice regarding the optimal
agent, schedule, and the use of these highly effective regimens [60].
Results from at least two phase Ill trials indicated a higher response
rate and a longer progression-free survival time when carboplatin
was co-administered with paclitaxel-trastuzumab therapy.

To improve the efficacy of trastuzumab by-passing the mech-
anisms of resistance, novel effective combinations of targeted
therapies with chemotherapy have recently been developed. Spe-
cific interest in the development of optimal targeted therapy
is directed towards several studies with lapatinib, pertuzumab,
rapamycin, modified anti-HER2 antibodies and neratinib.

Lapatinib is a protein kinase inhibitor, targeting both epidermal
growth factor receptor (EGFR) and HER2. It binds the ATP-binding
pocket of the EGFR/HER2 protein kinase domain, preventing
self-phosphorylation and subsequent activation of the signaling
mechanism [61]. The results from a phase III trial demonstrated
that treatment with lapatinib (Tykerb®; Glaxo SmithKline) in com-
bination with trastuzumab helps to extend the progression-free
survival of women with HER2-positive MBC [62]. This randomized
study was conducted on 296 heavily pre-treated HER2-positive
MBC patients, who had demonstrated disease progression after
trastuzumab treatment. The analysis on randomized patients
who had received either lapatinib alone, or in combination with
trastuzumab, demonstrated a significant improvement in median
progression-free survival and a reduced risk of disease progression
in the combination group [62].

Another innovative targeted agent, which belongs to the class
of HER2-dimerization inhibitors (HDIs), is pertuzumab, a human-
ized monoclonal antibody. Pertuzumab is designed to bind the
HER2 receptor and prevent the ‘pairing’ or dimerization of HER2
with other HER family receptors (HER1, HER2, HER3 and HER4)
[63]. A recent study suggests that pertuzumab recognizes an extra-
cellular portion of HER2 which is different from the binding site
of trastuzumab, thus acting in different ways [64]. For this rea-
son, pertuzumab may potentially keep different cancer types from
growing. Preclinical studies demonstrate that the combination of
trastuzumab and pertuzumab synergistically inhibits the survival
of BT474 breast cancer cell lines and suggest that the complemen-
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tary mechanisms of action of the two compounds may lead to
increased efficacy [65]. Combination drug treatment was able to
reduce the levels of total and phosphorylated erbB2 protein and
block the receptor signaling through Akt, but not to affect MAPK.
New data from a phase II trial showed that half of the patients
with advanced HER2-positive MBC, whose disease had progressed
during a trastuzumab-containing regimen, benefited from a com-
bination of trastuzumab and pertuzumab [66].

The combination of pertuzumab with standard therapy
(trastuzumab and chemotherapy) is being investigated in the
phase Il CLEOPATRA (Clinical Evaluation of Pertuzumab and
Trastuzumab) study, which is currently recruiting patients in 18
countries worldwide. If this study gives positive results, this com-
bination therapy will set a new potential standard of care in
HER2-positive metastatic breast cancer.

Another antagonist of a mammalian mTOR target protein is
rapamycin. mTOR is a serine-threonine kinase member of the
cellular PI3K pathway that is implicated in transcriptional and
translational control. When nutrients and growth factors activate
mTOR, 40S ribosomal protein S6 kinase and the eukaryotic initia-
tion factor 4E-binding protein-1 are phosphorylated and activated.
These proteins control the progression of the cell cycle playing a key
role in ribosomal biogenesis and cap-dependent translation. mTOR
has a critical role in cell survival as the downstream mediator in the
PI3K-Akt signaling pathway. In breast cancer membrane receptors,
including the HER family, the IGF receptor and the estrogen recep-
tor are activated by PI3K-Akt pathway [67]. Recent data suggests
that Akt promotes breast cancer cell survival and induces resis-
tance to chemotherapy, trastuzumab and tamoxifen. This evidence
suggests that rapamycin may increase the therapeutic efficacy of
trastuzumab-resistant breast cancer [68].

The modulation of the chemical structure of the antibody
could be one of the most powerful approaches to improve effi-
cacy in cancer antibody therapy. There is evidence suggesting that
defucosylation of antibody oligosaccharides attached to Asn297
of the heavy chain significantly enhances antibody-dependent
cellular cytotoxicity (ADCC) compared to the conventional anti-
body [69,70]. The commercial fucosylated trastuzumab and its
defucosylated version were tested using PBMC (peripheral blood
mononuclear cells) drawn from the volunteers as effectors cells and
two breast cancer cell lines with different HER2 expression levels
as target cells. ADCC was significantly enhanced with the fucose-
negative antibody compared to the fucose-positive antibody. This
preliminary study suggests that the use of fucose-negative anti-
bodies may improve efficacy for treatment of HER2-positive breast
cancer [71].

Another method of increasing the potency of antibody-directed
therapy is the combination of specificity of the antigen-binding
site with a wide variety of effectors, including toxins. Using
this approach, the toxin DM-1 has been linked to HER2-targeted
antibodies in ongoing preclinical studies. Preliminary results sug-
gest that the antibody-combining site fused directly to the toxin
exhibits strong selectivity for HER2 binding [72,73]. Based on these
observations, recombinant toxins should be safely delivered to
experimental animals at effective doses and may penetrate tumors
more effectively than trastuzumab alone. However, the potential
for immune response to the protein may represent a limitation for
the use of toxin targeting antibodies therapy [74].

Neratinib (HKI-272) is a dual inhibitor of the tyrosine kinase
receptors, erbB1 (EGFR) and erbB2 (HER2) [75]. In a phase Il study,
neratinib exhibited a potent activity against trastuzumab-resistant
and trastuzumab-naive HER2-positive breast cancer. In particu-
lar, antitumor activity was observed in patients with breast cancer
previously treated with trastuzumab, anthracyclines, and taxanes.
The results demonstrated a significant improvement in median
progression-free survival and a reduced risk of disease progres-

sion [76]. For this reason, a large worldwide randomized phase 11l
study on the combination of trastuzumab with neratinib plus pacli-
taxelin chemonaive advanced HER2-positive breast cancer patients
will start very soon in order to determine the efficacy of neratinib
compared with standard treatment.

All of the therapies reviewed mainly inhibit the bulk grow-
ing tumor cells [56,77,78] but have no or little effect on cancer
stem cells due to their quiescence and to their high expression of
ABC transporters, which are capable of extruding commonly used
drugs [79-81]. One approach to target CSCs is to inhibit signaling
pathways that result to be especially important for this cell popu-
lation. The importance of NF-kB and PTEN/mTOR/STAT3 pathways
in breast cancer stem-like cells has been recently demonstrated
[82,83]. Hence, such pathways could be inhibited to preferentially
target breast cancer stem-like cells. Very recently, 8-quinolinol
was evaluated and showed significant tumor growth inhibition
and marked synergistic effects in combination with paclitaxel in
tumor xenograft mouse models [84]. This compound was known
to inhibit the NF-kB activation in RAW 264.7 cells [85], possibly
inhibiting cell proliferation through the NF-kB pathway. The toxic-
ity of 8-quinolinol is modest according to acute toxicity studies,
however its use needs to be further validated in future clinical
studies.

4. Nanoparticles under investigation for breast cancer

In recent years, nanobiotechnology has imposed itself as a pow-
erful platform of nanotechnology that raises new opportunities
in the diagnosis and treatment of different human cancers. Nan-
otechnology has been utilized in medicine for drug delivery and
for the development of treatments in a variety of diseases. Within
the context of this review, we sought to explore examples regard-
ing various types of NPs, including quantum dots (QDs), magnetic
NPs (MNPs) and gold NPs (GNPs), which have been conjugated with
trastuzumab for the purpose of targeting HER2 receptors overex-
pressed in human breast carcinoma.

QDs exhibit extraordinary photostable fluorescent signals and
resistance to photobleaching. These NPs consist of a typical
core/shell structure composed of heavy metals [86-88]; in many
cases, QDs include a cadmium selenide or cadmium sulfide core,
coated with a zinc sulfide shell. It is possible to modulate their
size or change the nature of their metal core in order to vary their
emission area in the range 450-850 nm. They are generally syn-
thesized in high-boiling non-polar organic solvents. Thus, to be
solubilized in aqueous buffers, their hydrophobic surface ligands
must be replaced with suitable amphipathic ligands.

Superparamagnetic iron oxide NPs useful for molecular imaging
and thermal therapy are typically composed of magnetite (Fe304)
or maghemite (y-Fe;03) nanocrystals; they have a spinel crystal
structure with oxygen ions forming a close-packed cubic lattice
and iron ions located at interstices. MNPs have potential appli-
cations in the biomedical field, including use as contrast agents
for magnetic resonance imaging (MRI), for their ability to decrease
T, relaxation time of water protons, drug delivery systems (DDS),
magnetic bioseparations and magnetic force-based heating medi-
ators for hyperthermia [89-93]. In recent years, several methods
focusing on the synthesis of MNPs have been developed either in
aqueous or organic phases [94,95]. Many surfactants or polymers
are usually employed in the synthesis to avoid aggregation and, in
vivo, to reduce phagocytosis by macrophages and to increase cir-
culation time in blood vessels. Among the most largely used MNP
coating materials, PEG (poly-ethylene glycol) is highly water sol-
uble and biologically inert, which renders MNPs immunologically
“stealth”. However, the as-prepared MNPs are often of limited use-
fulness in targeted diagnosis and therapy. Hence, significant efforts
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have focused on the possibility to functionalize their surface with
ligands in order to create multifunctional NPs.

GNPs and gold nanorods (GNRs) are under exploration in
biomedicine since gold has been approved for optical detection and
thermal therapy of tumors. These NPs are rapidly synthesized and
their surface can be easily functionalized with targeting molecules
and ligands by thiol chemistry [96,97]. Many surfactants have been
described in literature, including citric acid and PEG, which are
able to maintain the post-synthetic colloidal stability in aqueous
physiological solutions.

We have also included in this overview a class of composite
inorganic NPs, in which the metal core (QD, MNP and/or GNP) is
encapsulated in a silica shell of various sizes [98,99]. In magnetite-
silica NPs [14,100,101], the external silica layer can decrease
cytotoxic effects of the particles resulting from the direct expo-
sure to heavy metals and prevents photobleaching if a fluorescent
organic dye is encapsulated in the shell. Another advantage pro-
vided by silica resides in its facile functionalization with targeting
biomolecules.

Eventually, various types of organic particles like liposomes and
dendrimers should be mentioned, as these are already being used
in cancer research and clinical treatment. Their functionalization
could be performed by substantially exploiting a chemistry anal-
ogous to that used for inorganic NPs. For instance, liposomes are
commonly used as drug delivery systems due to their ability to
target cancer and to their capacity to fuse with the cell membrane,
allowing for the cargo particle content to be released inside the tar-
get cell. Instead, dendrimers are branched molecules characterized
by several functionalities on their molecular shell, thus generating
a highly effective multivalent functional 3D surface.

4.1. Conventional strategies for the conjugation of trastuzumab
to nanoparticles

The surface of NPs may be coated with different functionali-
ties, depending on the coating material and the functional groups
present on the targeting ligand. Most commonly, amines or car-
boxylicacidsare present on the NP surface. For this reason, the most
largely employed method to attach trastuzumab to NPsis the amide
coupling involving carboxyl activation via the highly water soluble
Sulfo-NHS ester. This method was adopted by Eghtedari et al., in
which trastuzumab was covalently linked to the carboxyl groups
of the so-called “nanothinks”, which coated GNRs through Au-S
soft-soft interaction [102]. Another example is reported by Wuang
etal. [103], who applied this method to Fe304 nanospheres coated
with a biocompatible polymer. An interesting two-step reaction is
proposed by Chen et al. [104]: in the first step, succinimidyl propi-
onyl PEG disulfide reacted with the primary amine of the antibody;
while in the second step the PEG-antibody complex was bonded to
agold nanocage by breaking its internal disulfide bond and forming
a Au-S linkage.

Trastuzumab modified with heterobifunctional linkers,
such as N-succinimidyl-3-(2-pyridyldithio)propionate (SPDP),
succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate
(SMCC), and succinimidyl iodoacetate, could also be appended
on the surface of sulfhydryl or amine-coated NPs in a simple
way. These types of heterobifunctional cross-linkers are all
commercially available and one of the primary advantages of
using SPDP is that it can be exploited to directly determine the
number of reactive amines on the particle, as pyridine-2-thione
is released upon reaction with dithiothreitol, which can be
detected spectrophotometrically and thus quantitated. Shukla
et al. reported an example of this method for the conjugation
of trastuzumab to organic dendrimers [105]. In several stud-
ies, Cheon’s group reported how modified trastuzumab-SMCC
could be loaded on free thiol groups present on the surface of
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dimercaptosuccinic acid (DMSA)-coated magnetic nanocrystals
[106-109]. Hapca et al. used the same strategy with poly-lactic
acid NPs: first, thiol groups were introduced on the surface of NPs
by reaction with cysteamine, followed by reduction of disulfide
with TCEP (tris(2-carboxyethyl)-phosphine hydrochloride); and
then in a second step, trastuzumab conjugated with Sulfo-MBS
(m-maleimidobenzoyl-N-hydroxy-sulfosuccinimide ester) as het-
erobifunctional cross-linker, was introduced by covalent coupling
to thiolated NPs [110]. Alternatively, trastuzumab could be arti-
ficially thiolated with suitable agents, such as 2-iminothiolane,
which was conjugated to free-amine groups of the antibody
[111,112].

On the basis of a classical approach, trastuzumab was
biotinylated and reacted with streptavidin-modified MNPs. These
derivatized MNPs were able to generate strong T, MR contrast in
HER?2 expressing cells [113].

Yezhelyev et al. have recently developed an original method
in which QDs were directly conjugated to the primary antibody
by covalent bonds between thiol groups of “fragment” reduced
antibody and amine-coated QDs, activated by Sulfo-SMCC linkers
(Fig. 3) [114]. One of the main advantages of this technique is that
a partial control on the orientation of QD-Ab conjugates versus the
recognizing sites can be achieved. A further example using this
method was reported by Yoon et al., who demonstrated that anti-
body reduction with 2-mercaptoethylamine may lead to cleavage
of the disulfide bonds that hold the heavy chains together [115].
The authors stated that the disulfide bonds between heavy and
light chains remained unaffected after treatment. The sulfhydryl
groups produced by this reduction step were then coupled with
smart magnetic silica coated core-shell NPs without inhibiting the
activity of the antigen binding site.

Farokhzad and colleagues have conjugated HER2 affibody
Zygr:342 to NPs to increase the affinity minimizing the size of the
nanoagent [116]. Affibody is a small protein (~15 kDa) with a high
affinity for the receptor that mimics the active portion of the Fy,
region of the corresponding antibody. Barat et al. proposed a strat-
egy for the conjugation of small bivalent engineered anti-HER2
fragments, called cys-diabodies, on fluorescent QDs for cancer
marker detection [117]. In this study, amino PEG (800kDa) QDs
were activated with a maleimido heterobifunctional cross-linker.
Subsequently, maleimide-modified particles were covalently con-
jugated to sulfhydryl groups of reduced cys-diabodies, yielding
target selective immuno-QDs.

5. Impact of nanoparticles on the imaging of breast cancer:
present status and perspectives

In the diagnosis of breast cancer, modern imaging techniques
have a relevant impact in both experimental and clinical con-
texts due to the high resolution, fast scan times, noninvasive
nature and high-quality data. In recent years, several medical diag-
nostic techniques for the rapid detection of tumors have been
explored, including fluorescence imaging [118,119], positron emis-
sion tomography (PET) and MRI [106,120]. Their extensive use in
clinical investigations resulted in a remarkable improvement in the
efficacy of therapeuticapproaches. The detection of malignancies in
their early stages is still a challenge, due to the difficulty in achiev-
ing concomitant high-enough sensitivity and resolution with the
available diagnostic tools.

The combined use of conventional methods provides a robust
multimodal framework for tumor detection, overcoming the lim-
itations of each individual method. MRI has the advantage of
providing exceptional anatomic information and depth of imag-
ing, but its effectiveness is limited by limited spatial resolution
and it requires a sensitivity enhancement, which may be provided
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Fig.3. Schematic conjugation of trastuzumab to QDs. Trastuzumab reduced fragments are coupled to the surface of amine nanoparticles. The mechanism describes the initial
reaction of amino groups with SMCC; subsequently, sulfhydryl groups of antibody fragments react with QD linkers.

by paramagnetic contrast agents. Optical imaging yields excel-
lent spatial resolution and is also inexpensive, trustworthy and
portable, but it does not provide the penetration depth, field of
view, or anatomic detail. PET scanning is a highly sensitive and
noninvasive technique. However, it involves exposure to ioniz-
ing radiation; in addition, since PET isotopes are short-lived, the
required radiopharmaceuticals have to be manipulated near to the
scan facility.

Therefore, a primary goal in cancer diagnosis is the development
of effective molecular contrast agents capable of unambiguously
disclosing the presence of early-stage malignancies, tracking cell
migration, and monitoring surgical and pharmacological response.
Recently, NPs have been studied on a broad basis because of their
specific cancer targeting and promising imaging outcomes.

Inorganic NPs functionalized with cancer-specific targeting lig-
ands can be used to image tumors and detect peripheral metastases
[106,107]. In MRI imaging of mammary carcinoma, most inorganic
NPs share the same basic structure: a metal core made of super-
paramagnetic material (usually iron, cobalt and nickel oxides or a
mixture of these components) used to improve the MRI sensitivity
as contrast agents [121], with a protective organic coating on the
surface, modified with different silica or gold polymers which are
usually responsible for the biological recognition, for the improve-
ment of the particle solubility and for evading the clearance by
the host immune system (Fig. 4). This outside layer protects the
core from degradation in a physiologically aggressive environment
and can form electrostatic and/or covalent bonds with targeting
biomolecules. The colloidal stability can be provided by steric repul-
sion of PEG, dextran or other biocompatible polymers adsorbed on
the NP surface. The terminal functional groups of these polymers

can be further adopted for bioconjugation [105]. Multifunctional
nanoprobe structure is designed in order to fulfill the relevant
requirements necessary for a detectable source of signal, including
fluorescence, optical, magnetic, and electronic properties. Tuning
the material properties in terms of size, shape and composition of
inorganic nanocrystals is necessary to enhance MR efficiency [108].
The coupling of Auwith Fe; 04 exhibits a synergistic magnetic effect
resulting in a remarkably MR contrast with a strong relaxation rate
increase [122].

The use of mesoporous core coated with thermosensitive poly-
mers has been investigated as a suitable reservoir for the controlled
pharmaceutical delivery system and for its potential to entrap
hydrophilic guest molecules, including organic dyes, upon varying
the temperature [123,124]. The co-delivery of chemotherapeutic
drugs and targeting antibodies in the same system conferred sig-
nificantly higher cellular uptake and enabled the simultaneous
diagnosis and treatment, thus allowing for the monitoring of the
response to the therapy using MRI [125,126].

MRI data should be confirmed and validated by alternative
imaging techniques, for example, fluorescent imaging using near-
IR dye-labeled fragment peptides conjugated to the NPs [127-129].
Furthermore, the surface-enhanced Raman scattering (SERS) tech-
nique, exploiting the inelastic light scattering of gold nanorods
or hollow gold nanospheres, enlarges the spectrum of new
applications available. Trastuzumab-conjugated gold nanosystems
provide spectroscopic information and highly sensitive target-
ing and imaging of biomarkers expressed on the membrane of
breast cancer cells [130,131]. Recently, several proteins/peptides
have been investigated as alternative biomarkers for the selective
targeting and detection of breast cancer; for example, the recombi-
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Fig. 4. Schematic development of composite contrast agent nanoprobes with inorganic core.
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nant peptide containing the urokinase-type plasminogen activator
(uPA) shows high affinity for the uPA receptor. This molecule is
expressed by the proportion of the cancer cell relative to the tumor
aggressiveness [128]. Peptides, such as EPPT and LHRH (luteiniz-
ing hormone releasing hormone), specifically recognize uMUC-1
and LH receptors respectively. These peptides collectively repre-
sent a class of tumor molecular biomarkers overexpressed by most
types of breast cancer cells and their level of expression denotes a
predictive parameter of the efficacy of chemotherapeutic response
[131-134].

Alternative approaches, which do not include magnetic NPs, are
essentially based on QDs formulation. QDs have several advantages
for cancer imaging, including photostability and elevated resis-
tance to photobleaching. Hence, the new generations of QDs show
great promise for the study of intracellular processes at the single-
molecule level, high-resolution cellular imaging, long-term in vivo
observation of cell trafficking, tumor targeting, and cellular fate
of labeled pharmaceuticals. However, their excessive toxicity due
to the semiconductor component, limits the clinical application.
The development of suitable surface coating for QDs is expected to
provide a shield capable of decreasing their cytotoxicity. Alterna-
tively, it has been proposed that it should be possible to focus their
injurious effect on cancer cells through selective delivery [135].

Eventually, organic particles including polymer assemblies,
liposomes and dendrimers act as multifunctional carriers and have
already produced encouraging results because of their double ther-
apeutic effect, both as drug delivery vehicles and as diagnostic tool
[129,136,137].

In this vast scenario, a significant breakthrough is represented
by the direct application of nanomaterial experimentation inside
cancer tissues in animal models. The major concerns about in vivo
use of NPs have been cellular toxicity, tendency to a rapid clearance
after delivery in the circulatory system and intracellular labeling
efficiency [106].

Lee and colleagues reported that the increase in MR sensitivity
due to trastuzumab-conjugated magnetic NPs enabled the detec-
tion of a tumor mass as small as 50 mg, which is even smaller than
that of recent studies from radiotracer imaging [107]. A further
important issue of this study concerned biodistribution: iron con-
centration in blood increased after the injection of functionalized
NPs into tumor-bearing nude mice and then slowly declined dur-
ing the following 24 h. The iron level in some organ tissues, such as
liver and spleen, showed a steady increase, while in different tis-
sues, such as heart and lung, peaked and then gradually declined.
In contrast, brain tissue was not affected [107].

Finally, new imaging probes were successfully synthesized and
applied in vivo for both multimodal imaging and multicolor repre-
sentation, providing semiquantitative information with excellent
spatial resolution. This new method may find application in the
sentinel node imaging of breast cancer [136,137].

To conclude, the current advances have demonstrated that the
development of a new generation of composite nanosystems has
the potential to bring us a step closer to the reliable and accurate
detection of breast tumors at their early stages of growth, thus
enabling us to monitor their invasion and metastasis and to assess
their responses to therapy.

6. Targeted therapy approach

6.1. Delivery of chemotherapeutic drugs

Some classical paradigms of conventional medicine, concerning
drug delivery systems, can be challenged by nanomedical plat-
forms. Well-established drug delivery systems, for example, work
on the basis of chemical gradients of drugs, that are non-specifically
delivered throughout the body: this results in a number of unde-
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sired side effects to healthy cells. Only recently, targeted therapies,
such as immunotherapies of cancers with monoclonal antibodies,
have been able to reduce the undesired immune reactions enough
to demonstrate the tremendous potential of these new “targeted
therapies”. The use of antibody-conjugated nanoplatforms holds
the promise of a much greater localization of therapies to the dis-
eased tissue or organ, while the introduction of significantly lower
doses of drug into the body greatly reduces the possibility of side
effects [138]. NPs applied as drug delivery systems are submicron-
sized particles (3-200 nm), and are devices or systems that can
be made using a variety of materials including polymers (poly-
meric NPs, micelles, or dendrimers), lipids (liposomes), viruses
(viral NPs), carbon-based nanostructures (nanotubes) and even
inorganic/organic, core/shell hybrid NPs [139]. In the last few years,
some outstanding examples of multifunctional nanostructures for
the targeted chemotherapy of breast cancer have appeared in the
literature. In this paragraph, we will review the most significant
studies which deal with trastuzumab conjugated NPs as drug-
delivery agents for the potential therapy of HER2-positive breast
cancer. The survey is focused on nanocomposites having at least one
inorganic component: when the inorganic moiety of a nano-sized
drug delivery system consists of a cluster of magnetic nanocrystals
(Fe304 or MnFe;0y4, for instance), the whole nanocomposite can
become a so-called “theranostic” (both therapeutic and diagnostic)
agent.

Yang et al. developed trastuzumab-conjugated magneto-
polymeric nanohybrids incorporating the drug doxorubicin, a
microbial-derived anthracycline acting as inhibitor of topoiso-
merase Il and widely used in the treatment of breast carcinoma
[140,141]. They synthesized monodispersed magnetic nanocrys-
tals (by thermal decomposition of organometallic precursors) and
embedded these inorganic clusters, together with doxorubicin,
in an amphiphilic polymeric matrix. After the conjugation with
trastuzumab, and with a human IgG as control, the targeting effi-
cacy of trastuzumab-conjugated nanocomposites (HER-MMPNs)
was investigated in fibroblast NIH3T6.7 cells, which highly express
the HER2/neu cancer marker. MRI, confocal microscopy and flow
cytometry demonstrated that HER-MMPNs successfully bind to
NIH3T6.7 cells and are subsequently internalized by a receptor-
mediated endocytosis process. Moreover, to assess the therapeutic
potential for this combination of trastuzumab and doxorubicin, the
degree of drug release and the inhibition of cell growth were inves-
tigated. The experimental data showed that HER-MMPNs were
remarkably more cytotoxic than the conventional combination of
doxorubicin and trastuzumab on NIH3T6.7 cells. To further confirm
this therapeutic efficacy, the tumor growth rate of an animal model
xenografted with NIH3T6.7 cells and treated with HER-MMPNs
was also evaluated, demonstrating remarkable tumor growth inhi-
bition. These results suggested that injected HER-MMPNs were
target-specifically delivered to overexpressed HER2/neu receptors
of NIH3T6.7 cells in the mouse model. Release of doxorubicin from
the HER-MMPNs demonstrated exceptional therapeutic efficacy.

Paclitaxel was used by Sun et al. as a model anticancer drug
to demonstrate the usefulness of a multifunctional nanoplatform
for the targeted chemotherapy on SKBR3 breast cancer cells [142].
The authors developed a novel system based on paclitaxel-loaded
poly(p,L-lactide-co-glycolide)/montmorillonite NPs (PLGA/MMT
NPs), which were prepared by a modified solvent extrac-
tion/evaporation method and coated with trastuzumab exploiting
the electrostatic attraction between the NPs and the antibody.
Montmorillonite, a potentdetoxifier, is amedical clay able to adsorb
hydrogen ions and dietary, bacterial and metabolic toxins associ-
ated with gastrointestinal disturbance, a typical symptom of the
side effects caused by anticancer drugs. The PLGA/MMT NPs thus
represent a new concept in developing drug delivery systems, more
specifically formulating the drug carrier from a component mate-



ARTICLE 1

rial, which can have therapeutic effects to mediate the side effects
of the encapsulated drug. The trastuzumab-decorated PLGA/MMT
NPs can thus achieve diverse functions: to formulate anticancer
drugs without the use of a harmful adjuvant; to reduce the side
effects caused by the formulated anticancer drugs; to have syn-
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ergistic therapeutic effects; and to achieve targeted chemotherapy
for HER2-positive breast cancer. The authors demonstrated that the
trastuzumab decoration significantly increased the cellular uptake
by SKBR3 cells: based on IC50 values the therapeutic effects of
the paclitaxel-loaded PLGA/MMT-HER NP formulation could be
13 times higher than Taxol®. The trastuzumab-decorated Pac-
PLGA/MMT NPs have potential to be further confirmed by in vivo
experiments, to be applied for targeted chemotherapy for HER2-
positive cancer.

A different approach to anticancer drug delivery was recently
adopted by Cheng et al. [143]. The authors focused their research
on the delivery of cisplatin, a powerful therapeutic agent which
acts against numerous solid tumors. Cisplatin acts by interacting
with DNA to form intrastrand cross-link adducts and by inter-
fering with cell transcription mechanisms. However, therapeutic
applications of cisplatin have been restricted by its tendency to
target both tumor and healthy cells, its chemical instability, its
poor water solubility and its low lipophilicity. To overcome these
drawbacks, the authors proposed a new approach to cisplatin stor-
age and release using porous hollow NPs (PHNPs) of Fe304. PHNPs
exhibited pores with a size of 2-4 nm, which facilitated the cis-
platin diffusion into the cavity of the hollow structure. Cisplatin
escape from the cavity through the same pores was a diffusion-
controlled slow process with a t;, of 16 h. The porous shell was
stable in neutral or basic physiological conditions but, at low pH
(<6) conditions, the pores were subject to acidic etching, resulting
in wider pore gaps and faster release of cisplatin with a t;; <4h.
PHNPs were conjugated with trastuzumab by means of a heter-
obifunctional PEG spacer, through dopamine-mediated grafting on
the Fe;304 surface, and a carboxyl moiety for the antibody covalent
binding. Once coupled with trastuzumab to the surface, the bio-
conjugated cisplatin-loaded hollow NPs exhibited high targeting
efficiency and a remarkable cytotoxicity against SKBR3 cells.

Xu et al. [144] reported on the preparation of mixed metal
NPs (Au-Fe304 “dumbbell-like” NPs) able to act as target-specific
nanocarriers to deliver platin into HER2-positive breast cancer cells
with strong therapeutic effects. In this case, the drug to be delivered
was not exactly cisplatin, but a different platin complex, bear-
ing a thiol function for the attachment on the gold surface of the
nanocomposite (Fig. 5).

The core structure of these NPs contained magnetic Fe304
NPs and optically active Au NPs. Compared with the conventional
single-component iron oxide NPs, the dumbbell-like Au-Fe304
NPs showed two distinct advantages: (1) the presence of Fe304
and Au surfaces facilitates the stepwise attachment of an antibody
and a platin complex, and (2) the structure can serve as both a
magnetic and optical probe for tracking the platin complex in cells
and biological systems. Also in this case, trastuzumab was chosen
as targeting agent and it was linked to the magnetite moiety
through a carboxyl-PEG.

6.2. Thermal therapies

The notion of “hyperthermia” (overheating) in the treatment of a
large variety of diseases and dysfunctionsis as old as medicine itself.
Indeed, heat was referred to as a potential treatment for breast
cancer more than 5000 years ago. Today, hyperthermia is a promis-
ing cancer therapy in its own right, alongside the well-established
methods of surgery, chemotherapy and radiotherapy. Two kinds of
heating treatments are currently distinguished: hyperthermia, per-
formed between 41 and 46 °C to stimulate the immune response
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Fig. 5. (A) Platinum complexes used for therapies; (B) dumbbell-like Au-Fe304 NPs
conjugated with trastuzumab (Herceptin) and a platin complex.
Reproduced with permission from Ref. [144].

for non-specific immunotherapy of cancers, and thermoablation
(46-56 °C) which leads to tumor destruction by direct cell necro-
sis, coagulation or carbonization. A fundamental drawback of this
technique resides in the fact that it is impossible to heat solely
a selected tumor region without negative consequences on other
healthy tissues, and with reduced side effects, compared to tradi-
tional treatments. Unfortunately, the temperature at which tumor
cell thermoablation occurs is too close to that of normal cells and
therefore temperature control would be required. In this paragraph
we will focus on the progress made towards the synthesis of breast
cancer targeted nanosystems able to mediate hyperthermia: these
are gold- and magnetic-based nanostructures.

The strong optical absorption of gold nanostructures can be
exploited for photothermal therapy. In photothermal therapy, opti-
cal irradiation is absorbed and transformed into heat, inducing
thermal denaturing of proteins inside the cell and coagulation of
tissue, thus causing irreversible damage to the targeted tissue.
Gold nanocages are a novel class of nanostructures, which can be
prepared via a remarkably simple process based on the galvanic
replacement reaction between Ag nanocubes and HAuCly. The Au
nanocages have a tunable surface plasmon resonance peak that
extends into the near-infrared region, where the optical atten-
uation caused by blood and soft tissue is essentially negligible.
They are also biocompatible and present a well-established sur-
face for easy functionalization [145]. When light interacts with Au
nanocages, the incident photons are either scattered or absorbed.
The absorbed photons are converted into phonons (vibrations of
the lattice), causing an increase in temperature. Significantly, the
rise of temperature can be enough to induce melting or surface
reconstruction when the nanocages are placed in certain environ-
ments, such as air with poor thermal conductivity. In biological
systems where water offers greater thermal conductivity, the Au
nanocages should not melt but rather produce a local tempera-
ture rise that can provide a therapeutic effect on cancer cells that
are selectively targeted by bioconjugated Au nanocages. Such pho-
tothermal therapy is less invasive than chemotherapy or surgery
and holds strong promise as a new form of cancer treatment [146].
Chen et al. developed anti-HER2 conjugated gold nanocages for
the targeted photothermal ablation of SKBR3 cancer cells [147].
These nanostructures have a size of about 45 nm in edge length
and are precisely tailored to have a strong resonance absorp-
tion peak tunable in the NIR region. To be actively targeted to
HER2-positive SKBR3 cells, the Au nanocages were conjugated with
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trastuzumab. Using these novel nanobiocomposites, the authors
demonstrated selective photothermal destruction of SKBR3 cells in
vitro. These immuno gold nanocages showed a photothermal cell
damage power density threshold about 20 times lower than that
reported for gold nanoshells [148] and 6 times lower relative to
gold nanorods [149]. In control experiments, cells without deriva-
tization by immuno gold nanocages exhibited no observable loss
of viability under the same experimental conditions. In a follow-
ing study, Au et al. prepared similar anti-HER2 conjugated gold
nanocages in order to perform quantitative studies on the targeting
process and on the photothermal treatment in vitro [150]. First, the
authors quantified the average number of Au nanocages attached
per cell, by means of flow cytometry coupled with inductively cou-
pled plasma mass spectroscopy (ICP-MS). This information should
allow for the administration of immuno Au nanocages in proper
dosages to induce a photothermal effect for tumors of known sizes.
Then, the efficiency of the photothermal effect was evaluated in
vitro with SKBR3 cells, by systematically varying parameters such
as time of cellular response to laser irradiation, laser power den-
sity and time of laser exposure and quantifying the amount of
cell death under each condition using flow cytometry coupled
with propidium iodide staining. Finally, it should be pointed out
that not only pure Au-based nanostructures have been employed
as photothermal agents in breast cancer cells studies. Recently,
Irudayaraj and co-workers synthesized multifunctional “nano-
pearl-necklaces” based on Au nanorods decorated with multiple
Fe304 NPs and with trastuzumab, that can be used as theranostic
platforms able to both image SKBR3 cells (by MRI and fluorescence)
and kill them (by Au-mediated photothermal ablation) [122]. The
authors prepared amine-functionalized Au rods with aspect ratio
of ~3.6 using a seed-mediated surfactant-directed approach and
stabilized them with a thiol-modified poly(ethylene glycol) to
obtain monodispersed nanorods. Subsequently, the Au,,q—(Fe304)n
nanocomposites were obtained through the conjugation of amino-
Au,q with carboxy-capped Fe304 NPs using EDC/NHS chemistry.
Then, using the same chemical approach, trastuzumab was conju-
gated onto Fe304 NPs surface.

The multifunctional utility of these tumor targeting nanoprobes
was successfully demonstrated by dual-mode imaging, single-
NP intracellular dynamics monitoring, and photothermal ablation
studies. The nanoprobes were shown to be magnetically and opti-
cally active (in the NIR region) and proved to be simultaneously
useful for both magnetic/optical detection and targeted photother-
mal ablation of breast cancer SKBR3 cells.

As for Au nanostructures, magnetic NPs were introduced to
exploit their unique properties, and in particular their capacity
to generate heat under alternating magnetic fields, due to energy
losses in the traversing of the magnetic hysteresis loop. In contrast
to conventional hyperthermic techniques, which use a relatively
low temperature (42 °C), leading to apoptosis, hyperthermia using
magneto-nanosystems allowed the temperature to reach the target
of 45 °C, without any substantial damage to the surrounding tissue.
Moreover, the possibility to functionalize magnetic NPs provides
the possibility of improving selectivity of MNPs uptake by cancer
cells, applying hyperthermic therapy directly in cells instead of in
whole tissue.In 2004, Ito et al. successfully developed a nanosystem
based on magnetite cationic liposomes (MCLs), to induce selectively
hyperthermia into cancer cells for the first time [151]. They actu-
ally constructed immunoliposomes, developing a HER2 antibody
conjugated NPs as efficient tumor-targeting vehicles and inves-
tigated the achievability of using them for combined therapy. In
fact the author proved that the combination of HER2 antibody and
hyperthermia has an additive effect, even if further studies are still
needed to elucidate the real mechanism of this combined effect.
In this first contribution [152], they synthesized liposomes loaded
with magnetic NPs while the antibody was immobilized after treat-
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Fig. 6. Scheme of trastuzumab-functionalized liposome containing magnetite NPs.
Reproduced with permission from Ref. [154].

ment with SPDP and subsequent reduction with 1-dithiothreitol
(Fig. 6).

The results obtained in in vitro tests on SKBR3 cells, showed
that HER2 antibody retained its antiproliferative activity, even
when conjugated onto nanosystems and hyperthermia resulted
in a strong cytotoxic effects on the same cancer cells line, as
a result of the efficient incorporation of the magneto-liposomes
inside the cells. Very recently, Kikumori et al. published a remark-
able work, reporting results using the same magneto-liposomes
in in vivo models [153]. The magneto-nanosystems were tested
on subcutaneous cancer nodules of BT474 (high HER2 expres-
sion) and SKOV3 (low HER2 expression) in nude mice. The results
showed that the NPs only accumulated in BT474 tumors, con-
firming the efficiency of targeted NPs, while the hyperthermic
treatments resulted in a regression of tumor, sustained for 10
weeks after two actions. Another example of targeted nanosys-
tems used for hyperthermic treatment comes from a contribution
by Hilger et al. [154]. The authors synthesized magnetic NPs,
covered by a shell of dextran which was conjugated with HER2
antibody using N-(3-dimethylaminopropyl)-N’-ethyl-carbodiimid-
hydrochloride. The NPs were used to treat SKBR3 cells and the
authors demonstrated how the nanosystems were localized at
the cell surface as well as in granules inside cytoplasm. First in
vitro results on the possibility of using dextran-magnetic NPs in
hypethermia treatment were also presented.

