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Introduction: Nanotechnology has opened up the way to the engineering of
new organized materials endowed with improved performances. In the past
decade, engineered nanoparticles (NPs) have been . progressively
implemented by exploiting synthetic strategies that yield.complex materials
capable of performing functions with applications also in. medicine. Indeed,
in the field of ‘nanomedicine’ it has been explored the possibility to design
multifunctional nanosystems, characterized by high analytical performances
and stability, low toxicity and specificity towards a given cell target.

Area covered: In this review article, we summarize the advances in the
engineering of NPs for biomedical applications, from optical imaging (Ol) to
multimodal Ol and targeted drug delivery. For this purpose, we will provide
some examples of how investigations in nanomedicine can support preclinical
and clinical research generating -innovative diagnostic and therapeutic
strategies in oncology.

Expert opinion: The progressive-breakthroughs in nanomedicine have sup-
ported the development of multifunctional and multimodal NPs. In particular,
NPs are significantly impacting on the diagnostic and therapeutic strategies
since they allow the development of: NP-based Ol probes containing more
than one modality-specific_contrast agent; surface functionalized NPs for
specific ‘molecular recognition’. Therefore, the design and characterization
of innovative NP-based systems/devices have great applicative potential into
the medical field.

Keywords: diagnostic strategies, drug delivery, nanoparticles, optical imaging
Expert Opin. Drug Deliv. (2015) Early Online:1-13

1. Introduction

Nanotechnology is an emerging scientific area that has created a multiplicity of
intriguing and versatile submicrometer-sized materials. Nanoparticles (NPs) in
particular can be prepared from a variety of materials such as metals, metal oxides,
semiconductors, proteins, polysaccharides and synthetic polymers (1. Different
types of NP have been developed with peculiar physicochemical properties (such
as chemical reactivity, energy absorption and biological mobility) that distinguish
them from bulk materials by virtue of their size and surface characteristics [1]. In
recent years, these materials have emerged as important tools in medicine, with
various applications ranging from contrast agents in molecular imaging to carriers

for drug delivery [2.3].
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Article highlights.

o Engineered nanoparticles (NPs) have been progressively
implemented to obtain high analytical performances and
stability, low toxicity and specificity towards a given cell
target.

NPs are important tools in medicine, with various

applications ranging from imaging, diagnosis and

delivery of therapeutic active agents.

Recent clinical advances in optical imaging (Ol) point out

its potential for medical applications. Anyhow, the small

organic fluorescent dyes present drawbacks such as: low
fluorescence quantum yield, photobleaching, a very fast
body clearance, and the lack of precise targeting
properties. All these critical aspects can be overcome by
the use of NPs.

» The combination of Ol with other imaging systems
results in deeper tissue imaging that allows accurate
anatomical information. In this regard, multimodal
imaging may greatly take advantage from the
development of NP-based contrast agents able to
combine different physical imaging properties on the
same nanoplatform.

» The conjugation of targeting moieties on the surface of

NPs can confer specific targeting to the imaging

procedure and drug delivery.

It is concluded that the design and characterization of

innovative NP-based systems/devices containing more

than one modality-specific imaging contrast agent and
functionalized for specific ‘molecular recognition’ have
great applicative potential into the medical field.

This box summarizes key points contained in the article.

Within the set of NPs with biomedical applications, two
main families can be distinguished: inorganic NPs, such”as
silica nanoparticles (SiNPs), gold NPs (GNPs), superpara-
magnetic iron oxide crystals (SPIONS), colloidal semiconduc-
tor quantum dots (QDs) and organic. NPs (polymer- and
lipid-based NPs) (Table 1). In particular, among the inorganic
nanoformulations, silica-based” nanomaterials have been
investigated mainly because of:. i) the fine size-control; and
ii) a chemistry suitable for surface/modification [4-6]. Based
on these properties, several investigators including our group
have considered SiNPs. for applications as sensors (7], drug
delivery systems (8] and/or'bioimaging probes [9-12]. Metallic
(iron oxide, gold, silver) NPs have been used for a huge num-
ber of applications in various areas of medical treatment and
are emerging as tool for imaging, diagnosis, and for the deliv-
ery of therapeutic agents to tumor cells [13-15]. Metallic NPs
can be used in diagnosis and therapeutics due to their unique
properties of small size, large surface area to volume ratio,
tunable absorption, photostability and cellular uptake [15].
Among all metallic NPs the GNPs proved to be among the
safest (non-toxic) agents for biomedical applications. GNPs,
based on their unique physico-chemical and plasmonic prop-
erties, which can be tuned across the vis-NIR spectral band,
have been exploited for chemical and biological sensing [16],
genomics and immunoassays [16], multimodality imaging,

tumor targeting, and as vehicle for various therapeutics [17].
Additionally, GNPs have been used as photothermal
therapeutics against cancer [17].

The intrinsic properties of SPIONS, such as inherent mag-
netism, broad safety margin and the availability of methods
for fabrication and surface engineering, allow applications in
bioimaging, drug delivery and thermal therapy [18]. SPIONs
have been reported as tracers for imaging for: tumors and
metastases; CNS and magnetic resonance angiography; ath-
erosclerotic plaque and thrombosis [19]. Moreover, SPIONs
can achieve a very high efficiency in drug targeting since, by
locally applying an external magnetic field to the target organ,
it is possible to drive the accumulation of the magnetic NPs
into the site of drug action {18]:-QDs are of interest since the
emission wavelength of these NPs-can be continuously tuned
by changing the particle size, and a single light source can be
used for simultaneous excitation of different-sized QDs [20].
Current and future applications of QDs include the in vitro
and in vivo fluorescence imaging [2021], the use in microar-
rays [22], in drug delivery (23] or as sensitizers for photody-
namic” therapy « (PDT) [23. Moreover, multifunctional
integrated targeting;. imaging and therapeutic functionalities
based on QDs and fluorescence imaging system, have become
effective “materials for synchronous cancer diagnosis and
treatment-[24].

On the other hand, the organic nanoformulations currently
investigated in the field of nanomedicine include: PEG, poly
(glutamic acid), poly(lactic-co-glycolic acid) (PLGA), as well
as N-(2-hydroxypropyl) methacrylamide (HPMA) copolymers
and polysaccharides (i.e., chitosan, cyclodextrin). In particu-
lar, PLGA has generated tremendous interest due to its
excellent biocompatibility, biodegradability and mechanical
strength [25]. For these reasons, the US FDA approved the
use of PLGA and polylactide polymers in microspheres (to
be used via parenteral administration route), implants and
periodontal drug-delivery systems [26). PLGA NPs have been
used as carriers for different compounds including drugs,
peptides, proteins, nucleotides and vaccines [27]. Upon surface
engineering, PLGA have been assessed for targeted delivery to
malignant cells with high affinity (28-31]. Finally, among the
lipid-based NPs, liposomes have received a lot of attention
during the past 30 years as convenient delivery vehicles for
biologically active compounds [32,33]. The aqueous core can
be used to encapsulate hydrophilic drugs, whereas lipophilic
drugs can be incorporated into the external NP membrane.
Moreover, the liposome surface can be easily functionalized
to enhance their 7 vivo stability or to enable their preferential
delivery. Lipidic NPs are the first nanomedicine delivery
system to make the transition from concept to clinical
application, and they are now an established technology
platform with considerable clinical acceptance [32.33].

In the present review, we attempt to provide a general over-
view of the main properties of the NP-systems, either in use or
under investigation, for optical bioimaging and drug delivery
applications, focusing our attention on same examples of
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Table 1. Relevant nanoparticles for biomedical applications.

Nanoplatform Physico-chemical properties Biomedical applications Ref.
Inorganic nanoparticles
Silica nanoparticles Diameter from 5 to 300 nm; uniform and Drug delivery; bioimaging; lymph node [4-12]

tunable pore size; high chemical and

mechanical stability; surface functionalization

and bioconjugation

Diameter from 5 to 300 nm; tunable
localized surface plasmon resonance; large
absorption and scattering cross-sections;
localized enhanced electromagnetic field;

Gold nanoparticles

surface functionalization and bioconjugation

Superparamagnetic

iron oxide crystals either inorganic materials (silica, gold) or

organic materials (phospholipids, fatty acids,

polysaccharides, peptides, polymers);

superparamagnetic; surface functionalization

and bioconjugation

Diameters of 2-20 nm; nanocrystals and
core-shell nanocrystals based on different
semiconductor materials; the band-gap
energy that determines the energy of the

Colloidal
semiconductor

fluorescent light is inversely proportional to

the size of the quantum dot; surface

functionalization and bioconjugation
Organic nanoparticles
Polymer-based
nanoformulations

Diameter from 5 to 300 nm; controlled
release property; surface functionalization
and bioconjugation

Diameters from 15 nm up to several ym;
vesicular structures with an aqueous core
surrounded by a hydrophobic.membrane

Liposomes

bilayer composed by phospholipids.structure;
surface functionalization and bioconjugation

Iron core of 4 - 5 nm in diameter coated by

mapping; sensors

Genomics and biosensorics; immunoassays [13-17]
and clinical chemistry; Fluorescence

Resonance Energy Transfer (FRET)

technologies (e.g., for measuring protein

interactions, protein conformational

changes); photothermal therapy; drug

delivery; optical imaging (Ol); X-ray CT; MRI

MRI; lymph node mapping, drug delivery; [18,19]
gene delivery; photothermal therapy

Oligonucleotide array; Fluorescence [20-23]
Resonance Energy Transfer (FRET)

technologies (i.e.,.for measuring protein

interactions, protein conformational

changes); Ol of cells and tissues; lymph node

mapping; photodynamic therapy; drug

delivery; gene delivery

Drug delivery; bioimaging [25-31]

Gene delivery; drug delivery [32,33]

pre-clinical investigations in nanomedicine aimed to the gen-
eration of innovative diagnostic'and/or therapeutic NP-based
strategies in oncology.