6.3. Gene therapy

Gene therapy, an innovative approach in the therapeutic treat-
ment of breast cancer, involves different strategies, including: (a)
transfer of tumor-suppressor genes, (b) suppression of oncogenes,
(c) enhancement of immunological response, (d) transfer of suicide
genes, and (e) bone-marrow protection by use of drug-resistance
genes [155]. Nevertheless, the development of a clinical and rou-
tinely application of gene-therapy protocol have been hampered by
the fact that oligonucleotide-containing substances undergo rapid
enzymatic degradation in human plasma. Therefore, the identifi-
cation of the best delivery vehicle, which is able to successfully
reach the nucleus of the target cells, is still a challenge. Accordingly,
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the carrier should be able to condense DNA or RNA from a large
micrometer scale to a smaller nanometer scale suitable for endo-
cytosis and to promote the escape of the gene from the endosomal
compartment into the cytosol. Furthermore the vector should be
designed and synthesized to be recognized by specific receptors
on the target cells and then, easily, internalized. Following these
concepts, NP-based DNA and RNA have been envisaged as advanta-
geous delivery systems, using either viral or nonviral vectors for the
gene transfection. Several contributions in recent years reported
very interesting results on therapeutic treatment of tumors, based
on nano-delivered gene therapy [156-158]. However, the delivery
systems developed up to now have the disadvantage of poor phar-
macokinetic characteristics, with the majority of samples typically
accumulating in the first-pass organs, high inflammatory toxicity
and hepatotoxicity which may limit their utility in vivo. In this para-
graph, we will focus our attention on the contributions which used
anti-HER2 antibody as targeting molecules to deliver via nonviral
vectors therapeutic genes.

In 2006, Hayes and co-workers published their preliminary
results on using a DNA plasmid coupled with cationic lipids, to
form lipid-nucleic acid-NPs, called Genopsheres [159,160]. Geno-
spheres were formed in an aqueous/organic liquid monophase,
which promoted favorable interactions between DNA and cationic
lipids, giving rise to NPs small in size (80-110nm) and able to
effectively protect the entrapped DNA in the presence of human
plasma. The method of preparation for the NPs was interesting,
using modulable pH-titrable lipids, obtaining genospheres with a
positive surface charge which would decrease at neutral pH but
increase upon acidification typical for endosomes. To increase the
delivery of the nanosystem into the cells of interest, genospheres
were immunotargeted to selectively transfect HER2 overex-
pressing cells, by insertion of an anti-HER2 human single-chain
monoclonal antibody (scFv)-PEG conjugate. The highly internal-
izable anti-HER2 scFv fragment (F5) was attached to the surface
of Genospheres by coincubation with the F5-lipopolymer conju-
gate (F5-PEG-N-[w-methoxy-(poly(oxyethylene)-a-oxycarbonyl)]
(DSPE)), which was synthesized by conjugation to the maleimide-
activated PEG terminus of the PEG-DSPE lipid anchor through
an engineered C-terminal cysteine [159]. The authors were able
to characterize qualitatively (by fluorescence microscopy) and
quantitatively (by cytofluorometry) the effect of PEGylation,
charge and anti-HER2 antibody targeting on the degree of Geno-
sphere association with HER2-overexpressing cells (SKBR3). The
transfection activity of anti-HER2 immuno-Genospheres, as well
as of non-targeted Genospheres in SKBR3 cells were measured via
luciferase assay. The results obtained by the authors demonstrated
that HER2-directed targeting of Genospheres increased the level
of reporter gene expression in absolute terms, and decreased the
dependence of transfection efficiency on the particle charge and
the degree of particle surface coating. These kinds of nanosystems
resulted an attractive methodology for future in vivo applications.

Another attractive approach to probe gene function in mam-
malian cells is gene silencing, using small interfering RNA (siRNA).
This kind of inhibition of breast-cancer oncogenes is known to
resultininduction of apoptosis and in an increase of chemotherapy
sensitivity in breast-cancer cells. Some of the most used nonviral
methods include the use of lipid-based vectors such as liposomes,
peptides, cationic polymers and NPs (NPs). Although there have
been some successes in the delivery of siRNA using various meth-
ods, one of the major drawbacks resides in the difficulties in
tracking their delivery and monitoring their transfection efficiency.
In this field, Tan et al. developed a very interesting nanosystem to
deliver HER2 siRNA to HER2-overexpressing SKBR3 cells [161]. The
authors were able to encapsulate quantum dots (QDs) into chitosan
NPs, whose surface was labeled with anti-HER2 antibody, targeting
the HER2 receptors on SKBR3 cells. The conjugation of HER2 siRNA
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Fig. 7. Schematic illustration of a DBV. FP: fusogenic peptide; 4HP: four tandem
repeating unit of histone H2A (SWISS-MODEL program prediction); CS: cathepsin D
substrate; TM: HER2 targeting motif (SWISS-MODEL program prediction).
Reproduced with permission from Ref. [164].

onto the surface of the chitosan NPs was instead achieved by simple
adsorption by incubation. QDs were chosen for their unique opti-
cal and electronic properties to track and monitor the efficiency
of siRNA delivery, especially if long-term tracking is required.
The chitosan surface modification with anti-HER2 (achieved using
EDC/NHS chemistry) antibody gave the authors the possibility to
obtain a very specifically targeted system. Such a nano-construct
wasreadily internalized into the breast cancer cells, while the gene-
silencing effects were established using the luciferase and HER2
ELISA assays.

One of the most interesting key regulators for mitosis in mam-
malian cells are polo-like kinases (Plks), which represent highly
conserved serine/threonine kinases. Plks play a crucial role in the
check point of the cell cycle. Consequently, the inhibition of Plks,
which can be caused by using antisense oligonucleotides (ASOs),
siRNA or dominant-negative mutants, leads to a mitotic catas-
trophe, increased apoptosis and then tumor inhibition. Recently,
novel results have been published on the use of antisense oligonu-
cleotides to downregulate Plk1 expression [162]. In fact, it is known
that ASOs are able to prevent the development of specific mam-
malian cancers, if well targeted to relevant signal transduction
pathways. Problems related to the use of ASOs in clinical protocols
are due to the fact that they have shown side effects and toxici-
ties in their relevant doses, necessary for in vivo assays. For these
reasons, the authors, pressed by the necessity to develop smart tar-
geted delivery systems, designed and synthesized NPs based on
human serum albumine (HSA), loaded with ASOs active against
Plk1. To render such nanosystems specifically targeted to HER2-
overexpressing cells, the NPs were coupled with trastuzumab.
The antibody was thiolated with an excess of 2-iminothiolane
and reacted with the maleimido group of the cross-linker NHS-
PEG5000-Mal, while the succinimidyl group reacted with the
amino groups of the particle surface of HSA [163].

The authors performed RT-PCR assay, quantitative real time PCR
and Western blot analysis to determine the Plk1 mRNA and protein
expression. They concluded that their efficient targeted delivery
made up of HSA-ASO-trastuzumab NPs showed a significant reduc-
tion of PIk1 expression in vitro and apoptosis after treatment of
breast cancer cells for the first time.

Recently a new technology has been developed to genetically
engineer and express highly cationic biopolymers with tandem
repeating units in E. coli expression systems. Following this tech-
nology, Wang et al. designed and synthesized a complex nonviral
gene delivery system, namely Designer Biomimetic Vectors (DBVs)
[164]. Such a structure was developed to specifically target can-
cer cells, mimic viral characteristic to break through intracellular
barriers, and mediate efficient gene transfer, and was made of four
precise locations (Fig. 7).

First, a fusogenic peptide (FP) named GALA, which is a synthetic
pore-forming peptide, was designed to assist in escape of the cargo
into cytosol. The second portion was a four tandem repeating units
of N-terminal domain of histone H2A peptide (4HP), able to con-
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Table 1
Performed in vivo trials of trastuzumab-conjugated nanoparticles.
In vivo trial Living organism Type of nanocomposite Ref.
MRI Humans Lymphotropic superparamagnetic [89]
nanoparticles
MRI Nude mice implanted with NIH3T6.7 Water-soluble magnetic iron [106]
cells displaying HER2/neu cancer oxide-antibody conjugates
markers
MRI Nude mice implanted with NIH3T6.7 MnMEIO-Herceptin conjugates [107]
cell lines
MRI Mice bearing breast tumor allograft Herceptin-dextran iron oxide [120]
nanoparticles
MR and fluorescence imaging Nude mice Core-shell magnetic nanoparticles [85]
MR and NIR fluorescence imaging Mice bearing mammary tumors Amino-terminal fragment of [128]
uPA-conjugated iron oxide
nanoparticles
MRI and drug delivery Nude mice implanted with NIH3T6.7 Magneto-polymeric nanohybrids [141]
cell lines loaded with doxorubicin
In vivo binding fluorescence SCID mice Dendrimer conjugated anti-HER2 [105]
NIR fluorescence imaging Nude mice implanted with Indocyanine green-calcium phosphate [137]
subcutaneous human breast nanoparticles
adenocarcinoma cells
Radionuclide and NIR fluorescence imaging Nude mice 11 n-labeled radionuclide/five-color [136]
NIR optical dualmodal imaging probes
Heating in an alternating magnetic field (hyperthermia) Nude mice implanted with BT474 and Immunoliposomes containing [153]

SKOV3 cells

magnetite nanoparticles

dense pDNA into stable NPs in the presence of serum and broad pH
range. The third sequence was a cathepsin D substrate (CS) which
linked a synthetic single chain 57 amino acid affibody with high
affinity towards HER2 (TM), which was introduced to significantly
enhance the internalization of NPs into target cells. The positioning
of a cathepsin D cleavage sited in between 4HP and TM allowed for
dissociation of the targeting motif from the vector inside the endo-
somes where cathepsin D is abundant. The author, overcoming one
of the drawbacks of DVB's approach, demonstrated that the multi-
domain chimeric architecture was able to retain the component’s
individual functionality. They showed that their complex vector
was able to be specifically targeted into breast cell lines and easily
internalized, resulting in significant gene expression.

7. Concerns on nanoparticle toxicity

As the nanotherapeutics field is rapidly growing, toxicity eval-
uation of nanoparticles becomes increasingly fundamental for
NP-based antitumor treatments in medicinal clinical technology.
For example, GNPs are generally considered relatively safe because
gold has been demonstrated to be a biocompatible metal in many
cases. In contrast, other kinds of NPs, including MNPs and QDs,
which contain iron or hard metals, respectively, need to be care-
fully evaluated for potential toxicity, although several modified
nanoscale iron oxides have been recently introduced in the clini-
cal practice for diagnostic purposes. Due to their great potential for
diagnostics, numerous studies have been performed to investigate
the toxic effects of QDs in cell cultures and animals. The collected
data allowed the investigators to suggest various mechanisms of
toxicity of QDs. Cytotoxicity could be produced through photo-
oxidation of cadmium telluride core (CdTe), triggering electron
transfer from excited QDs to O, inside cells, resulting in the for-
mation of the toxic superoxide ion (0,*~). Moreover, released Cd%*
may bind sulfhydryl groups on a variety of intracellular proteins,
causing decreased functionality in many subcellular organelles
[165]. To confirm such hypothesis, Derfus et al. have exposed the
surface of CdSe QDs to air or UV irradiation [166], facilitating oxida-
tive release of cadmiumions: under these conditions, they observed
that QDs were highly toxic. With the aim of decreasing the danger-
ous impact of these processes, a ZnS shell is usually introduced,
thus rendering the hard metal core less susceptible to oxidative
degradation and less toxic to primary cytoplasmatic organelles

[165,167]. All these considerations strongly support the potential
role of cadmium in QDs cytotoxicity. The toxicity of QDs is also
strictly correlated with the stability of the colloidal dispersion and
the surface coatings of these nanoparticles. QDs synthesized in
aqueous solution are protected only by weakly bound ligands, such
as small thiolate ligands (e.g., mercaptopropionic acid or mercap-
toacetic acid). For this reason, they are highly prone to degradation
and aggregation, associated with their cytotoxicity toward cells
in culture [168,169]. Alternative to the synthesis of QDs in non-
polar solvents, followed by water-phase transfer via encapsulation
in amphiphilic polymers, the fabrication of cross-linked silica led
to significantly improved nanoparticle dispersions in terms of opti-
cal, chemical and colloidal stability, compared to their counterparts
coated with small ligands [170].

Table 1 summarizes a few literature data pertinent to in vivo tri-
als of different types of NPs related to preclinical investigations on
HER2-overexpressing tumor cells. The above considerations make
clear to the reader that careful controls will be needed before
trastuzumab-conjugated NPs can be used in current medical pro-
cedures.

8. Outlook

With the aim of creating highly efficient and reliable systems
able to provide both accurate diagnosis and effective therapy
of breast cancer disease, novel hybrid nanostructures displaying
trastuzumab oritsanaloguesare being developed intensely. Thanks
to the biochemical characteristics and the mechanisms of action of
trastuzumab, this monoclonal antibody results as being an ideal
targeting agent on which the attempts to develop modern and effi-
cient technologies for specific recognition are focused. The goal of
this approach is to obtain targeted multimodal NPs capable of being
vectors of therapy and a source of signals for diagnosis and monitor-
ing of endogenous response at the same time. The combination of
individually FDA-approved molecular entities and non-toxic nano-
materials leads to nanovectors ideally ready for in vivo testing.
If the ongoing trials on the first generation of hybrid nanoparti-
cles based on trastuzumab conjugates demonstrate success, some
of these systems may become a good candidate to be developed
as theranostic nanoclinics, since the diagnostic technique mainly
required for their use (MRI) is already a frequently used medical
tool for standardized clinical protocols.
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Towards Ideal Magnetofluorescent Nanoparticles for
Bimodal Detection of Breast-Cancer Cells
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Emilio Clementi,* and Davide Prosperi*

An increasing number of novel molecular markers based on nanomaterials Keywords:
for tumor diagnostics have been developed in recent years. Many efforts have . cells
focused on the achievement of site-targeted bioconjugated nanoparticles. In « magnetic materials
contrast, the mechanisms of toxicity, endocytosis, and degradation pathways  « nanoparticles
are still poorly understood, despite their primary importance for clinical « toxicity
translation. In this study, three different model nanoscale magnetofluorescent ~ « tumor diagnostics
particle systems (MFNs) are designed and fabricated. These nanoparticles

are evaluated in terms of size, morphology, zeta potential, fluorescence

efficiency, capability of enhancing T, relaxivity of water

protons, and stability. Accordingly, two are developed and the mechanism of

internalization, the intracellular fate, and the toxicity in MCF-7

adenocarcinoma cells are studied. Besides the well-documented size effect,

the anionic charge seems to be a crucial factor for particle internalization, as

MEFN penetration through the cell membrane could be modulated by surface

charge. Ultrastructural analysis of transmission electron micrographs

combined with evidence from confocal microscopy reveals that MFNs are

internalized by clathrin-mediated endocytosis and macropinocytosis.

Moreover, MFNs are found in EEAI-positive endosomes and in lysosomes,

indicating that they follow a physiological pathway of endocytosis.

Magnetorelaxometric analysis demonstrates that MFNs enable the detection

of 5 x 10° cells mL™" after treatment with particle dosages as low as 30 ug

mL~". Hence, MFNs appear to be a valuable and safe bimodal contrast agent

that can be developed for the noninvasive diagnosis of breast cancer.

[*] D'r. D.VProsperi,_ M_. Colomb°. uy Prof. E. Trabucchi, Prof. F. Corsi, Dr. M. Nebuloni, R. Allevi,
Dipartimento di Biotecnologie e Bioscienze Dr. A. Tosoni
l;'nlvers;ta“degl{ prci o MllanoA-AB.llcocca] " Dipartimento di Scienze Cliniche “Luigi Sacco”

|azzi de :_adScxenza 2, 20126 Milano (ltaly) Universita degli Studi di Milano, Ospedale L. Sacco

E-mail: davide.prosperi@unimib.it Via G.B. Grassi 74, 20157 Milano (italy)
Prof. E. Clementi, Dr. C. De Palma
Dipartimento di Scienze Precliniche Lita Vialba &t di Sci T losle Molecolarl. ENR
Universita degli Studi di Milano, Ospedale L. Sacco s_tltztol .' clenze.€ e.rino oglel olecoian,
Via G.B. Grassi 35, 20157 Milano (taly) Via, Golgl 19,2013 Milano {taly)
and IRCCS E. Medea & Supporting Information is available on the WWW under http://
Via Don L. Monza 20, 23842 Bosisio Parini (Lecco) (Italy) www.small-journal.com or from the author.
E-mail: emilio.clementi@unimi.it

Dr. S. Ronchi, Dr. D. Prosperi, G. Rizzi

DOI: 10.1002/smll.200900881

£ oy .
small 2009, 5, No. 22, 2555-2564 © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim o InterScience® 2555

105



2556 www.small-journal.com

ARTICLE 2
memm full papers

1. Introduction

One of the modern challenges facing clinical translation of
biomedical research is the possibility of obtaining highly
sensitive, noninvasive, well-resolved, in vivo images of bio-
logical largels.“' In the last years, several diagnostic techniques
for the rapid detection of tumors have been explored, including
fluorescence imaging, positron emission tomography (PET),
and magnetic resonance imaging (MRI), and their extensive
use in clinical investigations has significantly increased the
efficacy of therapeutic 'c\pproaches.'z*'l Despite these diagnos-
tic improvements, the detection of malignancies in their early
stages is still a challenge due to difficulty in achieving conco-
mitant high sensitivity and resolution with the available
diagnostic tools.””! Therefore, a primary end-point in cancer
diagnosis is the development of effective molecular contrast
agents capable of unambiguously disclosing the presence of
carly-stage malignancies, tracking cell migration, and monitor-
ing surgical and pharmacological response.

Worldwide, mammary carcinoma represents the second
most common type of malignant tumor (after lung cancer) in
adult women and the fifth most common cause of death among
cancer typcs""”] However, an improvement in the detection
and monitoring of lymphatic involvement and recurrence may
arise with respect to current clinical protocols. At present, the
sentinel-lymph-node technique is considered the gold-standard
approach for the detection of lymphatic axillary chain nodal
invasion. This approach, however, is rather invasive, as it is
based on a surgical biopsy of the first lymph node of the axillary
chain spotted by a lymph-scintigraphy with *™Tc 1!

An attractive possibility to detect mammary carcinomas in
the carly stages of their development in a noninvasive way
consists of developing tracing agents that can be delivered and
detected via magnetic nanoparticles (MNPs). Thanks to their
unique magnetic properties, MNPs now find large application
in many fields of biomedical research, including their use as
MRI contrast agents,'"™""l heating mediators for cancer
thermotherapy,'>'*! magnetic-force-based drug and gene
delivery,""I" and selective separation and detection of
biomolecules."” In the past, major concerns about MNPs
have been in vitro and in vivo cellular toxicity, tendency to a
rapid clearance after delivery in the circulatory system, and low
intracellular labclingcfﬁciency.[”] In particular, these particles
need to fulfill several criteria in order to be used as
nanodiagnostic materials in humans, including high resolution,
accuracy, and sensitivity of detection, which may be provided
by using MNPs coated with protein-targeting biomarkers
overexpressed by breast cancer cells such as HER2 receptor.®!
In addition, they must be nontoxic and able to interact in a
physiological way with biological tissues without aggregating
when delivered to them. Finally, since membrane receptors are
endocytosed as part of their normal response to ligand binding,
MNPs have to follow physiological pathways when interna-
lized. So far, only scant evidence has been reported about these
latter factors, which are critical for clinical use."*'! On the
basis of recent reports on particle internalization in human
mesenchymal stem cells'*? we have designed and tested various
bifunctional magnetofluorescent nanoparticle systems (MFNs)
with different characteristics and identified a specific MFN type
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that answers the criteria outlined above with regards to sensi-
tivity, in vitro safety, and physiological behavior. The multi-
functional contrast agent based on MFN we report here appears
therefore to fulfill the relevant characteristics needed for its
further development for both in vitro and in vivo imaging of
early mammary carcinoma.

2. Results and Discussion

The development of iron-based MNPs conjugated with
stably fluorescent organic dyesis limited by the strong tendency
of iron oxide to partly, sometimes completely, quench the
fluorescence.”’! Moreover, the direct contact of the fluoro-
phore with biological media often results in problems of rapid
pholobleaching.'”] It has been shown that the encapsulation of
both MNPs and organic dyes within a silica matrix could
improve the dual-mode detection by greatly reducing these
undesired side effects.>>?*I Thus, our rationale in designing the
MFNs for biological evaluation took into consideration two
concomitant factors: we needed the maximum iron content per
particle to optimize the signal-to-particle ratio for future
clinical applications (dosage efficiency) together with the
optimal conservation of the fluorescence intensity to enhance
the sensitivity for in vitro experiments.

Firstly, we prepared the MNPs by conventional approaches
both as a water dispersion of bare magnetite crystals (MNP1,
7 +3 nm) and as surfactant-coated, highly monodisperse 5-nm
magnetite particles (MNP2) obtained by solvothermal decom-
position (Figure S1 in the Supporting Inf()rmalion).[27|

MFNs were designed in a multilayer fashion, as schema-
tically represented in Scheme 1. The magnetic core consisted of
a MNP cluster, which has the effect of enhancing the relative
transverse relaxivity of each MFN with respect to the more
common single-crystal model, which contains only one MNP
per nanoparticle. This MNP cluster was embedded in a
silica shell of tunable thickness and coated by a fluorescent
layer obtained by alkaline condensation of a mixture of
fluorescein isothiocyanate (FITC), which was prior reacted
with (3-aminopropyl)triethoxysilane (APTES) and tetraethyl
orthosilicate (TEOS). When necessary, an excess of APTES
was used in the mixture to provide surface amino groups ready
for further conjugation. In order to obtain quite uniform MFNs,
two main strategies were followed: i) a sol-gel process using an
aqueous dispersion of as-synthesized uncoated Fe;O,4 nano-
particles led to MFN1 (Figure 1A) and ii) MFN2 were obtained
by reaction confinement within the submicrometer domain of a
water-in-oil microemulsion system (Figure 1B) using hydro-
phobic monocrystalline Fe;O, particles as the starting material.

MFNI1 are shown in Figure 1A as slightly rod-like particles
of about 150nm in the larger dimension. The experimental
conditions explored here led to a quite different result from
previous observation.”l A great number of iron oxides have
been encapsulated in each MFNI as a consequence of the
presence of MNP aggregates in the nanoparticle mother dis-
persion. An outer shell with remarkably lower electron density
is clearly distinguishable, attributable to the fluorescent layer.
Probably due to a nearly neutral surface charge (the measured
zeta potential was —1 < { < + 1 mV), MFN1showed a tendency
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Scheme 1. lllustrative strategy for the preparation of MFN1-3.

to form large aggregates when dissolved in salty solution, as
determined by dynamic light scattering (DLS) measurements,
in which a mean hydrodynamic diameter ranging from 1.5 to
2.5 pm was detected in 0.1 m KCIL.

The microemulsion system used to generate the MFN2
provided 60-nm MFNs with a more regular spherical
morphology containing a limited number of magnetic nano-
crystals. MFN2 were smaller in size than MFNI1, and were
readily dispersed in water and phosphate buffer saline (PBS).
Shell thickness, fluorescence intensity, and average number of
magnetite grains per MFN could be adjusted essentially by
varying five parameters: initial concentrations of MNPs, TEOS,
and APTES-FITC, reaction time, and stirring rate. Different
fromsimilar prolocols,m' we optimized the reaction conditions
in order to obtain multiple iron oxides within each silica
envelope (Figure 1B). Another important feature of our
experimental setup is that it allowed us to obtain highly uniform
and reproducible particles, with only 2% nanoparticles
exceeding the average MFN2 size by more than 10%. The
APTES-FITC amount was also adjusted to achieve a suitable
fluorescence signal for biological studies (the optimal condi-
tions are reported in the Experimental Section). The hydro-
dynamic diameter was 120 nm as measured by DLS, which is

A)

B)

50 nm ‘

Figure 1. TEM images of A) MFN1 and B) MFN2 in ethanol. In both cases,
an outer, less contrasted shell is visible, attributable to the presence of
the incorporated organic fluorophore.

100 nm
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consistent with a monomeric nanoparticle
distribution in solution, as also demon-
strated by transmission electron microscopy
(TEM) (Figure 1B). This could be explained
in terms of their high negative surface
charge, as determined by zeta potential
measurement. Indeed, we found an average
¢ of —40mV. This ¢ value is significantly
lower than the negative threshold of
—30mV, conventionally indicated as the ¢
value below which a surface may be
considered as permanently negatively
charged, leading to a stable colloidal
suspension.lzx] Such a negative potential is
partially attributable to the presence of
surface fluorescein molecules, which are
recovered in dianion form at neutral pH.>’!

The magnetic and optical properties of
MFN1 and MFN2 were compared in view of
biomedical application. We performed a set
of relaxometric experiments to determine
the respective 7, enhancing capabilities.
Conventionally, the transverse relaxivity
ryisdefined as the slope obtained by plotting
1/T, versus iron concentration. Nevertheless, we preferred
to refer r, to the particle dosage for practical purposes
(in Figure 2A, 1/T5 is plotted versus ug MFNs). We found r,
values of 87 mg 'mLs ' and 184 mg 'mLs ' for MFN1 and
MFN2, respectively. BothMFN1and MFN2are very well-fitted
by a line within the analyzed range of concentration (0-30 pug
mL '), thus exhibiting the typical property of superparamag-
netic iron oxide in shortening 75 relaxation time. Quite
surprisingly, although the number of magnetite grains is lower,
MFN2 display remarkably higher magnetic susceptibility than
MFNI1. Morcover, MFN1 and MFN2 were checked at
concentrations up to 1 mg mL': while MFN2 confirmed this
trend very well, revealing an exquisite magnetic stability,
MFNI1 showed a progressive decrease in the 75 shortening
efficiency above 30 pg mL ' up to a plateau (Figure S2 in the
Supporting Information). Figure 2B illustrates the relative
fluorescence intensities for MFN1 and MFN2 referred to a
single particle. MFN2 were about four times brighter than
MFNIL. In principle, there are two possible interpretations for
this unexpected phenomenon. This behavior might be
attributable to the stronger quenching effect of the higher
concentration of iron oxide in MFN1. Alternatively, it could be
due to a dye-dye quenching caused by a different arrangement
and concentration of FITC moleculesin these kinds of particles,
as a much higher amount of APTES-FITC was used in the
synthesis of MFNI1. It was not possible to discriminate between
these two quenching mechanisms at this stage, and will
therefore merit a more thorough investigation in the future.
Combining the magnetic, fluorescence, colloidal stability, and
size/morphological characteristics, we selected MFN2 as the
best candidate for biological evaluation.

We used MCF7 carcinoma cells for in vitro study of the
quality of the synthesized nanoparticles. MCF7 cells are a well-
characterized, estrogen-receptor-positive human cell line and
therefore are a usefulin vitro model of breast cancer. Moreover,

MFN1,2

NH,
|

—NH,

“SNH,
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Figure 3. Ultrastructural images of MCF7-MFN2 time course.
Ultrastructural analysis demonstrated the uniformity in shape and size
(about 60 nm) of MFN2 particles during their internalization.

A) Nanoparticles adhere to the cytoplasmic membrane at 30 min
incubation and initial macropinocytosis is demonstrated by extension of
plasma membrane (star symbol, *)-surrounding nanoparticles. B,C) After
ticle uptake takes place by processes consistent with

A) 307
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Figure 2. Magnetic and optical properties of as-synthesized MFNs.

A) Relaxometric analysis of MFN1 (full dots) and MFN2 (empty dots).
The inverse of experimental T, values obtained at different MFN
concentrations are plotted versus p.g ml~* MFNs. Both MFN1 and MFN2
are fitted by a line and the T, relaxivities are given by the respective line
slopes. B) Relative fluorescence emission of MFN1 (dashed line) and
MFN2 (continuous line) in Dulbecco’s PBS without calcium and
magnesium.

in vivo, the MCF-7 cells are capable of forming tumors in nude
mice treated at a tumorigenic dose of 5 x 10° cells.*"]

Since anionic nanoparticles are known to spontaneously
penetrate the cell membrane,*'! we expected that MFN2 could
be efficiently internalized into cells. Cells were incubated with
MFN2 and their localization with respect to the cells was
investigated by TEM over a 5 h time window. The results shown
in Figure 3 demonstrate that MFN2 initially adhered to the
plasma membrane to be subsequently internalized by a process
of vesicle-mediated endocytosis to reach internal vacuoles.
Briefly, after 30 min incubation, initial adhesion and extension
of plasma membrane around nanoparticles was observed
(Figure 3A). Intracellular nanoparticle uptake took place
after 1h (23% labeled cells from 100 randomly counted cells
by TEM) by means of processes consistent with macropino-
cytosis and clathrin-coated vesicle-mediated endocytosis
(Figure 3B and C). At 5 h, an increased number of cytoplasmic
vacuoles containing non-clustered nanoparticles was observed
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macropinocytosis (B) and clathrin-coated, vesicle-mediated
internalization (C, arrow). D) At 5 h, a large amount of vacuoles (arrows)
containing non-clustered nanoparticles are present in the cytoplasm of
MCF7 cells (N = nucleus). Scale bars A-C: 100 nm, D: 1 um.

(Figure 3D, 49% of cells labeled). At all stages of MFN2
interaction with cells, particles predominantly maintained their
uniformity in shape and the absence of aggregate formation
(Figure 3).

We next characterized the endocytic pathways of MFN2 by
investigating colocalization of the particles with different
markers of endocytic compartments, namely the recycling
endosome marker transferrin receptor, the early endosome
marker EEAL1, the Golgi marker GM-130, and the lysosomal
marker cathepsin D. We found that MFN2 localized with both
the recycling and early endosome markers as well as the
lysosomes (Figure 4), which is consistent with the initial
localization of these particles in small subplasmalemmal
vesicles and subsequently in more internal vacuoles observed
by TEM (Figure 3D, as indicated by arrows). Importantly, no
colocalization with GM-130 was observed. Macropinosomes
can acquire EEA1 and TfR markers after binding with specific
protein complexes and their fusion with endosomes.*?!

The combined TEM and immunofluorescence approaches
therefore demonstrate that MFN2 are incorporated by both
clathrin-mediated endocytosis and macropinocytosis. This is
further confirmed by the fact that MFN2 are only minimally
internalized in absence of serum, indicating that they are
endocytosed by an energy-requiring active mechanism of

small 2009, 5, No. 22, 25552564
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Figure 4. Intracellular localization of MFN2 in MCF7 cells. Incubations were for 5 h with 30 pg
mL " of MFN2. Images are representative of four reproducible experiments and reveal the
localization of MFNZ2, identified by their green fluorescence versus that of the early endosome
marker EEA1, the recycling endosome marker TfR, the lysosomal protein Cat D, and the Golgi
marker GM-30, labeled using secondary, TRITC-conjugated Abs (red). Scale bar: 10 pm.

internalization. MFN2 are ecventually directed into the
lysosomal pathways, as colocalization with cathepsin D clearly
indicates. In conclusion, MFN2 were internalized through a
physiological pathway of endocytosis.

We then evaluated the toxicity of MFN2 by analyzing their
ability to induce cell death in a concentration-dependent way
over a Sh time window. Cell death was evaluated by flow
cytometry measuring both annexin V exposure on the outer
leaflet of the plasma membrane, a feature of apoptotic cells, and
incorporation of 7-aminoactinomycin D, anindex of membrane
permeability and thus of necrotic death. MFN2 were nontoxic
for the cells when used up to 30 pg mL ', while at the highest
concentrations used (50 pg mL ") cell death could be detected,

albeit only after 5h (Figure 5). These findings combined with
the physiological behavior of these particles when internalized
indicate that they possess a good in vitro safety profile.

In order to obtain similar particles with reduced interaction
with cells, we elaborated MFN2 by conjugation of the excess
surface amino groups with synthetic monoamino poly(ethylene
glycol) (PEG)-600 (Scheme 1). We chose such a PEG linker

model with two main objectives in mind: i) avoidance of

membrane fusion, which often occurs in in vitro experiments
with long PEG chains and ii) absence of net charges on the
molecule. The PEG covalent attachment was performed via
particle-PEG glutaraldehyde crosslinking followed by imine

small 2009, 5, No. 22, 25552564
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reduction with NaCNBH; (reductive
amination). This conjugation approach
allowed us to introduce neutral PEG chains
in contrast with classical amide formation
using commercial PEG diacid. The result-
ing MFN3 exhibited a strongly reduced
8mV. In
this case, the colloidal stability was pro-
videdinstead by steric repulsion of the PEG

surface zeta potential of about

chains. Fluorescence intensity and r, values
were on the same order of uncoated MFN2.

Of importance for the prospective
use of MFN3 as diagno
internalization was significantly lower than
MFN2 (only 4% labeled cells after 1 h and
16% after Sh by TEM analysis) and the
small fraction incorporated by the cells was
consistently found in EEA1-positive endo-
somes and in lysosomes indicating that

ic markers, the

when internalized they followed a physio-
logical pathway of endocytosis used by cells
to degrade undesired molecules (Figure 6).
Accordingly, an increment in the produc-

MFN3 incorporation was confirmed by
ultrastructural analysis obtained by TEM
images (Figure 7). In perspective of a
diagnostic use of MFN3 we also tested their
characteristics on the noncancerous cell
line NIH-3T3. In these cells we found that
MFN3 were endocytosed only to a limited
extent; endocytosis occurred through the
same pathway observed for MCF7, as
shown by MFN3 localization into lyso-
somes (Figure S3 in the Supporting Information).

We next investigated the cellular toxicity of MFN3 by
measuring cell death over a 5h period in a similar way to that
used for MFN2. MFN3 were found to be nontoxic for MCF7
even at the highest concentration (50 pg mL ") for up to 5h
(Figure 8). In a second set of experiments we analyzed long-
term toxicity and, in parallel, cell proliferation both on MCF-7
and NIH 3T3 cells. Asshown in Figures 9A and 10A, no signs of
death were observed up to 72 h of exposure to the nanoparticles.
In addition, no differences were observed between untreated
and MF
and 10B), further highlighting the absence of toxicity of these
I'herefore, MFN3 appear to have a good profile of

3-treated cells in terms of proliferation (Figures 9B

particles
safety in vitro, and their very low levels of internalization might
be helpful in therapeutic perspective to avoid aspecific binding
after their coating with tumor-specific receptor ligands.

To evaluate the potential of MFN2 and MF
agents for MRI in living cells, we performed a set of 75
relaxation experiments on labeled MCF7 cells. Three MCF7

N3 as contrast

cell cultures were treated with 50 and 30 pg MFN2 and 50 pg
MFN3, respectively, for 5 hat 37 °C. The cells were washed with
PBS, fixed with 2.5% buffered glutaraldehyde, and eventually
resuspended in PBS (pH 7.0) at a concentration of 5 x 10° cells
mL . The samples as well as unlabeled MCF7 cells (control)
were analyzed by relaxometric measurements at increasing
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Figure 5. MCF7 cells were treated with MFN2 at 10-30-50 pg mL * for
1-3-5 h. The exposure of Annexin V and incorporation of 7-
aminoactinomycin Dwere evaluated by flow cytometry. Asterisks indicate
statistical significance versus untreated control (ctrl: n=5).
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dilution levels. The results are summarized in Table 1. All the
treated cells showed a significant decrease in 75 with respect to
the control at a concentration of 5 x 10° cells mL ', which
confirms the internalization of iron by cultured cells. Such a 75
effect was at least detectable down to a concentration of 5 x 10°
cells mL As expected, cells treated with 50 ng MFN2
exhibited higher relaxivity enhancement compared to 30 pg

Figure 6. Intracellular localization of MFN3 in MCF7 cells. Incubations were for 5 h with

30 pg mL~* of MFN3. Images reveal the localization of MFN3 identified by their green
fluorescence versus that of the early endosome marker EEA1, the recycling endosome marker
TR, the lysosomal protein Cat D, and the Golgi marker GM-130 labeled using secondary,
TRITC-conjugated Abs (red). Scale bar: 10 pm.
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MFN2, suggesting a dose-dependent nanoparticle internaliza-
tion. This effect becomes less incident with cell dilution. In
contrast, cells treated with MFN3 resulted in a remarkably
lower 75 decrease even at higher nanoparticle concentrations.
Such aloss of labeling efficiency is most probably attributable to
the presence of short PEG chains on the outer shell of the
particles, which reduces the surface potential and renders them
quite reluctant to be internalized by the cell membrane.

3. Conclusions

In summary, we have designed and synthesized a bifunc-
tional MFN probe consisting of tuned multiple superparamag-
neticiron oxide nanoparticles incorporated within a fluorescent
silica shell for the study of the interaction with breast cancer
cellsinvitro. We demonstrate that unconjugated anionic MFNs
are spontaneously internalized by cancerous and noncancerous
cells in absence of receptor-targeting antibodies or delivery
agents, and the extent of the uptake can be modulated
depending on the control of the surface negative charge. MFNs
are internalized by macropinocytosis and clathrin-mediated
endocytosis mechanisms, follow a physiological pathway of
internalization once incorporated by the cell, and display no
relevant cytotoxicity in vitro. These results highlight the
importance of elucidating the mechanism of cell uptake and
degradation of this new class of molecular
diagnostics for cancer investigation and
treatment. Future work will focus on the

application of the present discoveries to
animal models to evaluate the effectiveness
of our MFNs as contrast agents for in vivo
experiments. The next step will be the
implementation of our MFNs with mono-
clonal antibodies in order to target them
directly to specific antigens. We believe that
the resulting nanoparticle probes will allow
us not only to identify a number of early
but
cancer

also to differentiate

inflammation,

stage tumors,

between and and
eventually to create a new generation of

personalized target therapies.

4. Experimental Section

General methods and instrument details:
Solvents and other chemicals were purchased
from Sigma-Aldrich (St. Louis, MO), Fluka (St.
Gallen, Switzerland), and Riedel-de Haén
(Seelze, Germany), and used as received
without further purification. Water was
deionized and ultrafiltered by a MilliQ appa-
ratus from Millipore Corporation (Billerica,
MA). Reactions involving the use of fluores-
cein derivatives were performed in the dark.
DLS measurements were performed at 90
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Figure 7. TEMimage ofaMCF7 cellsectionaftertreatmentwith MFN3.The
numerous dark spots represent the lysosomes. Inset: magnification of
lysosomes incorporating MFN3 particles.

with a 90 Plus Particle Size Analyzer from Brookhaven Instruments
Corporation (Holtsville, NY) working at 15 mW of a solid-state laser
(#.=661nm). Zeta-potential measurements were performed on
the same instrument equipped with AQ-809 electrodes and
analyses were processed by ZetaPlus software. Viscosity and
refractive index of pure water were used to characterize the
solvent. Nanoparticles were dispersed either in water orin 1.0 mm
KCl and sonicated in a S15H Elmasonic apparatus (Elma, Singen,
Germany) before analysis. The final sample concentration used for
measurements was typically of 0.01 mg mL~". For TEM analysis,
MNPs were dispersed in ethanol (50 pg mL™") and a drop of the
resulting solution was placed on a Formvar/carbon-coated copper
grid and air dried. TEM images were obtained by a Zeiss EM-109

ctrl 8 30 pg/mL M 50 pg/ml.

3
S

s

(%}
S

% of total cell death
8

S

1h

5h
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Figure 8. MCF7 cells were treated with MFN3 at 30-50 p.g mL" for
1-3-5 h, afterwhich cell death was assessed to measure the exposure of
Annexin V and the incorporation of 7-aminoactinomycin, evaluated by
flow cytometry. No significant cell death was observed.
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Figure 9. MCF7 cellsweretreated with MFN3 at 50 pgmL *forupto72h.
Cell death (A) and proliferation (B) were assessed at the indicated time
points. Cell death was assessed as described in Figure 8, whereas
proliferation was tested by measuring the conversion of MTT into
formazan. MFN3 were nontoxic and did not affect proliferation.

UT = untreated control (n=3).

microscope (Oberkhochen, Germany) operating at 80kV. T,
relaxation times were acquired at a temperature of 313K using
a Bruker Minispec mq20 system (Ettlingen, Germany) working with
'H at a 20 MHz magnetic field with the following parameters:
CPMG (Carr-Purcell-Meiboom-Gill) pulse sequence, 1000 echoes
with a 20ms echo time and 2s repetition time. Samples were
introduced using 10-mm NMR spectroscopy tubes pre-warmed
and sonicated. In order to obtain relaxivity plots of MFN1 and
MFN2, magnetofluorescent nanoparticles were dispersed in water
at different concentrations and the 1/T, values of the correspond-
ing solutions were plotted versus nanoparticle concentration
values expressed as pg mL™" or mg mL™". Relaxivity measure-
ments on MFN-treated and untreated MCF-7 cultured cells were
performed using the same 10-mm NMR tubes at different cell
dilutions in the range 5x10°-5x10° cells with a single
acquisition for each sample.

MNP synthesis: Water-soluble MNPs (MNP1) were synthesized
by a coprecipitation method at room temperature according to our
previous work.?”) MNP1 were stored as a dispersion in water
(10 mg mL™") and used without further purification during the sol-
gel reaction sequence. Oleic acid-stabilized magnetite nanopar-
ticles were synthesized according to Reference [27] and stored as
an oleic acid-stabilized dispersion in n-hexane (2mg mL™"). Just
before use, a suitable amount of this dispersion was passed
through a 0.2-um poly(tetrafluoroethylene) (PTFE) syringe filter
and the nanoparticles were precipitated with ethanol, recovered
by centrifugation, and vacuum dried (MNP2).
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Figure 10. NIH 3T3 cells were treated with MFN3 at 50 pg mL ™" for up to
72 h. Cell death (A) and proliferation (B) were assessed at the indicated
time points. Cell death was assessed as described in Figure 8, whereas
proliferation was tested by measuring the conversion of MTT into
formazan. MFN3 were nontoxic and did not affect proliferation.

UT = untreated control (n = 3).

Synthesis of APTES—FITC conjugate: Method A (excess amino
groups): To a solution prepared from FITC (8 mg, 20.5 umol) and
dry ethanol (1 mL), APTES (25 pL, 106.8 umol) was added. The
mixture was stirred for 4 h until thin-layer chromatography (TLC)
revealed the disappearance of the starting material under a UV
lamp at =366 nm.

Method B (stoichiometric amines): FITC (8 mg, 20.5 wmol) was
dissolved in dry ethanol (1 mL), then APTES (4.9 pL, 20.7 pmol)
was added. The mixture was stirred overnight until TLC revealed
the disappearance of the starting material.

Method C (excess amino groups): FITC (81 mg, 208 pmol) was
dissolved in dry ethanol (10 mL), then an ethanolic APTES solution
(6.6 mL, 2.56 mmol APTES) was added. The mixture was stirred for
4 h until TLC revealed the disappearance of the starting material.

Synthesis of MFN1: The synthetic procedure was adapted from
Yu et al. with few modifications.*®! Briefly, an aqueous dispersion
of MNP1 (20 mL, 10 mg mL™?) was diluted in a mixture of ethanol
(76 mL), water (76 mL), and aqueous NHj3 (6.6 mL, 25 wt%) with
magnetic stirring. An ethanol solution of TEOS (800 p.L in 60 mL)

Table 1. Relaxivity measurements on labeled MCF7 cells.®

E. Clementi, D. Prosperi, et al.

was added and the mixture was stirred for 4 h. The precipitate was
collected by centrifugation, washed three times with water, and
precipitated again with acetone. The resulting nanoparticles were
dispersed in H,0 (20 mL). This aqueous dispersion was added to a
mixture of ethanol (120 mL), H,0 (76 mL), and aqueous NH5 (5 mL,
25wt%) under stirring. Then, APTES-FITC ethanol solution
(16.5mL, prepared by Method C) was added and the mixture
was stirred overnight under argon. Fe;0,@Si0,@APTES-FITC
nanoparticles were recovered after centrifugation and washed
twice with water and twice with ethanol before vacuum drying. In
the last step, TEOS (1 mL) was dissolved in dry ethanol (10 mL)
under nitrogen. The resulting solution (5mL) was added to a
mixture of H,0 (38 mL), aqueous NH; (3.3 mL, 25wt%), and a
dispersion of Fes0,@Si0,@APTES-FITC in ethanol (76 mL). The
hydrolysis—condensation reaction was carried out under vigorous
stirring for 4h; Fes0,@Si0,@APTES-FITC@SiO, nanoparticles
were recovered after centrifugation and washed twice with water
and twice with ethanol before vacuum drying.

Synthesis of MFN2: In a typical procedure, MNP2 (3 mg) were
dispersed in cyclohexane (46 mL) at room temperature. Then,
Triton X-100 (12 g), 1-hexanol (9.6 mL), deionized water (2.04 mL),
and TEOS (240 pL) were added under nitrogen with continuous
and regular magnetic stirring at 190 +5rpm. After one night
stirring to stabilize the microemulsion system, hydrolysis—
condensation of TEOS was triggered by adding aqueous NHj
(600 pL, ~28-30wt%). After 24 h, TEOS (180 uL) and ethanolic
APTES-FITC solution (50 pL, prepared as described above either
with method A or B) were added and the mixture was stirred for
further 24 h, after which ethanol was added to destabilize the
microemulsion system. MFN2 were isolated by centrifugation and
washed once with ethanol and once with water until they were
finally redispersed in water and isolated by means of a permanent
magnet. The aqueous supernatant was discarded and isolated
MFN2 were further washed with ethanol and vacuum dried.

Synthesis of MFN3: Commercial poly(ethylene glycol) mono-
methyl ether (MPEG) with an average molecular weight of 600 Da
was converted to its amino-derivative. Briefly, MPEG (1.0g) was
vacuum dried overnight and dissolved under nitrogen in dry
tetrahydrofuran (THF) (15mL). Tetrachlorophtalimide (TCP, 3
equiv.) and resin-bound triphenylphosphine (3.3 equiv.) were
added under stirring, then a solution of di-tert-butyl azadicarboxyl-
ate (DBAD) in dry THF (3.3 equiv. in 5mL) was added dropwise.
After 72h, the mixture was filtered to remove the resin and
concentrated with a rotary evaporator. The residue was diluted
with CH,Cl, and the resulting white precipitate was filtered off
over a celite pad and abundantly washed with CH,Cl,. The

Concentration [cells mL™"]

7, [ms]®

MCF7 unlabeled

MFN2 [30 pg mL ™)

MFN2 [50 g mL ™) MFN3 [50 g mL ™)

5.0 x 10° 2153+£16 851+12 616+10 1091+£15
1.0 x 10° 2408 +21 1832+15 1793+ 14 2248 +22
5.0 x 10° 2622+23 1983 £ 14 1969 +£16 2338+22
2.5x10° 2646 +29 2630+ 27 2603 + 24 2656 + 32

[a] Data are the mean =+ standard deviation of three different relaxivity measurements. [b] 7, values correspond to progressive dilutions of an initial
cell concentration after incubation with different concentrations and kinds of nanoparticles.
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collected filtrate was concentrated to 10 mL CH,Cl,, then diethyl
ether (30mL) was added. The mixture was cooled down to 4 °C
and kept at this temperature for 4 h to facilitate the precipitation
of the PEG derivative. The white precipitate was recovered and
vacuum dried. The deprotection of TCP-MPEG to vyield the free
amino derivative was effected on 400mg of starting material,
which was reacted with hydrazine hydrate (6 equiv.) in refluxing
ethanol (40 mL) for 5h. The deprotection was monitored by TLC
(CH,Cl,/methanol 9:1) and visualized by ninhydrin. Finally, the
solvent was evaporated and the residue was diluted with CH,Cl,
and washed three times with aqueous NaOH (5%). The organic
layer was dried over Na,SO0,, filtered, and evaporated yielding the
amino-PEG derivative. Amino—MFN2 (1 mg) was dispersed in 1 mL
borate buffer (pH 7.2). A 5% glutaraldehyde solution (270 L) in
the same buffer was added under stirring. After 2 h, the particles
were recovered by centrifugation and repeatedly washed with
borate buffer to eliminate unreacted glutaraldehyde. This material
was finally resuspended in the same medium (1 mL) and reacted
overnight with an amino-PEG aqueous solution (20 mg in 3.5 mL).
PEG-functionalized nanopatrticles were recovered after centrifuga-
tion and washed once with borate buffer and once with acetate
buffer (pH 5.0). A NaBH5CN solution (370 L, 1mg mL™?) in
acetate buffer was added to a nanoparticle suspension in the
same medium (1 mL) and incubated for 3 h. After centrifuging, the
particles were washed twice with CH,Cl,, once with ethanol, and
vacuum dried.

Cell culture: MCF7 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), t-glutamine (2mm), penicillin
(50 Ul mL™?%), and streptomycin (50 mg mL™") at 37 °C under a
humidified 95%:5% (v/v) mixture of air and CO,. NIH 3T3 cells
were grown in DMEM, supplemented with 10% (v/v) fetal bovine
serum, (Hyclone Celbio, Milan, Italy), t-glutamine (2 mm), penicillin
(50 Ul mL™?), and streptomycin (50 mg mL™") at 37 °C under a
humidified 95%:5% (v/v) mixture of air and CO,. Cells were plated
in six-well dishes at 90% of confluence and incubated for 1-3-5h
with MFN2 and MFN3 at the concentrations of 10pug mL™",
30 ug mL™?, and 50 pg mL~* in completed culture medium.

Ultrastructural analysis (TEM): After the incubation time, cell
pellets were washed in PBS (5 min, twice), fixed in 2.5% buffered
glutaraldehyde, post-fixed in 1% osmium tetroxide, and em-
bedded in epoxy resin (PolyBed 812 Polysciences Inc. USA).
Ultrathin sections were stained with uranyl acetate and lead
citrate and examined by means of TEM. TEM analysis was used to
evaluate the intracellular presence of nanoparticles and study the
different mechanisms of entry by comparison with literature
data.[20.34]

Immunofluorescence: MCF7 cells grown on coverslips pre-
coated with polylysine were washed free of the medium with PBS
and fixed with and permeabilized in PBS 0.1% Triton at room
temperature for 5 min. Samples were incubated with the primary
antibodies in PBS 0.2% gelatin against the following antigens:
early endosome antigen 1 (EEA1; BD Trasduction laboratories,
Pharmingen San Jose, CA, USA), transferrin receptor (TfR; US
Biological Swampscott, MA, USA), Cathepsin D (Cat D; Calbiochem
International, CA, USA), and GM-130 (BD Transduction labora-
tories, Pharmingen, USA) in PBS 0.2% gelatin for 90 min at 22 °C,
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washed, and incubated for 90 min at 22 °C with the appropriate
TRITC-conjugated secondary antibody. Subcellular antigen dis-
tribution was analyzed under a Leica SP2 AOBs microscope
confocal system. Images were acquired with 63 x magnification oil
immersion lenses at 1024 x 1024 pixel resolution.

Cell death analysis: For cell-death experiments, the cells were
treated as described above. After the incubation time, the cells
were detached and stained with TRITC-annexin V 1:20 and 7-
aminoactinomycin D 1:5 (BD Bioscience, San Jose, CA, USA)
according to the kit's manufacturer’s instructions and analyzed by
flow cytometry in a FACStar Plus (Becton Dickinson, Sunnyvale,
CA, USA) as described.”® Therefore, we considered cell death as
the populations positive for Annexin V and for 7AAD staining alone
and together.

Cell proliferation assay: Cells were treated as described above.
At the indicated time points cells were washed and 0.5 mL of 3-
(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) stock solution (2.4 mm in RPMI 1640 without phenol red,
filtered) was added and the plates were incubated for a further 3 h
at 37°C.’%) At the end of the incubation the untransformed MTT
was carefully removed and the dye crystals solubilized in 1 mL of
2-propanol. Absorbencies were read immediately in a UVKON 941
spectrophotometer using a test wavelength of 570nm and a
reference wavelength of 690 nm.

Statistical analysis: The results are expressed as means +
standard error of the mean (S.E.M.); n represents the number of
individual experiments. Statistical analysis was carried out using
the Student’s t-test for unpaired variables (two-tailed). The
asterisks in the figure panels refer to statistical probabilities (P)
of <0.001, measured for the cells treated in the various
experimental conditions versus control as described in details in
the figure legends.
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Figure S1. TEM images of A) an aqueous dispersion of bare Fe;04 nanoparticles, obtained by
coprecipitation of FeCl,4H,O and FeCl;-6H,O (MNP1), and B) an illustrative hexane
dispersion of surfactant-coated Fe;O4 nanoparticles obtained by solvothermal decomposition

in high-boiling organic solvents (MNP2).
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Figure S2. Relaxometric analyses of MFN2 (empty dots, A) and MFN1 (full dots, B) within
the range 0-0.5 mg mL~'. While MFN2 maintain the linear behaviour within the entire
concentration range, the MFNI1 trend is better fitted by an exponential decay above 0.3 mg

mL ", thus showing a reduced magnetic stability in concentrated dispersion.
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Figure S3. Intracellular localization of MFN3 in NIH 373 cells. Incubations were for 5 h with
50 pg mL ™" of MFN3. Images are representative of four reproducible experiments and reveal
the localization of MFN3, identified by their green fluorescence versus that of the early
endosome marker EEALI, the recycling endosome marker TfR, the lysosomal protein Cat D
and the Golgi marker GM-30, labeled using secondary, TRITC-conjugated Abs (red). Scale
bar: 10 um.
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The development of nanosystems applied to rapid and sensitive measurement of biomarkers in fluid sam-
ples is a current major goal in diagnostic biomedicine. In this article, we report the accurate and reliable
detection of anti-HSA (human serum albumin) antibodies by protein-functionalized magnetic nano-
spherical probes due to the reversible alteration of their microaggregation state induced by protein anti-
body-specific interaction, sensed as changes in the T, relaxation time of surrounding water molecules.
Once the optimal parameters were adjusted, the method proved to be very sensitive, providing concen-
tration- and time-dependent responses. Furthermore, we demonstrate that the developed immunoassay
is able to quantitatively determine the biomarker concentration from T linear correlation, thereby sup-
plying a rapid, yet accurate, assay with sensitivity in the femtomolar range. The high susceptibility and
stability of these magnetic nanoparticles, as well as their accessible synthetic preparation, make these

Keywords:

Nanosensor
Biorecognition
Autoantibodies

T, relaxivity

Magnetic nanoparticles

nanosensors a promising new tool for versatile and effective medical diagnostics.

© 2009 Elsevier Inc. All rights reserved.

The rapid and accurate detection of specific biomarkers in fluid
samples for the purpose of monitoring treatment and diagnosing
pathologies is an open challenge in the field of biomedicine. During
recent years, a number of diagnostic tools have been developed to
measure the abundance of pathogen that enable the early detec-
tion of diseases [1-4]. Human serum albumin (HSA)' is the most
abundant serum protein in the human circulatory system. It is well
documented that a few largely widespread diseases consist of anom-
alous concentrations of anti-HSA antibodies (Abs) as a consequence
of pathological changes of the systemic condition that cause the
extracellular proteins to become antigenic. The alterations in the
conformation and the biological properties of HSA are usually trig-
gered by protein oxidation [5] due mainly to the undesired presence
of reactive oxygen species. Indeed, protein oxidation phenomena are
generally associated with cellular functional disruption along with
many other protein conformational changes. There are several stud-
ies that provide evidence that such protein oxidation is often associ-
ated with cellular disorder observed during aging and age-related

* Corresponding author. Address: Dipartimento di Biotecnologie e Bioscienze,
Universita di Milano-Bicocca, Piazza della Scienza 2, 20126 Milano, Italy. Fax: +39
0264483565.
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" Abbreviations used: HSA, human serum albumin; Ab, antibody; MNP, magnetic
nanoparticle; MRI, magnetic resonance imaging; SPION, superparamagnetic iron
oxide nanoparticle; TEM, transmission electron microscopy; NMR, nuclear magnetic
resonance; PTFE, polytriflouroethylene; TEOS, tetraethyl orthosilicate; APTES, ami-
nopropyl triethoxysilane; SMNP, silica-encapsulated magnetic nanoparticle; BB,
borate buffer; MNS, magnetic ; TLC, thin-layer chr h

0003-2697/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
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neurodegenerative diseases, including Alzheimer and Parkinson dis-
eases [6]. Although the circulating autoantibodies exhibit reactivity
against both native and modified proteins, modified HSA appears
to be highly immunogenic compared with native HSA [7]. A number
of studies point to type 1 diabetes mellitus [8], familial dysautono-
mia [9], and liver failure [10] as the main pathologies in which a
remarkable occurrence of anti-HSA Abs is observed, with the con-
centration of anti-HSA Abs in diabetic patients being 5-20 times
greater than in healthy subjects. Within this context, the application
of a method for rapid, sensitive, and selective detection of anti-HSA
Abs in solution could be beneficial in providing a diagnostic agent for
preclinical investigations and clinical use.

The conjugation of various biomolecules to different kinds of
nanoparticles has led to the creation of hybrid bioorganic-inor-
ganic nanocomposites that indicate biorecognition capabilities as
well as unique photonic, magnetic, or electronic properties, the
fine modulation of which can be usefully exploited in biosensing
[11-13]. These biocomposite nanomaterials provide a powerful
tool for the investigation of the biointeractions, which are funda-
mental for cell functionality as well as for modern diagnostic tech-
niques and new therapeutic outlooks. In this context, magnetic
nanoparticles (MNPs) based on iron oxides look particularly prom-
ising due to their peculiar properties that have recently led to
many technological and biomedical applications, including tar-
geted drug delivery and their use as contrast agents in magnetic
resonance imaging (MRI) and biosensing [14-19].

In the current study, we report on a novel application of hybrid
core-shell MNPs for the rapid and sensitive detection of anti-HSA
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Abs that have the potential to offer a robust diagnostic device by
measuring subtle changes in the spin-spin relaxation times (T3) in-
duced on the adjacent water protons by the presence of Ab-medi-
ated nanoparticle clusters. During recent years, considerable
efforts have been made by the research groups of Weissleder and
Josephson to develop iron oxide-based molecular nanoswitches
exploiting the effect of reducing the T, of the water protons as a con-
sequence of the formation of aggregates of controlled size mediated
by the occurrence of tridimensional-specific interactions. In partic-
ular, superparamagnetic iron oxide nanoparticles (SPIONs) have
been demonstrated to be potent enhancers of the spin-spin relaxa-
tion processes. The effect of SPIONs on T, is caused by the large dif-
ference in susceptibility between the nanoparticles and the
surrounding medium, resulting in microscopic magnetic field gradi-
ents. The diffusion of protons through these field gradients leads toa
loss of phase coherence of the proton magnetic moments and, thus,
decreases the transverse relaxation times of adjacent protons. Inter-
estingly, this pronounced T, effect is significantly affected by the
aggregation state of the SPION dispersion. When clustering is in-
duced by the specific binding of a multivalent biomolecule, such
agglomeration can be detected by relaxometric analysis of the
nanoparticle dispersion and the biomolecules can be detected.
Using this approach, DNA, proteins, glucose, and viruses were inves-
tigated [20-24]. In a recent preliminary communication, we synthe-
sized HSA-conjugated iron oxide nanoparticles and evaluated them
as sensors of the presence of the corresponding Ab [25]. Our aim in
that work was to evaluate the residual activity of the conjugated
protein. However, the poor stability of such nanoparticle dispersion
meant that we were able to obtain qualitative information only on
the presence/absence of the biomolecular counterpart in solution.
In the current study, we have optimized the stability of the HSA-
functionalized nanoparticle system by incorporating clusters of
multiple magnetite nanocrystallites in a spherical silica matrix, en-
abling us to obtain a quantitative determination of anti-HSA Abs.

Materials and methods
General methods and instrument details

Solvents and chemicals, HSA, and anti-HSA polyclonal Abs were
purchased from Sigma-Aldrich (St. Louis, MO, USA), Fluka (St. Gal-
len, Switzerland), and Riedel-de Haén (Seelze, Germany) and were
used as received without further purification. Anti-rabbit immuno-
globulin G (IgG) secondary Ab was obtained from GE Healthcare
(Hampshire, UK). Water was deionized and ultrafiltered by a
Milli-Q apparatus from Millipore (Billerica, MA, USA). Dynamic
light scattering measurements were performed at 90° with a
90Plus Particle Size Analyzer from Brookhaven Instruments (Holts-
ville, NY, USA) working at 15mW of a solid-state laser
(#=661 nm). For transmission electron microscopy (TEM) analysis,
nanoparticles were dispersed in ethanol (50 ug ml ') and a drop of
the resulting solution was placed on a Formvar/carbon-coated cop-
per grid and air-dried. TEM images were obtained by a Zeiss EM-
109 microscope (Oberkhochen, Germany) operating at 80 kV. T,
relaxation times were acquired at a temperature of 313 K using a
Bruker Minispec mq20 system (Ettlingen, Germany) working with
'H at 20 MHz magnetic field with the following parameters: CMPG
pulse sequence, 1000 echoes, with a 20-ms echo time and a 2-s
repetition time. Samples were introduced using 10-mm nuclear
magnetic resonance (NMR) tubes prewarmed and sonicated in a
S15H Elmasonic apparatus (Elma, Singen, Germany).

Preparation of silica-encapsulated magnetic nanoparticles

Oleylamine-coated MNPs were synthesized according to a
previously reported protocol [26,27] and were stored as an oleic

s/M. Colombo et al./Anal. Biochem. 392 (2009) 96-102

acid-stabilized dispersion in n-hexane (2 mgml'). Just before
use, a suitable amount of this dispersion was syringe-filtered
through 0.2 um porous polytriflouroethylene (PTFE) septa, and
the nanoparticles were precipitated with ethanol, recovered by
centrifugation, and vacuum-dried. MNPs were used as starting
nucleation materials for the preparation of composite nanoparti-
cles. In a typical procedure, Fe304 nanoparticles (3 mg) were dis-
persed in cyclohexane (46 ml) at room temperature. Triton X-100
(12 g), 1-hexanol (9.6 ml), deionized water (2.04 ml), and tetra-
ethyl orthosilicate (TEOS, 240 pl) were added under nitrogen with
continuous and regular magnetic stirring at 190 + 5 rpm. After 1
night of stirring to stabilize the microemulsion system, hydroly-
sis—condensation of TEOS was triggered by adding aqueous ammo-
nia (600 pl, 28-30 wt%). After 24 h, TEOS (180 pl) and 50 pl of an
ethanolic solution of aminopropyl triethoxysilane (APTES), ob-
tained by dissolving 25 ml of APTES in 1pul of EtOH, were added
and the mixture was stirred for a further 24 h, after which ethanol
was added to destabilize the microemulsion system. Silica-encap-
sulated magnetic nanoparticles (SMNPs) were recovered by centri-
fugation and washed once with ethanol and twice with water. The
nanoparticles were finally redispersed in water and isolated by
means of a permanent magnet. The aqueous supernatant was dis-
carded, and the isolated SMNPs were washed further with ethanol
and vacuum-dried.

Synthesis of HSA-biofunctionalized magnetic nanosensors

SMNPs (2 mg) were dispersed in borate buffer (BB, pH 7.4,
400 pl) and magnetically stirred. To this suspension, a solution of
glutaraldehyde (5% in borate buffer, 1.3 ml) was added and the
mixture was stirred for 2 h, after which the particulate was centri-
fuged. The precipitate was washed three times with BB and finally
resuspended in BB (4 ml). A solution of HSA in BB (2 mgml ',
2.5 ml) was added to the nanoparticle suspension, and the mixture
was stirred for 3h, after which a solution of lysine in BB
(2mgml ', 3.5 ml) was added. The mixture was reacted for 24 h,
centrifuged to yield a nanoparticle precipitate (magnetic nanosen-
sor [MNS]) that was washed four times with BB (until thin-layer
chromatography [TLC]| of the supernatant visualized by ninhydrin
confirmed the absence of free amino groups), and finally separated
from the solution by means of a permanent magnet.

Measurement of proton transverse relaxation times

Proton relaxation time (T,) measurements were performed at
313 Kin a 0.47-T Bruker Minispec mq20 relaxometer. Nanoparticle
samples were incubated at 313 K for 10 min for thermal equilibra-
tion before the addition of anti-HSA Ab solutions. MNS starting
samples were prepared by diluting 66 pul of MNS solution
(1 mg ml~" in BB) with 2964 pl of BB to give a final MNS concentra-
tion of 21.8 pug ml~'. To these samples, a 13-l volume of nine dif-
ferently concentrated anti-HSA Ab solutions was added, giving
final Ab concentrations ranging from 10 fM to 1 M. Reported con-
centrations are the final analyte concentrations obtained after mix-
ing. Relaxivity was determined as the slope of a 1/T, plot as a
function of the nanoparticle concentration expressed in pug ml .

Results and discussion

Synthesis and characterization of HSA-functionalized magnetic
nanosensors

We developed SMNPs that were designed in a core-shell fash-

ion, resulting in uniform nanoparticles of approximately 70 nm
in diameter with a nearly spherical morphology (Fig. 1). The
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corresponding hydrodynamic diameter was 110 nm, as deter-
mined by dynamic light scattering, and the magnetic core con-
sisted of a cluster of multiple MNPs embedded in a 20-nm-thick
silica shell. This composite structure has the effect of enhancing
the relative transverse relaxivity compared with a model consist-
ing of a single iron oxide nanocrystal per particle. The silica coating
was obtained by reaction confinement within the submicrometer
domain of a water-in-oil microemulsion system using surfactant-
coated monocrystalline Fe;04 nanoparticles as starting material
and a mixture of TEOS and APTES as coating agents so as to provide
surface available amino groups.

We were interested in evaluating the magnetic properties of the
as-synthesized SMNPs for relaxometric tasks. To reach this aim, we
performed a set of relaxation experiments to determine the respec-
tive T,-enhancing capabilities of the composite nanoparticles. Con-
ventionally, the transverse relaxivity r, is defined as the slope
obtained by plotting 1/T, versus iron concentration. Nevertheless,
in this case we preferred to refer r, to the SMNP concentration
for practical purposes. To assess the minimal useful SMNP concen-
tration for biosensing analysis, we first evaluated the range of con-
centrations within which the signal was suitably stable. Fig. 2
illustrates the r, trend of SMNPs in the range of 0-250 pgml .
The linear fit is very confident between 20 and 250 pugml '
(R?=0.999), providing an r, value of 0.188 mg ' mls™'. In con-
trast, such a linear slope was not confirmed below the 20-pg ml~'
threshold (inset in Fig. 2). In accordance with our expectations, as
the T, value increases by decreasing iron concentration, we ob-
served a proportional T, decrease by increasing the SMNP amount
in solution. As noted previously, the ideal Fe concentration for clus-
tering measurements by magnetorelaxometry is the same as the
one providing a T, value of at least 160 ms [28]. For this reason,
we chose the concentration of 21.8 uygml ' (T, =328 ms) as the
best compromise between signal intensity and particle stability.

Bioconjugated MNSs were obtained by surface functionalization
of SMNPs with HSA using glutaraldehyde as a homobifunctional
crosslinking agent (see Fig. 3). Unreacted amino groups on the nano-
particles were saturated with an excess of lysine to avoid successive
glutaraldehyde-mediated interparticle crosslinking that would have
resulted in the irreversible formation of large particle agglomerates.

Sensing anti-HSA Abs by T, relaxometry

When the magnetic nanosensors were used to probe the pres-
ence of specific Abs in diluted solution, significant T, relaxation

50 nm

Fig. 1. Transmission electron micrographs of SMNPs in ethanol. Contrasted silica
shell and Fe;0,4 nanoparticles core are visible.

40
R*=0.999
r; =0.188 mg ml”

T, (s)

T T T T T
0 50 100 150 200 250

SMNP concentration (pg ml™")

Fig. 2. T, relaxometry analysis of as-synthesized SMNPs. The inverse of experi-
mental T, values obtained at different SMNP concentrations is plotted versus
particle concentration (g ml~'). The experimental data are fitted by a line in the
range of 20-250 ug ml~". The T, relaxivity is indicated by the line slope. Inset:
magnification of the selected region, point fitting in the range of 3-13 pgml "

time changes were observed in response to the Ab-mediated for-
mation of nanoparticle aggregates. These T, alterations were time
and dose dependent.

First, we performed a set of measurements to evaluate the tem-
poral change of water T, relaxation time induced by MNSs
(21.8 pgml ') in the presence of 100 pM target complementary
polyclonal Ab. Fig. 4A depicts the time course of T, relaxation cor-
relating to the evolution of MNS nanoassemblies. The presence of
agglomeration was detected sensitively by the kinetic properties
of HSA-functionalized nanoparticles. When MNSs bound the in-
tended molecular target (i.e., the specific anti-HSA Abs), they
formed soluble nanoscale clusters, leading to a relevant decrease
in the bulk spin-spin relaxation time of surrounding water mole-
cules by more than 40 ms (t,,). The subsequent formation of larger
aggregates of particles reversed this effect, causing a detectable
increment of spin-spin relaxation time up to a T, value approxi-
mating the baseline (ty). Indeed, owing to magnetite high density
(5.2gml "), large MNS clusters induced a loss of the colloidal sta-
tus of the particulate, thereby sequestrating active contrast agent
as sensed by water protons, which significantly influenced the
overall relaxation rates. We then investigated the Ab displacement
by adding an excess of free HSA, which reacted with the Abs in-
volved in the MNS agglomerates. The redispersed smaller MNS
clusters released by aggregates again induced a decrease in T,
down to a t; limit corresponding to t,,. Afterward, a further incre-
ment in T, related to the formation of MNS monomers was ob-
served until an equilibrium between the Abs and the HSA excess
in solution was established (t;) up to a T, value approaching the
baseline t,. Fig. 4B represents the nanoparticle aggregation states
corresponding to each consecutive stage outlined in Fig. 4A on a
schematic basis.

As negative control, two supplementary experiments were car-
ried out using (i) deionized water and (ii) a 10-pM solution of IgG
secondary Ab, which were added to the initial MSN sample. In both
cases, no T, alteration occurred, confirming that the previously ob-
served effect was indeed mediated by specific recognition, whereas
it was not recovered in the absence of the complementary Ab.

In a second set of experiments, we acquired eight different T,
sequences, each within a 3-min period at 1-min intervals, corre-
sponding to eight different anti-HSA Ab concentrations in the
range of 1M to 100fM (Fig. 5). Eight batches containing a
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TEOS

®® T pTES
aqueous NH3

Fe;O4 NP

SMNP

NH, (ululamldLhydL)

Fig. 3. lllustrative strategy for the synthesis of MNS. NP, nanoparticle.

t—ty

Fig. 4. (A) Time course of changes in water T, using 21.8 pig ml ' MNS in the presence of 100 pM anti-HSA Abs. At ty, 200 pl of HSA (1 mg ml ') was added. (B) Schematic of
the particle aggregation sequence in response to the addition/subtraction of anti-HSA Abs. to, tm, tw, t;, and t; values refer to the corresponding T states outlined in panel A.

mixture of the MNS dispersion and anti-HSA Abs at concentrations
of 1 uM, 100 nM, 10 nM, 1 nM, 100 pM, 10 pM, 1 pM, and 100 fM,
respectively, were obtained by Ab additions of diluted aliquots
from a mother solution of 2.75 mg ml ' Abs in BB. All of the exper-
iments were repeated in triplicate, with a standard deviation (SD)
that varied in the range of 5-12 ms for each acquisition. Depending
on the individual Ab concentration, different behaviors in the plot-
ted T, versus time were evidenced. Fig. 5A displays a continuously
increasing slope from an initial T, value of 328 +3 ms at t=0 (T
before the addition of Abs). Note that T, at t, was normalized to
this initial value also in the following sequences (maximal experi-
mental SD of £9 ms). In this first case, the significant amount of Ab
solution triggered the immediate immunoprecipitation of MNSs,
resulting in the rapid formation of large nanoparticle aggregates.
Fig. 5B-G show a pseudo-parabolic lineshape, with an initial decre-
ment analogous to that observed in the first part of the curve

reported in Fig. 4A. It is notable that the position of the minimum
in each curve shows a tendency to shift toward higher time values
in dependence of Ab dilution. As expected, the kinetics of forma-
tion of “highest contrast” clusters, corresponding to the minimum
in the curve, is slowed down by decreasing the probability of inter-
action of MNSs with Ab molecules in solution. Beyond the mini-
mum, the slope of the curve exhibits a gradually increasing
gradient that is associated with the slow formation of bulky immu-
noprecipitated aggregates. At femtomolar Ab concentrations
(Fig. 5H), an anomalous lineshape was noticed, with a remarkable
change in the slope after 2 min approximating an asymptotic pla-
teau. This was probably due to the fact that the Ab molecules were
so diluted that they were quickly withdrawn from the solution,
resulting in aggregates of controlled average size, and the T, value
soon reached a plateau. Eventually, we evaluated the minimal con-
centration at which the T, effect was detectable, and we found that

122



ARTICLE 3
100

Fig. 5. Time-depending changes in T, resulting from the aggregation states induced by different anti-HSA Ab concentrations: (A) 1 uM; (B) 100 nM; (C) 10 nM; (D) 1 nM; (E)
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100 pM; (F) 10 pM: (G) 1 pM; (H) 100 fM. All experiments were performed in triplicate with SDs varying from 5 to 12 ms.

above a concentration of 10fM no further T, variation was

observed.

The above-mentioned results demonstrate that an important
feature of our nanodevice concerns the sensitivity of this method.
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2.24

1.8+ R*=0.981
y =0.36x+1.38

T
-1.0 -05 0.0 0.5 1.0 15 2.0
Log [Ab]

Fig. 6. Logarithmic plot of relaxometric analysis of MNS incubated with different
concentrations of anti-HSA Abs. Units for T, — T, and [Ab] are s and pgml™',
respectively.

The reported nanoassembly of MNPs enables a rapid, reliable, sen-
sitive, and selective detection of a ligand in solution, allowing the
direct detection of concentrations as low as a few tenths of fem-
tomolar of reagent without the need for amplification.

A further major advance of our MNS-based method is that the T,
relaxometry experiment can be used to determine concentrations
of a specific target quantitatively when its concentration is not
known a priori. As illustrated in Fig. 6, we first obtained a standard
calibration curve by plotting log(T, — T,,) versus log[Ab], where
the Ab concentration is expressed in pgml~' and T, is a fitting
parameter useful for normalization. The standard function re-
ported in Fig. 6 allowed us to quantify the Ab concentration in a
series of Ab-containing samples with a confidence of +2% simply
by a comparison between the experimentally detected spin-spin
relaxation time T, of the sample added to the MNS dispersion
and the calibration curve. The tested range of function linearity
(100 pM-1 pM) refers to the anti-HSA Ab concentration that can
be relevant for medical diagnosis. Indeed, it is well documented
that at least fivefold HSA autoantibodies occur in pathological pa-
tients, for example, diabetic subjects compared with nondiabetic
subjects [7]. However, at much higher concentrations of Ab in solu-
tion, the plotted function loses its linearity (data not shown).