2. NPs for optical imaging

Optical imaging (OI) is an emerging imaging modality with
high potential for improving diseases diagnosis and treatment.
The commonly used OI methods for biomedical applications
include fluorescence imaging, bioluminescence imaging, opti-
cal coherence tomography, photoacustic imaging and Raman
spectroscopy [34.35]. Ol relies on non-ionizing radiation and
uses light as the primary imaging modality to characterize
local anatomy down to cellular and molecular levels. Thus,
OI technologies are becoming critical tools to image struc-
tural, functional and molecular information using their
unique photon absorption or scattering profiles. The most
important limitation for in vivo Ol is represented by a limited
tissue penetration [36]. However, this issue can be at least

partially addressed by the use of near-infrared (NIR) OI,

due to reduction in scattering and minimal absorption within
the NIR spectral window. Thus, NIR modalities are the OI
approaches of choice to 77 vivo human studies and have dom-
inated the field of intraoperative image-guided surgery
recently (37. In this contest, the technical advancements
enabled the development of important clinical applications
such as: intraoperative sentinel lymph node mapping for can-
cer staging [38,39], optical image guided surgery for detection
of tumor margins and malignant masses [40-42], and
video-angiography during surgery [43. Several OI probes
have been developed and have been used in clinical trials until
now: indocyanine green (ICG), 5-aminolevulinic acid
(5-ALA) and methylene blue (MB) 44). ICG has FDA
approval for clinical applications and is currently utilized in
NIR fluorescence for sentinel lymph node mapping, intrao-
perative identification of solid tumors and angiography
during reconstructive surgery [4045]. 5-ALA has been
described as a non-fluorescent pro-drug that leads to
intracellular accumulation of fluorescent porphyrins in malig-
nant gliomas, thus enabling more complete resections of
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Table 2. Relevant nanoparticle-based contrast agents
for optical imaging.

Nanoplatform Optical properties Ref.

Quantum dots High photoluminescence [24]
quantum yield; high molar

extinction coefficients; broad

absorption and narrow emission
spectra; large distinction

between the excitation and

emission spectra

Tunable intensity profile across [54]
the NIR spectrum; large pseudo
Stokes-shifts

Large anti-Stokes shift; NIR [56]
excitation; high signal-to-noise

ratio; high photostability

Protection of the NIR dyes [57]
against chemical and/or

biological degradation,

improvement of their

photophysical properties

Silica nanoparticles

Upconversion
nanoparticles

Polymer-based NPs
and lipid-based NPs
embedding organic
NIR dyes

contrast-enhancing tumor, leading to improved progression-
free survival in patients with malignant glioma [46]. More
recently, the use of MB has been reported for intraoperative
NIR fluorescence imaging of a paraganglioma, allowing the
identification of an otherwise undetectable lesion [47). Any-
how, the small organic fluorescent dyes present drawbacks
such as low fluorescence quantum yield, which results in
reduced brightness, photobleaching, a very fast body clear-
ance, and the lack of precise targeting properties. All these
critical aspects can be overcome by the use of nanostructured
probes. Indeed, the performances of \NP-contrast agents,
when compared with conventional OI methods, are character-
ized by: i) increased contrast efficiency 44]; ii) increased circu-
lation (blood residence) time [3)5'1ii) possibility of combining
different functions (diagnosis and therapy) (48]; iv) improved
tumor penetration (249]; v) multi-spectral capabilities [21]
and; vi) multi-modal detection, as NPs provide a versatile car-
rier system to simultaneously load modality-specific contrast
agents [48]. So far, a wide.range of fluorescent NPs suitable
for OI have been designed and tested in preclinical studies [50]
and the characteristics of the most relevant NP types are sum-
marized in Table 2. Among the different types of fluorescent
NPs, the main distinctive property of QDs in comparison
with traditionally used organic dyes, is their outstanding resis-
tance to photobleaching. QDs have also a high photolumines-
cence quantum yield and high molar extinction coefficient,
especially in the UV-VIS wavelength range. They can exhibit
a broad absorption with narrow and symmetric emission spec-
tra spanning from VIS to NIR depending on QDs composi-
tion and size [51]. A possible drawback of QDs is related to
their composition; since they typically contain highly poison-
ous heavy metal, there is some concern about their possible

toxicity. In this context, biodegradable organic NPs together
with silica (that is recognized as safe by FDA) NPs are now
receiving increasing attention as Ol probes [10,12,52]. In this
respect, we have recently reported a synthetic strategy for the
development of silica-PEG core-shell nanostructures doped
with a donor-acceptor couple, able to display a tunable inten-
sity profile across the NIR spectrum [12,53,54]. It is worth men-
tioning that recently tiny dye-doped SiNPs, called Cornell
dots (C dots), have entered clinical investigation in melanoma
patients [9,55]. These NPs consist of NIR fluorescent molecules
encapsulated in a silica core and surrounded by a silica shell,
which is functionalized with both'cyclic RGD peptide and
radioactive iodine. Its applications in melanoma include
real-time, intraoperative detection and imaging of nodal
metastases, differential tumor burden and lymphatic drainage
patterns. It is of interest the evidence that this multimodal
nanoplatform has advanced to the clinical translation by com-
bining key benefits. of NIR fluorescence imaging (enhanced
sensitivity/contrast).with those of positron emission tomogra-
phy (PET), (depth penetration, quantitation). By exploiting
NIR fluorescence imaging the authors were able to elucidate
sub/millimetre structures of metastatic disease in small local/
regional nodes that PET could not, though PET enabled
deeper penetration and quantitation [9,55].

Upconversion NPs are emerging as a new class of Ol con-
trast agents. They are extremely interesting particularly for
their ability to emit anti-Stokes shifted light (upconversion)
with relatively high brightness, thus providing low imaging
background and deep tissue penetration [56]. Also, polymer-
encapsulated organic NPs have attracted increasing attention
for optical properties and outstanding performance as imag-
ing agents [57]. In this context, we have shown that incorpo-
ration of the fluorescent probe Cy5.5 into PLGA-NPs
engineered with an anti-CD20 antibody (Rituximab) allowed
to visualize the CD20-positive tumor mass by OI [31]. As
newly emerging optical nanoprobes, surface-enhanced Raman
scattering (SERS) tags have been gaining great interest in the
application of biomedical imaging and phototherapies (58,59].
In particular, SERS tags combine metallic (Au or Ag) NPs
and specific organic Raman reporter molecules, such as
organic dyes. A protective shell together with antibodies or
ligands is also employed for targeting, which endows the
SERS tag with specific targeting ability and biocompatible
properties. Fluorescent-SERS dual mode tags showed great
potential for bioimaging due to the combined advantages of
intuitive, fast imaging of fluorescence and multiplex capability
of SERS technique [60].

Besides NPs made by an intrinsically fluorescent material,
the entrapment of NIR-emitting organic dyes into NPs is ver-
satile approach to optimize the OI performances of a fluores-
cent nanoprobe. With this approach the nanoparticle matrix
can shield the doping dyes against chemical and/or biological
degradation and frequently improves the resistance to photo-
bleaching and the emission properties (50]. A similar behavior
was shown for the encapsulation of the NIR fluorescent dye
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dye photobleaching significantly [61].

3. Nanoplatforms for multimodal Ol

Applications of nanoparticles in cancer medicine and beyond

early and accurate evaluation of the response to pro-
angiogenic therapy in preclinical diabetic stroke models [76].

4. NPs for drug delivery

The current imaging modalities vary in sensitivity, resolution
and quantitative capabilities, with each modality offering its
own unique benefits and intrinsic limitations. Obviously,
multi-modality imaging - combining different imaging
modalities — has the potential to overcome the limitations of
a single imaging modality, and therefore, is a central task for
current and future clinical imaging research [62]. As already
discussed, the main limitation of Ol is the relatively small
penetration, due to the scattering and absorption of light in
tissues [36]. Thus, the combination of OI with other imaging
modalities, such as MRI, PET, CT and/or photoacustic,
results in deeper tissue imaging providing accurate anatomical
information. In this regard, multimodal imaging may greatly
take advantage from the development of multifunctional NP-
based contrast agents able to combine different physical imag-
ing properties on the same nanoplatform (Table 3). Moreover,
the conjugation of recognition moieties on the surface of mul-
tifunctional nanomaterials confers specific targeting proper-
ties to the imaging procedure (Figure 1) and may allow
concomitant therapeutic applications [48] (Figure 2).

For instance, as outlined in Figure 1, NP-based multimodal
contrast agents offer several applications for multimodality
imaging in oncology surgery. While OI allows for the intra-
surgery discrimination of tumor margins, pre-surgery analyses
with multimodal NPs that combine OI and MRI or PET
modalities offer high spatial resolution and-assessment of the
depth of tumor penetration, lymph /node involvement-and
presence of distant metastatic diseases [63-65]. Further incre-
ment in imaging performance has been obtained by the design
of trimodality imaging probes combining contrast agents for
OL MRI and PET (66-68]. In recent years; the emerging devel-
opment of multimodal-NP"carrying therapeutic agents has
received considerable attention for. imaging-guided therapy
(Figure 2) that combine the possibility to improve the target-
ing specifically to the diseased tissue and also to monitor the
efficacy of the treatments (18,19,69]. The clinical area that cer-
tainly benefits the most from the combination of imaging
and treatment is cancer research. Several studies have reported
multifunctional and multimodal NPs applied in pre-clinical
and clinical settings for: i) delivery of therapeutic agents to
tumor cells [70,71] and ii) assessment of the cancer therapeutic
response [72]. Increasing evidences have also demonstrated the
feasibility and potency of utilizing multifunctional and multi-
modal NPs for CNS diseases by using specific targeting moi-
eties able to cross the blood brain barrier and, thus, allowing
the delivery of therapeutic agents to the brain [73.74] beside
the guide surgical resection/ablation of brain tumors [67].
Finally, in the context of cardiovascular diseases, image-guide
therapy has been applied for: i) intramyocardial injection of
therapeutics guided by multimodal imaging [75); and ii) for

The development of drug delivery systems able to improve the
bioavailability, tissue uptake and pharmacokinetics of thera-
peutic agents is central to biomedical research and pharma-
ceutical industry. In this respect, clinical results suggest that
NPs carrying therapeutic agents can exhibit enhanced efficacy,
while simultaneously reduce side effects, owing to properties
such as cell/tssue targeted delivery and active cellular
uptake [3.77]. By itself, injected NPs preferentially accumulate
in tumor tissues due to the enhanced permeability and reten-
tion effects and therefore are ideally suited for the delivery of
chemotherapeutics in-cancer therapy (78]. Among the exam-
ples of NP carrying chemotherapeutics listed in Table 4
approved by FDA; we can mention: Genexol-PM, a poly-
meric micellar formulation of paclitaxel [79] and Doxil, a lipo-
somal formulation of doxorubicin (80}, both of which are used
as first-line treatment of different tumors. Genexol-PM has
significantly improved the maximum tolerated dose of pacli-
taxel, allowing delivery of higher doses without additional
toxicity [79]..Doxil has dramatically prolonged doxorubicine
circulation-time and enhanced drug release at the tumor
site [80]. Nanotherapeutics are rapidly progressing and are
being implemented to solve several limitations of conven-
tional drug delivery systems. While some nanomedicine-based
drug delivery systems have already been marked and others are
in clinical trials (Table 4), most are in the stage of preclinical
development. Advantages and disadvantages of the different
types of nanocarriers are summarized in Table 5.

To improve the therapeutic index (the ratio of the toxic to
the therapeutic dose) of drug formulations, reducing their
toxicity to normal tissues, a second generation of NPs for
drug delivery includes surface functionalities that enable the
specific ‘molecular recognition’ of the target tissue or active/
triggered release of the payload at the site of the disease [81].
The engineering of a targeting ligand onto the NP surface
result in localized drug delivery, which should translate into
greater efficacy and reduced drug side effects [82.83]. Cancer
treatment stands to benefit from targeted drug delivery, as
tumor cells express many molecules on their surface that dis-
tinguish them from normal cells (84]. In this context, targeted
polymeric NPs are emerging as an important class of thera-
peutic, among these, BIND-014 has been the first targeted
polymeric NP for cancer chemotherapy to reach clinical
development [85]. BIND-014 is a polymeric NP containing
the chemotherapeutic docetaxel and is targeted to recognize
the prostate-specific membrane antigen, a tumor antigen
expressed on prostate cancer cells and on the neo-vasculature
of most non-prostate solid tumors. Initial clinical data in
patients with advanced solid tumors indicate that
BIND-014 displays an improved pharmacokinetic and phar-

macological profile in comparison with docetaxel [8687].
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Table 3. Example of nanoparticle-based multimodal contrast agents for multimodal optical imaging.

Nanoparticle Imaging modalities Applications Ref.

Iron oxide Magnetic resonance/positron emission Imaging of sentinel lymph nodes [66]
tomography (PET)/optical

Graphene PET/optical Image-guided photodynamic cancer therapy  [70]

Upconversion nanoparticle CT/magnetic resonance/optical Image-guided cancer therapy [71]

Dendrimer-based nanoparticle Magnetic resonance/optical Image-guided therapy of stroke [76]

Polymeric nanoparticle Magnetic resonance/optical Imaging for tumor detection [100]

Chitosan nanoparticle PET/optical Imaging for tumor detection [101]

Upconversion nanoparticle Single-photon emission CT/CT/magnetic Tumor angiogenesis imaging [102]
resonance/optical

Reduced graphene oxide-iron Photoacustic/magnetic resonance/optical Image-guided photothermal cancer therapy [103]

oxide nanoparticle

Dendrimer-based nanoparticle Magnetic resonance/optical Image-guided surgery of brain tumors [104]

Plant viral nanoparticle platform  Magnetic resonance/optical Imaging of atherosclerotic plaques in vivo [105]

tobacco mosaic virus

Tumor targeting

Il MRI contrast agent
@ CT contrast agent

Radionuclide for PET imaging

ﬁ’v Fluorescent dye for optical imaging

» Targeting ligand
*, Polyethylen glycol (PEG)
% Tumor cell

» Cell surface tumor marker

MRI/CT

Surgical planning

PET

Deep tumor localization

Optical Imaging

Fluorescence-guided surgery

Metastatic S/

tumor > ;Deep-seated
nodes
Tumor tissue
'.:-(:i --q;;

ﬁ‘

Coo6°
@ @Normal tissue

Figure 1. Multifunctional and multimodal NPs for tumor molecular imaging. Schematic representation of the structure of
multimodal NPs and their applications in imaging. (A) Multiple functionalities such as magnetic, X-ray absorber, radionuclide,
optical dye and targeting moiety can be integrated into a single NP system, which acts as a multimodal molecular imaging
platform. (B) MRI and CT provide valuable preoperative information for surgical planning (i.e., assessment of anatomical
extent of the primary tumor and of the regional lymph node metastasis). (C) PET has the advantage of detecting deep-seeded
cancer metastasis. (D) Fluorescence-guided surgery aids surgeons in the intraoperative identifications and removal of

malignant lesions.

CT: Computed tomography; NP: Nanoparticle; PET: Positron emission tomography.

CALAA-01 is another notable example of targeted NP for
cancer therapy, which has been evaluated in a Phase I clinical
trial for the treatment of patients with solid tumors (ss]. It is a
polymeric NP that encapsulates small interfering RNA and is

functionalized with human transferrin protein (T1), to target
the Tf receptor overexpressed on the surface of most cancer
cells. It is to note that all the NPs mentioned so far are
made by soft materials; the advancement of hard carriers is
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Multimodal imaging

Neuro surgery

Multimodal image-guided

pharmacotherapy

Visualization of drug

delivery to the brain and
central nervous system

Cardiovascular
diseases

Multimodal image-guided
gene therapy, cell-based
therapy

Multimodal image-guided chemotherapy, radiotherapy,
photothermal therapy, tumor resection, biopsy and
tumor ablation

Cancer

Drug delivery

diseases, pain, epilepsy,

Neurological Cardiovascular
disorders diseases
Neurodegenerative Atherosclerosis,

myocardial infarction,

tumor, infectious diseases

stroke

Cancer

Figure 2. Multifunctional and multimodal NPs forimage-guided therapy. Schematic representation of ideal NPs combining
functional components for effective targeted imaging and drug-delivery. The potentialities and clinical application of the

multifunctional and multimodal NPs are summarized.
NP: Nanoparticle.

in fact much slower. In this contest, a promising material is
represented by mesoporous SiNPs-and zeolite-L nanocrystals,
that have been proved to be an interesting option for the

delivery not only of molecular.drugs, butalso of nucleic acids
(as DNA and PNA) [89;90].

5. Safety of NPs in medicine

A major open question dealing with NPs in medicine is the
issue of safety. Although this is not a strong concern for pre-
clinical applications in small animal models, it is fundamental
for the translation at clinical level when nanoprobe toxicity
needs to be carefully evaluated. The plethora of variables to
be considered makes the toxicity evaluation of these systems
hard to rationalize, with an evaluation process that frequently
needs to follow a case-by-case basis.

Due to the large surface to area ratio, nanomaterials have
frequently major toxicity effects than the corresponding bulk
materials [91]. The toxic effect is mainly related to the release
of components (i.e., ions and/or molecular fragments). In
addition, the nanomaterial-cell membrane interaction can
trigger cell surface effects, usually mediated by a ‘protein

corona’ formed by the interaction with the macromolecules
that a nanosystem encounters in the district of entry [(92]. For
these reasons, important parameters to be considered for NP
safety are their size and aggregation behavior. Indeed, the
same mass dose of a smaller system means a larger surface
area that can result in an increased toxicity, since both compo-
nents release and cell membrane interaction are increased.
The NP aggregation behavior is strongly influenced by surface
properties and also by the external environment conditions.
Therefore, in the next future, the possibility to monitor with
different instrumental techniques the colloidal behavior of
nanosystems in real time in the biological environment, as
well as the NP-cell membrane interactions, will probably
increase the knowledge dealing with the in vivo biological
response toward nanomaterials [93]. Beside NPs composition,
the surface chemistry is the main variable to increase the circu-
lation time, counteracting the NPs capture by the phagocytic
system. Up to now NPs PEG is the main strategy to reduce
opsonization and liver capture and to reduce unspecific bind-
ing in the biological environment [11].

A main issue for the safety of nanomaterials is also related
to the need to avoid accumulation in specific tissues:
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Table 4. Nanoparticles approved for clinical application and/or in clinical trials [106].