Conclusion

We have reported on the development of a novel biosensor for
the recognition and real-time monitoring of proteins capable of
detecting the presence, and measuring the concentration, of di-
luted anti-HSA Abs in solution. The sensor is based on the use of
core-shell silica-coated iron oxide nanoparticles with elevated
magnetic susceptibilities due to the encapsulation of multiple
iron-containing crystals inside each composite nanoparticle. These
nanoparticles, called MNSs, exhibit a number of advantages com-
pared with previous monocrystalline models, including (i) optimal
control of their size and shape, (ii) good signal stability in a wide
range of concentrations even at remarkable dilutions, and (iii) ease
of surface biofunctionalization thanks to the well-developed silica
surface chemistry that enables us to anchor nearly every biomolec-
ular target. In light of this evidence, the method presented here has
the potential to be adapted to other types of biomolecular interac-
tions and can be run in a high-throughput format using MRI and
NMR, as was recently demonstrated in a microfluidics setup for
multiplex analysis [1]. In addition, because the assay makes use

of NMR techniques for signal detection, the measurements can
be performed in complex biological media, such as blood, plasma,
sputum, and urine, that often seriously compromise other diagnos-
tic techniques having sensitivity on the same order (e.g., those
based on the amplification of an optical signal). These qualities
make the developed MNS system ideal both for the rapid screening
of large numbers of blood samples and for the accurate quantita-
tive detection of different targets in positive sera without extensive
purification of the sample or signal amplification.
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oninvasive medical imaging meth-
N ods currently represent a major is-

sue in the prevention and treat-
ment of malignant diseases." Among them,
magnetic resonance imaging (MRI) is rap-
idly becoming the gold-standard technique
for an in-depth tissue investigation with
high-spatial resolution.”* However, in sev-
eral circumstances, MRI suffers from low
sensitivity, which is critical when accurate
detection and monitoring of localized ma-
lignancies developing in the early stages of
the disease are required. For this reason,
great efforts have been made to develop ef-
ficient contrast enhancing agents aimed at
improving the signal difference between
the area of interest (e.g., the blood pool) and
the background. In clinical application, the
systemic injection of appropriate doses of
contrast agents, mostly based on gadolin-
ium complexes (e.g., Gd-DTPA),** results in
a nonspecific enhancement of the MRI sig-
nal. When a sharp tissue distribution is de-
sired, targeted contrast agents are designed
in such a way that they localize to specific
cell type through active binding mecha-
nisms, which exploit the conjugation of the
signal enhancer with suitable markers.
Among them, most used are folate, small
peptides, and antibodies, which stimulate
specific recognition with the respective tu-
mor cell receptor.® # Unfortunately, in most
cases, antibody-conjugated Gd-DTPA
proved to be largely unsuccessful due to
the relatively low sensitivity of MRI and the
low density of cell target receptors, thus re-

Wwww.acsnano.org

ABSTRACT Highly monodisperse magnetite nanocrystals (MNC) were synthesized in organic media and

transferred to the water phase by ultrasound-assisted ligand exchange with an iminodiacetic phosphonate. The

resulting biocompatible magnetic nanoparticles were characterized by transmission electron microscopy, dynamic

light scattering, and I

y, indicating that this method allowed us to obtain stable partide

dispersions with narrow size distribution and unusually high magnetic resonance T, contrast power. These

q

o

particles were d to a newly desig

in protein A variant, which exhibited

a convincingly strong affinity for human and rabbit IgG molecules. Owing to the nature of antibody-protein A

binding, tight antibody immobilization occurred through the Fc fragment thus taking full advantage of the

targeting potential of bound lgGs. If necessary, monoclonal antibodies could be removed under controlled

conditions regenerating the original IgG-conjugatable MNC. As a proof of concept of the utility of our paramagnetic
labeling system of human IgGs for biomedical applications, anti-HER-2 monoclonal antibody trastuzumab was

immobilized on hybrid MNC (TMNC). TMNC were

dbyi

assay and confocal microscopy

effected on HER-2-overexpressing MCF-7 breast cancer cells, demonstrating excellent recognition capability and

selectivity for the target membrane receptor.
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quiring administration of excessive gadolin-
ium doses. This drawback can be partially
overcome by using magnetic nanoparticles
based on iron oxide (MNPs), which have
been demonstrated to induce large incre-
ments in transverse relaxation rate upon
binding with a 10° signal amplification over
Gd-DTPA.® While Gd-based agents enhance
the signal in T;-weighted images, MNPs pro-
vide strong signal enhancement in T,-
weighted images, owing to a different con-
trasting mechanism.'®"" For this reason,
MNPs have attracted much attention in bio-
medical diagnostics in view of their useful-
ness as contrast agents for magnetic
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resonance imaging (MRI)'?~'* and biosensing.'* More-
over, the hydroxyl-rich surface of iron oxides promotes
the direct conjugation of organic and biological mol-
ecules by surface chemical technology.'® The design
and construction of a successful target-oriented biohy-
brid paramagnetic nanoprobe is a primary goal toward
the development of highly efficient contrast enhancer
for MR, standing at the interface between nanotechnol-
ogy and molecular biology. The ultimate challenge is
represented by the development of reliable strategies
for the conjugation of targeting biomolecules, espe-
cially monoclonal antibodies (IgGs), to MNPs. These in-
clude passive/electrostatic physical adsorption of IgGs,
tight immobilization exploiting the strong interaction of
biological counterparts, such as biotin-streptavidin,
which requires prior 1gG biotinylation,'” or the forma-
tion of covalent chemical connections, which is often
considered the most practical choice.'®'® Although
these approaches may offer different solutions and
have been successfully employed in several circum-
stances, they all share the same basic limitation, that is
a non-site-specific binding to IgG molecule, which af-
fects the targeting efficiency of the antibody. As a mat-
ter of fact, the actual conservation of the targeting bio-
activity of immobilized IgGs is not obvious and remains
a crucial issue, which must be addressed in designing a
successful targeted nanoprobe.

An interesting option might be envisaged in the
use of a natural peptide linker endowed with high affin-
ity for IgGs, such as protein A. Protein A is a cell-wall as-
sociated protein exposed on the surface of the gram-
positive bacterium Staphilococcus aureus.?® The primary
structure consists of a 42 kDa single polypeptide chain,
folded into five highly homologous domains, named E,
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Scheme 1. Synthesis of Pegylated Trastuzumab-Functionalized MNC (TMNC)

D, A, B, and C, each consisting of 5661 residues.?'
The interest for this molecule in biotechnology resides
mainly in three useful properties: (1) the protein struc-
ture is stable over a broad range of pH (2—12) and in
the presence of various detergents; (2) it can bind re-
versibly a large variety of IgGs via their Fc fragment
through its consensus sequence (Asn-GIn-Phe-Asn-Lys-
Glu),” (3) IlgG-protein A complex can be dissociated un-
der controlled conditions (pH 3.5—4.5) without appar-
ent loss of activity.?? The affinity of protein A for
immunoglobulins is not conserved among the differ-
ent classes and isotypes. In particular, it exhibits high af-
finity to human, rabbit, and guinea pig IgGs. Recently,
natural protein A has been used immobilized on mag-
netic polyadsorbent for IgG separation and/or purifica-
tion procedures.” As protein A recognizes the Fc por-
tion of IgGs, it is expected to mediate an orderly Fc site-
specific antibody immobilization on MNPs resulting in
a target-directed Fab presentation.?*

In this paper, we present a multidisciplinary ap-
proach to the design and synthesis of a universal mag-
netic nanohybrid consisting of a high-quality iron oxide
nanocrystal core conjugated to a suitably bioengi-
neered small variant of protein A for the smart immobi-
lization of IgGs. The resultant targeted nanoparticle is
shown to exhibit high affinity and selectivity for the ap-
propriate tumor markers. As a case study for our inves-
tigations, we focused on the monoclonal antibody tras-
tuzumab, which is commonly employed in clinical
therapy of breast cancer, as a model for the develop-
ment of our tumor-targeting magnetic nanoprobe.
Trastuzumab (tz) is a humanized monoclonal antibody
consisting of two antigen-specific sites that bind to the
juxtamembrane portion of the extracellular domain of
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the “Human Epidermal growth factor Receptor 2" (HER-
2), which is found overexpressed in several metastasiz-
ing breast cancer cells.?®

RESULTS AND DISCUSSION

Our aim was to synthesize a model magnetic nano-
particle hybrid system containing a specific IgG bind-
ing functionality with the lowest molecular weight to
reduce the nanoparticle overall size. We reasoned that
a recombinant derivative of protein A consisting of one
single IgG-binding domain, namely the B domain,
would meet such criteria. This strategy displays several
advantages: (1) as for entire protein A, all the antibod-
ies are presented in the same orientation on the nano-
particle, with the active Fab portions directed in an op-
timal configuration for antigen binding; (2) the use of a
single B domain of protein A results in a very small bio-
molecular support for the antibody, which is expected
to partially reduce the immunogenicity of the whole hy-
brid nanoparticle, while conserving remarkable bind-
ing affinity for IgGs; (3) the bioengineering approach to
the protein A variant allows for the artificial introduc-
tion of selectively reactive functionalities in the peptide
sequence, such as cysteine thiols, for site-specific conju-
gation onto the nanoparticle surface. The promising
combination of all these potential advantages
prompted us to explore the possibility of improving
the current methods for the synthesis of IgG-
functionalized nanohybrids. We chose an organic-
phase approach for the synthesis of the magnetite
core nanostructure, providing highly uniform and crys-
talline magnetic nanoparticles endowed with strong in-
trinsic relaxivity and narrow size distribution. This ap-
proach, while effective, had a main limitation, which
was the poor solubility of the resulting surfactant-
coated nanoparticles. Hence, an efficient ligand ex-
change was required to transfer them into an aqueous
environment avoiding particle aggregation. Scheme 1
depicts the general strategy followed to synthesize tz-
functionalized magnetic nanocrystals (TMNC), which
were then assessed according to their capability to rec-
ognize the HER-2 receptor antigen both in a whole cell
extract and in living cultured breast cancer cells.

Development of Water-Stable Profunctional Iron Oxide
Nanocrystals. High-quality, 8 nm hydrophobic iron oxide
nanocrystals (MNCO, Figure 1, inset) were synthesized
by solvothermal decomposition from iron—oleate com-
plex in a solution of octadecene in the presence of
oleic acid as capping agent.?® The synthesized uniform
nanocrystals were finely dispersed in chloroform and
treated under continuous sonication with an excess of
N-phosphonomethyl iminodiacetic acid phosphonate
(PMIDA) dissolved in aqueous ammonia solution to pro-
mote the ligand exchange on the MNCO surface, lead-
ing to the highly water dispersible, readily functionaliz-
able MNC1. The phase transfer reaction occurred
quickly thanks to the higher affinity of PMIDA phospho-
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Figure 1. (a) T, relaxometry analysis of as-synthesized MNC1. The in-
verse of experimental T, values obtained at different MNC1 concen-
trations is plotted vs iron concentration. The experimental data are
fitted by a line. The line slope indicates the T, relaxivity. Inset: MNC
phase transfer from organic solvent (chloroform) to aqueous solu-
tion. (b) Hydrodynamic size distribution histograms of oleic-coated
Fe;0, nanoparticles (dashed line) and after ligand exchange with
PMIDA (MNC1, continuous line). Diameters were measured by DLS
in chloroform and water, respectively. Inset: TEM images of as-
synthesized MNCO in hexane (top) and of MNC1 in PBS (bottom).
Scale bars = 50 nm.

nate group toward iron oxide compared to oleic car-
boxylate (Figure 1a, inset). After the phase transfer,
MNC1 maintained the original average crystal size (8

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFP
NLPYYIDGDVKLTQSMAI IRY IADKHNMLGGCPKERAEI SMLEGAVLDIRYGV
SRIAYSKDFETLKVDFLSKLPEMLKMFEDRLCHKTY LNGDHVTHPDFMLYDAL

DVVLYMDPMCLDAFPKLVCFKKRI EATPQIDKYLKS SKY IAWPLQGWQATFGG

GDHPPKSDLEVLFQ-GPLGSADNKFNKEQQONAFYEI LHLPNLNEEQRNGFIQS

LKDDP! LAEAKKL KA

Figure 2. Schematic representation of spaBC3 engineered se-
quence. Glutathione S-transferase (GST, blue), spaBC3 (red), histi-
dine tag (green), and cysteine tripod (orange). PreScission pro-
tease cleavage site between amino acids Glnyy and Glys,; is
evidenced.
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Figure 3. (a) SDS-PAGE of spaBC3 purified fractions. Molecular
weight markers (MWM, 5 pL) Precision Plus Unstained were used.
Purified protein (4 pg) was loaded after elution with PreScission
protease (left). After purification with Ni-NTA agarose to remove
GST contaminants, the same amount of spaBC3 was loaded on SDS-
PAGE with or without 0.1 M DTT in running buffer (right and middle,
respectively). (b) SpaBC3 binding assay. SpaBC3 (250 ng) was fil-
tered through PVDF membrane and incubated with rabbit IgG or
tz. IgG removal was obtained by Na-citrate incubation. GST protein
(C-, 250 ng), as negative control, and rabbit IgG or tz (250 ng), as
positives, were used. The presence of rabbit IgG or tz was revealed
by antirabbit or antil secondary antibodies conjugated to
HRP, respectively.

nm, by TEM), the final nanoparticle shape was uni-
formly spherical, while a slight increase in the hydrody-
namic diameter from 21 = 2 nm (MNCO in chloroform)
to 32 + 3 nm (MNC1 in water) was determined by dy-
namic light scattering (DLS) (Figure 1b), probably due to
the change of solvent and solvation aptitude of the
new ligands. The resulting MNC1 surface, rich of acces-
sible carboxyl groups, stabilized well the colloidal par-
ticles in buffered solution by electrostatic repulsions,
concomitantly providing a useful support for further
functionalization. In addition, we performed relaxomet-
ric measurements to determine the T, enhancing capa-
bility of synthesized nanocrystals. The water-soluble
MNC1 exhibited a remarkably high transverse relaxiv-
ity (r, = 255 mM~' s~ at 20 mHz, B, = 0.47 T), deduced
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by the slope of the line obtained by plotting 1/T; vs
iron concentration. This value, as compared with the re-
laxivity of commercially available T, contrast agents
based on polymer-coated iron oxides, such as Endorem
(Guerbet, 160 mM~" s™"), Ferumoxytol (Adv. Magnet-
ics, 83 mM~" s7"), and Resovist (Schering, 151 mM ™'
s7'), suggests that high contrast power can be achieved
with MNC1, on the same order of the best T, contrast
agents reported so far.?’

Carboxylate functionalities were converted into
amine ends by reaction with the bifunctional diamino-
linker 2,2-(ethylenedioxy)bis(ethylamine) (EDBE) via
N-hydroxysuccinimidyl ester (NHS) activation. EDBE-
modified nanoparticles (MNC2) exhibited a hydrody-
namic diameter of 57 = 3 nm, as determined by DLS.
The average number of amino groups on MNC2 was
quantified by an adapted version of the Dunnill’s proto-
col,?® resulting in 150 amines per particle. Our two-
step procedure involving hot organic synthesis of
monocrystalline iron oxide followed by ligand ex-
change and phase transfer allowed us to obtain stable
water-soluble nanoparticles with unique contrast
power and narrow size distribution, typical of the ther-
mal synthesis in high-boiling organic solvent, yet de-
void of the drawbacks associated to the biological fluid
incompatibility. The high relaxivity value of our soluble
MNC makes this nanoprobe a promising contrast agent
applicable in magnetic resonance imaging (MRI) for
the potential noninvasive diagnosis of malignances.

MNC2 were stable for months with nondetectable
precipitation in several buffered media, including Dul-
becco’s PBS, pH 7.4; borate buffer, pH 8.5; acetate
buffer, pH 5.0; and tris HCI, pH 6—8. The amino func-
tionalities on the particle surface allowed the MNC2
conjugation with N-succinimidyl-3-[2-pyridyldithio]-
propionate (SPDP) via NHS ester resulting in the thiol-
reactive pro-functional MNC3 (Scheme 1). MNC3 were
the ideal building block for bioconjugation with thiol-
engineered protein A variant, as PDP functionality is un-
affected by nucleophiles but very reactive toward sulf-
hydryl ends of organic and biological thiol-containing
molecules under mild conditions by formation of stable
disulfide bridges.

Design, Expression, and Purification of an Engineered Cys;-
Ended Variant of a Single-Domain Fragment of Protein A from
Staphylococcus aureus. The B domain sequence, previously
reported by Abrahmsen et al.?' was modified inserting
BamHI and Smal restriction sites at the 5" and 3’ posi-
tions, respectively. The modified gene was cloned to ex-
press the B domain in fusion with glutathione
S-transferase (GST). However, proteins purified by GST
affinity chromatography may contain small amounts of
GST and GST-affine contaminants in eluted fractions.
For this reason, a supplementary 6 X His affinity tag was
introduced at the C-terminal to completely remove the
residual GST-deriving impurities through an additional
affinity purification step.?’ To achieve a site-specific con-
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Figure 4. (a) Assessment of SpaBC3-MNC conjugation. MNPA was treated with 0.1 M DTT, resulting in spaBC3 release. The
reduced MNPA was loaded on a PVDF membrane, together with untreated MNPA and the supernatant from the reduction
mixture as controls. The presence of spaBC3 was detected by antihuman HRP-antibody only in untreated MNPA and in su-
pernatant samples, confirming that SpaBC3 was anchored onto MNC essentially via disulfide bridges. C— and C+ are GST
protein (250 ng) and spaBC3 (250 ng), respectively. (b) SpaBC3 on MNPA retains its IgG binding activity. MNPA (500 ng) was
filtered through PVDF membrane and incubated with rabbit IgG or tz. IgG removal was obtained by Na-citrate incubation.
GST protein (C—, 250 ng) and spaBC3 (C+, 250 ng) were used as negative and positive controls, respectively. MNPA capture
of rabbit IgG or tz was revealed by antirabbit or antihuman secondary HRP-antibodies, respectively.

jugation of the protein A variant to MNC, the presence
of one selectively reactive group in the protein primary
structure was required. As the recombinant B domain
was devoid of cysteine residues, we envisaged that the
incorporation of a cysteine tail would result in the intro-
duction of a highly reactive thiol group, concomitantly
avoiding potentially competitive interferences from
other functional moieties in the peptide sequence. In
light of our preliminary results showing an unexpected
weakness of the protein—nanoparticle linkage with one
single Cys tagged behind the Hiss terminal (data not
shown), we substituted the single Cys residue with a
Cyss tripod leading to an improved binding effective-
ness of the thiol end (Figure 2).

The engineered domain B of protein A from
Staphilococcus aureus containing a C-terminal HisgCyss;
tail (spaBC3) was cloned in fusion with GST tag in pGEX-
6P-1 vector and expressed in BL21(DE3) E. coli strain. Sp-
aBC3 was subsequently purified using a GST affinity col-
umn and eluted with cleavage with PreScission
protease, obtaining a 7.48 kDa protein with a good de-
gree of purity showing the presence of two residual
contaminants at 15 and 25 kDa, respectively, which
were removed by further purification through a Ni-NTA
agarose column. SDS-PAGE performed under conven-
tional reducing conditions showed a remarkably diffuse
band at ca. 10 kDa in correspondence of spaBC3, sug-
gesting that during acrylamide gel migration the forma-
tion of disulfide bridges between spaBC3 molecules
leading to aggregates might occur. By addition of 0.1 M
dithiothreitol (DTT) in the running buffer, a more de-
fined thin spaBC3 band was obtained. These experi-
ments are summarized in Figure 3a. While a DTT con-
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centration of about 25 mM is usually estimated to be
sufficient to break intermolecular monodentate disul-
fide bridges,*® here the presence of a cysteine tripod
forced us to use more strongly reducing conditions to
maintain spaBC3 in its monomer form until its conjuga-
tion with nanoparticles.

SpaB(3 Retains IgG Binding Activity. Recombinant sp-
aBC3 produced in E. coli and filtered on a polyvinylidene
fluoride (PVDF) membrane was assessed in regard to
its ability to bind IgG molecules. In Figure 3b, a dot blot
example of spaBC3 complex incubated with rabbit IgG
is presented. The presence of bound IgG was revealed
by a strong signal of antirabbit secondary antibody con-
jugated with horseradish peroxidase (HRP). To evalu-
ate the possibility to recycle spaBC3 for multiple usages,
we tested the IgG removal by incubating the spaBC3-
IgG complex in 50 mM Na-citrate buffer, pH 3 at room
temperature (RT), observing a remarkable reduction of
the signal from 30 min of treatment. The same spaBC3
sample was then incubated with a solution containing
tz, confirming the ability of spaBC3 to capture different
IgGs even after Na-citrate treatment. These results sug-
gested to us that spaBC3 might be exploited for the
pro-functionalization of nanoparticles leading to a uni-
versal nanocarrier for the efficient, recyclable, and
target-directed conjugation of a large variety of IgGs.

Conjugation of spaBC3 to MNC through Sulfhydryl Groups. Sp-
aBC3 was incubated in 0.1 M DTT to reduce the cys-
teine residues, and then the excess of DTT was removed
by gel filtration. The purified monomer protein ob-
tained by this procedure was immediately incubated
with MNC3 and left overnight. Under these conditions,
the thiol groups of cysteine residues displayed high re-
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Figure 5. (a) Trastuzumab conjugation to MNPA. MNPA and
PMNC incubated in parallel with an equal amount of tz for 1 h
at 25 °C were filtered through a PVDF membrane. Tz and GST
were used as positive and negative controls, respectively. Mem-
brane dot blot was probed with antihuman HRP-antibodies and
the immobilization of tz was revealed by an ECL detection sys-
tem. (b) C i ined gels di ing the binding ca-
pability of MNPA. A fixed amount of MNPA was mixed with in-
creasing amounts of tz and precipitated after 1 h incubation.
Supernatants and resuspended pellets were analyzed by SDS-
PAGE using tz as control. HC, IgG heavy chain; LC, IgG light chain;
MWM, molecular weight marker Precision Plus Unstained.

activity and reacted rapidly with PDP functionalities on
MNC3, which could be monitored by UV detection at
343 nm of the released pyridine-2-thione.*' Notably,
given the reactivity of the Cys; tripod, we noticed that
it is of primary importance that reduced spaBC3 is incu-
bated with MNC3 immediately after DTT treatment to
obtain a satisfactory extent of conjugation. Next, we de-
termined the amount of spaBC3 immobilized on MNC
by Bradford assay of the supernatant and found that 1
mg of MNC3 was able to bind 167 p.g of protein. The re-
sidual PDP functionalities on spaBC3-MNC were re-
acted with an excess of PEGsu,-SH to saturate the reac-
tive groups on the nanoparticles thus minimizing the
possibility of accidental interaction with nonspecific
proteins.
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Figure 6. HER-2 receptor is selectively recognized by TMNC.
Immunoprecipitation was performed using 200 g of TMNC.
Nanoparticles were incubated overnight at 4 °C with 1 mg
protein in a whole extract of MCF-7 cells. Bound and un-
bound proteins were then eluted in SDS-PAGE application
buffer, electrophoresed, and immunoblotted using either
anti-HER-2, anti-Drp1, anti-Akt, and anti-CInx antibodies.

To prove that spaBC3 was actually anchored to the
MNC surface through disulfide bridges, the spaBC3-
MNC conjugate (MNPA) was treated with 0.1 M DTT,
which was expected to break the disulfide bridges lead-
ing to spaBC3 release. On the contrary, in case spaBC3
was captured by MNC through nonspecific physical ad-
sorption, the protein should at least partially remain an-
chored to the MNC surface after DTT treatment, as the
reducing environment would not affect its surface ad-
hesion. Hence, the reduced MNPA was loaded on a
PVDF membrane, together with untreated MNPA and
the supernatant from the disulfide bridges reduction
mixture as controls (Figure 4a). The signal of spaBC3
was indeed recovered only in untreated MNPA and in
supernatant samples. This result clearly demonstrates
that spaBC3 was bound to MNC exploiting the tripod
tail selectively via disulfide bridge formation without as-
pecific adsorption.

Eventually, we evaluated the capability of MNPA to
retain the ability to capture an IgG molecule and be re-
utilized to bind different monoclonal antibodies after
Na-citrate treatment. MNPA, free spaBC3, and a protein
used as negative control, namely GST, were individu-
ally filtered through a PVDF membrane. Each sample
was incubated with rabbit IgG, then treated with Na-
citrate buffer, and finally incubated with tz. Figure 4b
clearly shows that both the IgG binding experiments
performed with MNPA and their recycle after Na-citrate
treatment were successful. We concluded that MNPA
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Figure 7. Confocal laser images of MCF-7 and MDA cells cultured with TMNC or free tz. MCF-7 and MDA were incubated for
15 min with TMNC (150 g mL™"; panels d—f and |—n, respectively) and tz (15 g mL™"; panels a—c and g—i, respectively).
Cell membranes (mb) were stained with DiD oil (blue). TMNC and tz were labeled with antihuman FITC secondary antibod-

ies. Scale bar =10 pm.

is a good candidate to be developed as a universal mag-
netic nanoparticle model system useful for the reliable
and straightforward conjugation of human(ized)
antibodies.

Trastuzumab Immobilization on MNPA. MNPA and fully pe-
gylated MNC devoid of spaBC3 (PMNC, control) were in-
cubated in parallel with an equal amount of tz. Trastu-
zumab conjugation was assessed in each sample by
filtering the respective solutions through a PVDF mem-
brane, which was subsequently probed with antihu-
man antibodies conjugated to HRP. Trastuzumab and
GST were used as positive and negative controls, re-
spectively. Dot blot assay was positive only with MNPA,
which confirmed the occurred immobilization of tz
through spaBC3 specific interaction (Figure 5a). Next,
we optimized the antibody/MNPA ratio to maximize
the number of tz molecules bound to MNPA while
maintaining the minimal excess in the supernatant.
This is important because our results showed that it
was not possible to saturate the whole spaBC3 sup-
ported on MNC. MNPA was incubated with increasing
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amounts of tz. Coomassie stain of both supernatant
and nanoparticles used in the conjugation reaction evi-
denced that the best results were obtained incubating
MNPA in a spaBC3/tz ratio of 1:3. The comparison be-
tween upper and lower gels in Figure 5b evidence that,
above the 1:3 ratio, the amount of loaded antibody
did not increase, while a remarkable progressive incre-
ment of IgG concentration in the supernatant was ob-
served. Under the above conditions, we determined
that the tz-functionalized MNC (TMNC) displayed an av-
erage of 1.8 IgG molecules per MNC, corresponding to
ca. 0.1 mg tz per mg MNC.

TMNC Display Binding Capability to HER-2 Receptor. MCF-7
whole cell extracts were incubated overnight at 4 °C
on a rotating wheel with TMNC. TMNC and the superna-
tant (unbound, ub) were analyzed by Western blotting
with anti-HER-2 antibody in order to reveal HER-2 bind-
ing to TMNC (Figure 6). Our data confirmed that TMNC
were able to immunoprecipitate HER-2 membrane re-
ceptor in a whole cell extract. This immunoprecipitation
was highly specific, as antibodies recognizing dynamin-
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related protein (Drp1) and Akt, two soluble cytosolic
proteins, or calnexin (CInx), an integral protein of the
endoplasmic reticulum, which were tested as negative
controls, displayed a detectable signal only in the ub
sample. These results indicate that CInx was absent in
the TMNC sample, whereas it was detected in the un-
bound, suggesting that the interaction between TMNC
and HER-2 is specific and related to antibody conjuga-
tion. This clearly highlights the remarkable target-
selectivity of TMNC toward the HER-2 breast cancer
cell marker.

To validate the immunoprecipitation data, the speci-
ficity of binding between TMNC and HER-2 was ob-
served by confocal laser scanning microscopy. Indeed,
as HER-2 is a trans-membrane receptor, TMNC were ex-
pected to accumulate in correspondence of the exter-
nal surface of HER-2-overexpressing cells. This should
allow us to discriminate between receptor-mediated
particle capture by cell membrane and residual unspe-
cific uptake promoted by alternative pathways.>? HER-2
positive MCF-7 cells*® (Figure 7a—c) and, as a negative
control, HER-2 negative MDA cells (Figure 7g—i) were
treated with tz in order to assess HER-2 expression and
cellular surface distribution. TMNC were incubated in
parallel with both MCF-7 and MDA cells at a concentra-
tion of 150 wg mL~" culture medium. Trastuzumab
and TMNC were labeled with antihuman FITC-labeled
secondary antibodies (green), whereas cell membranes
were stained with DiD oil (mb, blue). As expected, after
15 min incubation, TMNC were observed in HER-2 posi-
tive MCF-7 cell surfaces (Figure 7d—f), but not in MDA
negative control cells (Figure 7I—n), demonstrating that

EXPERIMENTAL SECTION

Synthesis of MNC3. All reagents and solvents were analytical
grade (Sigma-Aldrich, St. Louis, MO). MNCO were synthesized ac-
cording to Park et al.® TEM images of the nanoparticles were ob-
tained by a Zeiss EM-109 microscope (Oberkhochen, Germany)
operating at 80 kV. Hydrodynamic diameters were obtained by
DLS measurements performed at 90° with a 90Plus Particle Size
Analyzer working at 15 mW of a 661 nm solid state laser
(Brookheaven Inst., Holtsville, NY). Surface ligand exchange was
performed as follows. Dried MNCO (40 mg) were dispersed in
chloroform (4 mL). A 0.1 M PMIDA solution was prepared dissolv-
ing PMIDA (345 mg) in diluted ammonium hydroxide (28%, 4.5
mL in 11.5 mL water) and added to the above MNCO dispersion.
The mixture was sonicated and sporadically stirred for 30 min
without capping the reaction flask, so to encourage the evapo-
ration of the organic solvent. The PMIDA-coated particles (MNC1)
were then recovered by magnetic decantation, washed once
with 10 mL of the above 0.1 M PMIDA solution, and separated
again by permanent magnet. Particles were washed several
times with water until pH was neutral and precipitated by the ad-
dition of a mixture of acetone/ethanol. Next, a concentrated so-
lution of MNC1 was dialyzed in deionized water and finally di-
luted to a concentration of 1 mg mL . Relaxation measurements
were performed at a temperature of 313 K on a Bruker Minispec
mq20 system (Ettlingen, Germany) working with 'H at 20 MHz
magnetic field with the following parameters: CMPG pulse se-
quence, 1000 echoes with a 20 ms echo time and 2 s repetition
time. NHS (15.4 mg) and EDC (11.2 mg) were added to 7 mL of
the above MNC1 solution, followed by 0.5 M NaOH until pH 8 (ca.
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they localized selectively in correspondence of trans-
membrane receptors owing to the presence of the spe-
cific targeting agent.

CONCLUSIONS

High-quality biocompatible magnetite nanocrystals
(MNC) were obtained by phase transfer of oleate-
coated iron oxides via successful ligand exchange with
an iminodiacetic acid phosphonate exploiting the
strong affinity of phosphonate for iron oxide. Such
water-soluble nanocrystals exhibited a transverse relax-
ation rate of 255 mM ™' s™, which is significantly higher
than commercially available T, contrast agents based
on polymer-coated iron oxides. A recombinant low-
molecular-weight fragment of protein A modified to
present a terminal cysteine tripod was synthesized,
characterized, and conjugated to MNPs through an ap-
propriate bifunctional linker affording a molecular
nanohybrid suitable for site-specific immobilization of
antibodies. The antibody capture capacity of our hybrid
nanoparticles was successfully tested with trastuzumab
and rabbit IgGs. In particular, trastuzumab-conjugated
MNC were effective in selectively recognizing HER-2 re-
ceptor expressed in MCF-7 breast cancer cells. The
model nanoparticle system (MNPA) presented here en-
ables efficient and reversible labeling of a large variety
of human monoclonal antibodies with highly conserved
biological activity toward their natural receptors. The
combination of all these properties renders our newly
developed MNPA a promising versatile nanoscale probe
for application in targeted diagnosis of tumor cells and
tissues.

2.6 mL). EDBE (196 pL) was then added and the reaction was
left under stirring overnight. Excess EDBE was removed by dialy-
sis obtaining MNC2, and the amount of amine groups was quan-
tified by Dunnill's protocol.? MNC2 (10 mg) were suspended in
a mixture of dry DMF (1.6 mL) and DMSO (0.4 mL) under Ar and
sonicated 15 min to obtain a proper dispersion. SPDP* (3 mg)
dissolved in dry DMSO (0.5 mL) and diisopropylethylamine (1 L)
were consecutively added under stirring. The reaction was
quenched after 15 h adding acetic acid (1 p.L). Particles (MNC3)
were recovered by centrifugation and washed with water until
neutral pH and finally exsiccated under vacuum, ready for the
next conjugation steps.

DNA Synthesis and Cloning in pGEX-6P-1 Vector. A modified DNA se-
quence encoding for domain B of Staphilococcus aureus protein
A was synthesized (Eurofins MWG Operon, Ebersberg) to obtain
a fragment variant containing a 6 X His C-terminal tail and
BamHI and Smal restriction sites, respectively, at 5 and 3" posi-
tions (SpaB). SpaB DNA sequence was cloned in a pGEX-6P-1 vec-
tor (GE Healthcare, Life Sciences, Little Chalfont, UK) between
BamHI and Smal restriction sites according to the Molecular
Cloning Handbook,** to obtain spaB as a GST-fusion protein con-
taining a PreScission protease recognition site. Plasmidic DNA
was then mutated using Quick Site-change mutagenesis kit
(Stratagene, La Jolla, CA) in order to introduce a cysteine tripod
at C-terminal. The following mutagenesis primers were used: 5'-
Cys-5"-CCGGTCACCACCATTGCTGCTGTTAACCCGGGTCGAC-3'
and 3'-Cys-5'-GTCGACCCGGGTTAACAGCAGCAA-
TGGTGGTGACCGG-3'. Plasmidic DNA obtained by this proce-
dure (pGEX/spaBC3) was sequenced and used to transform E.
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coli expression strain BL21(DE3)-RIL (E. coli BF ompT hsdS (rB
mB") dem” gal\(DE3) (Stratagene).

SpaB(3 Expression and Purification. E. coli strain BL21(DE3)-RIL ex-
pressing spaBC3 as GST-fusion protein were grown at 37 °Ciin LB-
ampicillin medium and induced with 0.5 mM IPTG at Agp 0.8
for 3 h. Cells of mass 1.5 g were obtained from 500 mL of cul-
ture. To prepare crude extract, cells were resuspended in lysis
buffer (5 mL g~' wet weight; 25 mM potassium phosphate, pH
7.2, 150 mM NaCl, 0.5 mM phenylmethanesulfonyl fluoride, 5
mM DTT, 100 mM MgCl,) plus 1 mg mL ™' lysozyme and incu-
bated for 1 h at 4 °C. The cell suspension was then frozen at —80
°C for 30 min and thawed, DNasel (0.2 mg g ' cells, wet weight)
and 1% Triton X-100 were added, and the sample was further in-
cubated for 30 min at RT. Finally, it was centrifuged for 30 min at
39000g. Supernatant was loaded onto Glutathione Sepharose
4B affinity column (0.5 mL bed volume, GE Healthcare). Then, it
was washed with 20 volumes of washing buffer (25 mM potas-
sium phosphate, pH 7.2, 150 mM NaCl) and equilibrated with 10
volumes of cold cleavage buffer (50 mM Tris-HCI, pH 7.0, 150
mM NaCl, 1 mM EDTA, 1 mM DTT). To elute spaBC3, the resin
was incubated at 4 °C overnight under shaking with Prescission
protease (400 U mL ' resin) (GE Healthcare). Protein eluted with
PreScission protease cleavage was then loaded onto Ni-NTA af-
finity column (0.5 mL bed volume) and washed with 50 mM so-
dium phosphate, pH 8.0, 0.3 M NaCl, 20 mM imidazole. SpaBC3
was eluted with 50 mM sodium phosphate, pH 8.0, 0.3 M NaCl,
0.5 M imidazole. Protein was assayed using the reagent Coo-
massie brilliant blue G-250 (Pierce Biotechnology, Rockford, IL),
using bovine serum albumin (BSA) as standard protein.

SDS-PAGE and spaB(3 Binding Assay Using Dot Blot. SDS-PAGE*® was
carried out in a Mighty Small apparatus (Hoefer Scientific Instru-
ments, San Francisco, CA) with a 15% running gel and a 4%
stacking gel, 2 h at 25 mA. An aliquot of 0.1 M DTT was added
to running buffer. Proteins were revealed by gel code staining
(Pierce Biotechnology). Dot blot was performed by filtering pro-
teins and/or nanoparticles onto PVDF membranes, utilizing a
Minifold | dot blot apparatus (GE Healthcare), and incubating in
blocking solution (5% skim milk in PBS) for 1 h at RT. To evaluate
spaBC3 activity, membranes were then probed for 1 h at 25 °C
using rabbit IgG (1 mg mL ") at a 1:800 dilution, or tz (1 mg
mL ") at a 1:6000 diluition in PBS buffer, respectively. Mem-
branes were rinsed three times in 0.05% Tween in PBS for 10
min each and subsequently incubated for 1 h at RT with a sec-
ondary antibody (1:5000 horseradish peroxidase—goat antirab-
bit antibodies in 0.05% Tween in PBS or 1:20000 horseradish
peroxidase—rabbit antihuman antibodies, respectively). IgG
bound to spaBC3 was removed by incubating 30 min with 50
mM sodium citrate, pH 3.0, at RT. IgG removal was validated by
incubating the membrane with an appropriate secondary anti-
body. Immunoreactive spots were revealed using ECL Western
blotting reagent (GE Healthcare).

SpaB(3-MNC Conjugation via Disulfide Bridges. Aliquots from a stock
2.5 M DTT solution were added to 2.8 mg of purified spaBC3 to
a final concentration of 100 mM and incubated under gentle agi-
tation for 40 min at RT. The excess of DTT was then removed by
gel filtration using a prepacked PD10 column (GE Healthcare)
and pre-equilibrated with 0.1 M sodium phosphate, pH 7.5, 0.1
M NacCl. Protein obtained by gel filtration (MNPA, 2.0 mg) was
quantified by Bradford assay and immediately incubated at RT
overnight with MNC3 (15 mg). The amount of spaBC3 bound to
MNC was quantified performing a Bradford assay of supernatant.
MNPA suspension (5 pL) was treated overnight with 1 M DTT.
Nanoparticle content and supernatant were analyzed by dot
blot.

Trastuzumab Conjugation to MNPA. The best MNPA/tz ratio to be
used in the conjugation reaction was determined: MNPA con-
taining 1 pg spaBC3 was incubated with increasing amounts of
tz. After 1 h incubation, supernatants and MNPA, heated at 100
°C for 10 min in a 5 sample buffer, were loaded on SDS-PAGE
performed as mentioned above. Proteins were revealed by gel
code staining (Pierce Biotechnology). MNPA suspension (0.5 mL,
1 mg mL ' containing 50 p.g spaBC3) and PMNC (0.5 mL, 1 mg
mL ") were incubated 1 h at RT with tz (150 p.g). The extent of tz
on the surface of MNPA and of PMNC was revealed by dot blot
analysis. The amount of tz conjugated to MNPA and to PMNC
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was determined by difference from Bradford assay of the
supernatants.

Cell Cultures. MCF-7 cells were grown in 50% Dulbecco’s Modi-
fied Eagle’s Medium (DMEM) and 50% F12 (EuroClone Celbio, Mi-
lan, Italy), supplemented with 10% fetal bovine serum (Hyclone
Celbio, Milan, Italy), L-glutamine (2 mM), penicillin (50 Ul mL "),
and streptomycin (50 mg mL ', culture medium) at 37 °Cin a hu-
midified atmosphere containing 5% CO, and subcultured prior
to confluence using trypsin/EDTA.