Platform Drug Brand name Indications Status
Albumin-based particles Paclitaxel Abraxane Breast cancer, non-small cell lung cancer, Approved
pancreatic cancer
Liposomes Paclitaxel DaunoXome Kaposi's sarcoma associated with HIV Approved
Liposomes Doxorubicin Doxil Ovarian cancer, multiple myeloma (in Approved
combination with bortezomib), Kaposi's
sarcoma associated with HIV
Liposomes Doxorubicin Myocet Metastatic breast cancer Approved
Liposomes Amphotericin B AmBisome Systemic fungal infections Approved
Liposomes Cytarabine Depocyt Malignant lymphomatous meningitis Approved
Liposomes Morphine DepoDur Postsurgical analgesia Approved
Liposomes Verteporfin Visudyne Age-related macular degeneration, Approved
pathologic myopia, ocular histoplasmosis
Polymeric micelles Paclitaxel Genexol-PM Breast cancer, lung‘cancer, ovarian cancer  Approved
NK105 Stomach cancer, breast cancer Phase 11/l
Polymer-drug conjugate-based  Doxorubicin Livatag Hepatocellular carcinoma Phase Ill
particles
Polymer-drug conjugate-based  Paclitaxel XYOTAX Ovarian cancer, non-small cell lung cancer  Phase llI
particles PNU166148 Solid-tumors
Polymer-drug conjugate-based ~ Camptothecin CT-2106 Colorectal, lung-and ovarian cancers Phase /1l
particles MAG-CPT Solid tumers Phase Il
Pegamotecan Gastric and gastroesophageal cancers
Polymer-drug conjugate-based  Platinate AP5346 Solid. tumors Phase Il
particles
Polymer-drug conjugate-based ~ Doxorubicin FCE28068 (PK1) - Various cancers, particularly lung and Phase Il
particles FCE28069 (PK2) . breastcancers
Hepatocellular carcinoma
Polymer-drug conjugate-based  Irinotecan NKTR-102 Breast, ovarian, colorectal, and lung Phase I/l
particles cancers, glioblastoma
Polymeric Docetaxel BIND-014 Solid tumors Phase |
Polymeric small interfering RNA~CALAA-01 Solid tumors Phase |

bio-elimination can be safely achieved mainly using biode-
gradable organic NPs (this is the reason why the majority of
nanosystems used at clinicalleyel exhibits.this characteristic).
In the case of inorganic ‘hard’ NPs, -bioaccumulation can be
avoided tailoring the”NP- dimension, since excretion from
the body is a size-governed  proeess. It is largely recognized
that excretion with urines occurs when NPs are smaller than
the renal excretion threshold, which is found to be around
6 nm [94]. However, such tiny dimensions involve the consid-
erable drawback to carry a limited payload of active agents
(i.e., drug, dyes or contrast agents). Considering that most
of the nanoparticulate material suitable for medicine applica-
tions is above this threshold, this excretion pathway is a diffi-
cult task to reach and fecal excretion has to be quantitatively
examined. In humans, NPs with diameter larger
than ~ 6 nm undergo bioaccumulation with possible long-
term toxicity effects, whose evaluation is problematic. An
alternative strategy to avoid bio-accumulation of hard NPs
contrast agents is to design a medium-term biodegradable
matrix, able to develop smaller fragments that are finally
excreted with urines. This is probably one of the needs for
the development of medicine nanotools in the next future.

6. Expert opinion

The progressive breakthroughs in nanomedicine have sup-
ported the development of multifunctional and multimodal
NPs. In particular, besides the loading with contrast agents
and/or therapeutic compounds, the conjugation of targeting
moieties on the surface of multifunctional nanomaterials can
confer specific targeting to the imaging procedure and drug
delivery, with the possibility to design strategies for concomi-
tant diagnostic and therapeutic applications. Therefore, these
systems are now being actively investigated and hopefully will
form the next generation of NP-platforms, which will
facilitate personalized and tailored treatment in particular,
but nonexclusively, in the oncologic field. To be clinically
acceptable, they should exhibit specific cell targeting, optimal
clearance profiles and be nontoxic for normal tissues,
with safety and overall performance fully evaluated in the
long-term. Indeed, both FDA and SCENIHR recently
published documents to guide the safe development of
nanotechnology-based products for clinical practice [9596].
At present, despite the intense advances in NP design, only
few nanomedicines have been approved for human
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Table 5. Advantages and limitations of different nanocarriers in drug delivery.

Nanoparticle

Advantages

Limitations

Inorganic nanoparticles
Silica nanoparticles

Gold nanoparticles

Superparamagnetic
iron oxide crystals

Colloidal
semiconductor

Organic nanoparticles
Polymer-based
nanoformulations

Liposomes

Simple, cheap, mild conditions synthesis with size
tunability. Well known surface chemistry for
functionalization and targeting. Intrinsic non-toxic
hydrophilic material. Optical properties are conferred
by the doping materials. Development of systems with
tunable emission properties based on FRET approach
Simple synthesis. Ability to tailor the functionality of
the surface. Intrinsic properties of the gold core ideal
for photodynamic therapies, contrast imaging, and
thermal ablation. High drug load

Possibility of using passive and active drug delivery
strategies. High efficiency in drug targeting by locally
applying an external magnetic field. Simple

functionalization for the targeting. Visualization in MRI.

Theranostic carriers

Photostability. High fluorescent quantum yields, broad
absorption and sharp emission peaks (multiplexing).
Multiplex essay and targeting of the surface.
Theranostic carriers

Well established mild conditions synthetic approaches.
Highly monodisperse systems, size tenability.
Biodegradability. Functionalization for targeting

Low toxicity, biocompatibility, and biodegradability.
Ability to modify size and surface. Encapsulate both

Surface functionalization often needed to avoid
aggregation and unspecific binding. Tiny systems
have a moderate brightness. Self quenching
phenomena whitin the NP at high doping
regime

Biocompatibility, bioaccumulation. Uncoated
gold nanoparticles are susceptible to
aggregation in solution and can melt under laser
irradiation. Possible catalytic effect in the case of
very tiny gold clusters

Tend to aggregate into larger clusters. Toxicity
due to reactive surface

Synthetic procedure at high temperature with
toxic or-carcinogenic reagents, with batch to
batch variability. Toxicity effect of metal core,
bieaccumulation. Blinking behavior

Mechanical stability. Long-term chemical
stability. Prone to aggregation/deformation
under mechanical stress

Low stability. Poor batch to batch
reproducibility. Low drug entrapment

hydrophobic and hydrophilic drugs

applications, suggesting that there is still aneed for improving
the understanding of their behavior in the human-body
(pharmacokinetics, biodistribution, extravasation, tumor
accumulation, elimination). In-—particular, multifunctional/
multimodal NPs are usually a combination of products whose
synergy could enhance the “effects of ‘the single product,
possibly changing both-the biological as-well as the imaging
performance [97). Multimodal NPs offers exciting opportuni-
ties of development and/may have’a huge impact on health
care in several fields (98} In particular, we believe that the
design and characterization of innovative NP-based systems/
devices containing more than one imaging modality and
functionalized for specific ‘molecular recognition’ have great
applicative potential into the medical field. For this purpose,
more progresses will be dependent on the identification of
specific ligand directed against selected cell targets (i.e.,
surface markers) that will amplify the specificity of the NPs
to be used for both diagnostic and therapeutic applications.
Beside oncology, the technology based on multifunctional/
multimodal NPs hold promises for improving the

management of diabetes [99]. In particular, since one of its
crucial pathogenic factors is the progressive loss of insulin
producing beta-cells within the pancreatic Langerhans islets,
measuring and/or monitoring in vive the mass of beta-cells
would be fundamental in providing more reliable and earlier
diabetes diagnosis, more accurate clinical decisions, and
significantly facilitate follow-up of therapy/transplantation.
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Nanotechnology has opened up the way to the engigeef new organized materi
with improved performances. In the past decadeneeged nanoparticles (N
progressively implemented by exploiting synthetrategies that yield com
%of ‘nanomedicine’ it
acterized by high

given cell target.

materials capable

of performing functions with applications also iredi\cinW, int

has been explored the possibility to design murltf

analytical performances and stability, low toxidl@l city
In this review article, we summarize the advanodbe @jring of NPs for biomedical
applications, from optical imaging (%tim&i | and targeted drug delivery. For this
purpose, we will provide some examples of ho s in nanomedicine can support

&

system

preclinical and clinical resear gnostic and therapeutic strategies in

oncology.

The progressive k
multifunctional an timo particul&dlPs are significantly impacting on the

d%s.

euti strategies since tHewdhe development of: NP-based Ol probes
containinthan 0 ality-specific conteaggint; surface functionalized NPs for specific
‘molecularre ognitio&‘ore, the design @hdracterization of innovative NP-based

systems/d ices&reat applicative potentialtire medical field.

ghs in nanomedicine bapported the development of

diagnostic
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1. Introduction

Nanotechnology is an emerging scientific area tiaatcreated anultiplicity of intriguing and

versatile submicrometer-sized materidlanoparticles (NPs) in particulean be prepared from a
variety of materials such as metals, metal oxidesjiconductors, proteins, polysaccharides and
synthetic ponmerE 1. Different types of NP haverbdeveloped with peculiar physicochemical
properties (such as chemical reactivity, energypadton and biological mobility) that distinguish
them from bulk materials by virtue of their sizedasurface characteristics 1. In recent years, these
materials have emerged as important tools in meelieiith various applications ranging from

contrast agents in molecular imaging to carriersifag delivery 2,3.

Within the set of NPs with biomedical applicatiotvgp main familiescan be distinguished:
inorganic NPs, such as silica nanoparticles (SiNgdyl NPs (GNPs), superparamagnetic iron

oxide crystals (SPIONS), colloidal semiconductoampum dots (QDs)yand organic NPs (polymer-

nanomaterials have been investigated mainly beaafugethe fine size-contret and ii) a

chemistry suitable for surface modification 4,5&sed on these properties, several investigators
including our group have considered SiNPs for apgibns as sensdrs 7, drug delivery systems 8
and/or bioimaging probes 9}1011, 22etallic (iron oxide, gold, silver) NPs have beesed for a
huge number of-applications in various areas oficatiteatment and are emerging as tool for
imaging, diagnosis, and for the delivery of thetsfzeagents to tuma cellsi18,14,15. Metallic

NPs can be used in diagnosis and therapeuticsodheit unique properties of small size, large
surface area to.volume ratio, tunable absorptiboigstability and cellular uptak&S Among all
metallic NPs.the.GNPs proved to be among the séfesttoxic) agents for biomedical
applications.. GNPs, based on their unique physhmrical and plasmonic properties, which can

be tuned across the vis-NIR spectral band, have &ggloited for chemical and biological sensing

3
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various therapeuticﬁ:_i_s_]. Additionally, GNPs have been used as photothetingahpeutics against

-

cancefdy.

The intrinsic properties of SPIONs, such as inhiengggnetism, broad safety margin and the
availability of methods for fabrication and surfaa®gineering, allovapplications in bioimaging
drug delivery and thermal therapy 18. SPIONs haenlbreported as tracers for imaging for:

tumours and metastases; CNS and magnetic resorenytegraphy; atherosclerotic plaque and

—————

-------

______

Moreover, multifunctional integrated targeting, mireg and therapeutic functionalities based on
QDs and fluorescence imaging system, have becoieetigé materials for synchronous cancer

diagnosis and treatme#.

On the other hand, the organic nanoformulationeeadlly investigated in the field of nanomedicine
include: PEG, poly(glutamic acid), poly(lactic-ctyeplic acid) (PLGA), as well as N-(2-
hydroxypropyl)methacrylamide (HPMA) copolymers gralysaccharides (i.e., chitosan,

cyclodextrin). In particular, PLGA has generatesmhtendous interest due to its excellent

——————

approved the use of PLGA and polylactide polymenmsicrospheres (to be used via parenteral
administration route), implants and periodontalgddelivery system§ 26. PLGA NPs have been

4
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used as carriers for different compounds includingys, peptides, proteins, nucleotides and

——————

malignant cells with high affinity 28980,31. Finally, among the lipid-based NPs, liposomegeh

received a lot of attention during the past 30 gea&rconvenient delivery vehicles for biologically

————————————

lipophilic drugs can be incorporated into the exé NP membrane. Moreover, the liposome
surface can be easily functionalized to enhande ithgivo stability or to enable their preferential
delivery.Lipidic NPs are the first nanomedicine deliveryteys to-make the transition from

concept to clinical application, and they are naweatablished technology platform with

In the present review, we attempt to provide a gdr@verview of the main properties of the NP-
systems, either in use or under investigationpfiiical bioimaging and drug delivery applications,
focusing our attention on same examples of praeainnvestigations in nanomedicine aimed to

the generation of innovative diagnostic and/ordpeutic NP-based strategies in oncology.

2. NPs for optical imaging

Optical imaging (Ol) is.an emerging imaging modalitith high potential for improving diseases
diagnosis and treatment. The commonly used Ol ndstfar biomedical applications include

fluorescence imaging, bioluminescence imagingcaptoherence tomography, photoacustic

____________

primary imaging modality to characterize local amay down to cellular and molecular levels.
Thus, Ol technologies are becoming critical toolgtage structural, functionand molecular

information using their unique photon absorptiorscattering profiles. The most important
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be at least partially addressed by the use of idéi@red (NIR) Ol, due to reduction in scattering
and minimal absorption within the NIR spectral womd Thus, NIR modalities are the Ol

approaches of choice tovivo human studies and have dominated the field chamterative

-------

image-guided surgery recently: 37. In this contist technical advancements enabled the

p
i
[t A

development of important clinical applications sash intraoperative sentinel lymph node mapping

been developed and have been used in clinicad wiatil now: indocyanine green (ICG), 5-

aminolevulinic acid (5-ALA) and methylene blue (MBJ. ICG has FDA approval for clinical
applications and is currently utilized in NIR flesicence for sentinel lymph node mapping,
intraoperative identification of solid turas and angiography during reconstructive surjef##0
5-ALA has been described as a non-fluorescent prg-that leads to intracellular accumulation of
fluorescent porphyrins in malignant gliomas, thnatding more complete resections of contrast-
enhancing tumar, leading to improved progression-free survivapatients with malignant glioma

46 More recently, the use of MB has been repddedtraoperative NIR fluorescence imaging of

******

a paraganglioma, allowing the identification ofaiherwise undetectable lesion 47. Anyhow, the

small organic fluorescent dyes present drawbackis as low fluorescence quantum yield, which
results in reduced brightness, photobleachingnafast body clearance, and the lack of precise
targeting properties. All these critical aspects loa overcome by the use of nanostructured probes.

Indeed, the performances of NP-contrast agentsn whmpared with conventional Ol methods, are

______

6
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[ —

types are summarized ifiable 2. Among the different types of fluorescent NPs; riiegn
distinctive property of QDs in comparison with titeehally used organic dyes, is their outstanding
resistance to photobleaching. QDs have also agtigloluminescence quantum yield and high

molar extinction coefficient, especially in the UXS wavelength range. They can exhibit a broad

absorption with narrow and symmetric emission gpegpanning from VIS to NIR depending on

——————

they typically contain highly poisonous heavy mgetia¢re is some concern about their possible

toxicity. In this context, biodegradable organicdNtBgether with silica (that is recognized as safe

have recently reported a synthetic strategy fod#heslopment of silica-PEG core-shell

nanostructures doped with a donor—-acceptor coaple,to display a tunable intensity profile

__________________

NPs consist of NIR fluorescent molecules encapsdlat a silica core and surrounded by a silica
shell, which is functionalized with both cyclic RGigptide and radioactive iodine. Its applications
in melanoma include real-time, intraoperative didecand imaging of nodal metastases,
differential tumer burden and lymphatic drainage patterns. It isit#rest the evidence that this
multimodal nanoplatform has advanced to the clii@aslation by combining key benefits of NIR
fluorescence imaging (enhanced sensitivity/contragh those of positron emission tomography
(PET), (depth penetration, quantitation). By exjahgi NIR fluorescence imaging the authors were

able to elucidate sub-millimetre structures of ratettic disease in small local/regional nodes that

Upconversion NPs are emerging as a new class ob@tast agents. They are extremely

interesting particularly for their ability to enahti-Stokes shifted light (upconversion) with
7
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———————

emerging optical nanoprobes, surface-enhanced Raocadiering (SERS) tags have been gaining
great interest in the application of biomedical ging and phototherapiés|58,59. In particular,
SERS tags combine metallic (Au or Ag) NPs and sjeaiganic Raman reporter molecules, such
as organic dyes. A protective shell together witticedies or ligands is also employed for
targeting, which endows the SERS tag with spetafigeting ability and biocompatible properties.
Fluorescent-SERS dual mode tags showed great @itmtbioimaging due to the combined

advantages of intuitive, fast imaging of fluoresmeand multiplex capability of SERS technique

______

Besides NPs made by an intrinsically fluorescentenn, the entrapment of NIR-emitting organic
dyes into NPs is versatile approach to optimizeQheerformances of a fluorescent nanoprobe.
With this approach the nanoparticle matrix canldiiee doping dyes against chemical and/or

biological degradation and frequently improvesrésstance to photobleaching and the emission

——————

3. Nanoplatforms for multimodal Ol

The current imaging modalities vary in sensitivitgsolution and quantitative capabilities, with
each modality offering its own unique benefits amtdnsic limitations. Obviously, multi-modality

imaging-- combining different imaging modalities has the potential to overcome the limitations

8
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of a single imaging modality, and therefore, iseateal task for current and future clinical imaging

——————

______

imaging modalities, such as MRI, PET, CT and/ortpaoustic, results in deeper tissue imaging
providing accurate anatomical information. In ttégard, multimodal imaging may greatly take

advantage from the development of multifunction&-based contrast agents able to combine

———————————————————

_____________________

_____________________

applications for multimodality imaging in oncologurgery. While Ol allows for the intra-surgery
discrimination of tumer margins, pre-surgery analyses with multimodal Mf2¢ combine Ol and

MRI or PET modalities offer high spatial resolutiand assessment of the depth of tumo

increment in imaging performance has been obtdiyatie design of trimodality imaging probes
combining contrast agents for OI, MRI and FE868. In recent years, the emerging

development of multimodal NP carrying therapeugjergs has received considerable attention for

——————————————————

that certainly benefits the most from the combrabf imaging and treatment is cancer research.
Several studies have reported multifunctional anttimodal NPs applied in pre-clinical and

clinical settings for: i) delivery of therapeutigents to tumer cells{7(71 and ii) assessment of the

——————
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potency of utilizing multifunctional and multimoddlPs for CNS diseases by using specific

targeting moieties able to cross the blood bramidraand, thus, allowing the delivery of

——————

------

4. NPs for drug delivery

The development of drug delivery systems able forave the bioavailability, tissue uptake and
pharmacokinetics of therapeutic agentseastralto biomedical research and pharmaceutical
industry. In this respect, clinical results sugdghat NPs carrying therapeutic agents can exhibit

enhanced efficacy, while simultaneously reduce sftects, owing to properties such as cell/tissue

________________

——————

———————

enhanced drug release at the tl'rrmteS(D Nanotherapeutics are rapidly progresaimjare being

implemented to solve several limitations of coni@aml drug delivery systems. Whig®me

nanomedicine-based drug delivery systems havedylile@en marked and others are in clinical

10
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trials (Table #), most are in the stage of prectihdevelopmentidvantages and disadvantages of

To improve the therapeutic index (the ratio oftindc to the therapeutic dose) of drug

formulations, reducing their toxicity to normaldiges, a second generation of NPs for drug delivery
includes surface functionalities that enable thecgjz ‘molecular recognition” of the target tissue

or active/triggered release of the payload at ifeeo$ the disease B1. The engineering of a targeti

ligand onto the NP surface result in localized dietivery, which should translate into greater

------

chemotherapeutic docetaxel and is targeted to reoeghe prostate-specific membrane antigen, a
tumour antigen expressed on prostate cancer cells atiteameo-vasculature of most non-prostate
solid tumerrs. Initial clinical data in patients with advancsalid tumeirs indicate that BIND-014

displays an improved pharmacokinetic and pharmaocad profile in comparison with docetaxel

______

polymeric NP that encapsulates small interferingdRd is functionalized with human transferrin
protein (Tf), to target the Tf receptor overexpegsen the surface of most cancer cells. It is te no
that all the NPs mentioned so far are made bymsaferials; the advancement of hard carriers is in
fact much slower. In this contest promising material is represented by mesopoghNBs and

zeolite-L nanocrystals, that have been proved tarbmteresting option for the delivery not only of

____________

11
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5. Safety of NPs in medicine

A major open guestion dealing with NPs in medidsthe issue of safety. Although this is not a
strong concern for preclinical applications in draaimal models, it is fundamental for the
translation at clinical level when nanoprobe tayicieeds to be carefully evaluated. The plethora of
variables to be considered makes the toxicity estadn of these systems hard to rationalize, with

an evaluation process that frequently needs toviod case-by-case basis.