Immunoprecipitation Assay. MCF-7 cells were lysed with lysis
buffer containing 20 mM Tris HCl, 150 mM NaCl, 10 mM EGTA,
10% glycerol, and 1% Triton X-100, pH 7.4 for 30 min at 4 °C and
then centrifuged at 8500 rpm for 10 min to remove membranes
and cell debris from the protein fraction. Bradford assay was
used to determine protein content of whole cell extract. The pre-
clearing step was performed with PMNC (200 pL, 1 mg mL )
for 1 h on wheel at 4 °C. The immunoprecipitation was carried
out with 1 mg of precleared lysate and TMNC (200 pL, 1 mg
mL ', corresponding to 3.75 p.g of bound antibody) for 16 h at
4 °C on wheel. Samples were washed three times in lysis buffer
and boiled in sodium dodecyl sulfate sample buffer containing
5% 2-mercaptoethanol to cleave the linkages to the beads.
Samples were run on 8% polyacrylamide gel. Proteins were blot-
ted onto PVDF membranes and incubated in blocking solution
(5% skim milk in TBS, 0.05% Tween) for 1 h at RT. For HER-2 de-
tection, membranes were then probed for 1 h at RT using anti-
HER-2 polyclonal antibodies (1:500 Millipore, Billerica, MA), in
blocking solution. Specificity of the interaction between the
HER-2 and TMNC was verified with immunoblot of immune-
precipitated samples with unrelated proteins such as anti-Clnx
PAb (1:500 Genetex), anti-Drp1 mAb (1:1000 BD transduction)
both at RT for 1 h and anti-Akt pAb (1:1000 Cell Signaling, Dan-
vers, MA) overnight in TBS + 0.05% tween +5% BSA. Specific
HRP-conjugated secondary-antibodies were used always 1 h at
RT (antimouse 1:10000, Bio-Rad, and antirabbit 1:2000, Cell Sig-
naling). Immunoreactive bands were revealed using ECL Western
blotting reagent (GE Healthcare).

Confocal Laser Scanning Microscopy. Cells were cultured on col-
lagene (Sigma) precoated coverglass slides until 90% of conflu-
ence and incubated for 15 min with TMNC at a concentration of
150 pg mL ™" (corresponding to 15 p.g of tz) or 15 pg tzin cul-
ture medium. Tz and TMNC were revealed by labeling with sec-
ondary antibodies antihuman Alexa fluor 488 (Invitrogen, Carls-
bad, CA). Cultures were washed with PBS, fixed for 10 min with
4% paraformaldehyde (Sigma) and then treated for 10 min with
0.1 M glycine (Sigma) in PBS. A blocking step was performed for
1 h at RT with a solution containing 5% BSA (Sigma) and 0.1%
Saponin (Sigma) in PBS, followed by 2 h incubation at RT with
secondary antibody (1:300) and 30 min incubation at 37 °C with
33 pg of DD oil (Invitrogen) in PBS for 30 min at 37 °C. Micros-
copy analysis was performed with a Leica SP2 AOBs microscope
confocal system. Images were acquired with 63X magnification
oil immersion lenses at 1024 X 1024 pixel resolution.

Acknowledgment. This paper is dedicated to Prof. Emilio
Trabucchi on the occasion of his 70th birthday. We thank R.
Allevi for TEM images, L. Fiandra for help in cell analyses, and E.
Trabucchi for helpful discussion. This work was supported by
“Fondazione Romeo ed Enrica Invernizzi” and “Centro di
Microscopia Elettronica per lo sviluppo delle Nanotecnologie ap-
plicate alla medicina” (CMENA, University of Milan).

REFERENCES AND NOTES

1. Frangioni, J. V. New Technologies for Human Cancer
Imaging. J. Clin. Oncol. 2008, 26, 4012-4021.

2. Weissleder, R.; Mahmood, U. Molecular Imaging. Radiology
2001, 279, 316-333.

3. Kim, E. E. Molecular and Cellular MR Imaging.; Modo,
M. M. J,, Bulte, J. W. M,, Eds.; CRC Press: Boca Raton, FL,
2007; pp 1-421.

4. Caravan, P; Ellison, J. J; McMurry, T. J; Lauffer, R. B.
Gadolinium(lll) Chelates as MRI Contrast Agents: Structure,
Dynamics, and Applications. Chem. Rev. 1999, 99, 2293.

VOL. 4 = NO.10 = 5693-5702 = 2010

135

D11V

5701



ARTICLE 4

ARTICLE

5702

20.

21.

./

. Terreno, E; Delli Castelli, D.; Viale, A;; Aime, S. Challenges

for Molecular Magnetic Resonance Imaging. Chem. Rev.
2010, 710, 3019-3042.

. Konda, S. D.; Aref, M,; Brechbiel, M.; Wiener, E. C.

Development of a Tumor-Targeting MR Contrast Agent
using the High-Affinity Folate Receptor-Work in Progress.
Invest. Radiol. 2000, 35, 50-57.

. Ke, T.; Jeong, E-K; Wang, X; Feng, Y.; Parker, D. L; Lu, Z-R.

RGD Targeted Poly(L-glutamic acid)-cystamine-(Gd-
DO3A) Conjugate for Detecting Angiogenesis Biomarker
Anb3 Integrin with MR T; Mapping. Int. J. Nanomed. 2007,
2,191-199.

. Curtet, C; Tellier, C.; Bohy, J.; Conti, M. L.; Saccavini, J. C;

Thedrez, P.; Douillard, J. Y.; Chatal, J. F.; Koprowski, H.
Selective Modification of NMR Relaxation Time in Human
Colorectal Carcinoma by Using Gadolinium-
diethylenetriaminepentaacetic Acid Conjugated with
Monoclonal Antibody 19-9. Proc. Natl. Acad. Sci. U.S.A.
1986, 83, 4277-4281.

. Morawski, A. M.; Winter, P. M; Crowder, K. C; Caruthers,

S. D.; Fuhrhop, R. W,; Scott, M. J; Robertson, J. D.;
Abendschein, D. R; Lanza, G. M.; Wickline, S. A. Targeted
Nanoparticles for Quantitative Imaging of Sparse
Molecular Epitopes with MRI. Magn. Reson. Med. 2004, 51,
480-486.

. Mendonca Dias, M. H.; Lauterbur, P. C. Ferromagnetic

Particles as Contrast Agents for Magnetic Resonance
Imaging of Liver and Spleen. Magn. Reson. Med. 1986, 3,
328-330.

. Semelka, R. C;; Helmberger, T. K. Contrast Agents for MR

Imaging of the Liver. Radiology 2001, 218, 27-38.

. Harisinghani, M. G.; Barentsz, J.; Hahn, P. F.; Deserno,

W. M,; Tabatabaei, S.; van de Kaa, C. H.; de la Rosette, J.;
Weissleder, R. Noninvasive Detection of Clinically Occult
Lymph-Node Metastases in Prostate Cancer. N. Engl.

J. Med. 2003, 348, 2491-2499.

. de Vries, I J. M,; Lesterhuis, W. J; Barentsz, J. O.; Verdijk, P.;

van Krieken, J. H;; Boerman, O. C;; Oyen, W. J. G.;
Bonenkamp, J. J; Boezeman, J. B.; Adema, G. J; et al.
Magnetic Resonance Tracking of Dendritic Cells in
Melanoma Patients for Monitoring of Cellular Therapy.
Nat. Biotechnol. 2005, 23, 1407-1413.

. Evgenov, N. V.; Medarova, Z,; Dai, G.; Bonner-Weir, S.;

Moore, A. In Vivo Imaging of Islet Transplantation. Nat.
Med. 2006, 12, 144-148.

. Perez, J. M.; Josephson, L.; O'Loughlin, T.; Hogemann, D.;

Weissleder, R. Magnetic Relaxation Switches Capable of
Sensing Molecular Interactions. Nat. Biotechnol. 2002, 20,
816-820.

. Shultz, M. D.; Reveles, J. U; Khanna, S. N.; Carpenter, E. E.

Reactive Nature of Dopamine as a Surface
Functionalization Agent in Iron Oxide Nanoparticles. J. Am.
Chem. Soc. 2007, 129, 2482-2487.

. Narain, R.; Gonzales, M.; Hoffman, A. S.; Stayton, P. S.;

Krishnan, K. M. Synthesis of Monodisperse Biotinylated
p(NIPAAm)-Coated Iron Oxide Magnetic Nanoparticles and
Their Bioconjugation to Streptavidin. Langmuir 2007, 23,
6299-6304.

. Polito, L.; Monti, D.; Caneva, E.; Delnevo, E.; Russo, G.;

Prosperi, D. One-Step Bioengineering of Magnetic
Nanoparticles via a Surface Diazo Transfer/Azide —Alkyne
Click Reaction Sequence. Chem. Commun. 2008, 5,
621-623.

. Polito, L.; Colombo, M.; Monti, D.; Melato, S.; Caneva, E.;

Prosperi, D. Resolving the Structure of Ligands Bound to
the Surface of Superparamagnetic Iron Oxide
Nanoparticles by High-Resolution Magic-Angle Spinning
NMR Spectroscopy. J. Am. Chem. Soc. 2008, 130,
12712-12724.

Hober, S.; Nord, K;; Linhult, M. Protein A Chromatography
for Antibody Purification. J. Chromatogr., B 2007, 848,
40-47.

Abrahmsen, L.; Moks, T.; Nilsson, B.; Hellmann, U.; Uhlén,
M. Analysis of Signal for Secretion of Staphylococcal
Protein A Gene. EMBO J. 1985, 138, 3901-3906.

VOL.4 = NO.10 = MAZZUCCHELLI ET AL.

136

22.

23.

24.

25.

26.

27.

28.

29.

30.

3.

32.

33.

34,

35.

36.

Chalon, M. P.; Milne, R. W.; Vaerman, J. P. Interactions
between Mouse Immunoglobulins and Staphylococcal
Protein A. Scand. J. Inmunol. 1979, 9, 359-364.

Holschuh, A;; Schwammle, J. Preparative Purification of
Antibodies with Protein A—An Alternative to
Conventional Chromatography. J. Magn. Magn. Mater.
2003, 293, 345-348.

Hoffman, W. L.; O'Shannessy, D. J. Site-Specific
Immobilization of Antibodies by their Oligosaccharide
Moieties to New Hydrazide Derivatized Solid Supports.

J. Immunol. Methods 1998, 112, 113-120.

Colombo, M,; Corsi, F.; Foschi, D.; Mazzantini, E.;
Mazzucchelli, S.; Morasso, C.; Occhipinti, E.; Polito, L.;
Prosperi, D.; Ronchi, S.; et al. HER2 Targeting as a Two-
Sided Strategy for Breast Cancer Diagnosis and Treatment:
Outlook and Recent Implications in Nanomedical
Approaches. Pharmacol. Res. 2010, 62, 150-165.

Park, J; An, K; Hwang, Y.; Park, J.-G.; Noh, H.-J.; Kim, J.-Y.;
Park, J.-H.; Hwang, N.-M.; Hyeon, T. Ultra-large-Scale
Syntheses of Monodisperse Nanocrystals. Nat. Mater.
2004, 3, 891-895.

See, for example: Ma, H--1.; Qi, Xi-r.; Maitani, Y.; Nagai, T.
Preparation and Characterization of Superparamagnetic
Iron Oxide Nanoparticles Stabilized by Alginate. Int.

J. Pharm. 2007, 333, 177-186.

Halling, P. J.; Dunnill, P. Hydrolysis of Lactose in Milk by
Lactase Immobilized to a Non-porous magnetic Support.
Appl. Microbiol. Biotechnol. 1979, 8, 27-36.

De Marco, V.; Stier, G.; Blandin, S.; De Marco, A. The
Solubility and Stability of Recombinant Proteins are
Increased by their Fusion to NusA. Biochem. Biophys. Res.
Commun. 2004, 322, 766~771.

Carlsson, J.; Drevin, H.; Axén, R. Protein Thiolation and
Reversible Protein—Protein Conjugation. Biochem. J. 1978,
173, 727-730.

Stuchbury, T.; Shipton, M.; Norris, R.; Malthouse, P. J.;
Brocklehurst, K. A; Herbert, J. A. L.; Suschitzky, H. Reported
Group Delivery System with Both Absolute and Selective
Specificity for Thiol Groups and an Improved Fluorescent
Probe Containing the 7-Nitrobenzo-2-oxa-1,3-diazole
Moiety. Biochem. J. 1975, 151, 417-432.

Corsi, F.; De Palma, C.; Colombo, M.; Nebuloni, M.; Ronchi,
S.; Rizzi, G.; Allevi, R.; Tosoni, A.; Trabucchi, E.; Clementi, E.;
Prosperi, D. Towards Ideal Magnetofluorescent
Nanoparticles for Bimodal Detection of Breast Cancer
Cells. Small 2009, 5, 2555-2564.

Yuste, L; Montero, J. C; Espari’s-Ogando, A.; Pandiella, A.
Activation of ErbB2 by Overexpression or by
Transmembrane Neuregulin Results in Differential
Signaling and Sensitivity to Herceptin. Cancer Res. 2005,
65, 6801-6810.

Navath, R. S.; Kurtoglu, Y. E.; Wang, B.; Kannah, S.; Romero,
R; Kannan, R. M. Dendrimer—Drug Conjugates for Tailored
Intracellular Drug Release Based on Glutathione Levels.
Bioconjugate Chem. 2008, 19, 2446-2455.

Sambrook, J.; Fritsch, E. F.; Maniatis, T. In Molecular Cloning:
A Laboratory Manual, 2nd ed.; Nolan, C,, Ed.; Cold Spring
Harbor Laboratory Press: Cold Spring Harbor, NY, 1989;
Vol. 1.

Laemmli, U. K. Cleavage of Structural Proteins During the
Assembly of the Head of Bacteriophage T4. Nature 1970,
227, 680-685.

www.acsnano.org



ARTICLE 5

Downloaded on 08 September 2011
Published on 29 September 2010 on http://pubs.rsc.org | doi:10.1039/CONR00436G

COMMUNICATION

View Online

www.rsc.org/nanoscale | Nanoscale

Investigating the structural biofunctionality of antibodies conjugated to

magnetic nanoparticlesT

Emanuela Occhipinti,;* Paolo Verderio,:” Antonino Natalello,” Elisabetta Galbiati,” Miriam Colombo,**

Serena Mazzucchelli,” Agnese Salvade,” Paolo Tortora,” Silvia Maria Doglia® and Davide Prosperi

Received 23rd June 2010, Accepted 3rd September 2010
DOI: 10.1039/cOnr00436g

We present the synthesis of trastuzumab-functionalized pegylated
iron oxide nanoparticles and provide an FTIR-based approach to
gain a direct evidence of the actual conservation of the native
structure of conjugated antibody. Their target-selectivity to specific
cancer cell receptors has been also assessed.

The successful development of targeted nanoprobes for noninvasive
medical imaging represents a new frontier in the prevention and
treatment of malignant diseases." Among the available choices to
obtain an effective targeting action, the conjugation of nanoparticles
with monoclonal antibodies (mAbs) is a well-established strategy to
deliver the nanoprobe to specific cell types.? This approach combines
the unique physical properties of nanoparticles, with the specific and
selective recognition capability of mAbs to cells and tissues. More-
over, the potential improvement in the cellular uptake and the
enhanced intracellular stability could be two of the major advantages
of using mAb-conjugated nanoparticles.

Trastuzumab (TZ) is a recombinant, humanized 1gG mAb that
selectively binds with high affinity to the extracellular domain of the
human epidermal growth factor receptor 2 (HER2), which is
expressed in several primary tumors, including breast, ovarian, gastric
and salivary cancers, and in metastatic sites.® For this reason, TZ has
been developed for clinical immunotherapy and the conjugation of
TZ with chemotherapeutics may offer an excellent strategy for tar-
geted delivery of drugs to malignant cells.* The therapeutic action of
TZ mainly consists in blocking the dimerization of the two compo-
nents of HER2 complex resulting in an interruption of the signal
transduction. Colloidal systems, such as those based on inorganic
nanomaterials, provide higher drug carrier capacities than individual
mAbs, concomitantly acting as signal emitters for medical diagnosis.
Therefore, in view of the outstanding potential of mAb-based hybrid
nanovehicles, the conjugation of mAbs to nanoparticles is now
a widespread practice to gain selective delivery and localization of
nanoparticle probes to the desired target site.

However, despite the huge interest for mAb nanoconjugates, only
poor evidence is presently available on the actual conservation of the
protein biofunctionality at the molecular structural level, once mAb
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has been covalently conjugated to the nanoparticle. Such difficulty
mainly resides in the lack of reliable methods capable of providing
exhaustive information on structural/conformational features
sustaining the protein functionalities of bioconjugate systems. This is
indeed a crucial point, which urgently needs to be addressed. Weiss
et al. exploited circular dichroism to investigate proteins immobilized
on gold nanoparticles.® Unfortunately, this technique is expected to
fail with magnetic nanoparticles due to the strong absorption of iron
oxide in the UV range. The purpose of the present study is to provide
a direct evidence on the extent of preservation of the structural
bioactivity of IgGs immobilized onto the surface of iron oxide
nanoparticles deduced by accurate analysis of the essential folding
features obtained by Fourier-transform infrared (FTIR) spectros-
copy. As a model for this study, PEG-stabilized, TZ-modified
magnetite nanoparticles (TMNP) were developed (Scheme 1).
Thanks to the unique magnetic properties of nanoscale iron oxides,
this class of nanoparticles could be useful as targeted contrast agents
for magnetic resonance imaging of cancer cells.*®

Bare monodisperse magnetite nanoparticles (MNP1) were
obtained by aqueous alkaline coprecipitation of Fe** and Fe** ions in
1 : 2 molar ratio, as described in a previous work.” A bifunctional
linker o-w-dicarboxyl-terminated polyethylene glycol (PEG, M, 600
Da) was grafted on the Fe;0, surface by ultrasound-assisted reaction
and the unreacted excess of PEG was removed by dialysis. The
synthesized carboxyPEG-functionalized nanoparticles (MNP2) were
highly soluble in water, thus the MNP2 suspension was diluted to
a final concentration of 1 mg mL', which was stable for several
months at room temperature. According to previous reports, PEG-
coated nanoparticles are more biodegradable, non-antigenic, non-
irritative for tissues and less toxic than unmodified nanoparticles.'*"*
At the same time, the PEG chains are responsible for the so-called
“stealth effect”, preventing nonspecific adsorption of opsonin
proteins."

TEM image showed that the core size of MNP2 was unchanged
after PEG grafting (10 + 3 nm, Fig. S2, ESIt). The hydrodynamic
diameter of MNP2 was determined to be 82.4 + 1.0 nm by dynamic
light scattering (DLS, Fig. S3a, ESIt). A good contrast power for
MNP2 in PBS was deduced by the relaxivity value r,, which was
calculated to be 131.9 mM~' s~' (Fig. S4, ESIt). The pH-dependent
stability of MNP2 in water was also investigated by UV-vis
absorption spectra (Fig. S5 and Table S1, ESIf). MNP2 were
dispersed in deionized water and evaluated in the pH range from 1 to
11, in which they did not display any aggregation up to pH 7-8. A
critical formation of large clusters of nanoparticles was instead
observed above pH 9 right after 90 min incubation, which resulted in
collapsing of the colloidal suspension (Fig. S6, ESIT). Zeta potential
(%) of MNP2 in water in a range of pH between 3 and 9 was also

This journal is © The Royal Society of Chemistry 2011
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investigated (Fig. S3b, ESIt). At pH 3, MNP2 were strongly posi-
tively charged with { = +42.0 + 3.2 mV, probably due to a tendency
of PEG to capture acidic protons. In contrast, at pH 9, MNP2
exhibited a strongly negative surface charge of { = —43.3 + 1.3 mV,
confirming the presence of completely deprotonated carboxylate
groups on the external surface of nanoparticles. Similar results were
obtained in PBS: as expected, in this case, MNP2 were less negatively
charged, with { = —19.5 £+ 0.5 mV.

MNP2 were ready for conjugation with amine-containing
biomolecules by amide coupling owing to the high surface density of
carboxyl functionalities. To examine their potential in mAb conju-
gation, purified TZ was covalently bound to MNP2 at pH 7.4 in the
presence of coupling agents, such as sulfo-NHS and EDC, exploiting
the lysine amine groups present on the peptide sequence of the
antibody. The resulting TMNP were washed with PBS to remove
unbound antibodies, which would lead to false-positives in biological
experiments, resuspended in PBS at a final concentration of 0.8 mg
mL " and stored at 4 °C. The average number of TZ loaded on
TMNP was estimated to be about 2 mAb per nanoparticle by
a Bradford protein assay. The hydrodynamic size of these mAb-
conjugates was 224.9 + 2.7 nm (Fig. S8, ESIt), which was remark-
ably higher than that of MNP2, while only a slight decrease in
relaxivity was observed (Table 1). In addition, { values showed
a marked decrease in the negative charge to { = —7.8 £ 1.1 mV
(Table S2, ESIf), which demonstrated that several carboxylate
groups from the surface PEG chains were involved in the linkage with
TZ, and the residual negative charges were partially compensated by
the positive charges on the IgG molecule, consistent with the basic
isoelectric point of TZ (IP1z = 8.45). The physical/chemical charac-
teristics of MNP2 and TMNP are summarized in Table 1.
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Table 1 Comparison between physico-chemical characteristic of MNP2

and TMNP
Parameter Unit MNP2 TMNP
Particle size (from DLS) nm 822+1.0 2249+27
Polydispersity 0.239 £ 0.01 0.194 £ 0.02
Z-Potential mV -195+05 -78=+1.1
T relaxivity (r5) mM~'s' 1319 103.0
AD binding efficiency (Ab/NP) pgmg™' — 217
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Scheme 1 Schematic representation of the synthesis of pegylated trastuzumab-modified iron oxide nanoparticles (TMNP).

An important prerequisite to keep in mind when designing an
appropriate conjugation strategy is maintaining intact, as much as
possible, the biological activity and full receptor binding capability of
immobilized mAbs. We had a first immediate evidence of the
immunoreactivity of mAbs in TMNP performing a dot blot analysis
(Fig. S9, ESIt). Our results confirmed that TMNP were able to cross-
react with anti-human antibody with the same sensitivity of free TZ.

In order to explore the structural properties of the conjugated
antibody, we applied FTIR spectroscopy to obtain information on
protein secondary structure.*' This method has been seldom
exploited to investigate protein molecules physically adsorbed onto
nanoscale gold surfaces. Shang ez al. observed remarkable confor-
mational changes in the protein secondary structure occurring upon
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Fig. 1 Structural characterization of TZ, TMNP, and MNP2 by FTIR

spectroscopy. (a) FTIR absorption spectra in the amide I and amide I1
regions of (A) free TZ at 1.0 mg mL ', (B) a mixture of free TZ at 1.0 mg
mL~"and free MNP2 at 4.7 mg mL ', (C) TMNP at4.7mg mL~' (1.0 mg
mL ' TZ), and (D) MNP2 at 7.0 mg mL . In this spectral region, MNP2
(D) displayed only a broad absorption around 1606 cm~', while TMNP
(C) showed the protein amide I and amide II bands confirming the success
of the bioconjugation. The spectra were collected immediately after
sample preparation. (b) Second derivatives of the spectra reported in (a).
Spectra were collected at time 0 (continuous lines), after 24 h (dashed
lines). and after 96 h (dotted lines) of incubation at 37 °C. The spectra are
dominated by two components at 1692 cm~' and 1641 cm™' assigned to
the native B-sheet structure of TZ that were found to be stable upon
incubation at 37 °C both in the free and in the bioconjugated protein.
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adsorption.' However, to the best of our knowledge, the present
study represents the first example aimed at assessing the conforma-
tional effects caused by covalent conjugation of antibodies to nano-
particles. Herein, the secondary structure and stability of the
conjugated mAb were investigated by FTIR spectroscopy, which has
previously been used to determine the folding features of antibodies."”
In Fig. la, the absorption spectra of free TZ (A), of a mixture of
MNP2 and free TZ (B), of TMNP (C), and of MNP2 (D) are
reported in the 1500-1700 cm™' spectral region, where the amide I
and amide II bands occur. These bands are due, respectively, to the
absorption of the C=0 stretching and N-H bending vibrations of
the protein backbone.''s The presence of these two bands in the
TMNP spectrum confirmed that the conjugation reaction occurred
successfully. Indeed, unconjugated MNP2 displayed a completely
different profile in this spectral region, with only a broad absorption
centered at about 1606 cm™'.

Information on the secondary structure of the protein can be
obtained through the analysis of the amide I band, as it is the spectral
region most sensitive to the structural conformation changes of the
protein.'>* In order to resolve the amide I band components, we
performed the second derivatives of the measured spectra (Fig. 1b)."*
The spectrum of freshly purified TZ is dominated by two main
components, which appear as negative peaks in the second derivative,
at 1692 cm ' and 1641 cm ™' that can be both assigned to the native B-
sheet structure of the protein.'*'” The spectrum of TMNP was almost
identical to that of free TZ under native condition indicating that the
amidic conjugation used in this work did not affect significantly the
protein secondary structure. To monitor the stability of the conju-
gated mAb, we collected the FTIR spectra of the samples at different
times of incubation up to 96 h at 37 °C. The comparison of the FTIR
second derivative spectra of native TZ at the beginning of incubation
with that after 96 h indicates that the protein secondary structures
were substantially unchanged. The same result was obtained for
conjugated TZ after incubation at 37 °C. We tested the storage
stability of TMNP, and found that conjugated TZ was stable even
after two months incubation at 4 °C without any additional stabi-
lizing agents.

Next, we examined the FTIR absorption of all the above samples
after being lyophilized and resuspended in buffered heavy water
(PBS/D-0), pH 74, to simulate the physiological environment. In
this way, it was possible to monitor in real time the stability of the
conjugated antibodies by transmission FTIR at 37 °C, exploiting the
low absorbance of D>O in the amide I region.'>"” These results
confirmed once again that conjugation did not affect the native
protein secondary structure, which was found to be stable over 24 h
incubation at 37 °C (data not shown). Altogether, these data
provided a compelling evidence on the preserved stability of mAb in
TMNP system and demonstrated that under these synthetic condi-
tions the conjugated protein did not change its physiological bio-
functionality.

To quantitatively assess the secondary structure components of the
conjugated antibodies, we performed a Gaussian curve fitting of the
absorption spectra of free TZ and of TMNP, whose results are
reported in the ESIt (Fig. S11). The relative weights of the B-sheet
components (1641 and 1692 cm™') and of the random coil compo-
nent (R.c. 1663 cm ') were very similar, with only minor differences.
In particular, TMNP seems to display a slightly larger R.c. that could
account for a partially reduced bioactivity. Next, we examined the
infrared absorption spectra of TZ physically adsorbed on bare

MNPI (Fig. S10 and S11 in ESIt). As expected, the bioactivity of the
antibody was strongly reduced. The spectra were very different in the
amide I band, whose maximum shifted from 1641 cm ™' for free TZ to
1650 cm™' for adsorbed TZ. Indeed, the Gaussian curve fitting of
these spectra indicates a strong change in the antibody secondary
structures. The B-sheet components were reduced from ~50% in free
TZ to ~34% in the adsorbed TZ immediately after preparation, and
to ~22% after 96 h incubation at 37 °C. R.c. increased from ~ 44% in
free TZ to ~55% and ~66% in the adsorbed TZ at 0 and 96 h
incubation, respectively. In this case, the loss of native secondary
structure predicted by the above FTIR analysis is in agreement with
the decreased bioactivity observed for the adsorbed TZ.

To check whether TMNP were able to maintain effectively the
specific targeting capability of TZ for HER2-positive breast cancer
cells, we investigated the TMNP binding to HER2 in HER2-
overexpressed MCF7 cells."” Two MCF7 whole cell extracts were
incubated in parallel at 4 °C with TMNP and with unconjugated
MNP2 (control), respectively. Immunoprecipitants (bound) and the
supernatants (unbound) were first analyzed by western blotting with
anti-HER?2 antibody in order to reveal TMNP binding to HER2
receptor (Fig. 2, upper). The comparison between TMNP and MNP2
confirmed that the conjugation with TZ was necessary to immuno-
precipitate HER2 membrane receptor in MCF7 whole cell extract.
Next, calnexin (ClInx), an integral protein of the endoplasmic retic-
ulum,* was tested as negative control to assess the possible nonspe-
cific interaction of TMNP with undesired biomolecules. To this aim,
a labeled anti-Clnx mAb was used, which displayed a detectable
signal only in unbound sample (Fig. 2, lower). Such immunopre-
cipitation assay revealed that Clnx was completely absent in the
TMNP sample whereas it was detected in the unbound supernatant,
suggesting that the interaction between TMNP and HER2 is specific
and correlated to antibody conjugation.

The immunoprecipitation data were confirmed by relaxivity
measurements, which provided evidence on iron oxide capture by
MCEF7 (Table S3, ESIt), and by immunofluorescence after TMNP
incubation with living cells. Since HER2 is a trans-membrane
receptor,” TMNP were expected to localize on the membrane of
HER2 positive MCF7 cells. In order to assess HER2 surface
distribution, MCF7 cells were first treated with TZ (Fig. 3d-f).
TMNP were then incubated with MCF7. Next, TZ and TMNP
were labeled with anti-human FITC-labeled secondary antibodies
(green), whereas cell membranes were stained with DiD oil (mb,
blue). After 20 min incubation, TMNP were observed in MCF7 cell
surfaces (Fig. 3a-¢), demonstrating that they localized selectively in

TMNP MNP2

P uB P uB
Anﬁ.HERz - _

Fig. 2 Immunoprecipitation of HER2 in MCF7 cells. Immuno-precip-
itation was performed using anti-HER2 or anti-calnexin antibodies cross-
linked to TMNP and MNP2 (as negative control). Nanoparticles were
incubated overnight at 4 °C in a whole extract of MCF7 cells. Bound (IP)
and unbound (UB) proteins were eluted in SDS-PAGE application
buffer, electrophoresed and immunoblotted.
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green: TZ blue: mb

Fig.3 Confocal laser images of MCF7 cells cultured with TMNP or free
TZ. MCF7 were incubated for 20 min with TMNP (100 pg mL'; a—) or
TZ (11 pg mL"; d-f). As negative control, MCF7 were stained with
secondary antibodies anti-human FITC (g-i). Cell membranes (mb) were
stained with DiD oil (blue). TMNP and TZ were labeled with anti-human
FITC secondary antibodies. Scale bar = 10 pm.

correspondence of trans-membrane receptors. The combined
results of these experiments clearly evidenced the target-selectivity
of TMNP towards HER?2 breast cancer marker.

In summary, we have synthesized a trastuzumab-modified, fully
pegylated iron oxide nanoparticle (TMNP) as a model for the study
of the interaction between a mAb nanoconjugate and the relevant
natural receptor. In particular, we have demonstrated for the first
time that accurate analysis of the FTIR signals in the 1500-1700 cm ™'
absorption range may be a valuable method enabling the determi-
nation of protein conformational changes in mAb conjugate. As
a proof of concept, testing our TMNP by FTIR revealed that,
different from physically adsorbed protein, mAb conjugated to the
nanoparticle surface via a dicarboxylic PEG linker did not change its
structural properties maintaining the folding characteristics basically
intact. This simple and fast structural characterization tool is versatile
and of wide utility, as it might be easily applied to other typologies of
proteins and nanoparticles different from the ones used in this study.
As the functionality of a protein is essentially related to its native
folding, the approach presented here is able to provide a prelimi-
nary evidence on the actual bioactivity expected for a protein in

a biohybrid nanoconjugate system. Such rapid evidence could be of
large utility in designing and testing novel hybrid targeted nano-
vectors, preventively providing a chance to reduce those side effects,
which usually lead to nonspecific uptake by normal tissues.
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General Materials and Instrument details.

All reagents and solvents were purchased from Sigma-Aldrich (St. Louis, MO), Fluka (St. Gallen,
Switzerland) and Riedel-de Haén (Seelze, Germany) and used as received without further
purification. Trastuzumab was received from Roche Products Ltd. (UK) as a powder lyophilized for
intravenous administration; before reactions it was purified from additives by dialysis (membrane,
MW cutoff 12-14000 Da) in phosphate buffer solution, pH 7.4, 300 mM NaCl, 2.7 mM KCl, 10
mM phosphate. Water was deionized and ultrafiltered by a MilliQ apparatus (Millipore
Corporation, Billerica, MA). Unless otherwise specified, all of the reactions were performed in an
inert atmosphere of argon under dry conditions. Ultrasounds were generated by S15H Elmasonic
Apparatus (Elma, Singen, Germany). TEM images of nanoparticles were obtained by a Zeiss EM-
109 microscope (Oberkhochen, Germany) operating at 80 kV. 7, relaxation times were performed
at a temperature of 313 K using a Bruker Minispec mq20 system (Ettlingen, Gerrmany) working
with 'H 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. Samples were introduced
using a 10 mm NMR spectroscopy tubes prewarmed and sonicated at 40 °C. Dynamic Light
Scattering (DLS) measurements were performed at 90° with a 90 Plus Particle Size Analyzer from
Brookhaven Instrument Corporation (Holtsville, NY) working at 15 mW of a solid-state laser (A =
661 nm). Zeta-potential measurements were elaborated on the same instrument equipped with AQ-
809 electrode and data were processed by ZetaPlus Software. UV-vis spectra were recorded by
using a Uvikon 930 UV/Vis Spectrophotometer (Kontron Instruments) in a range of wavelenghts
from 190 nm to 600 nm. The FTIR absorption spectra were acquired using the Varian 610-IR
infrared microscope coupled to a Varian 670-IR spectrometer (Varian Australia Pty Ltd, Mulgrave
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VIC, Australia) and equipped with a nitrogen-cooled, mercury—cadmium—tellurium (MCT) detector.
Spectra were collected in transmission under the following conditions: 2 cm™" spectral resolution,
25 kHz scan speed, 512 scan co-additions, and triangular apodization. Measured spectra were
smoothed by a binomial function (11 points) and the second-derivatives were obtained by the
Savitsky—Golay method (3™ grade polynomial, 5 smoothing points) using the GRAMS/32 software
(Galactic Industries Corporation, Salem, NH, USA). For FTIR measurements, 2 puL of the sample
solution were deposited on a BaF, infrared window and dried at room temperature for 30 min. For
measurements in heavy water solution, samples were lyophilized and resuspended in D,O PBS, pH
7.4. A BaF, transmission cell (Wilmad, Buena, NJ, U.S.A.) with path length of 100 um was

employed and the spectra were collected under the same conditions reported above.

Synthesis of MNP1 and MNP2

o]
"Ok/\o«{'\/o‘l/TM
2 FeCl3 6H,0 @ n=13 n @
NH,OH 28-30% C Mw= 600 Da g j\/\,{'\/"l/\g/b
+ ——————————— 4., H
O
n

H,0 H0
1FeS0,7H,0  60°C--90°C, 30min Ultrasound, 30min, r.t

MNP1 MNP2
Fig. S1 Synthesis of MNP1 and of pegylated MNP2.

Synthesis of Fe;O4 nanoparticles (MNP1) by coprecipitation method: Monodisperse magnetic
nanoparticles were obtained as previously described in our previous work with minor modification.'
Briefly, to a solution of distilled water (173 mL) and NH4OH 28-30% (14 mL), prewarmed at 60 °C
under vigorous stirring, was added a mixture of 1 M FeCl;-6H,0 in distilled water (20 mL) and 2 M
FeSO4-7H,0 in 2 N HCI (5 mL); the solution turned dark instantaneously and a black precipitate
was formed. The reaction suspension was heated immediately at 90 °C under vigorous magnetic
stirring for 30 min. At the end of the reaction, the product was collected from the suspension with a
rare-hearth permanent magnet while the supernatant was discarded. The particulate was washed
several times with distilled water until neutral pH of the washings. Finally obtained MNP1 were

redispersed in distilled water (220 mL) at a concentration of 7.5 mgge304 mL ™.
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Fig. S2 TEM images of a) MNP1 synthesized by the coprecipitation method and b) MNP2
obtained by reaction of MNP with polyethylene glycol 600 diacid. For TEM analyses, the
nanoparticles were dispersed under sonication in ethanol (50 pg mL™") and a drop of the resulting
solution was placed on a Formvar/carbon-coated copper grid and air-dried.

Synthesis of PEG-coated Fe;O4 nanoparticles (MNP2): A water suspension of MNP1 (3 mL, 7.5
mg mL™") was sonicated 30 min at r.t.; subsequently, polyethylene glycol 600 diacid (57 pL, 0.112
mmol) was added to the suspension and the resultant mixture was sonicated for 30 min at r.t. At the
end of the reaction, nanoparticle suspension was transferred in a centrifuge tube and unreacted
nanoparticles were centrifuged at 10000 rpm min~' for 5 min. In this way, supernatant solution,
which appeared as a brown clear solution, was separated from the precipitates, which were
discarded. To remove the excess of the unreacted reagent, the solution was purified by dialysis
membrane (MW CutOff 12-14000 Da) overnight; finally MNP2 were diluted with double distilled
water to a final concentration of 1 mg mL™". Under these conditions, nanoparticle suspension was

stable for several months at r.t.

Measurement of proton transverse relaxation times (73) of MNP2: Before 7> measurements, the
tubes were pre-warmed at this temperature for 10 min in order to obtain thermal equilibration and
T> values were acquired on the samples at this stage. Relaxivity was determined as the slope of a

1/T> plot as a function of iron concentration expressed in mM.

Dynamic Light Scattering and zeta-potential measurements: Viscosity and refractive index of
pure water were used to characterize the solvent. Nanoparticles were dispersed in water under
sonication for several minutes before analyses; sporadically, to avoid the formation of large
aggregates, the suspension was filtered on a 0.45 pm cellulose acetate filter. The final sample

concentration used for measurements was typically 0.01 mg mL™".
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Fig. S3 a) Hydrodynamic size distribution histogram of MNP2 in pure water (the horizontal bare
scale is semi-logarithmic). b) Behavior of {-Potential of MNP2 in pure water by varying the pH
value in the 3 to 9 range. Acidic pHs were gained by dropwise adding 0.02 N HCI, alkaline pHs
were obtained by adding 0.02 N NaOH.
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Fig. S4 T, relaxometry analyses of as-synthesized MNP2 (dots) and TMNP (squares) in phosphate
buffer saline (PBS). The inverse of experimental 7, values obtained at different MNP2
concentration were plotted vs. iron concentration. Experimental data were fitted by a line. Inset:
photographic view of the MNP2 suspension at 1 mg mL™" in pure water.
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Dependence of MNP2 stability on pH: different vials with MNP2 suspension (200 pL) in double
distilled water (1.8 mL) were prepared at different pH (Cxps = 0.1 mg mL™"). Initial pH value of
MNP2 was around 5. The acidic pH values were obtained adding 0.5 M HCI dropwise in a range of
pH from 1 to 5. The alkalinity was raised above this value by adding 0.5 M NaOH dropwise in the
range between 7 and 11. In this way, the stability of MNP2 was controlled by monitoring the
decreasing of UV-vis spectra of the PEG absorption from 0 to 90 min (in the range of A from 200

and 600 nm).
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Fig. S5 Stability of Uv-Vis absorbance values at Anax = 290 nm for MNP2 after 90 min incubation

as a function of pH.
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Table S1. Summary of the AAbs of MNP2 at A0« = 290 nm after 90 min incubation.