Due to the large surface to area ratio, nanomédrave frequently major toxicity effects than the

(i.e., ions and/or molecular fragments). In additior tlanomaterial-cell membrane interaction can
trigger cell surface effects, usually mediated byratein corona’ formed by the interaction with
the macromolecules that a nanosystem encountéhe igistrict of entry §2. For these reasons,
important parameters to be considered for NP safetyheir size and aggregation behario

Indeed, the same mass dose of a smaller systensradarger surface area that can resultin an
increased toxicity, since both components releadecall membrane interaction are increased. The
NP aggregation behavipis strongly influenced by surface properties alst by the external
environment conditions. Therefore, in the next fefuhe possibility to monitor with different
instrumental techniques the colloidal behaviof nanosystems in real time in the biological
environment, as well as the NP-cell membrane intenas, will probably increase the knowledge
dealing with thén vivo biological response toward nanomaterials 93. Bebifls composition, the
surface chemistry is the main variable to incrabsecirculation time, counteracting the NPs

capture by the phagocytic system. Up to now NPs RHEfe main strategy to reduce opsonization

———————

A main issue for the safety of nanomaterials is a¢dated to the need to avoid accumulation in

specific tissues: bio-elimination can be safelyi@edd mainly using biodegradable organic NPs
12
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(this is the reason why the majority of nanosystesed at clinical level exhibits this
characteristic). In the case of inorganic ‘hard’sNBioaccumulation can be avoided tailoring the
NP dimension, since excretion from the body isza-gioverned process. It is largely recognized

that excretion with urines occurs when NPs are lemtdan the renal excretion threshold, which is

carry a limited payload of active agents (i.e.,gdidyes or contrast agents). Considering that most
of theMNnancparticulate material suitable for medicine applmas is above this threshold, this
excretion pathway is a difficult task to reach &metal excretion has to be quantitatively examined.
In humans, NPs with diameter larger than ~ 6 nnetwga bicaccumulation with possible long-

term toxicity effects, whose evaluation is problémaAn alternative strategy to avoid bio-
accumulation of hard NPs contrast agents is tgdesimedium-term bidegradable matrix, able

to develop smaller fragments that are finally etetenith urines. This is probably one of the needs

for the development of medicine nanotools in thet figure.

6. Expert opinion

The progressive breakthroughs in nanomedicine bapported the development of multifunctional
and multimodal NPs. In particular, besidee loading with contrast agents and/or therapeuti
compounds, the conjugation of targeting moietieshensurface of multifunctional nanomaterials
can confer specific targeting to the imaging pracedand drug delivery, with the possibility to
design strategies for concomitant diagnostic ardajeutic applications. Therefore, these systems
are now being actively investigated and hopefulily ferm the next generation of NP-platforms,
which will facilitate personalized and tailoredatment in particular, but nexclusively, in the
oncologic field. To be clinically acceptable, trehould exhibit specific cell targeting, optimal

clearance profiles and be nontoxic for normal #sswvith safety and overall performance fully

13
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evaluated in the long-term. Indeed, both FDA an&BSIEIR recently published documents to

guide the safe development of nanotechnology-bpsestiicts for clinical practide 86.

At present, despite the intense advances in NBmesnly few nanomedicines have been approved
for human applications, suggesting that thereilisasheed for improving the understanding of their
behavier in the human body (pharmacokinetics, biodistidmtextravasation, tumo

accumulation, elimination). In particular, multifttonal/multimodal NPs are usually a

combination of products whose synergy could enhdmeeffects of the single product, possibly

_______

systems/devices containing more than one imagiadality and functionalized for specific
‘molecular recognition’ have great applicative puial into the medical field. For this purpose,
more progresses will be dependent on the identidicaf specific ligand directed against selected
cell targets (i.e., surface markers) that will aifigghe specificity of the NPs to be used for both

diagnostic and therapeutic applications.

Beside oncology, the technology based on multifionet/multimodal NPs hold promises for
improving the management of diabeft:éjs 99. In pddi¢csince one of its crucial pathogenic factors
is the progressive loss of insulin producing betlsawnithin the pancreatic Langerhans islets,
measuring and/or monitoririg vivo the mass of beta-cells would be fundamental iniginog

more reliable and earlier diabetes diagnosis, raocerate clinical decisions, and significantly

facilitate follow-up of therapy/transplantation.

Article highlights
Engineered nanoparticles (NPs) have been progsedgsimplemented to obtain high analytical

performances and stability, low toxicity and spiedy towards a given cell target.

14
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NPs are important tools in medicine, with variopplacations ranging from imaging, diagnosis and
delivery of therapeutic active agents.

Recent clinical advances #optical imaging (Ol) point out its potential for medl applications.
Anyhow, the small organic fluorescent dyes preseavbacks such as: low fluorescence quantum
yield, photobleaching, a very fast body clearanaoel, the lack of precise targeting properties. All
these critical aspects can be overcome by thefuses

The combination of Ol with other imaging systemsults in deeper tissue imaging that allows
accurate anatomical information. In this regardltrmodal imaging may greatly take advantage
from the development of NP-based contrast ageméstaltombine different physical imaging
properties on the same nanoplatform.

The conjugation of targeting moieties on the swfatNPs can confer specific targeting to the
imaging procedure and drug delivery.

It is concluded that the design and characterigadgfannovative NP-based systems/devices
containing more than one modality-specific imagtogtrast agent and functionalized for specific
‘molecular recognition’ have great applicative puial into the medical field.

This box summarizeskey peints containediin thielart

Declaration of interest

This work was [S2]supported by grants from: MIURRB RBAP11Z479 002 to G Zauli and
PON 01_01078 to L Prodi), the University of Bologk#®RB Project Advanced Ultrasensitive
Multiple Diagnostic Systems Based on Luminescermehiiques to L Prodi) and Italian
Association for Cancer Research (AIRC IG 11465 t@6a@li). The authors have no other relevant
affiliations or financial involvement with any ongiaation or entity with a financial interest in or
financial conflict with the subject matter or maa¢s discussed in the manuscript apart from those
disclosed.

Bibliography
15



EODD-2015-0071

Papers of special note have been highlighted as either of interest (+) or of considerable interest (-+) to

readers.

\1. \[53]Mur'fhy SK. Nanoparticles in modern medicine: state of the art and future challenges. Int J
Nanomedicine 2007;8(2):129-41

2.Ryu JH, Lee S, Son S, et al. Theranostic nanoparticles for future personalized medicine. J Control
Release 2014;E0:477-84

3. Parveen S, Misra R, Sahoo SK. Nanoparticles: a boon to drug delivery, therapeutics, diagnostics and
imaging. Nanomedicine 2012;§(2):147-66

4., Vivero-Escoto JL, Huxford-Phillips RC, Lin W. Silica-based nanoprobes for biomedical imaging and
theranostic applications. Chem Soc Rev 2012;(7):2673-85

5. Tang F, Li L, Chen D. Mesoporous silica hanoparticles: synthesis, biocompatibility and drug delivery.
Adv Mater 2012;22(12):1504-34

6. Montalti M, Prodi L, Rampazzo E, et al. Dye-doped silica nanoparticles as luminescent organized
systems for nanomedicines Chem Soc Rev 2014 JK|(12):4243-68

7. Bonacchi S, Genovese D, Juris R, et al. Luminescent chemosensors based on silica nanoparticles. Top
Curr Chem 2011;E108:93-138

8. Wang Y, Zhao Q, Han N, et al. Mesoporous silica nanoparticles in drug delivery and biomedical
applications. Nanomedicine 2014

9. Benezra M, Penate-Medina O, Zanzonico PB, et al. Multimodal silica nanoparticles are effective

cancér-targéted probesin a'model of human melanoma. J Clin Invest BOMIEH(7):2768-80

* Describes a full characterization of a multimodal silica nanoparticle. Highlights the
distinct potential-advantage of this multimodal platform for staging metastatic

disease.in the clinical setting.

10. Rampazzo E, Boschi F, Bonacchi S, et al. Multicolor core/shell silica nanoparticles for in vivo and ex

vivo imaging. Nanoscale 2012;:824
16



EODD-2015-0071

11. Helle M, Rampazzo E, Monchanin M, et al. Surface chemistry architecture of silica nanoparticles
determine the efficiency of in vivo fluorescence lymph node mapping. ACS Nano
2013;74(10):8645-57

12. Biffi S, Petrizza L, Rampazzo E, et al. Multiple dye-doped NIR-emitting silica nanoparticles for
both flow cytometry and in vivo imaging. RSC Advances -;:18278

13. Ahmad MZ, Akhter S, Jain GK, et al. Metallic nanoparticles: fechnology overview & drug delivery
applications in oncology. Expert Opin Drug Deliv 2010:g(8):927-42

14. Akhter S, Ahmad Z, Singh A, et al. Cancer targeted metallic nanoparticle: targeting overview,
recent advancement and toxicity concern. €urr/Pharm Des 2011;iy(18):1834-50

15. Khlebtsov N, Bogatyrev V, Dykman L, et al. Analytical and theranostic applications of gold
nanoparticles and multifunctional nanocotfiposites. Theranostics 2018 E(3):167-80

16. Saha K, Agasti SS, Kim C, et al. Gold nanoparticles in chemical and biological sensing. Chem Rev
2012, %8 (5):2739-79

17. Akhter S, Ahmad MZ, Ahmad FJ, et al. Gold nanoparticles in theranostic oncology: current state-
of-the-art. Expert Opin Drug Deliv 2012:§(10):1225-43

18. Laurent S, Saei AA, Behzadi S, et al. Superparamagnetic iron oxide nanoparticles for delivery of

therapeutic agehts: oppértunities.and challenges. Expert Opin Drug Deliv 2014,i8(9):1448-70

* This is one of the most comprehensive review articles that provides a general

overview of advanced drug-delivery using SPTONs.

19. Tttrich H, Peldschus K, Raabe N, et al. Superparamagnetic iron oxide nanoparticles in biomedicine:
applications and'developments in diaghostics and therapy. Fortschr Rantgenstr -;:1149—
1166

20. Zhao MX,.Zeng EZ: Application of functional quantum dot nanoparticles as fluorescence probes in
cell labeling and fumor diagnostic imaging. Nanoscale Res Lett -;:171

21. Wegner KD, Hildebrandt N. Quantum dots: bright and versatile in vitro and in vivo fluorescence

17



EODD-2015-0071

imaging biosensors. Chem Soc Rev 2015;[)(14):4792-834

22. Brazhnik K, Sokolova Z, Baryshnikova M, et al. Quantum dot-based lab-on-a-bead system for
multiplexed detection of free and total prostate-specific antigens in clinical humanserum
samples. Nanomedicine 2015;(5):1065-75

23. Luo G, Long J, Zhang B, et al. Quantum dots in cancer therapy. Expert Opin Drug Deliv
2012,5(1):47-58

24. Wang ¥, Chen L. Quantum dots, lighting up the research and development of nanomedicine.
Nanomedicine 2011;f(4):385-402

25. Makadia HK, Siegel SJ. Poly Lactic-co-Glycolic Acid (PLGA) as biodegradable controlled drug
delivery carrier. Polymers (Basel) 2081;8)(3):187%-1397

26. Sah H, Thoma LA, Desu HR, et al. Concepts and practices used to develop functional PLGA-based
nanoparticulate systems. Int J Nanomedicine -;E:--65

27. Kapoor DN, Bhatia A, Kaur R, et al. PLGA: a unique polymer for drug delivery. Ther Deliv
2015 (1):41-58

28. Mezzaroba N, Zorzet S, Secco E, et al. New potential therapeutic approach for the freatment of
B-Cell malignancies'using chlorambucil/hydroxychloroquine-loaded anti-CD20 nanoparticles. PLoS
One 2013 f](9):e74216

29. Voltan R, Secchiero P, Ruozi B, et al. Nanoparticles engineered with rituximab and loaded with
Nutlin-3‘show promising:therapeutic activity in B-leukemic xenografts. Clin Cancer Res
20138(14):3871-80

30. Voltan R, Secchiero P, Ruozi B, et al. Nanoparticles loaded with Nutlin-3 display cytotoxicity
towards p53(wild=type) JVM-2 but not towards p53(mutated) BJAB leukemic cells. Curr Med
Chem 2013;H8|(21):2712-22

31. Capolla S, Garrovo C, Zorzet S, et al. Targeted tumor imaging of antiCD20-polymeric nanoparticles

developed for the diagnosis of B-cell malignancies. Int J Nanomedicine -;:-—4109

18



EODD-2015-0071

32. Bozzuto G, Molinari A. Liposomes as nanomedical devices. Int J Nanomedicine 2015;:975-99

33. Allen TM, Cullis PR. Liposomal drug delivery systems: from concept to clinical applications.“Adv
Drug Deliv Rev 2013;(1):36—48

34. Dhawan AP, D'Alessandro B, Fu X. Optical imaging modalities for biomedical applications. TEEE Rev
Biomed Eng 2010;8:69-92

35. Zavaleta CL, Garai E, Liu JT, et al. A Raman-based endoscopic strategy for multiplexed molecular
imaging. Proc Natl Acad Sci U-S-A 2013;(25):E2288-97

36. Hellebust A, Richards-Kortum R. Advances in molecular imaging: fargeted optical contrast agents
for cancer diagnostics. Nanomedicine (Lond) 2018 .54(3):429-45

37. Sevick-Muraca EM. Translation of near-infrared fluorescence imaging technologies: emerging
clinical applications. Annu Rev Med 2012;:217-31

38. Sugie T, Sawada T, Tagaya N, et al. Comparison of the indocyanine green fluorescence and blue dye
methods in detection of sentinel lymph nodes’iniearly-stage breast cancer. Ann Surg Oncol
2013;20(7):2213-8

39. van der Vorst JR, Schaafsma BE, Verbeek FP, et al. Near-infrared fluorescence sentinel lymph
node mapping of the oral cavity in head and neck cancer patients. Oral Oncol 2013;(1):15-9

40. Schaafsma BE, Mieog JS, Hutteman M, et al. The clinical use of indocyanine green as a near-
infrared fluorescent,contrdst agent for image-guided oncologic surgery. J Surg Oncol
2011;{t¥1(3):323-32

4

—_

. van Dam GM, Themelis G, Crane LM, et al. Infraoperative tumor-specific fluorescence imaging in
otaridh cancer by foldte receptor-a targeting: first in-human results. Nat Med BOM;i4(10):1815-

9
*» The first-in-human study to describe infraoperative tumor-specific fluorescence
imaging with a folate receptor-targeted fluorescence agent.

42. Vahrmeijer AL, Hutteman M, van der Vorst JR, et al. Image-guided cancer surgery using near-

19



43

44

45

46

47

48

49

50

51.

52

53

20

EODD-2015-0071

infrared fluorescence. Nat Rev Clin Oncol 2018,{l8(9):507-18

. Roessler K, Krawagna M, Dérfler A, et al. Essentials in intraoperative indocyanine green
videoangiography assessment for intracranial aneurysm surgery: conclusions fram 295
consecutively clipped aneurysms and review of the literaturel Neurosurg Focus 2004;05(2):E7

.6uo Z, Park S, Yoon J, et al. Recent progress in the development of near-infrared fluorescent
probes for bioimaging applications. Chem Soc Rev -;(1):.-29

. Ishizawa T, Masuda K, Urano Y, et al. Mechanistic background and clinieal applications of
indocyanine green fluorescence imaging of hepatocellular carcinema. Ann Surg Oncol
2014;31(2):440-8

. Stummer W, Pichlmeier U, Meinel T, et al. Fluorescence-guided surgery with 5-aminolevulinic acid
for resection of malignant glioma: a randomised controlled multicentre phase IIT trial. Lancet
Oncol 2006;(5):392-401

. Tummers QR, Boonstra MC, Frangioni JV, et al. Intracperative near-infrared fluorescence imaging
of a paraganglioma using methylene blue: A.caseireport. Int J Surg Case Rep -;:--3

. Kim J, Piao ¥, Hyeon T./Multifunctional nanestructured materials for multimodal imaging, and
simultaneous imagifg and therapy. Chem Soc Rev 2008;8(2):872-90

. Maeda H. Macromolecular‘therapeutics in cancer treatment: the EPR effect and beyond. J Control
Release 2012;M0(2):138-44

. Mérian J, Gravier J, Navarro F, et al. Fluorescent nanoprobes dedicated to in vivo imaging: from
preclinical validations $«clinical translation. Molecules BOI2;Y(5):5564-91

Resch-Genger U, Grabolle M, Cavaliere-Jaricot S, et al. Quantum dots versus organic dyes as
fluorescent label$uNat Methods BOOB;E(9):763-75

. Rampazzo E, Voltan R, Petrizza L, et al. Proper design of silica nanoparticles combines high
brightness, lack of cytotoxicity and efficient cell endocytosis. Nanoscale. -;(17):--905

. Rampazzo E, Bonacchi S, Juris R, et al. Energy transfer from silica core-surfactant shell



EODD-2015-0071

nanoparticles to hosted molecular fluorophores. J Phys Chem B 2010;ME(45):14605-13
54. Genovese D, Bonacchi S, Juris R, et al. Prevention of self-quenching in fluorescent silica
nanoparticles by efficient energy transfer. Angew Chem Int Ed -;:--8

55. Phillips E, Penate-Medina O, Zanzonico PB,et al. Clinical translation of an ultrasmall inerganic

optical-PET imaging nanoparticle probe. Sci Trans| Med 2014;8(260):260ra149

*» The first-in-human clinical trial of an inorganic multimodal and multifunctional NP in

patients with metastatic melanoma.

56. Prodi L, Rampazzo E, Rastrelli F, et al. Imaging agents based on lanthanide doped nanoparticles.
Chem Soc Rev 2015 [¥(14):4922-52

57. Li K, Liu B. Polymer-encapsulated organic hanoparticles for fluonescence and photoacoustic imaging.
Chem Soc Rev 2014;FE)(18):6570-97

58. Wang Y, Yan B, Chen L. SERS tags:novel optical/nanoprobes for bioanalysis. Chem Rev
2013[¥E)(3):1391-428

59. Lin D, Qin T, Wang Y, et al. Graphene oxide wrapped SERS tags: multifunctional platforms toward
optical labeling, photothermal ablation of bacteria, and the monitoring of killing effect. ACS Appl

Mater Interfaces 2014:(2):1320-9

60. Niu X, Chen H, Wang Y, et al. Upconversion fluorescence-SERS dual-mode tags for cellular and in
vivo imaging=ACS Appl Mater Interfaces 2014;5(7):5152-60

61. Cohen S, Margel,S. Engineering of near IR fluorescent albumin nanoparticles for in vivo detection
of colon cancer. J Nanobiotechnology -;:.

62. Zaidi H, Prasad R. Advances in multimodality molecular imaging. J Med Phys 2009;E8(3):122-8

63. Nahrendorf M, Keliher E, Marinelli B, et al. Hybrid PET-optical imaging using targeted probes. Proc
Natl Acad Sei U-5-A 2010;8](17):7910-5

64. Buckle T, Chin PT, van Leeuwen FW. (Non-targeted) radioactive/fluorescent nanoparticles and

their potential in combined pre-and intraoperative imaging during sentinel lymph node resection.