Initial Abs Abs after 90 min A Abs

(.=290nm) (.=290nm)
pH=1 1.184 1.032 -0.152
pH=3 1.271 1.175 -0.096
pH=5 1.306 1.208 -0.098
pH=7 1.311 1.117 -0.194
pH=9 1.175 0.267 -0.908
pH=11 1.173 0.143 -1.030
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Fig. $6 MNP2 solutions (0.1 mg mL™") in deionized water at different pH values. a) Freshly
prepared solutions and b) after 90 min.

Synthesis of TMNP
1-EDC.HCI
" ST - 3
n 15 min, r.t. o

MNP2

N | Ve

Fig. S7 Schematic synthesis of trastuzumab-modified pegylated nanoparticles (TMNP).

Amide coupling of MNP2 with TZ: The conjugation reaction was performed at room temperature
as follows. EDC-HCI (1.9 mg, 10 pmol) and Sulfo-NHS (5.42 mg, 25 pmol) were dissolved in
MNP2 water suspension (800 pg, 0.8 mg mL™", pH 5) under vigorously magnetic stirring. After the
activation of the carboxylic acid (approximately 15 min), purified TZ (48 pL, 33.3 mg mL™") was
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added to this solution. Next, the pH of the reaction system was adjusted to 7.4 using 1 M NaOH.
The reaction lasted overnight at r.t under magnetic stirring. At the end of the reaction, the
particulate was precipitated by centrifugation at 6000 rpm min ' for 10 min and the supernatant was
discarded; in order to remove the unbound antibodies, the resultant particulate was washed three
times (3 x 1 mL) with phosphate buffered saline solution (PBS: 10 mM phosphate, 300 mM NaCl,
2.7 mM KCl, pH 7.4). Finally, the product was redispersed in the same PBS (1 mL) and stored at 4

°C before further experiments.

Determining TZ loading on nanoparticles surface: Fe;O,4 nanoparticles were spherical in shape
with an average radius of about 5 nm; the average volume of nanoparticles was 5.23 10 m® and
the density of magnetite was 5 10° g m™>; the mass of a single nanoparticle that is 2.615 107'® g.
Hence, 1 mg of Fe;O4 contains 3.824 10" nanoparticles. The amount of antibodies appended on
nanoparticles surface was determined by using a Bradford Protein Assay. According this method
and the curve calibration standard elaborated at different concentation of the antibody, we
estabilished that 217 pg of TZ were loaded on 1 mg of MNP2. In 217 pg of TZ (MW= 150 KDa)
there are 8.71 10" molecules of antibody for 1 mg of nanoparticles. In conclusion, 2 molecules of

TZ per nanoparticle were statistically determined.

Protein assay onto nanoparticles: The functionalized nanoparticles were magnetically separated,
washed with PBS to remove unbound antibodies and resuspended at the final concentrations of 1
mg mL™'. The amount of antibody bound to magnetic nanoparticles was determined by using a
Bradford Protein Assay. We used unreacted nanoparticles at the same concentrations as a blank.
The concentration of antibodies needed to gain optimal signal from the surface-modified

nanoparticles was determined to be 50 pg mL™".

Dynamic Light Scattering and zeta-potential measurements of TMNP: TMNP were dispersed
in PBS buffer, pH 7.4, under sonication for 1 minute before analyses; the final sample concentration
used for measurements was typically 0.01 mg mL™'. For TMNP the average hydrodynamic radius
was 224.9 nm (£ 0.194). By C-potential analysis we found that TMNP were slightly negatively
charged, {=-7.8+ 1.1 mV.
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Fig. S8 Hydrodynamic size distribution histograms of MNP2 (dashed line) and TMNP (continuous
line). As we expected, there was a great difference in diameter before the conjugation of the
antibody (MNP2) and after the reaction (TMNP). However, the narrow peaks showed the high
stability of the suspension in both cases, without formation of large clusters of nanoparticles.

Table S2. £-Potential behaviour of MNP2 and TMNP in physiological buffer. There was a great
difference in the charge (11.7 mV) before the conjugation of the antibody and after the reaction.

&-Potential (mV) AmV
(PBS buffer pH=7.4)
MNP2 -19.5+0.5 1.7
TMNP 7.8+ 1.1 i

Tz @ ...

MNP2

T™NP @ ...

1 2 3 4

Fig. S9 Immunodot blot assays carried out in parallel with increasing amount (1, 50 ng; 2, 100 ng;
3, 200 ng; 4, 300 ng) of soluble and immobilized (TMNP) trastuzumab. Pegylated nanoparticles
(MNP2) were the negative control. TMNP were incubated with anti-human antibodies conjugated
with horseradish peroxidase (HRP-rabbit) at a 1:1000 dilution in PBS buffer. The immunoreaction
was revealed by a strong signal using ECL western blotting as reagent.
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Fig. S10 FTIR absorption spectra of free TZ, of TMNP, and of TZ adsorbed to MNP1 at different
times of incubation at 37 °C (0, 24, and 96 hours). The maximum of the Amide I band shifts from
1641 cm™' in the free TZ to 1650 cm ™" in the adsorbed TZ at 96 hours of incubation, consistent with

a gradual unfolding of protein secondary structure.
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Fig. S11 Gaussian curve fitting of the absorption spectra in the Amide I region of free TZ, of
TMNP, and of TZ adsorbed to MNP1 immediately after preparation and after 96 h of incubation at
37 °C. The B-sheet components are reported in blue and their percentage weights over the total
Amide I band are indicated. The component peaked at ~1663 cm ' (reported in pink) is mainly due
to random coil structures (R.c.) with possible contribution of B-turns.” The curve fitting of the
measured spectra into Gaussian function was performed following the method previously
described.>”
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Table S3. Relaxivity measurements on labeled MCF7 cells.”

Concentration T (ms) T, (ms)
(cells/mL) (untreated) (TMNP)"
1.0 x 10° 2809 + 34 294 +9
5.0 x 10° 3185 +31 712 + 13

“ Data are the mean + SD of three different relaxivity measurements. * Cells were treated with
TMNP at a concentration of 50 ug mL™'. The remarkable decrease in 7> confirms the presence of
TMNP on cells, thus demonstrating that fluorescently labeled antibodies localized on cell
membrane (see Fig. 3) are still bound to magnetic nanoparticles.

Dot Blot Assay: Standard Minifold I dot blot apparatus were used in this assay. TZ or purified
nanoparticle suspension were spotted onto PVDF membrane. After all samples were fixed the
membrane was incubated in blocking solution (5% skim milk in PBS) for 60 min at RT. To evaluate
TZ activity, membranes were then probed for 60 min at 25 °C using horseradish peroxidase-rabbit
anti-human antibodies at a 1:20000 dilution in PBS buffer. Immunoreactive spots were revealed

using ECL Western blotting reagent.

Cell cultures: MCF-7 cells were grown in 50% Dulbecco’s Modified Eagle’s Medium (DMEM)
and 50% F12 (EuroClone Celbio, Milan, Italy), supplemented with 10% fetal bovine serum
(HycloneCelbio, Milan, Italy), L-glutamine (2 mM), penicillin (50 Ul mL™), and streptomycin (50
mg mL~", culture medium) at 37 °C in a humidified atmosphere containing 5% CO, and subcultured

prior to confluence using trypsin/EDTA.

Immunoprecipitation assay: MCF7 cells were lysed with lysis buffer containing 20 mM Tris HCI,
150 mM NaCl, 10 mM EGTA, 10% glycerol and 1% Triton X-100, pH 7.4 for 30 min at 4 °C and
then centrifuged at 8500 rpm for 10 min to remove membranes and cell debris from protein
fraction. Bradford assay was used to determine protein content of whole cell extract. Preclearing
step was performed with 200 pL of MNP2 (I mg mL™") for 1 h on wheel at 4 °C. The
immunoprecipitation was carried out with 1 mg of pre-cleared lysate and TMNP (200 pL, 1 mg
mL™", corresponding to 3.75 pg of linked-antibody) for 16 h at 4 °C on wheel. Samples were
washed three times in lysis buffer and boiled in sodium dodecyl sulfate sample buffer containing
5% 2-mercaptoethanol to cleave the binding to the beads. Samples were run on 8% poliacrilammide
gel. Proteins were blotted onto PVDF membranes and incubated in blocking solution (5% skim
milk in TBS, 0.05% Tween) for 1 h at r.t.. For HER-2 detection, membranes were then probed for 1
h at r.t. using anti-HER2 polyclonal antibodies (1:500 Millipore, Billerica, MA) in blocking

solution. Specificity of the interaction between the HER2 and TMNP was verified with immunoblot
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of immune-precipitated samples with unrelated proteins such as anti-Clnx pAb (1:500 Genetex) at
r.t. for 1 hin TBS + 0.05% tween + 5% BSA. Specific HRP-conjugated secondary-antibodies were
used always 1 h at r.t. (anti-mouse 1:10000 BioRad Cell Signaling, Danvers, MA). Immunoreactive

bands were revealed using ECL Western blotting reagent (GE Healthcare).

Confocal Laser Scanning Microscopy: MCF7 cells were cultured on collagene (Sigma) pre-
coated coverglass slides until 90% of confluence and incubated for 20 min with TMNP at a
concentration of 100 pug mL™ (corresponding to 11 pg of Tz) or 11 pg Tz in culture medium. Tz
and TMNP were revealed by labeling with secondary antibodies anti-human Alexa fluor 488
(Invitrogen, Carlsbad, CA) at a 1:500 dilution. Cultures were washed with PBS, fixed for 10 min
with 4% paraformaldehyde (Sigma) and then treated for 10 min with 0.1 M glycine (Sigma) in PBS.
A blocking step was performed 1 h at RT with a solution containing 5% BSA (Sigma) and 0.1%
Saponin (Sigma) in PBS, followed by staining with 33 pg of DiD oil (Invitrogen) in PBS for 30 min
at 37 °C. Microscopy analysis was performed with a Leica SP2 AOBs microscope confocal system.

Images were acquired with 63x magnification oil immersion lenses at 1024x1024 pixel resolution.
[1] L. Polito, M. Colombo, D. Monti, S. Melato, E. Caneva and D. Prosperi, J. Am. Chem. Soc.,
2008, 130, 12712-12724.

[2]J. L. R. Arrondo and F. M. Goni, Prog. Biophys. Mol. Biol., 1999, 72, 367-405.

[3] A. Natalello, D. Ami, S. Brocca, M. Lotti and S. M. Doglia, Biochem. J., 2005, 385, 511-517.
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ABSTRACT: Spherical silica nanoparticles (SNP) have been synthe-
sized and functionalized with anti-HER-2 scFv800E6 antibody by both A
localized histidine-tag recognition, leading to an oriented protein \u?
ligation, and glutaraldehyde cross-linking, exploiting a statistical — —> /7
reactivity of lysine amine groups in the primary sequence of the (Q/)\ o
molecule. The targeting efficiency of nanocomplexes in comparison with

free scFv was evaluated by flow cytometry using a HER-2 antigen-
positive MCF-7 breast cancer cell line, exhibiting a 4-fold increase in
scFv binding efficacy, close to the affinity of intact anti-HER-2
monoclonal antibody, which suggests the effectiveness of presenting
multiple scFv molecules on nanoparticles in improving antigen
recognition. Unexpectedly, the conjugation method did not affect the
binding efficacy of scFv, suggesting a structural role of lysines in the scFv
molecule. Confocal laser scanning microscopy confirmed the binding of nanocomplexes to HER-2 and also provided evidence of
their localization at the cell surface.

scFv Oriented ligation scFv Unoriented ligation

B INTRODUCTION accelerated, the binding efficacy is often reduced compared to
their parent mADb resulting in a remarkably lower affinity for the
receptor.

Multimerization has been recently envisaged as a strategy to
enhance the functional affinity (avidity) of scFv increasing the
k, by 2—3 orders relative to the monovalent fragment.®”®
Different multimerization strategies have been proposed to
couple monovalent domains to produce multivalent antibodies,
by chemical manipulation or using protein engineering
approaches, including formation of diabodies, tribodies, tetra-
bodies, and minibodies.”'® Multimerized scFvs combine

Monoclonal antibodies (mAbs) are versatile and unique
molecules that have found applications in the investigation,
diagnosis, and treatment of many diseases, including cancer.'
Although mAbs display high affinity and selectivity for the
target, antibody-based therapies are often less effective toward
solid tumors, because only a small amount of mAbs can indeed
accumulate at the tumor tissue, due to their high
immunogenicity and low penetration. Moreover, mAbs remain
circulating for an extended time because their large size
prevents excretion by renal clearance.” Recently, recombinant

antibodies with modified properties have been designed in feature§ from mAb' a.nd scEv _that imProve tumor: Penetration,
order to improve tissue penetration and biodistribution.® as low Immunogenicity and high affinity toward their receptor,
Among them, small antibody fragments consisting of the and increase circulatlonl ‘sime due to the-ir large size, which
variable Vy; and V;, regions connected through a synthetic loop, prevents renal excretion. So far, the conjugation of antibody
called single-chain fragment variable recombinant antibodies fragments to nanoparticles has been seldom exploited. It has
(scFv), hold great promise.* Target-specific scFvs are usually been observed that scFv having low affinity toward the
obtained through genetic engineering by phage display epidermal growth factor receptor, when present in multiple
technology.® ScFv display has improved biodistribution copies on a liposome, allowed for tight receptor binding, thus
compared to intact IgGs due to small size (typically in the filling the affinity gap between SCFIV and a high-affinity mutant
20—30 kDa range) and absence of a highly immunogenic stem. obtained by molecular evolution.”” However, functionalization
However, a poor retention time and a decreased affinity and

specificity caused by their monovalent binding strongly limit Received: July 4, 2011

their application in cancer immunotherapy. Hence, while Revised:  October 14, 2011

immunogenicity is remarkably reduced and scFv clearance is Published: October 20, 2011
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of immunoliposomes does not offer a suitable control of
number and orientation of the scFv ligand displayed on their
surface. Such control of scFv presentation could be better
optimized by using inorganic nanoparticles.'>™'* Here, we
present a strategy to enhance scFv target binding efficacy that
makes use of silica nanoparticles as a multimerization scaffold.
As proof of concept, we chose scFv800E6 produced in Pichia
pastoris, that recognizes the breast cancer membrane marker
HER-2."* Among the numerous examples of inorganic
nanoparticles available so far, silica nanoparticles have been
extensively studied, due to their broad application and the ease
of synthesis and stable functionalization with organic
ligands.'®"” In this work, we have explored synthesis and
surface functionalization of silica nanoparticles (SNP) in order
to immobilize scFv800E6 by two different approaches

Scheme 1. Mechanism of “Oriented” and “Unoriented”
Immobilization of scFv800E6 on Functionalized Silica
Nanospheres®

Oriented ligation
scFv
His-Tag

- :}‘Si\/\/ﬂ\lrn\do/\,io\/\we
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o PEG2000
coor OH
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1- Glutaraldehyde
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2-NaCNBH,
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A\l H H
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L =S~ NH,

~ = Lys-NH,
“Method 1: SNP1 functionalized with Ni-NTA groups tightly and

specifically interact with scFv histidine tag leading to an oriented
protein immobilization (SNP-HT). Method 2: the available amino
groups of lysine residues of scFv bind to SNP2 via the aldehydic
groups, which have been generated on the surface of nanoparticles by
glutaraldehyde addition, resulting in a random ligation (SNP-UT).

(Scheme 1): (1) the first method exploits a localized histidine
tag recognition leading to an oriented ligation of scFv; (2) the
second involves a reductive amination strategy via glutaralde-
hyde cross-linking on the nanoparticle exploiting a statistical
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reactivity of lysine amine groups on the primary sequence of
the scFv molecule.

B EXPERIMENTAL PROCEDURES

Materials and Methods. All reagents and solvents were
purchased from Sigma-Aldrich (St. Louis, MO), Fluka (St.
Gallen, Switzerland), and Riedel-de Haén (Seelze, Germany)
and used as received without further purification. Water was
deionized and ultrafiltered by a Milli-Q apparatus (Millipore
Corporation, Billerica, MA). Ultrasounds were generated by
S1SH Elmasonic Apparatus (Elma, Singen, Germany). TEM
images of nanoparticles were obtained by a Zeiss EM-109
microscope (Oberkhochen, Germany) operating at 80 kV.
Dynamic light scattering (DLS) measurements were performed
at 90° with a 90 Plus Particle Size Analyzer from Brookhaven
Instrument Corporation (Holtsville, NY) working at 15 mW of
a solid-state laser (4 = 661 nm). Zeta-potential measurements
were elaborated on the same instrument equipped with AQ-809
electrode and data were processed by ZetaPlus software. UV—
vis spectra were recorded by using a Nanodrop 2000C
spectrophotometer (Thermo Fisher Scientific, Wilmington,
Germany) in a range of wavelengths from 190 to 600 nm.

Synthesis of SNP. Monodisperse silica nanospheres were
obtained as described in previous work.'® Briefly, a 25%
NH,OH solution in water (12.5 mL) and ethanol (250 mL)
were mixed under magnetic stirring at 300 rpm. To the above
solution was added a mixture of TEOS (6.25 mL, 28 mmol)
dissolved in ethanol (7 mL) at a rate of 1 mL min~" through a
dropping funnel. The reaction was stirred for 20 h at room
temperature (RT). At the end of the reaction, the solution
became milky and the product was collected from the
suspension by centrifugation at 8300 X g for 30 min. The
white particulate was washed several times with ethanol (4 X
100 mL). Next, SNP (1.5 g) was dried under vacuum. SNP
(100 mg) was redispersed in ethanol at a concentration of 4 mg
mL™" for further experiments.

Synthesis of Fully PEG-Coated SNP (SPEG). In a dried
round-bottom flask, O-(2-aminoethyl)-O'-methylpolyethylene
glycol 2000 (100 mg, SO umol) was dissolved in anhydrous
CH,Cl, (1 mL); subsequently, Et;N (8 uL, S5 umol) and (3-
isocyanatopropyl)triethoxysilane (15 xL, 60 ymol) were added
and the reaction run overnight at RT with magnetic stirring
under argon atmosphere. When the reaction was completed,
the solution was filtered and the clear filtrate was evaporated
under reduced pressure. The resultant yellow pale oil was
redissolved in a minimum amount of CH,Cl, (300 xL), and
cold Et,0 (10 mL) was added to precipitate the product as a
white solid. The product was washed twice with Et,O (10 mL)
and finally dried under vacuum. APTS-PEG2000 (98 mg) was
used immediately without further purification. The conjugation
reaction was performed as follows.'®' A suspension of SNP in
EtOH (20 mL, 1 mg mL™") was warmed at 60 °C; next, 25%
NH,OH (50 uL) and APTS-PEG2000 (20 mg, 10 ymol) were
added and the resultant mixture was subjected to vigorous
magnetic stirring at 60 °C overnight. The particulate was
collected by centrifugation at 8300 X g for 15 min and washed
with EtOH (2 X 10 mL) and water (10 mL). The resultant
SPEG were redispersed in water (10 mL) for analyses.

Synthesis of SNP1. N“N“Bis(carboxymethyl)-L-lysine
(NTA) was synthesized according a previous work.”® NTA
(100 mg, 380 umol) was suspended in anhydrous CH,Cl, (8
mL) and THF (3 mL). Subsequently, Et;N (211 uL, 1.52
mmol) and (3-isocyanatopropyl)triethoxysilane (113 uL, 456
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pumol) were added and the reaction run overnight at RT with
magnetic stirring under argon atmosphere. The resulting
suspension was filtered, and the clear filtrate was evaporated
under reduced pressure. The pale yellow oil was redissolved in
a minimum amount of MeOH (500 mL) and cold Et,0 (10
mL) was added to precipitate the product as a white solid. The
product was washed twice with Et,0 (10 mL) and finally dried
under vacuum. APTS-NTA (132 mg) was used immediately
without further purification.

For the conjugation reaction,'®'? a suspension of SNP in
EtOH/H,0 1:1 (20 mL, 1 mg mL™") was warmed at 60 °C;
25% NH,OH (S0 uL), APTS-NTA (10 mg, 20 gmol), and
APTS-PEG2000 (10 mg, S umol) were added, and the mixture
was left under vigorous stirring at 60 °C overnight. Next, the
particulate was collected by centrifugation at 8300 X g for 15
min and washed with EtOH (2 X 10 mL) and water (10 mL).
Nanoparticles were resuspended in water (20 mL) for further
chelation with nickel ions. A green solution of 0.1 M
NiCl,-6H,0 in deionized water (2 mL) was added to the
above suspension of nanoparticles; the pH was adjusted to pH
8.0 with 0.1 N NaOH, and the resultant mixture were kept
under magnetic stirring for 30 min at RT. Then, particles were
collected by centrifugation and the pale blue supernatant was
discarded. The pale green particulate was washed thrice with
water (10 mL) and, finally, SNP1 were resuspended in water (S
mL) and stored for further conjugation with His-tagged
scFv800EG.

Synthesis of SNP2. The conjugation reaction'®'’ was
performed as follows. A suspension of SNP in EtOH (20 mL, 1
mg mL™") was warmed at 60 °C; then, 25% NH,OH (50 uL),
APTS (S L, 20 umol), and APTS-PEG2000 (10 mg, S ymol)
were added and the resultant mixture was kept under vigorous
magnetic stirring at 60 °C overnight. The particulate was
collected by centrifugation at 8300 X g for 15 min and washed
with EtOH (2 X 10 mL) and water (10 mL). The resultant
SNP2 were stored in water (10 mL) for further conjugation
with scFv.

Determination of Amine Groups on SNP2. Following a
method described in the literature,21 an aqueous mixture
containing 1 M picrylsulfonic acid TNBS (10 L) and 0.05 M
Na,B,0, (1.5 mL) was added to a sample of aminated SNP2 (6
mg). The suspension was sonicated for 1 min and then heated
at 70 °C for 10 min. At the end of reaction, the mixture was
allowed to cool to RT; SNP2 was then separated from the
supernatant by centrifugation at 11200 X g and washed with
water (1 mL), 50% acetone in water (1 mL), 100% acetone (1
mL), and water (2 X 1 mL). SNP2 was then suspended in
NaOH 1 M (S mL) and heated to 70 °C under vigorous
stirring for 10 min. The suspension was cooled to RT and
SNP2 were separated by centrifugation. An aliquot of the
particle-free supernatant (1 mL) was then withdrawn and its
absorbance read at 410 nm. Each particle contained silica (d =
2.2 X 10° g m™3) with an average radius of 40 nm = 4.0 X 107
m. The average volume and mass of SiO, nanoparticles were
2.68 x 1072 m? and 5.90 X 107" g, respectively. Hence, 1 mg
of SiO, contained 1.02 X 10'* particles. By determination of
residual absorbance due to picric acid released from reaction
(Supporting Information Scheme S4), we established that 0.012
pumol of ligand APTS were immobilized on the particle surface
corresponding to about 708 NH, groups/particle.

Dynamic Light Scattering and ¢-Potential Measure-
ments. Viscosity and refractive index of deionized water were
used to characterize the solvent. Nanoparticles were dispersed

19

in water under sonication for several minutes before analyses;
sporadically, to avoid the formation of large aggregates, the
suspension was filtered through a 0.45 um cellulose acetate
filter. The final sample concentration used for measurements
was typically 0.025 mg mL™" (Figure S1). The same procedure
was followed for hydrodynamic size distribution behavior of
nanoparticles in deionized water by different Na* concen-
trations (1 mM to 20 mM) (Figure S2).

Strains and Plasmids. P. pastoris KM71H (arg4;
aox1::ARG4) (Invitrogen) was used as host for expressing
scFv800E6 gene. Plasmid pPICZaA (Invitrogen) was used for
constructing plasmid vector, as previously described.'®

Purification of scFv800E6. The clone KM71H-pPIC-
ZaA-scFv800E6-4 was grown in 10 mL YPD medium (1%
yeast extract, 2% peptone, 2% dextrose) at 30 °C overnight
with shaking at 250 rpm. The cultures were centrifuged at 1500
X g for 4 min, and then, the pellets were resuspended in 200
mL of BMMY (1% yeast extract, 2% peptone, 100 mM
potassium phosphate pH 6.0, 1.34% YNB, 0.00004% biotin,
0.5% methanol) with 0.8% glycerol yielding an initial OD 600
value of 10. The culture was induced by daily addition of
methanol to a final concentration of 0.5%. After 48 h of
methanol treatment, the culture supernatant was filtered
through 0.22 pm filters and dialyzed overnight in 50 mM
sodium phosphate pH 8.0, 300 mM NaCl. The dialyzed
medium was loaded at a flow rate of 0.5 mL/min onto a Ni-
NTA Agarose (Qiagen) column (bed volume 0.5 mL) pre-
equilibrated with S0 mM sodium phosphate pH 8.0, 300 mM
NaCl, and 10 mM imidazole. The column was washed with 50
mM sodium phosphate pH 8.0, 300 mM NaCl, 20 mM
imidazole, and the protein eluted with a stepwise imidazole
gradient, 100 mM to 200 mM, in the same buffer. Fractions
were collected and analyzed by SDS-PAGE. SDS-PAGE was
performed according to Laemmli,”> using 12% (v/v)
polyacrylamide gels. The proteins were detected by Coomassie
Brilliant Blue R-250 staining. Protein content was determined
both by measuring absorbance at 280 nm and by using the
Coomassie Plus Protein Assay Reagent (Termo Fisher
Scientific) and bovine plasma immunoglobulin G as the
standard protein.

Conjugation of His-tag scFv800E6 (SNP-HT). In a
plastic tube, SNP1 (1 mg) were incubated with purified
scFv800E6 (SO ug) in phosphate-buffered saline (PBS;
EuroClone) in a final volume of 1000 yL and the mixture
was stirred on an orbital shaker for 10 min at RT. SNP-HT
were isolated from unreacted scFv800E6 by centrifugation at
11200 X g for S min and the supernatant was discarded.
Nanoparticles were washed three times with PBS (500 L) and
stored in PBS at 4 °C for further experiments. By measuring the
absorbance at 280 nm, we determined an amount of scFv800E6
immobilized on nanoparticles of 26 ug per mg of SNP-HT.

Unoriented Conjugation of scFv800E6 (SNP-UT).
Particle-glutaraldehyde cross-linking,** followed by imine
reduction® with NaCNBH; were performed as follows. In a
plastic tube, amino SNP2 (1 mg) was dispersed in borate buffer
pH 7.6 (600 xL). A S mM glutaraldehyde solution in the same
buffer (400 yL, 20 ymol) was added under stirring at RT. After
2 h, particles were isolated by centrifugation and washed once
with borate buffer pH 7.6 (1 mL) and twice with PBS pH 7.4
(I mL). At the end of the washing, nanoparticles were
resuspended at a concentration of 1 mg mL™" in the same
buffer (1 mL) and the suspension cooled at 4 °C with an ice
bath. scFv800E6 (SO pg in PBS) was added to the suspension
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Figure 1. Characterization of modified silica nanoparticles: (A) TEM (Inset: magnification) and (B) SEM images of as-synthesized SNP. (C) DLS
and (D) ¢-potential measurements of SNP, SPEG, SNP1, and SNP2 as a function of pH in aqueous solution.

and the resultant mixture was stirred on the orbital shaker for 3
h at 4 °C. ScFv-functionalized nanoparticles were recovered
after centrifugation and washed twice with PBS (1 mL).
Subsequently, a NaBH;CN solution (10 yL, 1 mg mL™") in
PBS buffer pH 7.4 was added to the nanoparticle suspension in
the same medium (1 mL) and incubated for 3 h at 4 °C. After
centrifuging, SNP-UT were washed several times with PBS (3
X 1 mL) and finally were stored in the same buffer at 4 °C for
further experiments. By measuring the absorbance at 280 nm,
we determined an amount of scFv800E6 of 43 ug per mg of
SNP-UT.

Dot Blot Assay. Dot blot was performed by filtering
proteins and/or nanoparticles onto PVDF membranes, utilizing
a Manifold 1 dot blot apparatus (GE Healthcare), and
incubating in blocking solution (5% skim milk in PBS,
Tween 0.05%) for 1 h at RT. The membrane was then probed
for 1 h at RT in blocking solution using rabbit anti-Myc-HRP
antibody (Invitrogen) at a 1:5000 dilution. Membranes were
rinsed thrice in 0.05% Tween in PBS for 10 min.
Immunoreactive spots were revealed using ECL Western
blotting reagent (GE Healthcare).

Cell Cultures. MCF-7 and MDA cell lines were used as
HER-2 positive and HER-2 negative targets, respectively. Cells
were cultured in 50% Dulbecco’s Modified Eagle’s Medium
(DMEM) and 50% F12, supplemented with 10% fetal bovine
serum, L-glutamine (2 mM), penicillin (50 UI mL™"), and
streptomycin (50 mg mL™') at 37 °C and $% CO, in a
humidified atmosphere and subcultured prior to confluence
using trypsin/EDTA. Cells culture medium and chemicals were
purchased from EuroClone.

Flow Cytometry. Cells were cultured on a multiwell dish
until subconfluence. Then, equal aliquots were incubated 15
min at 37 °C in the presence of one of the following: (i) S ug
mL™" scFv, (ii) 25.6 ug mL™" TZ, (iii) SNP-HT, and (iv) SNP-

UT. For each sample, 0.171 nmole of antibody, either free or
immobilized on nanoparticles, was used. After incubation time,
cells were washed twice with PBS and treated with typsin for 3
min. Digestion with trypsin was stopped with culture medium,
cells were transferred in FACS tubes and washed twice with
PBS. Then, cells were incubated for 30 min at 4 °C in blocking
solution (PBS, 2% Bovine Serum Albumin) and immunodeco-
rated with 1 yL of FITC-conjugated antibody to whole murine
IgG (MP Biomedicals) for 30 min at 4 °C. The excess
secondary antibody was removed by washing cells six times
with PBS. Labeled cells were resuspended with 0.5 mL of PBS
and analyzed on a FACS Calibur flow cytometer (Becton
Dickinson). Ten thousand events were acquired for each
analysis, after gating on viable cells, and isotype-control
antibodies were used to set the appropriate gates.

Stability Assay of scFv Conjugation on SNP-HT. Five
micrograms of scFv immobilized on SNP-HT was incubated at
37 °C with 0.1 mL of culture medium. After incubation time,
SNP-HT was centrifuged 15 min at 15000 X g at 4 °C, and
supernatants (S1, S4, S24, and $48) were filtered onto a PVDF
membrane utilizing a Manifold 1 dot blot apparatus (GE
Healthcare). The membrane was incubated in blocking solution
(5% skim milk in PBS, Tween 0.05%) for 1 h at RT, then
probed 1 h at RT in blocking solution using rabbit anti-Myc-
HRP antibody (Invitrogen) at a 1:5000 dilution. Membranes
were rinsed thrice in 0.05% Tween in PBS for 10 min.
Immunoreactive spots were revealed using ECL Western
blotting reagent (GE Healthcare). Five micrograms of scFv
immobilized on SNP-HT and 0.1 mL of culture medium were
used, respectively, as positive and negative control.

Confocal Laser Scanning Microscopy. Cells were
cultured on collagen (Sigma) precoated coverglass slides until
subconfluence. Cells were incubated 1 h at 37 °C with 20 ug/
mL of free-scFv800E6, and with equal amounts of scFv800E6
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immobilized on SNP-HT and SNP-UT. Then, cells were
washed with PBS, fixed for 10 min with 4% paraformaldehyde
(Sigma), and treated for 10 min with 0.1 M glycine (Sigma) in
PBS. A blocking step was performed for 1 h at RT with a
solution containing 2% bovine serum albumin (Sigma) and 2%
goat serum in PBS. ScFv was revealed by a FITC-conjugated
antibody to whole murine IgG (MP Biomedicals) at a 1:300
dilution by incubating for 2 h at RT. Nuclei were stained with
DAPI (4'6-diamidino-2-phenylindole, Invitrogen) at 0.2 ug
mL™" in PBS with 0.1% Saponin (Sigma) for 20 min at RT.
Membranes were stained with DiD oil (Invitrogen) at a 1:300
dilution by incubating 30 min at 37 °C. Microscopy analysis
was performed with a Leica SP2 AOBs microscope confocal
system. Images were acquired with 63X magnification oil
immersion lenses at 1024 X 1024 pixel resolution.

B RESULTS AND DISCUSSION

Uniform 60 nm spherical SNPs were synthesized by hydrolysis
and condensation of tetraethyl orthosilicate (TEOS) in a 25%
NH,OH ethanolic solut.ion.18 In method 1, previously prepared
APTS-PEG2000-OMe™ and APTS-NTA in a 1:1 molar ratio
were co-condensed on SNP in alkaline ethanol resulting in
NTA-functionalized SNP1 (Schemes $1,2 in SI)."” According
to previous reports,”® PEG chains enhanced the nanoconjugate
solubility in buffered media and prevented nonspecific
adsorption of proteins. ScFv800E6 protein containing a 6 X
His-affinity tag was produced in P. pastoris, secreted in culture
medium, and purified through affinity chromatography, as
previously described.'® Subsequent Ni** chelation by nitrilo-
acetic acid groups of SNP1 promoted the active Ni**-NTA
affinity-oriented immobilization of His-tagged scFv (SNP-HT)
by incubation at room temperature. In method 2, APTS-
PEG2000-OMe and APTS in a 1:1 molar ratio were co-
condensed on SNP (Scheme S$3 in SI).>* Next, the covalent
attachment of scFv was performed via glutaraldehyde cross-
linking resulting in functional SNP2, stabilized by reduction of
the diimine intermediate with NaCNBH,,* to give SNP-UT.
In Figure 1, TEM (A) and SEM (B) images show that the core
size of SNP was 60 + S nm indicating a homogeneous
formulation of silica nanospheres. The hydrodynamic diameter
of SNP in ethanol was 78.3 + 2.2 nm, as determined by
dynamic light scattering (DLS, Figure S1 in SI). The pH-
dependent behavior of SNP, SNP1, SNP2, and fully PEG-
coated nanosilica (SPEG) was investigated by DLS in the 2—9
pH range (Figure 1C). All the nanosilica tested did not exhibit
the formation of critical aggregates between pH 4 and 9. Zeta
potential ({) of SNP, SPEG, SNP1, and SNP2 in water in the
2—9 pH range was also investigated (Figure 1D). From pH S to
9, SNP were strongly negatively charged (—35.85 #+ 0.64 mV),
whereas at pH 4 and lower, the charge approached neutrality
(=640 + 1.77 mV). Similar behavior was also observed for
SPEG, although they were only —25.01 + 0.38 mV at pH 7
because of the charge-shielding effect of the PEG layer on the
nanoparticle surface. In contrast, SNP1 exhibited a remarkably
low surface charge at pH 7 (—13.64 + 0.74 mV), in accordance
with the presence of the Ni** chelates on the external carboxylic
groups of NTA. This charge did not appreciably change in the
pH range tested. SNP2 were negatively charged (—25.23 + 1.03
mV) at pH 7—9. However, below pH §, a gradual shift of the
charge to positive values (+16.39 + 1.35 mV at pH 3) was
observed, in line with the presence of protonated amino groups
of APTS in acidic conditions.

After conjugation, the amount of scFv800E6 on SNP-HT
and SNP-UT was quantified by protein assay of supernatants at
280 nm using a calculated €49 ,, of $S5600 M~'. The
immobilization of scFv on SNP-HT was also confirmed by dot-
blot assay (Figure 2). SNP-HT (S ug) and free scFv (0.5, 0.2,

scFv (pg) SNP-HT

05 02 01 005
anti-Myc-HRP

Figure 2. Dot-blot assay of SNP-HT conjugated with scFv. Different
amounts of scFv800E6 (0.5, 0.2, 0.1, and 0.0S xg) and an aliquot of
SNP-HT were filtered on a PVDF membrane, then probed with anti-
Myc-HRP antibody and revealed with an ECL substrate.

0.1, and 0.05 pg) were filtered onto a polyvinylidene fluoride
(PVDF) membrane and then probed with an anti-Myc-HRP
antibody. Intensities of immunoreactive spots of SNP-HT and
0.1 pg of free scFv were comparable. This reasonably fits with
the amount of bound scFv that we inferred from the
determination of unbound protein, i.e., 0.125 ug.

To assess the effect of multivalent presentation of scFv on
silica nanoparticles, SNP-HT and SNP-UT binding toward
HER-2 receptor in breast cancer cells was evaluated by flow
cytometry. Free scFv, the commercial anti-HER-2 mAb
(trastuzumab, TZ), SNP-HT, and SNP-UT, containing equal
amounts of conjugated scFv, were incubated 15 min with HER-
2-positive MCE-7 cells.”® Flow cytometry evidenced a right-
shift of fluorescence signal accounting for an increase in scFv
binding efficacy upon multimerization due to SNP conjugation
(Figure 3). Values reported in Figure 3B show a 3-fold increase
in mean fluorescence intensity of SNP-UT sample in
comparison with free scFv at the same scFv concentration.
Moreover, scFv multimerized on SNP via glutaraldehyde cross-
linking (SNP-UT) exhibited a mean fluorescence intensity
value very close to that of intact TZ, indicating that there was a
significant improvement in receptor binding capability, which
can be attributed to avidity effect. However, the conjugation
strategy exploited for scFv multimerization on SNP surfaces
(method 1 vs method 2) did not prove to be crucial in
enhancing scFv binding efficiency. Indeed, SNP-HT and SNP-
UT exhibited similar fluorescence intensities when assessed by
flow cytometry. To account for this unexpected result, we
inspected the localization of lysines in scFv sequence. Multiple
sequence alignment of scFv800E6 with other scFv sequences
available in the NCBI database revealed that all lysine residues
are highly conserved. This clearly indicates that these residues
are not directly involved in HER-2 binding. Instead, quite likely
they only play a structural role. Therefore, an involvement of
this residue in glutaraldehyde cross-linking is not expected to
interfere significantly with HER-2 binding.

Moreover, to exclude the release of scFv from SNP-HT and
assess the stability of this conjugation method, we have
incubated SNP-HT for 1, 4, 24, and 48 h at 37 °C and 5% CO,
atmosphere. Supernatants of incubation were then filtered on
PVDF membrane and probed with an anti-Myc-HRP antibody.
Release of scFv800EG in cell culture medium was not observed
under the conditions tested, confirming that scFv conjugation
on SNP-HT was stable within 48 h of incubation at 37 °C
(Figure 4).

To validate flow cytometry data, the specificity of binding
between SNP-HT or SNP-UT and HER-2 was assessed by
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Figure 3. Multivalent presentation of scFv800E6 onto SNP-HT and SNP-UT enhances binding avidity toward HER-2 receptor. (A) MCF-7 cells
were incubated with scFv (black), SNP-HT (blue), SNP-UT (red), or trastuzumab (TZ; gray continuous) and processed by flow cytometry. ScFv
incubation with HER-2 cells as negative control (gray dashed line). (B) Mean fluorescence intensity (MFI).

SNP-HT

M S1 S4 S24 S48

Figure 4. Stability assay of scFv conjugation on SNP-HT. § ug of scFv
immobilized on SNP-HT was incubated at 37 °C with 0.1 mL of
culture medium. After incubation time, SNP-HT were centrifuged 15
min at 15000 X g at 4 °C and supernatants (S1, S4, S24, and $48)
were filtered on a PVDF membrane. Membranes were then probed
with anti-Myc-HRP antibody and revealed with an ECL substrate. S ug
of scFv immobilized on SNP-HT was used as a positive control. 0.1
mL of culture medium (M) was used as negative control.

confocal laser scanning microscopy (Figure 5). As HER-2 is a
transmembrane receptor, we expected an accumulation of SNP-
HT and SNP-UT at the level of the cell membrane of HER-2-
positive cells only, which would confirm that nanoparticle
capture occurs via specific membrane receptor-mediated
internalization. HER-2 positive MCF-7 cells (Figure 5) were
treated with scFv to assess HER-2 expression and cellular
surface distribution. SNP-HT and SNP-UT were incubated in
parallel with both MCF-7 and MDA cells (Figure 6) at a scFv
concentration of 25 yg mL™" of culture medium for 1 h at 37
°C. In order to discriminate between specific binding to the
membrane receptor and a possible nonspecific adsorption of
SNP, we revealed scFv, SNP-HT, and SNP-UT with FITC-
labeled antiwhole mouse secondary antibodies (green), instead
of exploiting intrinsically fluorescent silica nanospheres
(Figures SA,6A). Nuclei were stained with DAPI (Figures
SB,6B) while membranes were stained with DiD oil (Figures
SC,6C). As expected, both SNP-HT and SNP-UT (Figure SA)
were observed on HER-2-positive MCF-7 cell surface but not
on HER-2-negative MDA cells (Figure 6A), which demon-
strates that they are actually capable of specifically targeting
their transmembrane receptor. Merged images in Figure 5D
also show that SNP-UT and SNP-HT were mostly localized on
cell membrane after 1 h incubation, although a small amount of
nanoparticles were already internalized.

2301

scFvB0E6 SNP-HT SNP-UT

@

D

Figure 5. Assessment of HER-2 target efficacy of SNP-HT and SNP-
UT on HER-2 positive cells. SNP-HT and SNP-UT were incubated
with MCEF-7 cells at a scFv concentration of 25 ug mL™". Free scFv
was used as a positive control. ScFv, SNP-HT, and SNP-UT were
revealed with FITC-labeled antiwhole mouse secondary antibodies
(green, A). Nuclei were stained with DAPI (B), membranes (MB)
with DiD oil (C). Merge images are shown in D. Scale bar: 10 ym.

Bl CONCLUSION

In summary, we present a nanoparticle-based multimerization
strategy aimed at enhancing the functional affinity of scFv
toward cancer cell receptors. So far, the increase in binding
efficiency of an antibody fragment has been primarily obtained
by either chemically linking the individual scFv units or
constructing multivalent variants by connecting antibody
fragment with oligomerization domains. Our strategy lead to
the facile and reliable development of nanoparticles allowing for
multiple presentation of scFv molecules on a rigid nanosized
spherical surface, which proved very effective and selective in
binding the specific transmembrane receptor in living cells, as
assessed by flow cytometry and confocal microscopy. These
results suggest that the use of size- and shape-controlled
inorganic nanoparticles as a multimerization scaffold is capable
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Figure 6. Assessment of HER-2 target efficacy of SNP-HT and SNP-
UT on HER-2 negative cells. SNP-HT and SNP-UT were incubated
with MDA cells at a scFv concentration of 25 yg mL™". ScFv on SNP-
HT and SNP-UT was revealed with FITC-labeled antiwhole mouse
secondary antibodies (green, A). Nuclei were stained with DAPI (B),
membranes (MB) with DiD oil (C). Merge images are shown in D.
Scale bar: 10 ym.

to improve scFv target binding efficacy, reaching an affinity
value very close to that of native TZ, the mAD currently utilized
in clinical practice.

Bl ASSOCIATED CONTENT

© Supporting Information

Experimental details for fully PEG-coated SNP (SPEG), SNP1
and SNP2, scheme of conjugation of SNP-HT and SNP-UT,
determination of amine groups on SNP2, Dynamic Light
Scattering and {-potential measurements. This material is
available free of charge via the Internet at http://pubs.acs.org.
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I. Scheme of synthesis of fully PEG-coated SNP (SPEG).
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I11. Scheme of synthesis of SNP2.
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Scheme S3: Synthetic strategy to SNP2

IV. Determination of amine groups on SNP2.
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Scheme S4: Quantification of amine reactive groups: TBNS assay.

V. Scheme of conjugation of His-tag scFv800E6 (SNP-HT).
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Scheme S5: Synthetic strategy to SNP-HT.
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VI. Scheme of the unoriented conjugation of scFv800E6 (SNP-UT).
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Scheme S6: Synthetic strategy to SNP-UT.

VII. Dynamic Light Scattering and £-Potential measurements.
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Figure S1. Hydrodynamic size distribution histogram of SNP in ethanol (73.3 nm, polydispersity
0.132; dashed line) and in deionized water (133.8 nm, polydispersity 0.232; continous line). The

horizontal scale is semi-logarithmic. SNP (-Potential in deionized water was -35.86 mV (+ 0.64).
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Figure S2. (A) Hydrodynamic size distribution behavior of SNP in deionized water at different
Na* concentrations. SNP hydrodynamic radius was unaltered by the salts concentration. (B) (-
Potential profiles of SNP in deionized water at increasing of Na* concentrations: as expected, Na*
was adsorbed in the liquid hydration sphere of nanoparticles in order to increase solubility of silica
in aqueous medium. The charge became strongly negative at higher concentration of salts (NaCl

10 mM , -55.50 mV + 0.54) which implied an enhanced stability of colloidal suspension. (C)
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Hydrodynamic radius of SPEG at pH 7.0 in deionized water (266.2 nm, polydispersity 0.322) was

unaltered by different Na* concentrations (1 mM to 20 mM). (D) {-Potential profiles of SPEG at
increasing of Na* concentrations (I mM to 20 mM): as expected, Na* was adsorbed in the liquid
hydration sphere of nanoparticles in order to increase solubility of silica in aqueous medium. The
charge became strongly negative at higher concentration of salts (NaCl 10 mM, -52.19 mV + 1.13)
which implied an enhanced stability of colloidal suspension. (E) Hydrodynamic radius of SNP1 at
pH 7.0 in deionized water (435.8 nm, polydispersity 0.325) decreased with increasing Na*
concentrations; at pH 7.0 with 20 mM NaCl SNP1 hydrodynamic radius was 350.2 nm,
polydispersity 0.199. (F) (-Potential profiles of SNP1 at increasing of Na* concentrations. In this
case the charge was similar even at higher concentration of salts (20 mM NaCl, -20.02 mV *
1.78). (G) Hydrodynamic radius of SNP2 at pH 7.0 in water (272.8 nm, polydispersity 0.298) was
unaltered by different Na* concentrations; at pH 7.0 and 20 mM NaCl, SNP2 hydrodynamic radius
was 289.3 nm, polydispersity 0.303. (H) (-Potential profiles of SNP2 at increasing of Na*
concentrations. In this case, the charge was strongly negative at low salt concentrations (2 mM
NaCl, -53.24 mV # 0.70), but at higher concentrations (20 mM NaCl) the charge decreased to -
11.62 mV + 1.10.
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The interaction of highly conserved microbial constituents
with the innate immune system contributes greatly to the
recognition and reaction against intruding pathogens by
mammals. Examples of such microbial constituents include
the lipopolysaccharides (LPSs) and lipooligosaccharides
(LOSs), also known as endotoxin (E), of Gram-negative
bacteria. These potent proinflammatory molecules include a
hydrophilic oligosaccharide chain of variable length and a
hydrophobic, = membrane-anchoring  moiety, termed
lipid A" The interaction of E with cells of the innate
immune system leads to the formation and release of
endogenous mediators, which initiate inflammatory and
immune responses essential for optimal antibacterial
defense." Such a cascade of events is triggered by activation
of the Toll-like receptor 4 (TLR4) by E. This is the last step of
a sequential process of E recognition and interaction with
extracellular and cell-surface host proteins, including LPS-
binding protein (LBP), soluble and membrane-associated
CD14 glycoprotein, secreted and TLR4-associated myeloid
differentiation protein 2 (MD-2), and TLR4 itself."

The amphiphilic character of both LPSs and LOSs results
in the formation of micelles in an aqueous environment above
their critical micellar concentration (CMC; Scheme 1, top).l”)
CMC values between 107* and 107" m for deep rough mutant
LPS Re,'""!" and between 1.3 and 1.6 pm for Escherichia coli
LPS,"” were reported. In balanced salt solutions containing
physiological extracellular concentrations of Mg”* and Ca’",
CMC values of 1 num or lower are likely.!*'¥ From these data
and from the fact that LPS aggregates are usually highly
stable, aggregated forms of LPS should predominate in the
concentration range relevant for biological responses. In
physiological fluids, LPS aggregates were also found as
membrane “blebs”, which are constitutively released from
growing Gram-negative bacteria.”” Transmission electron
microscopy (TEM) revealed that blebs exist predominantly as
vesicles with an average size of 40-80 nm.""

The current view of mammalian LPS sensing and signaling
is that it is initiated by the LBP-catalyzed extraction and
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Scheme 1. LPSs or LOSs either extracted and purified or spontaneously
released from Gram-negative bacteria form large aggregates (micelles,
membrane blebs) in an aqueous environment. LPS-coated magnetic
nanoparticles (LMNPs) mimicking LPS aggregates are obtained by
coating a hydrophobic brush nanoparticle (HBNP) with bacterial LPS.

transfer of an LPS monomer from aggregates''” to CD14!'7]
and subsequent transfer of the LPS monomer from CD14 to
MD-2 or to the MD-2-TLR4 heterodimer.”” While mono-
meric E-CD14 and E-MD-2 complexes are therefore the
proximal vehicles for activation of MD-2-TLR4 and TLR4,
respectively, by E, the preceding interactions of host E-
binding proteins that preferentially interact with E-rich
interfaces and either promote (LBP) or preclude (bacterici-
dal/permeability-increasing (BPI) protein) transfer of E to
CD14 play key roles in determining the potency of TLR4
activation by E."¥ Accordingly, variables in the aggregation
state and the 3D form of E aggregates may directly influence
the kinetics and potency of TLR4 activation and signaling.’)

The design of metal-based nanoparticles that possess a
suitable rigid size-controlled support for the reversible
anchorage of a limited number of E molecules suggests a
novel approach to the development of nanoscale vectors for
delivery of TLR4 agonists. The potential of integrating
inorganic nanoparticles with biomolecular probes has been
demonstrated by the creation of targeted contrast agents for
magnetic resonance imaging achieved by the conjugation of
multiple ligands to iron oxide nanoparticles,'” and by the
development of multivalent magnetic relaxation nanosensors
for the detection of biomolecules, such as DNA and proteins,
and of metabolic activity.”**? An additional advantage of
these particles is the capability of the magnetic core to
facilitate the separation of hybrid nanoparticles after ligand
conjugation.

Herein, we present the synthesis and application of novel
bioactive LPS-coated magnetic nanoparticles (LMNPs).
LMNPs were designed to mimic natural E micelles or
membrane blebs (Scheme 1, bottom) that contain an E-rich
monolayer on the surface with the fatty acyl chains of lipid A
oriented inward away from the aqueous surroundings.

The strategies commonly employed for the stable anchor-
age of organic molecules on the surface of nanoparticles were
not appropriate for our purpose, as they usually involve
irreversible ligand immobilization or nonspecific physical
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adsorption onto the nanoparticle surface. The latter typically
results in a very unstable hybrid system with unregulated
release of the bound molecules and, quite possibly, nonuni-
form arrangement of the bound ligands on the nanoparticle
surface.

To provide nanoparticles that would more likely make
possible the stable and reversible binding of a monolayer of
E monomers, we designed a hydrophobic brush nanoparticle
(HBNP) system with an outer layer of exposed hydrocarbon
chains at the surface (Scheme 1). Spherical HBNPs were
oleylamine-coated iron oxide nanocrystals, for which a tight
control on size and shape could be achieved by wet chemical
synthesis.””) HBNPs were resuspended in hexane and added
to an aqueous dispersion of commercial LPS (from E. coli
055:BS5, Sigma, purified by gel-filtration chromatography) at a
5:1 weight ratio. This biphasic mixture was mildly warmed
(40°C) and sonicated to cause the slow evaporation of the
organic solvent while mixing. This process promoted the
formation of hydrophilic LMNPs with the polysaccharide
chains of LPS forming the outer shell. Of the various buffered
media tested, dispersion of LPS in 50 mm Tris-HCI buffer
with 5 mm ethylenediaminetetraacetic acid (EDTA; pH 7.5)
was optimal for the formation of LMNPs.

LMNP stability was dependent on the reaction time and
on the initial relative concentrations of HBNPs and LPS in
the mixture. These parameters were optimized by monitoring
the hydrodynamic size of
isolated LMNPs and of the a) L-8
supernatant solutions con- 60
taining excess LPS. In the
absence of HBNPs, LPS
micelles had a mean hydro-
dynamic diameter of 80-
100 nm (see Figure S1 in
the Supporting Informa-
tion).

If the coating reaction
with LPS was stopped at
shorter times, larger size N >
distributions of the recov- 00962 8025 oS
ered particles were SR \\Q\;
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S &S @@
) o‘%’o\ o‘%ﬂ\é o‘% Q

N A2
‘3&"1« !,:I«anqh

Figure 1. TEM images of a) HBNPs in hexane and b) LMNPs in
distilled water. Scale bar: 10 nm. c) The upper colored phase is a
HBNP dispersion in hexane, while the lower colorless phase is 16.7 um
LPS in Tris—EDTA. d) LMNP aqueous dispersion after phase mixing
and evaporation of the organic solvent. e) Purification of LMNPs by
magnetic decantation.
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(193 +4) nm. TEM images
of LMNPs in water con-
firmed that the recovered
hybrid nanoparticles  LMNP 4.2 pm for both (a) and (c)).
www.angewandte.org

171

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2. a) LMNP-dependent IL-8 production in HEK-TLR4 cells. b) Measurement of LMNP-induced
activation of the transcription factor NF-kB level in HEK-Blue cells. c) LMNPs do not stimulate IL-8
production in parental HEK cells. d) Comparison of dose-response curves for LPS and LMNPs from data
shown in (a). The results shown represent the mean + standard error of the mean (SEM) of three
independent experiments, each in triplicate. The asterisks indicate a significant statistical difference
(P<0.01; ANOVA, Dunnett’s test) between data in the analyzed group and reference data (LPS 25 pm and
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retained their shape and were generally organized as small
clusters of individual particles after solvent evaporation on
the sample grid (Figure 1a,b). LMNPs prepared with the
described procedure were very stable and could be purified
and isolated by magnetic decantation (Figure 1c-e) without
apparent loss of water stability once resuspended, even after
several purification cycles. Moreover, LMNPs could be stored
at 4°C for longer than 1 month and showed no sign of
aggregation, as determined by dynamic light scattering, and
no degradation in terms of biological activity.

Quantitative evidence of the stability of LMNPs in water
and physiological aqueous environments was obtained from
relaxivity measurements, as the 7, value was almost unvaried
after 2 hours (see Figure S3 in the Supporting Information).
By comparison of the measured 7, with a standard calibration
curve, we could assess the iron content in LMNP dispersions,
which was determined to be 1.35mm Fe. The amount of
bound E was quantified by measuring the bound radioactivity
of purified LMNPs obtained with the described procedure
using tritiated LOS,"™* which yielded an estimate that each
individual LMNP contained an average of 130 E molecules.

The bioactivity of LPS bound to LMNPs was assessed by
measuring the ability of LMNPs to stimulate TLR4-depen-
dent cell activation. Increasing concentrations of LMNPs
(from 4.2 pm to 4.2 nm of nanoparticle-bound LPS) induced a
dose-dependent activation of transformed HEK293 cells
expressing CD14, MD-2, and TLR4, as manifested by
extracellular accumulation of interleukin-8 (IL-8) from
treated “HEK-TLR4” cells (Figure2a) and of secreted
embryonic alkaline phosphatase (SEAP; an NF-kB/AP-1
reporter gene) from treated “HEK-Blue” cells (Figure 2b).
In contrast, LMNPs did not activate the parental HEK293
cells that do not express CD14, MD-2, or TLR4 (Figure 2c¢),
thus confirming that activation of HEK-TLR4 and HEK-
Blue cells by LMNPs was CD14- and MD-2-TLR4-depen-
dent.

To further define the ability of LMNPs to stimulate
TLR4-dependent cellular responses, LMNP-induced activa-
tion of cells of the innate immune system was investigated
using wild-type (wt), CD147", and TLR4~~ murine bone-
marrow-derived dendritic cells (BMDCs) and bone-marrow-
derived macrophages (BMDMs). Cell activation was moni-
tored by the accumulation of extracellular tumor necrosis
factor a (TNF-a) during incubation for 24 hours. As shown in
Figure 3, LMNPs produced dose-dependent activation of
both cell types derived from wt mice. The potency of the
LMNPs was reduced about tenfold toward CD14™'~ cells and
little or no cell activation was induced by LMNPs in TLR4~"~
cells. Thus, activation of BMDCs and BMDMs by LMNPs was
TLR4-dependent and promoted by CD14, consistent with
action of the bound LPS in the LMNPs. This view was further
supported by demonstrating that activation of HEK-Blue
cells by LMNPs could be inhibited by IAXO-101 (Figure 4), a
synthetic glycolipid previously shown to interrupt E-triggered
TLR4 activation by antagonizing the LPS-CDI14 interac-
tion.[lk?j]

To verify that the biological activity observed for LMNPs
was exclusively related to the immobilized E and not
influenced by the inorganic core, we tested LPS-free, water-
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Figure 3. LMNP- and free LPS-mediated activation of BMDCs (left)
and BMDMs (right). Cells of the innate immune system were activated
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release of TNF-ot were measured in the supernatant 24 h later. Data
are means of at least three independent experiments.
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Figure 4. Co-administration of LMNPs (42 ng/mL) and increasing
amounts of IAXO-101 (0-10 um) to HEK-Blue cells. The results shown
represent the mean = SEM of three independent experiments, each in
triplicate. The asterisks indicate a significant statistical difference
(P<0.01; ANOVA, Dunnett’s test) between data in the analyzed group
and reference data (LMNPs alone).

soluble magnetic nanoparticles (MNPs) as a negative control.
To this aim, hydrophobic HBNPs were transferred to aqueous
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solution by ligand exchange with N-phosphonomethyl imino-
diacetic acid phosphonate (PMIDA) to give water-soluble
anionic MNPs (AMNPs),*! which exhibited a zeta potential
of —(254+2) mV, very close to that of LMNPs (—(18+3) mV).
As expected, when treating HEK-Blue cells with AMNPs, no
TLR4-dependent SEAP production was observed.

Comparison of the dose-dependent activation by LMNPs
and by LPS of HEK-TLR4 and HEK-Blue cells (Figure 2)
and of wt and CD14”~ murine BMDMs and BMDCs
(Figure 3) revealed that the LMNPs were about tenfold less
potent than LPS when normalized for the amount of LPS
added. Even at the highest dose tested (4.2 nm), LMNPs had
no detectable cytotoxic effect (see Figure S4 in the Support-
ing Information), which indicated that the reduced potency of
LMNPs in inducing TLR4-dependent cell activation was most
likely due to reduced efficiency of delivery of LPS from
LMNPs (versus aggregates of LPS) to CD14 and to MD-2-
TLR4 and not a general cytotoxic effect of the LMNPs.

In summary, we have developed an efficient and reprodu-
cible synthetic strategy to prepare LMNPs with defined size
and shape. The hydrophobic coating of the spherical HBNPs
has made possible binding of LPS molecules on the nano-
particle surface in an orientation that resembles the natural
presentation of LPS in the outer membrane of Gram-negative
bacteria as well as in aggregates of extracted and purified
LPS. The LMNPs are stable in solution and the LPS is stably
immobilized on the nanoparticles in the absence of suitable
E acceptors. LMNPs trigger cell activation in an LPS- and
TLR4-dependent manner that is promoted by CD14, which
makes it likely that cell activation is dependent on mobiliza-
tion of LPS monomers from the surface of the LMNPs to
MD-2-TLR4. Work is in progress to further investigate the in
vitro and in vivo effects of controlled LPS release from
LMNPs and the possible application of these reagents as new,
nanoparticle-based vaccine adjuvants or immunotherapeu-
tics.
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Materials and methods. All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and

used as received. Water was deionized and ultrafiltered by a MilliQ apparatus from Millipore
Corporation (Billerica, MA) before use. Commercial LPS from E. coli 055:B5 was used as supplied
(Sigma, purified by gel-filtration chromatography). TEM images were obtained by a Zeiss EM-109
microscope operating at 80 kV, available at the “Centro di Microscopia Elettronica per le
Nanotecnologie applicate alla medicina” (CMENA, University of Milan). 7, relaxation times were
acquired at a temperature of 313 K using a Bruker Minispec mq20 system working with 1-H at 20
MHz magnetic field with the following parameters: CMPG sequence, 1000 echoes with a 20 ms
echo time and 2 s repetition time. Samples were introduced using 10 mm NMR tubes wormed in a
thermostatic bath. Dynamic light scattering (DLS) measurements were performed at 90° with a
90Plus Particle Size Analyzer from Brookhaven Instruments Corporation (Holtsville, NY), working
at 15 mW of a solid state laser (A = 661 nm). Zeta-potential measurements were performed on the
same instrument, equipped with a couple of AQ-809 electrodes, and analyses were processed by a
ZetaPlus software. Viscosity and refractive index of pure water were used to characterize the
solvent. Nanoparticles were dispersed in water and sonicated in a SI5SH Elmasonic apparatus (Elma,
Singen, Germany) before analysis. Final sample concentration used for measurements was typically

of 0.01 mg mL™".

Synthesis of surfactant-coated Fe;O, nanoparticles (HBNPs) by thermal decomposition.
Fe(acac); (4 mmol) was dissolved in a mixture of oleylamine (20 mL) and benzyl ether (20 mL).
The mixture was heated at 110 °C under argon flux for 1 h, then refluxed (ca. 300 °C) for 2 h, and
finally cooled to room temperature. Ethanol (100 mL) was added and the black precipitate was
centrifuged. The supernatant was discarded and the product washed several times with ethanol to
remove the unbound surfactant, providing spherical, surfactant-coated magnetite nanocrystals

(HBNPs).

Synthesis of LMNPs by HBNP coating with endotoxin. The following steps were performed
under sterile conditions. HBNPs (100 ug) dissolved in hexane (100 uL) were added to a solution of
endotoxin (500 ug in 1 mL of 50 mm TRIS HCI/5S mm EDTA, pH 7.5). The biphasic mixture was
sonicated for 30 min and then heated without capping at 40 °C until complete disappearance of the
organic layer, obtaining a homogeneous brownish LMNP dispersion. LMNPs were purified by

magnetic decantation and washed several times with freshly prepared sterile PBS (pH 7.4) buffer.
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Figure S1. Hydrodynamic size distribution of LPS micelles (red line) and of purified LMNPs
(black line) in PBS buffer obtained by DLS. The micelles were recovered in the supernatant

solution after magnetic sequestration of LMNPs from the reaction mixture.
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Figure S2. Wide view of TEM image of HBNPs. Bar = 100 nm.
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Figure S3. Time course of 7, values of LMNPs (1.35 mM Fe) as measured by magnetorelaxometry.
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HEK cell activation assay. 293/hTLR4A-MD2-CD14 cells and parental HEK, as negative control,

have been purchased by Invivogen and cultured as described."® For cell activation assays,
293/hTLR4A-MD2-CD14 or parental HEK cells were grown to confluency in 96-well plates. Cell
monolayers were washed twice with warm PBS and incubated 18 h at 37 °C, 5% CO,, and 95%
humidity in 200 pL. DMEM supplemented with LMNP (from 0.0042 nM to 420 nM), and
commercial LPS (from E. coli 055:B5, Sigma) as stimulus and hydrophilic magnetic nanoparticles
(420 nM) as negative control. The final organic solvent (DMSO/ethanol) concentration per well is
less then 0.5%. After the incubation, plates were centrifuged at 1000 rpm for 5 min and
supernatants were collected. Activation of HEK cells was assessed by measuring the accumulation

of extracellular IL-8 by ELISA according to supplier protocol (BD Clontech, Inc., Palo Alto, CA).

HEK-Blue™ assay. HEK-Blue™-4 cells (HEK-BlueTM LPS Detection Kit, InvivoGen) were
cultured according to manufacturer’s instructions. Briefly, cells were cultured in DMEM high
glucose medium supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine, 1X
Normocin™ (InvivoGen), 1X HEK-Blue™ Selection (InvivoGen). HEK-Blue™-4 cells were
detached by the use of a cell scraper and the cell concentration was estimated by using a counting
cell. The cells were diluted in DMEM high glucose medium supplemented with DMEM high
glucose medium supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine, 1X
Normocin™ (InvivoGen), 1X HEK-Blue"™ Selection (InvivoGen) and 200 uL of cell suspension
(20 000 cells) were added to each well. After 18 h incubation at 37 °C in a CO, incubator cells
reached 80% confluency and supernatant removed, cell monolayers were washed twice with warm
PBS without Ca>* and Mg** and incubated 18 h at 37 °C, 5% CO,, and 95% humidity in 200 pL
DMEM supplemented with LMNP (from 0.0042 nM to 420 nM), and LPS,g, (from 0.025 nM to 25
nM, from Sigma-Aldrich) as stimulus and hydrophilic magnetic nanoparticles (420 nM) as negative
control. The plate was incubated 18 h at 37 °C in a CO, incubator. LPS induce TLR4 pathway
activation leading to alkaline phosphatase secretion. After the incubation, plates were centrifuged at
1000 rpm for 5 min and supernatants were collected. SuL of each sample were added to 95 uL. PBS,
pH 8, 0.84 mM pNpp for a final concentration of 0.8 mM pNpp. Plates were incubated for 2 h in the
dark at RT then the plate reading was assessed by using a spectrophotometer set on 505 nm.

DCs and macrophages.

Bone marrow cells from C57BL/ mice were cultured as previously described in: Granucci F,
Vizzardelli C, Pavelka N, Feau S, Persico M, Virzi E, Rescigno M, Moro G, Ricciardi-Castagnoli P
(2001). Inducible 1L-2 production by dendritic cells revealed by global gene expression analysis.

Nat. Immunol. 9:882-8.
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In vitro stimulation assay.

The day of the experiment, cells were seeded in 96-well plates at a concentration of 0.5x10°
cells/mL in 200 pL of complete IMDM + GM-CSF (for BMDCs) or M-CSF (for BM-macrophages)
in presence or absence of free LPS or LMNPs. After 18 h, TNF-a was measured in the colture
supernatant.

TNF-o measurement. ELISA was performed with the DuoSet kits (R & D, Minneapolis, MN).
HEK-Blue™ inhibition assay. HEK-Blue'"-4 cells were seeded in 96-well plate as described in
the previous paragraph. After 18 h incubation media was removed, cell monolayer washed two
times with pre-warmed PBS and 200 pL. of DMEM supplemented with IAXO-101 (1-10 pM) were
added. After 1 h incubation at 37 °C in a CO, incubator + LMNPs (42 ng/mL) were added. After
18 h incubation at 37 °C and 5% CO, plates were centrifuged at 1000 rpm for 5 min and
supernatants were collected. Quantification of alkaline phosphatase in the samples was performed
as described in the previous paragraph.

MTT cell viability assay® (Sigma-Aldrich™). HEK-Blue™, 293/hTLR4A-MD2-CD14 cells
were seeded at a density of 2x10" cells/mL in 100 pL medium (DMEM without red phenol) per
well in 96-well-plate. LMNP was diluted with PBS and added to the cells to yield a final
concentration of 420 nM. 24 h after incubation at 37 °C, the medium was removed, monolayer
washed two times with warm PBS and 100 uL. of DMEM without phenol red + 0.05 mg MTT was
added per well. After 2 h incubation at 37 °C and 5% CO,, formazan crystals were dissolved by
adding 100 pL of MTT solubilization solution (anhydrous isopropanol 0.1 N HCI with 10% Triton
X-100). Formazan concentration in the wells was determined measuring the absorbance at 570 nm.
As positive control for cytotoxicity (C+), we set up triplicate wells containing cells treated with a

compound known to be toxic to the cells.
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Figure S4. 293/hTLR4A-MD2-CD 14 cells viability in presence of 4.2 uM of LMNP. As a positive

control was used highly concentrated DMSO as a positive control (column C+).
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primary goal in cancer diagnostics is
Ato develop molecular contrast agents

that identify the presence of a malig-
nant tumor at early stages, track possible
migration of tumor cells, and monitor tumor
response to surgical or pharmacological
treatments.' > 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.® 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).® 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.®’

A broad range of new synthetic strategies
for iron oxide nanoparticles have been re-
ported, enabling fine-tuning of size, shape,
and magnetic properties.® 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,

CORSI ET AL.

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-engi d fl

9 El

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

neoadjuvant therapy of cancer.

KEYWORDS: magnetic nanoparticles - breast cancer - tumor targeting - imaging -
ligand—receptor recognition - theranostic agent

which is essential for optimizing the target-
ing efficiency toward cell receptors.”~'2 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.'*'* 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,'® the molecular features of the
interaction of hybrid nanoparticles with cells
and tissues in vivo remain unexplored. In
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Scheme 1. Step sequence for the preparation of TMNC.

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.'®'”

Recently, we have designed a versatile molecular
nanohybrid suitable for site-specific immobilization of
antibodies.'® 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.'**°

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 found broad interest
for application in cancer diagnosis and as carriers of
chemotherapeutic agents for the treatment of malig-
nant tumors.2' 2> 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.

CORSI ETAL.

RESULTS AND DISCUSSION

Optimization of TMNC Synthesis for /n 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 2,2’-(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
Cyss-ended single-domain variant of protein A (spaBC3),
capable of capturing IgG molecules by strong binding
with their Fc fragment.'® 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 cm of diameter, 5 ug/g body weight
of AF660-TMNC was injected in mice by the tail vein,
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Figure 1. Monitoring of TMNC uptake in vivo by MRI. The
axial T,-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
T>-mapping sequence, were acquired at 32.2 ms echo
time.
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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. T,-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 T,* 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
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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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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.

S3). Next, epifluorescence (Epf) images of supine mice,
obtained with a CCD camera (IVIS Lumina Il, 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 the mean
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.?* 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

CORSI ETAL.

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.*® 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.?® 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.
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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.

Mechanism of TMNC | 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.”* However, we
were interested in investigating the nanoparticle dis-
tribution under normal blood flow conditions, which

CORSI ET AL.
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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 3-+) 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 2+) or focal (panels c and d, score 1+) weak
pattern of distribution in the tumor at 5 h, 24 h, and 1 week,
respectively. H ylin counterstaining, OM 40x.

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.?’
Hence, to appreciate the impact of TMNC accumula-
tion in a particular tissue, the detected T, 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
postinjection was inferred by the increase in 1/T, of this
sample, remarkably higher than the control. The gra-
dual increment in 1/T, 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 analyses of 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.'® The localization
of AF660-TMNC was determined 5 h after injection, which
corresponded to the time of maximal fluorescence in
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Figure 6. Confocal laser scanning micrographs (single optical sections) of cryosections obtained from MCF-7 tumors at5 h, 24 h,
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 um.

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 um (a,c,d,e), 100 nm
(b and insets).

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 to MCF-7, and
the averaged Epf intensity of the isolated MDA tumor
was significantly lower (P < 0.05 by Student's t-test)
than that measured in MCF-7 tumors, although the bio-
distribution of TMNC in the two experimental models
was comparable (Figures S5 and S6). Moreover, the

CORSI ET AL.

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 itis 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.?® 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 in more than 60% of the neoplastic
cells (immunohistochemical score, IHC, +++). 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 (IHC-+). Only a small percen-
tage of the neoplastic elements were scored as c-erb-2
IHC++ (weak yet complete membrane staining). At 24 h
and 1 week (Figure 5¢,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 (IHC+). 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.”

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
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Figure 8. Averaged epifluorescence i 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. Hi al ysis of tissue ples. No hi

gical 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 20x.

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

CORSI ET AL.

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
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internalization (Figure 7b). After 24 h, TMNC was re-
covered inside the cytoplasm, compartmentalized in
endosomes (Figure 7¢) and lysosomes (Figure 7d),
suggesting that it was subjected to a typical endocytic
pathway upon incorporation by the cell.*° The pres-
ence of TMNC in lysosomes clearly indicates that the
degradation of nanocomplexes began within 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 Epfimages of liver, kidneys, spleen, and lungs were
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 organ was performed by measuring 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/T,
compared to the respective controls (Figure 8c). On one
hand, the increase over time in the liver of magnetically
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.>*? On the other hand, the gradual
decrease of 1/T, 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.>* 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
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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 T, 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.3*3°
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,®
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 electron microscopy, 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

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.'® 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.’” 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 2,2’-(ethylene-
dioxy)bisethylamine (EDBE, 284 xL) 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
PEGs00-SH. Trastuzumab was labeled with AlexaFluor660 dye
(Invitrogen, Carlsbad, CA) according to manufacturer'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 Ul mL™"), and streptomycin (50 mg mL™")
at 37 °C under a humidified 95%:5% (v/v) mixture of air and CO,.
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), .-glutamine
(2 mM), penicillin (50 Ul mL™"), and streptomycin (50 mg mL ")
in the same condition of growth. Eight week old female Balb/c
nude mice were anesthetized by i.p. injection of 20 mg mL ™" 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 x 10° cell for
each animals) were suspended in growth medium and mixed
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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.

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 per week, 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) equipped with
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 N,0/O,
(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. T,-weighted images (Coronal;
RARE factor=8, TR=2s, TE = 34.8 ms, inter echo time = 11.6 ms,
FOV =4 x 3.4 cm?, data matrix 300 x 256, slice thickness =1 mm,
trigger on with respiration gate = 2 s, NA = 8) were acquired to
visualize anatomical details (liver, kidneys, bladder, tumor). T,*
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 x 3 cm?, data matrix 256 x 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 x 2.2 cm?, data matrix 256 x 256, slice thickness =
1 mm, NA = 1) were acquired to visualize the susceptibility
artifacts due to the presence of iron. To obtain T, and T,* map,
MSME and MGE sequences were carried out, respectively
(MSME, axial, TR = 3.2 5, numbers of echoes = 20, echo spacing =
10.7 ms, FOV = 2.2 x 2.2 cm?, data matrix 256 x 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 =22 x 2.2 cm? data matrix 256 x 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 /n 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 uL
of AF660-TMNC, 0.4 mg/mL was injected (5 ug/g body weight).
Fluorescence imaging was performed on a IVIS Lumina Il 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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20 mgmL~" 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 20 min 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
(0.32 M sucrose, 100 mM hepes, 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).

T, Measurements of Lysates. 7, relaxation times were per-
formed at a temperature of 313 K using a Bruker Minispec
mq20 system (Ettlingen, Gerrmany) working with 'H 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 T, measurements, lysates
were diluted at a concentration of 1.5 mg mL~" and introduced
using 10 mm NMR spectroscopy tubes prewarmed at 40 °C. T,
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 x 5'). Inmunohistochemistry
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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Figure S1. Transmission electron micrograph of TMNC.
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Figure S2. 7,* map of the tumor region of the mouse undergone MRI examination (a) before and

(b) 24 h after the TMNC injection.
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Figure S3. Monitoring of PEG-coated MNCs uptake in vivo by MRI. The axial T>-weighted MR

images have been obtained from a MCF-7 tumor-bearing mice (a) before and (b) 24 h after the
injection of nanocrystals. No differences were found in treated mice with respect to control. The

images, obtained by a T>-mapping sequence, were acquired at 10.7 ms echo time.
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Figure S4. Fluorescence intensity (a) and inverse relaxation time (b) of the lysates of MCF-7 tumor
isolated from perfused mice at 5 h, 24 h and 1 week postinjection of AF660-TMNC. Mean + S.E. of

3 different samples.
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Figure S5. Averaged epifluorescence intensity of isolated tumor, liver, kidneys, spleen and lungs,

isolated from MDA bearing mice. Mean + S.E. of 3 different samples for each experimental model.
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Figure S6. CCD camera images of liver, kidneys, spleen and lungs isolated from MCF-7 bearing
mice at 5 h (a), 24 h (b) and 1 week (c), and from a MDA bearing mouse at 5 h (d) postinjection of
AF660-TMNC. Epi-fluorescence intensity images and spectrally unmixed fluorescence images are

reported on left and right, respectively.
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Figure S7. Inverse relaxation time of the lysates of liver, kidneys, spleen and lungs isolated from

MCF-7 bearing perfused mice at 5 h, 24 h and 1 week postinjection of AF660-TMNC. Mean + S.E.

of 3 different samples.
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Table S1. Effect of AF660-TMNC on the level of aspartate transaminase (AST), alanine
transaminase (ALT), urea and creatinine in serum extracted from mice at 5 h, 24 h and 1 week

postinjection.