21



EODD-2015-0071

Nanotechnology 2010;F8(48):482001

65. Chi C,Du Y, Ye J, et al. Intraoperative imaging-guided cancer surgery: from current/fluorescence
molecular imaging methods to future multi-modality imaging technology. Theranastics
2014;1(11):1072-84

66. Xie J, Chen K, Huang J, et al. PET/NIRF/MRI triple functional iron oxide nanoparticles.
Biomaterials 2010;E¥(11):3016-22

67. Ewelt C, Floeth FW, Felsberg J, et al. Finding the anaplastic focus in diffuse gliomas: the value of
G6d-DTPA enhanced MRI, FET-PET, and intraoperative, ALA-derived tissue fluorescence. Clin
Neurol Neurosurg 2011;{¥E)(7):541-7

68. Huang X, Zhang F, Lee S, et al. Chen X. Long-term multimodal imaging of tumor draining sentinel
lymph nodes using mesoporous silica-basédnanoprobles. Biomaterials BOIa;EE)(17):4870-8

69. Tempany CM, Jayender J, Kapur T, et al. Multimodal imaging for improved diagnosis and treatment
of cancers. Cancer 2015 1E3(6):817-27

70. Rong P, Yang K, Srivastan A, et al. Photosensitizer loaded nano-graphene for multimodality imaging
guided fumor photodynamic therapy. Theranostics -;(3):--39

71.Yang D, Dai ¥, Liu J /et al. Ultra-small'BaGdF5-based upconversion nanoparticles as drug carriers
and multimodal/imdging probes. Biomaterials BOI4;Ek)(6):2011-23

72. Liu TW, Macdonald TD, Jin CS, et al. Inherently multimodal nanoparticle-driven tracking and real-
time delineation of orthotopic prostate tumors and micrometastases. ACS Nano BOIS;U(5):4221-
32

73. Ding H, Wu F, Nair MP. Image-quided drug delivery to the brain using nanotechnology. Drug Discov
Today 2013;8(21-22):1074-80

74. Sriramoju B, Kanwar RK, Kanwar JR. Nanomedicine based nanoparticles for neurological disorders.

Curr Med Chem 2014;23(36):4154-68

75. Fiechter M, Ghadri JR, Sidler M, et al. Cardiac quadruple-fusion imaging: a brief report on a novel

22



EODD-2015-0071

integrated multimodality approach for in vivo visualization of transplanted stem cells. Int J
Cardiol 2012;8(1):62-3

76. Bai YY, Gao X, Wang YC, et al. Image-guided pro-angiogenic therapy in diabetic stroke mouse
models using a multi-modal nanoprobe. Theranostics 2OI4;E\(8):.#87-97

100. Rolfe BE, Blakey I, Squires O, et al. Multimodal polymer nanoparticles with combined 19F
magnetic resonance and optical detection for tunable, targeted, multimodal,imaging in vivo. J Am
Chem Soc 2014 KT (6):2413-9

101. Lee S, Kang SW, Ryu JH, et al. Tumor-homing glycol chitosan-based optical/PET dual imaging
nanoprobe for cancer diagnosis. Bioconjug Cheni BOI4;[%(3):601-10

102. Sun ¥, Zhu X, Peng J, Li F. Core-shell lanthanide upconversionmanophosphors as four-modal
probes for tumor angiogenesis imaging. A€S Nano 2018;5(12):11296-300

103. Yang K, Hu L, Ma X, et al. Multimodalsimaging guided photothermal therapy using functionalized
graphene nanosheets anchored with magnetic'nanoparticles. Adv Mater -;(14):--72

104. Yan H, Wang L, Wang J, et al. Two-order fargeted brain fumor imaging by using an
optical/paramagnetic nanoprobe across the blood brain barrier. ACS Nano -;E(l):--ZO

105. Bruckman MA, Jiang K, Simpson EJ, et al. Dual-modal magnetic resonance and fluorescence
imaging of atherosclerotic plagues in vivo using VCAM-1 targeted tobacco mosaic virus. Nano Lett
2014;{¥)(3):1551-8

77. Nguyen-Ngoc T, Raymond E. Reinvention of chemotherapy: drug conjugates and nanoparticles. Curr
Opin Oncol 2015;F%4(3):232-42

78. Jain RK, Stylianopoulos'T. Delivering nanomedicine to solid fumors. Nat Rev Clin Oncol -;:-—

664

* This is one of the most comprehensive review articles that describes: i) the
barriersto the delivery of cancer therapeutics; ii) the strategies for optimizing

the delivery of nanoparticles to fumors.

23



EODD-2015-0071

79. Kim TY, Kim DW, Chung JY, et al. Phase I and pharmacokinetic study of Genexol-PM, a cremophor-
free, polymeric micelle-formulated paclitaxel, in patients with advanced malighanciés. Clin“Cancer
Res 2004:{18)(11):3708-16

80. Barenholz ¥. Doxil®--the first FDA-approved nano-drug: lessons learned. J Control Release
2012;1%0(2):117-34

81. Arachchige MC, Reshetnyak YK, Andreev OA. Advanced targeted nanomedicine. J Biotechnol
2015;er:88-97

82. Chattopadhyay N, Fonge H, Cai Z, et al. Role of antibody-mediated tumor targeting and route of
administration in nanoparticle fumor accumtlation in,vivo. Mel Pharm 2012;@(8):2168-79

83. Sanna V, Pala N, Sechi M. Targeted therapy using nanotechnology: focus on cancer. Int J
Nanomedicine 2014;5:467—483

84. Ruoslahti E, Bhatia SN, Sailor MJ. Targeting of drugs and nanoparticles to tumors. J Cell Biol
20108759768

85. Hrkach J, Von Hoff D, Mukkaram Ali M, et al. Preclinical development and clinical translation of a
PSMA-targeted docetaxel nanoparticle with a.differentiated pharmacological profile. Sci Transl
Med 2012 ](128):128ra39

86. Wang AZ, Langer R, Farokhzad OC. Nanoparticle delivery of cancer drugs. Annu Rev Med
2012;7%}:185-98

87. Zhang L, Zhang N. How nanotechnology can enhance docetaxel therapy. Int J Nanomedicine
2013:f:2927-41

88. Zuckerman JE, Gritli I, Tolcher A, et al. Correlating animal and human phase Ia/Ib clinical data
with CALAA-01, a“targeted, polymer-based nanoparticle containing siRNA. Proc Natl Acad Sci U

S A 2014:11¥(31):11449-54

*» The first clinical trial to describe an RNA interference (RNAi)-based experimental

nanotherapeutic in patients with different cancers.

24



EODD-2015-0071

89. Lilf H, Bertucci A, Septiadi D, et al. Multifunctional inorganic nanocontainers for DNA and drug
delivery into living cells. Chemistry (Easton) 2014;E8(35):10900-4

90. Bertucci A, Liilf H, Septiadi D, et al. Infracellular delivery of peptide nucleic acid and organic
molecules using zeolite-L nanocrystals. Adv Health Mater -;(11):--7

91. Srivastava V, Gusain D and Sharma YC. Critical review on the toxicity of some widely used
engineered nanoparticles. Indﬂs#ieJr_—&—EngineeH-ng_—Chemis#y_—ReseePeh_-;:--6233

92. Lundgvist M, Stigler J, Elia 6, et al. Nanoparticle size-and surface properties determine the
protein corona with possible implications for biological.impacts. Proc Natl Acad Sci USA
200805} 14265-14270

93. Troiano JM, Olenick LL, Kuech TR et al. Direct Probes of 4 nm diameter gold nanoparticles
interacting with supported lipid bilayers. JPhys Chem C -;:--546

94. Bonitatibus PJ, Torres AS, Kandapallil B et al. Preclinical assessment of a zwitterionic tantalum
oxide nhanoparticle X-ray contrast agent. ACS'Nano -;E:--6658

95. U.S. Food and Drug Administration, €Considering whether an FDA-regulated product involves the

application of Nanotechnology: - Availgble from:

96. European Commission, Health and Food Safety, Emerging and newly identified risks. - Available
from:

97. Dawidczyk CM, Kim C, Park JH, et al. State-of-the-art in design rules for drug delivery platforms:
lessons learned from FDA-approved nanomedicines. J Control Release -;:--44

98. Key J, Leary JF. Nanoparticles for multimodal in vivo imaging in nanomedicine. Int J Nanomedicine
20145 711-26

99. Veiseh O, Tang BC, Whitehead KA, Anderson DG, Langer R. Managing diabetes with nanomedicine:
challenges afid-opportunities. Nat Rev Drug Discov 2015;(1):45-57

106. FDA-approved drug products. Available from:

25



EODD-2015-0071

http://www.accessdata.fda.gov/scripts/cder/drugsatfda/ %

Table 1. Relevant nanoparticles for biomedical @mpgbns.

%
&
&

{

N

N
O

—
















EODD-2015-0071

C

Table mpée of nanoparticle-based multimodatm@st agents for multimodal optical imaging.

@
31







EODD-2015-0071

or clinical apgticn and/or in clinical trial@08.










EODD-2015-0071

ations renmhoearriers in drug delivery.










EODD-2015-0071

éﬁ/
&S
T

Figure 1. M\%ﬁnal and %’modal NPs formor molecular imaging. Schematic

represen e structure of multimodal NR@ tneir applications in imagingA) Multiple
functi uch tic, X-ray absortstianuclide, optical dye and targeting moiety can
be integrated int ingle NP system, which ag#& multimodal molecular imaging platfor(B.,)

provide valuable preoperative information for scad

sment of anatomical extetiteoprimary tumor and of the regional lymph node

KET has the advantage of detecting deep-seeded
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cancer metastasifD) Fluorescence-guided surgery aids surgeons imtheoperative
identifications and removal of malignant lesions.

CT: Computed tomography; NP: Nanoparticle; PET:itRws emission tomography:

Figure 2. Multifunctional and multimodal NPs forage-guided therapychematicwrepresentation
of ideal NPs combining functional components fdeetive targeted imaging and drug-delivery.
The potentialities and clinical application of timeltifunctionakand multimodal NPs are
summarized.

NP: Nanoparticle.
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