5h 24 h 1w
ctrl treated ctrl treated ctrl treated
ALT 7.57+£3.38 42.99+14.27 11.97+1.43 24.40+4.89 107.06+43.30  67.71+19.35
AST 52.60+2.43 154.83+25.38*  58.88+8.24  131.98+43.59 315.99+128.39 284.48+54.15
urea 90.45+0.09 175.43+25.36* 113.24+15.08 109.50+12.48 63.80+1.67 83.78+7.70
creatinine 0.23+0.07 0.40+0.01 0.51+0.03 0.52+0.01 1.01£0.06 0.91£0.04

*P < 0.05, by Student’s 7-test (Mean + S.E. of 3 different replicates)
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Site-Specific Conjugation of ScFvs Antibodies to Nanoparticles by
Bioorthogonal Strain-Promoted Alkyne-Nitrone Cycloaddition**

Miriam Colombo, Silvia Sommaruga, Serena Mazzucchelli, Laura Polito, Paolo Verderio,
Patrizia Galeffi, Fabio Corsi, Paolo Tortora, and Davide Prosperi*

Hybrid multifunctional nanoparticles (MFN), which combine
unique superparamagnetic properties and fluorescence emis-
sion, have been envisaged as promising bimodal tracers for
noninvasive diagnosis of cancer both in vitro and in vivo."
The design of ideal targeted MFN (TMFN) needs careful
optimization of fundamental features including uniform size
and shape,”! surface charge,” optical and magnetic proper-
ties,™* and efficient functionalization with suitable homing
ligands'™""! to improve the signal amplification and target
selectivity toward malignant cells. When the ligands are
complex molecules, such as proteins, their proper orientation
on the surface of nanoparticles becomes a crucial factor for
maximizing the affinity for their molecular counterparts.!>4
In this context, copper-catalyzed azide-alkyne cycloaddition
(CuAACQ), is gaining attention as a versatile strategy for
protein immobilization on iron oxide nanoparticles."") How-
ever, CuUAAC requires metal catalysts and these are toxic to
cells and unsuited for several kinds of proteins."* In light of
this severe limitation, the bioorthogonal conjugation, which
aims at avoiding the use of unsafe promoters, is rapidly
becoming popular."””) The main advantages of this approach
are speed, efficiency, and biocompatibility. The strain-pro-
moted azide-alkyne cycloaddition (SPAAC) modification of
CuAAC, in which the terminal alkyne is replaced by a highly
reactive cyclooctyne, does not require Cu' catalysis and has
provided excellent results both in solution and in living
cells.”™?! The kinetics of the reaction can be improved by
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introducing electron-withdrawing substituents adjacent to the
triple bond of the ring-strained cyclooctyne.””! However,
problems still arise when a site-specific attack to a selected
amino acid residue under physiological conditions is desired.
The attempts so far have mainly followed genetic encoding or
metabolic labeling strategies, in which non-natural amino
acids bearing an alkyne or azide functionality can be
introduced artificially in the peptide sequence.™ ! However,
these methods suffer from poor generality and involve
complicated and laborious procedures, which are not acces-
sible in most laboratories.

Recently, an elegant variant to SPAAC has been pro-
posed, which replaces the azido functionality with a nitrone
group.” Termed strain-promoted azide-nitrone cycloaddi-
tion (SPANC), this reaction was fast and high-yielding with
several molecular species, including peptides,”” and entire
cells,” provided that an accessible nitrone group could be
incorporated in the molecular architecture.

We have recently reported the production of a scFv
variant (scFv800E6) of the anti-HER2 antibody in Pichia
pastoris.”’! There is a growing interest for scFvs due to the
high target selectivity and reduced immunogenicity compared
to whole antibodies.””) Herein, we explore the potential of the
SPANC reaction for site-specific bioengineering of MFN with
recombinant scFv bioligands and demonstrate the potential of
the resulting targeted MFN (TMFN) in selectively binding to
HER?2 breast cancer cell receptors.

In principle, the SPANC reaction seems particularly well
suited for the immobilization of scFv antibodies on nano-
particles, as 1) it prevents homodimer formation, which is
common in thiol-based ligations; 2) the introduction of a
serine at the peptide N-terminus, which can be easily
accomplished by genetic engineering, leads to one single
nitrone species; 3) the conjugation through the N-terminal
residue is expected not to interfere with the affinity toward
HER?2. Indeed, N-terminal serine is located sufficiently far
from the antigen-binding site of the peptide. Details on
homology modeling of the N-terminal serine mutant of
scFvB00EG6 (scFvl) are included in the Supporting Informa-
tion. Serine was inserted during gene amplification by the
polymerase chain reaction (PCR), cloned in pPICZa and
transformed in P. pastoris. ScFvl was obtained with a C-
terminal c-myc epitope, 6 x His-tag, and purified by a single-
step purification method on a Ni-NTA agarose affinity
column in 2.5 mgL " yields.

Ligand L1 (Scheme 1), containing a 4-dibenzocycloocty-
nol derivatized with a SH-terminated poly(ethylene glycol)
[with a molecular weight of 5000] (PEGs,) carbamate linker,
was synthesized in seven steps according to the procedure
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surement  of  pyridine-2-thione

released upon binding. MFN2 were

60+3nm in size, as measured by
b,¢) dynamic light scattering (DLS) in
phosphate buffer saline (PBS, pH
7.4) at 5pgmL~', with a € potential
of —38 +6 mV, and exhibited a max-
imal fluorescence emission at
515nm. Even after reaction with
L1, MFN2 were completely stable
in PBS giving a clean solution.
MFN2 were subjected to a one-pot
SPANC reaction sequence. Unfortu-
nately, the original procedure caused
nanoparticle agglomeration, which
forced us to adjust the reaction
conditions. ScFvl (2.0 equiv) was

(MFN1A) diluted 1:1 in 0.1M ammonium ace-
tate buffer, pH 6.9, and incubated at
oleylamine 25°C for 1 h with sodium periodate

(2.0 equiv), leading to the oxidation
of the N-terminal serine. The result-
ing aldehyde was immediately
treated with excess p-methoxyben-
zenethiol (13.0 equiv, 1h) followed
by p-anisidine (18.6 equiv, 15 min).
Next, MFN2 (1.0 equiv) and N-
methylhydroxylamine hydrochloride
(18.6 equiv) were added, incubated
1h at room temperature and left
overnight at 4°C, leading to TMFN.
The excess scFvl was removed by
centrifuge-assisted ~ dialysis  using
100 kDa pore Amicon filters at
3500 rpm. The concentrated TMFN
solution was washed two times in the
same way, then recovered and

Scheme 1. Synthesis of TMFN, see text for details. a) FITC-PMA; b) EDBE, EDC-HCI, 2 h, room
temperature; c) SPDP, 4 h, room temperature; d) L1, 2 h, room temperature; e) scFv1, 1 h, room
temperature, 14 h at 4°C. FITC=fluoresceine isothiocyanate, SPDP = N-succinimidyl-3-[2-pyridyldi-
thio] propionate, VL =variable light chain, VH =variable heavy chain (VH and VL are variable heavy

and light region of 1gG molecules, respectively: VH + VL + linker = scFv).

described in the Supporting Information. Highly uniform
magnetite nanocrystals (MNC, 7.5+0.5nm) coated with
oleylamine surfactant were obtained by solvothermal decom-
position in organic solvents.*! Nanoparticles were transferred
to the water phase by mixing with an amphiphilic polymer,
obtained by condensation of poly(isobutylene-alt-maleic
anhydride) and dodecylamine (PMA),®? which was previ-
ously reacted with fluoresceinamine, resulting in the highly
stable, dispersible, and fluorescent MFNI1. MFN1 were
functionalized with amino groups using the bifunctional
linker 2,2-(ethylenedioxy)bis(ethylamine) (EDBE). L1 was
linked to the amines generated on the polymer envelop by
activation with thiol-reactive N-succinimidyl-3-[2-pyridyldi-
thio] propionate to give MFN2 (Scheme 1). We estimated an
average of 20 L1 molecules per nanoparticle by UV mea-
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diluted to a 7 mgmL~" stock solution
in PBS. An aliquot was drawn, and
the presence of scFvl on TMFN was
cross-checked by dot-blot analysis.
The final hydrodynamic size of
TMEN in PBS was 158 +7 nm with
a {potential of —47+4mV, con-
firming an increase in size after protein conjugation.

TMEFN were assessed by flow cytometry to evaluate their
affinity and target selectivity in labeling MCF7 breast cancer
cells expressing HER2 membrane receptor. TMFN were
incubated in parallel for 1 h with HER2-positive (HER2")
MCF7 cells at two different concentrations (20 pgmL™" and
100 pgmL~", respectively) and with HER2-negative (HER2")
MDA cells (100 pgmL™"). Flow cytometry showed a remark-
able right shift of fluorescence signal for both TMFN
concentrations with HER2" cells, which was not observed
with MDA cells (Figure 1). Values in Figure 1 show a
remarkable increase in mean fluorescence intensity of
100 ygmL™" TMFN in comparison with the 20 pgmL™'
sample, while the latter exhibits a population at low inten-
sities, which is accounted for by the presence of residual

Angew. Chem. Int. Ed. 20m, 50,15
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500 specific membrane receptor interaction). HER2™ cells
showed only membrane staining (B and D). TMFN bound
to MCF7 membrane could not be displaced by free scFvl
even at threefold concentration, confirming our previous
evidence that multiple scFv presentation on spherical nano-
particles improves significantly the antigen recognition.*!
To evaluate the potential of TMFN as magnetic contrast

Counts

100 100 agents in living cells, we performed a set of 7, relaxation
Log fluorescence intensity experiments on MCF7 and MDA cells. Two MCF7 and two
MDA cell cultures (1 mL) were treated with 20 pg and 100 pg

0+ -
10° 10 102

Figure 1. MCF7 cells were incubated 1 h at 37°C with 20 pgmL™" (gray
line) and 100 pgmL " (black line), respectively, of TMFN. As a negative
control, MDA cells were treated with TMFN (dashed line).

3000
= NT
a ® 0.02 mg mL"
unlabeled cells. These results suggest that TMFN accumulate 0.1 mg mL*
selectively on MCF7 cells and that TMFN-HER?2 recognition » 250041
is concentration dependent. The specificity of binding E
between TMFN and HER2 was validated by confocal laser ~" 20004
scanning microscopy. MCF7 and MDA cells were both
treated with TMFN (100 pgmL ") and, in parallel, with dye- -
labeled scFvl (20 pgmL ‘). As HER2 is a transmembrane 1500 + S )
receptor, we observed accumulation of both TMFN and scFv1 MCF7 MDA

at the cell membranes of HER2" cells only (Figure 2 A and C,  Figyre 3. Relaxivity measurements on treated and untreated (NT,
respectively, green). Figure2 panels N and O showed  controls) MCF7 and MDA cells. Data are the mean +S.E. (standard
membrane colocalization (orange), which confirmed that error) of three different relaxivity measurements. T, values refer to
nanoparticle capture by cells was actually mediated by 5x10° cells after incubation with different concentrations of TMFN.

TMEN, respectively, for 3 h at 37°C. The cells were
washed with PBS, fixed with 2.5% buffered gluta-
raldehyde, and eventually resuspended in PBS, at a
final concentration of 5x10°cellsmL™'. The
treated samples as well as unlabeled MCF7 and
MDA cells (controls) were analyzed by relaxomet-
ric measurements. All the treated MCF7 cells
exhibited a significant dose-dependent fall in 7,
compared to the control, confirming the capture of
paramagnetic iron by cultured cells (Figure 3). As
expected, cells treated with 100 ug TMFN exhib-
ited greater fall in 7, (relaxivity enhancement)
compared to 20 ug TMFN, suggesting a dose-
dependent nanoparticle capture. In contrast,
MDA cells did not provide evidence of 7, decrease
attributable to the interaction with TMFN at all the
concentrations tested.

Finally, we investigated the cellular toxicity and
cell proliferation of TMFN. TMFN were found to
be nontoxic at 20 and 50 pgmL~" in MCF7 after
24 h of exposure, while induced about 15 % mortal-
ity at 100 ugmL~', probably due to the high
particulate concentration in suspension. No differ-
ences were observed between untreated and
TMFN-treated cells in terms of proliferation.
Figure 2. HER2" cells (MCF7: A, E, K, N) and HER2 cells (MDA: B, F, |, O) were Altogether, these experiments suggested a good
incubated for 1 h at 37°C with TMFN (100 pgmL™"). ScFv1 incubation with MCF7
and MDA cells was used as positive (C, G, L, P) and negative controls (D, H, M,
Q), respectively. Then cells were fixed and ScFv1 was revealed by a FITC-conjugated 2 < a0
antibody to whole murine 1gG (C, D). Nuclei were stained with DAPI (blue: E, F, G, promoted azide-nitrone cycloaddition (SPANC)
H) and membranes were stained with DiD oil (red: K, I, L, M). Merged images are  allowed for the rapid and effective conjugation of
shown in panels N, O, P, and Q. Scale bar=10 pm. proteins on nanoparticles functionalized with

profile of safety in cultures for TMFN.
In summary, we have demonstrated that strain-
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cyclooctyne ligands under mild conditions, provided that a N-
terminal serine residue was introduced by molecular engi-
neering. In particular, the application of SPANC to a scFv
antibody against HER2 tumor marker resulted in its prompt
immobilization on multifunctional nanoparticles (MFN),
leading to water-stable bioengineered targeted MFN
(TMFEN), which exhibited a complete conservation of protein
effectiveness in selectively targeting HER2 receptor in living
cells. As the structural motif of scFv fragments is highly
conserved,™ and other kinds of nanoparticles can be
modified identically with the same polymer used herein,*!
this approach is expected to be of general utility and may
become a universal strategy for the development of a new
generation of targeted nanoparticles.
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Materials and methods. All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and
used as received. Water was deionized and ultrafiltered by a MilliQ apparatus from Millipore
Corporation (Billerica, MA) before use. Transmission electron microscopy (TEM) images were
obtained by a Zeiss EM-109 microscope operating at 80 kV, available at the “Centro di
Microscopia Elettronica per le Nanotecnologie applicate alla medicina” (CMENA, University of
Milan). 7 relaxation times were acquired at a temperature of 313 K using a Bruker Minispec mq20
system working with 1-H at 20 MHz magnetic field with the following parameters: CMPG
sequence, 1000 echoes with a 20 ms echo time and 2 s repetition time. Samples were introduced
using 10 mm NMR tubes wormed in a thermostatic bath. Dynamic light scattering (DLS)
measurements were performed at 90° with a 90Plus Particle Size Analyzer from Brookhaven
Instruments Corporation (Holtsville, NY), working at 15 mW of a solid state laser (A = 661 nm).
Zeta-potential measurements were performed on the same instrument, equipped with a couple of
AQ-809 electrodes, and analyses were processed by a ZetaPlus software. Viscosity and refractive
index of pure water were used to characterize the solvent. Nanoparticles were dispersed in the
solvent and sonicated in a S1SH Elmasonic apparatus (Elma, Singen, Germany) before analysis.

Final sample concentration used for measurements was typically of 5 ug mL™".

Synthesis of surfactant-coated Fe;O, nanoparticles (MNC)." Fe(acac); (4 mmol) was dissolved
in a mixture of oleylamine (20 mL) and dibenzyl ether (20 mL). The mixture was heated at 110 °C
for 1 h under argon, then refluxed at 300 °C for 2 h, and then cooled to room temperature. Ethanol
(100 mL) was added and the black precipitate was centrifuged. The supernatant was discarded and
the product washed several times with ethanol to remove the unbound surfactant. The resulting

oleylamine-coated magnetite nanocrystals were dispersed in chloroform (MNC).

Synthesis of PMA-coated fluorescent Fe;O, nanoparticles (MFN1). To a 0.5 M PMA"® in CHCI,
(5 mL) was added 1.0 M fluoresceinamine (0.5 mL in DMSO) and the mixture was left overnight at
room temperature. An aliquot of this solution (63 uL) was added to MNC (4.6 mg in CHCl,), the
mixture was homogenized and the solvent was then evaporated at reduced pressure. Sodium borate
buffer (SBB, pH 12, 10 mL) was added obtaining clean nanoparticle dispersion (MFN1), which was
concentrated in Amicon tubes (filter cutoff 100 kDa) by centrifuging at 3500 rpm for 1 h. Finally,
MEFEN1 were washed two times diluting with SBB in the same way and concentrated (each

centrifuge cycle was 20 min at 3500 rpm) to a final volume of 200 uL.
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Synthesis of L1-functionalized fluorescent Fe,;O, nanoparticles (MFN2). The MFNI1 solution
(200 uL), was reacted with 0.1 M EDC (18 uL) for 2 min, then 0.05 M 2.2-
(ethylenedioxy)bis(ethylamine) (EDBE, 9 uL in deionized water) was added and stirred for 2 h.
Next, the nanoparticle dispersion was concentrated and washed two additional times with water as
described above. Nanoparticles were shaken for 4 h in the presence of N-succinimidyl-3-[2-
pyridyldithio]-propionate (SPDP, 690 mL, 10 mg mL™" in DMSO), concentrated and washed two
times with water. Finally, L1 (6.75 mg) was added, the mixture was shaken for 2 h at room
temperature and the nanoparticle suspension (MFN2) was concentrated at 3500 rpm for 10 min and
washed. The supernatants were analyzed by UV and the absorbance was read at 343 nm affording

the concentration of released pyridine-2-thione to determine the amount of bound L1 on MFN2.

Synthesis of TMFN by SPANC reaction of MFN2 and scFv1. ScFv1 (92 nmol in 1 mL PBS) was
diluted with 0.1 M ammonium acetate buffer (pH 6.9, 1 mL) and incubated at 25 °C for 1 h with
sodium periodate (20 ng, 92 nmol), subsequently treated with p-methoxybenzenethiol (84 ug, 598
nmol, 1 h) followed by p-anisidine (106 ug, 857 nmol, 15 min). Next, MFN2 (46 nmol) and N-
methylhydroxylamine hydrochloride (72 ug, 857 nmol) were added, incubated 1 h at room
temperature and left overnight at 4 °C (TMFN). The excess scFvl was removed by concentration at
3500 rpm 100 kDa Amicon filters. The concentrated TMFN solution was washed two times in the

same way, then recovered and diluted to a 7 mg mL~" stock solution in PBS.
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Procedure for the synthesis of ligand L1.

CH
HaC-g. 3;
X" CHO I A~ /\/\
2 N Ol o
> NS yZZ
CHCl3 NN
4°C, 1 week 1

2,3:6,7-Dibenzo-9-oxabicyclo[3.3.1|nona-2,6-diene (1).""!

In round flask was added phenylacetaldehyde (2.5 g, 20.8 mmol) dissolved in freshly distilled
chloroform (10 mL). The flask was keeped under inhert gas atmosphere and cooled in an ice bath.
Distilled trimethylsilyl iodide (3.5 mL, 25 mmol) was added to this solution and the reaction was
vigorous stirred at 4 °C for 1 week. After warming the reaction to room temperature, the reaction
was quenched with 1 M sodium thiosulfate in water (20 mL) and diluted with dichloromethane (20
mL); the two-phase mixture was stirred until the iodine color disappeared. The organic phase was
separated and dried over anhydrous Na,SO4 and the solvent was evaporated in vacuo. The crude
product was purified by silica gel column chromatography eluting with chloroform to afford the
white crystalline ether 1 (695 mg, 3.16 mmol, 32%). 'H-NMR analyses were consistent with data

reported in reference!..

OH
8 NS n-BuLi
[ o ] @(
SN Pz
/ n-Hexane
r.t., 4h
1 2

3-Hydroxy-1,2:5,6-dibenzocycloocta-1,5,7-triene (2).[4]

The reaction was keeped under inhert gas atmosphere. To a solution of the ether 1 (2.0 g, 9.0 mmol)
in anhydrus THF (60 mL), was added dropwise a solution of n-butyllithium 2.44 M in n-hexane
(7.4 mL, 18 mmol). The reaction was stirred at room temperature for 4 h. Subsequently, the mixture
was quenched by slowly addition of water and then extracted with chloroform (2 x 50 mL). The
combined organic layers were washed with brine (50 mL), dried over anhydrous Na,SOs, and the
solvent was evaporated to give the crude product. The compound was purified by silica gel column
chromatography, eluting first with chloroform, to remove impurities and later with ethyl acetate to
afford the pure alcohol 2 (1.95 g, 8.77 mmol, 97 %). "H-NMR analyses were consistent with data

reported in referencel®.
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OH H,C  CH, OTBS
— HaC——Si-Cl
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2 r.t., 6h 3

3-tert-Butyl-dimethylsilyl-oxy-1,2:5,6-dibenzocycloocta-1,5,7-triene (3).[5]

To a solution of 2 (1.1 g, 5 mmol) in a mixture containing dichloromethane (10 mL) and pyridine
2.5 mL) was added tert-Butyl dimethyl silyl chloride (1.5 g, 10 mmol) under vigorous stirring. The
mixture were stirred for 6 h at room temperature; later, the reaction was diluted with water (10 mL)
and extracted with dichloromethane (20 mL). The organic layer was then washed with water (15
mL) and brine (15 mL) and dried over anhydrous Na,SOs. The solvent was evaporated in vacuo and
the crude product was purified by silica gel column chromatography eluiting with hexane/ethyl
acetate, 7:1 v/v, to gain 3 (1.5 g, 4..4 mmol, 87%). 'H-NMR analyses were consistent with data

: 5
reported in reference”’.

OTBS
Bromine sol. o~

OH

/\/K/\ AN

X )\4 > N =
rt., 12h Br  Br

3 4

3-Hydroxy-7,8-dibromo-1,2:5,6-dibenzocyclooctene (4).[5 ]

To a solution of 3 (840 mg, 2.5 mmol) in chloroform (15 mL) was added dropwise at 0 °C a
mixture of bromine (400 mg, 2.5 mmol) in the same solvent. The mixture was left under stirring at
room temperature for 10 h monitoring the reaction by TLC, hexane/dichloromethane, 7:1 v/v. At
the end of the reaction, the organic phase was washed with saturated aqueous sodium thiosulfate
solution (8 mL), and dried over anhydrous Na,SO,. The organic layer was collected and the solvent
was evaporated in vacuo; finally, the crude product was purified by silica gel column
chromatography eluting with hexane/dichloromethane, 7:1 v/v, to obtain 4 (573 mg, 1.5 mmol,

60%). "H-NMR analyses were consistent with data reported in reference!®!.
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OH OH
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Br  Br rt., 2h
4 5

3-Hydroxy-7,8- didehydro-1,2:5,6-dibenzocyclooctene (5).[5]

Under inhert gas atmosphere, 4 (573 mg, 1.5 mmol) was dissolved in tetrahydrofuran (25 mL) and
to this solution was added dropwise lithium diisopropylamide 2.0 M in tetrahydrofuran (2.5 mL, 5
mmol). The reaction was vigorous stirred for 3 h at room temperature, after which this solution was
poured into ice water (25 mL); the mixture was extracted with dichloromethane (2 x 50 mL) and the
combined organic layers were then washed with water (40 mL) and brine (40 mL), then dried over
anhydrous Na,SO, and the solvent was eliminated in vacuo. The crude product was purified by
silica gel column chromatography eluting with hexane/ethyl acetate, 5:1 v/v, to obtain § (147 mg,

0.67 mmol, 45%). "H-NMR analyses were consistent with data reported in reference!®’.

O,N

0]

0 O4\0
SN pyiidine, CHiCly SN
5 rt., 4h 6

Carbonic acid 7, 8- didehydro-1,2:5,6-dibenzocyclooctene-3-yl ester 4-nitrophenyl ester (6).”

The product 5 (110 mg, 0.5 mmol) was dissolved in dichloromethane (15 mL) and then, to this
solution, was added 4-nitro-phenyl chloroformiate (0.2 g, 1 mmol) and pyridine (0.2 mL, 2.5
mmol). The reaction was stirred vigorously for 4 h at room temperature and later it was washed
with brine (2 x 5 mL); the organic layer was dried over anhydrous Na,SO4 and the solvent was
evaporated in vacuo. The crude product was purified by silica gel column chromatography eluting
with hexane/ethyl acetate, 10:1 v/v, to gain 6 (173 mg, 0.45 mmol 89%). 'H-NMR analyses were

consistent with data reported in reference!.
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11,12-Didehydro-5,6-dihyrdodibenzo|a,e][8]annulen-5-yl thiolPEGsgg-1-ylcarbamate (L1).
For the synthesis of L1 was followed a procedure reported in literature with minor modification.
Briefly, to a solution of 6 (2.3 mg, 6 umol) in dichloromethane (300 pL), were added Et;N (1.5 pL,
10 pmol) and HS-PEGsg00-NH: (10 mg, 2 umol). The reaction was stirred overnight in the orbital
shaker at room temperature; then, the mixture was diluted with dichloromethane (5 mL) and washed
with deionized water (1 mL). The organic phase was again washed with HCl 1 M (1 mL), water (1
mL) and brine (1 mL) and then dried over MgSO,4. The product was concentrated under reduce
pressure and then precipitated with cold Et,O (10 mL); L1 was washed several times with Et,O to
remove the unreacted reagents and finally dried in vacuo. "H-NMR (400 MHz, CDCl;), &: 7.53-7.50
(m, 1H), 7.36-7.29 (m, 7H), 5.59 (br s, 1H), 5.47 (br s, 1H), 3.80-3.50 (m, PEG H signals), 3.38 (m,
2H), 2.90 (m, 1H), 2.70 (br. s, 1H).
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Dynamic light scattering measurements.

Viscosity and refractive index of water were used to characterize the solvent. MNF2 and TMNF
were dispersed in phosphate buffer saline pH = 7.4 (PBS, EuroClone). To avoid the formation of
large aggregates, the suspension was filtered through a 0.45 um cellulose acetate filter. The final

sample concentration used for measurements was typically 5 ug mL™' (Figure S1).
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Figure S1. Hydrodynamic size distribution histogram of MFN2 (red) and TMFN (blue) in PBS, pH

7.4. The horizontal scale is semi-logarithmic.

Transmission electron microscopy (TEM) analysis.

Figure S2. TEM image of MNC synthesized by solvothermal decomposition in organic solvents.

For TEM analysis, nanocrystals were dispersed under sonication in hexane (50 ug mL™") and a drop
S7
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of the resulting solution was placed on a formvar/carbon-coated copper grid and air-dried. The

image was acquired by Raffaele Allevi from Centro di Microscopia Elettronica per lo sviluppo delle

Nanotecnologie applicate alla medicina (CMENA, University of Milan).

Fluorescence analysis

4x10° TMFN

——0.0025 mg/mL
——0.0050 mg/mL

310° - ~——0.0100 mg/mL

2x10°

Relative Intensity

1x10°

500 550 600 650 700
Wavelength (nm)

Figure S3. Fluorescence emission spectra at different concentrations of TMFN in PBS, pH 7.4.
Spectra were recorded using a Fluoromax®-4P spectrofluorometer from Horiba Scientific (New
Jersey, USA). Samples were excited at a fixed wavelength (lex = 450 nm) and spectra were
recorded in a wavelength range between 480 and 700 nm. The maximum fluorescence intensity of

TMNF was at 515 nm.

Cell Cultures. MCF7 and MDA cell lines were used as HER-2 positive and HER-2 negative
targets, respectively. Cells were cultured in 50% Dulbecco’s Modified Eagle’s Medium (DMEM)
and 50% F12, supplemented with 10% fetal bovine serum, L-glutamine (2 mM), penicillin (50
Ul/mL) and streptomycin (50 mg mL™") at 37 °C and 5% CO, in a humidified atmosphere and
subcultured prior to confluence using trypsin/EDTA. Cells culture medium and chemicals were

purchased from EuroClone.

Confocal Laser Scanning Microscopy. Cells were cultured on collagene (Sigma) pre-coated
coverglass slides until sub-confluence. Cells were incubated 1 h at 37 °C with 0.1 mg mL™" of
TMEFN or with 0.02 mg mL™" of free scFv1. Then, cells were washed twice with PBS, fixed for 10
min with 4% paraformaldehyde (Sigma) and treated for 10 min with 0.1 M glycine (Sigma) in PBS.
A blocking step was performed for 1 h at RT with a solution containing 2% bovine serum albumin
(Sigma), 2% goat serum in PBS. ScFvl was revealed by a FITC-conjugated antibody to whole

murine IgG (MP Biomedicals) at a 1:300 dilution by incubating for 2 h at RT in PBS, 2% BSA, 2%
S8
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goat serum, 0.1% saponin. Nuclei were stained with DAPI (4’,6-diamidino-2-phenylindole,

Invitrogen) at 0.2 ug mL~" in PBS with 0.1% Saponin (Sigma) for 20 min at RT. Membranes were
stained with DiD oil (Invitrogen) at a 1:300 dilution by incubating 30 min at 37 °C. Microscopy
analysis was performed with a Leica SP2 AOBs microscope confocal system. Images were acquired

with 63x magnification oil immersion lenses at 1024x1024 pixel resolution (Figure S4).

Figure S4. Magnification of Figure 3.
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Flow cytometry. Cells were cultured on a multiwell dish until sub-confluence. Then, cells were

incubated 1 h at 37 °C in the presence of TMFN (0,02 mg mL ™" or 0.1 mg mL™") or free scFv1 0.02
mg mL™". Cells were treated for FACS analysis with standard methods. Briefly, cells were
incubated for 30 min at 4 °C with the secondary antibodies used for immunofluorescence. Labeled
cells were analyzed on a FACS Calibur flow cytometer (Becton Dickinson). 20000 events were
acquired for each analysis, after gating on viable cells, and isotype-control antibodies were used to

set the appropriate gates.

Cell death analysis. Cells were cultured on a multiwell dish until sub-confluence. Then cells were
incubated 24 h at 37 °C in the presence of TMFN (0.02 mg mL™', 0.05 mg mL™" or 0.1 mg mL™").
After incubation time 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 Binding Buffer 1x and incubated for 15 min in presence of 0.005
mL of Annexin-PE and 0.005 mL of 7-aminoactinomycin D. After incubation time cells were
analyzed within 1 h on a FACS Calibur flow cytometer (Becton Dickinson). 20000 events were
acquired for each analysis, after gating on viable cells. Therefore, we consider cell death as the
populations positive for Annexin V and for 7AAD staining alone and together. The results are

expressed as means + standard deviation of the mean of 3 individual experiments (Figure S5A).

Cell proliferation assay. Cells were cultured on a 96 multiwell dish at a density of 5000 cells cm.
Then cells were incubated with TMFN (0.02 mg mL™" and 0.1 mg mL™"). 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 DMEM medium without 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 BIORAD Microplate reader using a test
wavelength of 570 nm and a reference wavelength of 690 nm. The results are expressed as means +

standard deviation of the mean of 5 individual experiments (Figure S5B).
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Figure S5. A) Cell death assay with TMFN. MCF7 cells were treated with TMFN (0.02 mg mL™",
0.05 mg mL™" and 0.1 mg mL™") for 24 h. Cell death was assessed to measure the exposure of
Annexin V and the incorporation of 7-aminoactinomycin D, evaluated by flow cytometry. The
percentage of cell death in untreated population was substracted. B) Cell proliferation assay with
TMFN. MCF7 cells were treated with TMFN (0.02 mg mL™" and 0.1 mg mL’l) for up to 72 h. Cell
proliferation was tested by measuring the conversion of MTT into formazan. CTRL represents

untreated control.

Relaxometric analysis of the cells. MCF7 and MDA cells were cultured until sub-confluence.
Then cells were treated with TMFN (0.02 mg mL™" and 0.1 mg mL™") for 3 h at 37 °C. The cells
were washed with PBS, fixed with 2.5 % buffered glutaraldehyde and resuspended with PBS at
concentration of 5x10° cells mL™". Untreated cells were used as control. 75 relaxation measurements
of the samples were performed 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, 10000 echoes with a 20 ms echo times and 2 s
repetition time. Samples were introduced using 10 mm NMR spectroscopy tubes prewarmed at 40
°C. T, values were acquired after thermal equilibration. The results are expressed as a means =+

standard error of the mean.

Bioinformatics. The scFv1 three-dimensional (3D) model was built using the I-TASSER protein
structure prediction server.”® The scFvl sequence was submitted to the I-TASSER online

modeling program available at http:/zhanglab.ccmb.med.umich.edu/[I-TASSER/, which generates

three-dimensional structure models by multiple-threading alignments and iterative structural
assembly simulations. The scFvl model was generated by I-TASSER on the template PDB ID:
2ghw_B. In order to identify the hypothetical CDRs regions forming the scFv antigen binding site,
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homologs of scFv800E6 with known structures were found using the Blastp program [9] searching

the Protein Data Bank database at NCBI (http://www.ncbi.nlm.nih.gov/). Sequence alignments
(Figure S6) were generated with ClustalW 2.1""") using BLOSUM matrix and standard ClustalW

parameters (http://www.ebi.ac.uk/Tools/clustalw/index.html). The comparison between scFv800E6

and homologs sequences leads to the identification of hypothetical scFv800E6 CDRs regions.

9112392474 |pdb | INQB|A
gi111514087 |pdb|1DZB|A
91111513786 |pdb | 1Q0K|A
9119257093 |pdb| 1F3R|B

9112392474 |pdb|1NQB|A
9i111514087 |pdb|1DZB|A
gil11513786|pdb|1Q0K|A
9119257093 |pdb|1F3R|B

9112392474 |pdb | INQB|A
91111514087 |pdb|1DZB|A
9i111513786|pdb | 1Q0K|A
9119257093 |pdb| 1F3R|B

9112392474 |pdb | 1NQB|A
91111514087 |pdb|1DZB|A
gi111513786|pdb|1Q0K|A
9119257093 |pdb|1F3R|B

gil2392474 |pdb|1NQB|A
gil11514087 |pdb|1DZB|A
gi|11513786|pdb| 1Q0K|A
gi[9257093|pdb|1F3R|B

9112392474 |pdb|1NQB|A
gi111514087 |pdb|1DZB|A
9i111513786|pdb|1Q0K|A
9i19257093 |pdb|1F3R|B

9112392474 |pdb | INQB|A
gi111514087|pdb|1DZB|A
gi111513786|pdb|1Q0K|A
9119257093 |pdb| 1F3R|B
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Figure S6. Multiple sequence alignments of scFv800E6 homologues with known structures. Protein

sequences of scFv800E6 homologues with known structures were obtained by BLAST searching the

Protein Data Bank (PDB) database at NCBI (http://www.ncbi.nlm.nih.gov/) and aligned by

ClustalW (2.1). The CDRs regions of each protein are highlighted in grey. The NCBI accession
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number and PDB identification number are indicated for each protein sequence. Symbols: (*)

identical residues, (:) conserved and (.) semi-conserved substitutions, respectively.

Strains and plasmid. E. coli DH5a was used as a host strain for propagation of the plasmids
vector. P. pastoris KM71H (arg4; aoxl::ARG4) (Invitrogen) was used as host for expressing
scFv800E6 gene. Plasmid pPICZaA (Invitrogen) was used for constructing plasmid vector. The
cDNA coding for scFv800E6 was amplified from pEMBL-scFv800E6 vector.""! The primers were
5’- CTGCCGCTCGAGAAAAGA-CAGGTCCAACTGCAGCAGTCTGG -3’ (forward primer), which
contains a Xhol site (underlined), the sequence coding for Kex2 cleavage site LysArg (highlighted
in yellow), the sequence coding for the N-terminal Ser residue (highlighted in green), and 5’-
CAGTAGCGGCCGCTTTTATTTCCAGCTTGGTCCC-3’ (reverse primer), which contains a Notl
site (underlined). The resulting PCR product was digested with Xhol and Notl and ligated to the
corresponding site of the expression vector pPICZaA. This strategy leads to the construction of a
recombinant expression vector without the Ste13 aminopeptidase cleavage site and thus allow the
production of a protein with a native N-terminus. The expression vector pPICZaA-scFvl was

confirmed by restriction endonuclease digestion and DNA sequencing.

Protein expression and purification. The linearized plasmid was used to transform P. pastoris.
Screening of transformants allow the isolation of the best producing clone as described before for
KM71H-pPICZaA-scFv800E6."?! The clone KM71H-pPICZoA-scFv1-6 was grown in 20 mL
YPD medium (1% yeast extract, 2% peptone, 2% dextrose) at 30 °C overnight with shaking at 250
rpm. The cultures were centrifuged at 1500 x g for 4 min and then the pellets were resuspended in
400 mL of BMMY (1% yeast extract, 2% peptone, 100 mM potassium phosphate pH 6.0, 1.34%
YNB, 0.00004% biotin, 0.5% methanol) with 0.8% glycerol yielding an initial OD 600 value of 10.
The culture was induced by daily addition of methanol to a final concentration of 0.5%. After 48 h
of methanol treatment, the culture supernatant was filtered through 0.22 pm filters and dialyzed
overnight in 50 mM sodium phosphate pH 8.0, 300 mM NaCl. The dialyzed medium was loaded at
a flow rate of 0.5 mL min' onto a Ni-NTA Agarose (Qiagen) column (bed volume 0.5 mL) pre-
equilibrated with 50 mM sodium phosphate pH 8.0, 300 mM NaCl, 10 mM imidazole. The column
was washed with 50 mM sodium phosphate pH 8.0, 300 mM NaCl, 20 mM imidazole and the
protein eluted with a stepwise imidazole gradient, 100 mM to 200 mM, in the same buffer.
Fractions were collected and analyzed by SDS-PAGE (Figure S6). SDS-PAGE was performed
according to Laemmli using 12% (v/v) polyacrylamide gels."*! The proteins were detected by

Coomassie Brilliant Blue R-250 staining. Protein content was determined both by measuring
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absorbance at 280 nm and by using the Coomassie Plus Protein Assay Reagent (Thermo Fisher

Scientific) and bovine plasma immunoglobulin G as the standard protein.

M S Sd FT W Fri  Fr2 Fr3

100 — — . - . .

—— S e ess

25 ..
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Figure S7. Nickel-affinity purification of scFvl. Proteins from culture supernatant (S), culture
supernatant after dialysis (Sd), flow trough (FT), wash (W) and fractions (fr.1, fr.2 and fr.3)
obtained by Ni-NTA affinity chromatography were separated by SDS-PAGE and visualized by

Commassie staining. M: protein markers (kDa).
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VH domain

VL domain

Figure S8. Three-dimensional model of scFvl. The scFvl protein was modeled using the I-

TASSER server. The N-terminal Ser residue is indicated with spheres and the scFvl antigen

binding site composed by the six hypothetical CDRs regions is red-colored.
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