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Gold Nanoparticles for Imaging
and Cancer Therapy

Marc-André Fortin, Teresa Simão and Myriam Laprise-Pelletier

Abstract Gold nanoparticles have properties useful in biomedical imaging and
cancer therapy. This biocompatible metal has been used for centuries in medicine.
In the last 20 years, the rapid developments in nanotechnology have revealed several
applications of nanosized gold, which are now being evaluated for clinical proce-
dures. For instance, gold nanoparticles can be used to develop sensors due to their
optical properties; they also make possible the development of new hyperthermia
and drug delivery treatments. However, gold nanoparticles could find more imme-
diate and direct applications in medical physics procedures, such as X-ray imaging
and radiotherapy. First, this chapter provides an overview of the different synthesis
routes for the production of biomedical gold nanoparticles. Then, an overview of the
physical principles of photon–matter interactions, that are fundamental to the con-
cept of X-ray attenuation in biological tissues, is presented. The properties of gold
nanoparticles as contrast agents for X-ray and computed tomography (CT) imaging
are reviewed, alongwith the principles of the radiosensitization effect useful inmedi-
cal physics and oncology. Themainmechanisms leading to dose enhancement, to cell
damage and to cell death, are described in the light of the specific interactions taking
place between ionizing photons and high-Z materials such as gold (Au) when these
are distributed in biological tissues such as tumours. Finally, the performance of gold
nanoparticles as CT contrast agents and radiosensitizers in oncology is discussed, in
the perspective of their consideration for clinical applications.
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1 Introduction

Over the last decades, gold nanoparticles (AuNPs) have emerged as a new promising
material for a large variety of medical applications [13, 41, 51, 52, 55, 78, 95, 97,
100, 120, 131, 142, 176, 178, 190, 197, 199, 200]. Au NPs bear several physico-
chemical properties useful for the development of diagnosis tools as well as for
imaging contrast agents. They can also be used as radiosensitizers: these are products
that, when they are injected in biological tissues, have the capacity to increase the
impact of radiotherapy [25, 39, 45, 76, 111, 204, 208]. Finally, nanosized gold is
resistant to oxidation in biological media and overall, it is accepted by the cells at
relatively high concentrations [64, 95, 113, 173].

A very large number of studies and reviews have been written about the properties
of Au NPs used as ‘plasmonic’ materials [57, 186, 200]. Plasmons are oscillations
of free electrons taking place at the surface of conductor nanomaterials (such as
gold). The surface electrons of Au NPs can couple with electromagnetic radiation
of certain wavelengths that are far larger than the particle. Plasmonic nanoparti-
cles exhibit interesting scattering, absorbance and coupling properties, and several
proof-of-concept studies useful to the biomedical field have been made by exploiting
the resonant properties of Au NPs irradiated by visible and near-infrared light. For
instance, new sensor technologies have been developed relying on the principle that
molecules reacting with a specific molecular function present at the surface of Au
NPs, induce slight changes to specific resonance peaks. These can be sensitively
detected with appropriate spectroscopic tools. The resonant properties of Au NPs
under visible and infrared light can also be exploited to increase the temperature of
cells, a phenomenon referred to as ‘hyperthermia’ [53, 182].

Although the plasmonic characteristics of Au NPs appear very useful for in vitro
applications, their potential for in vivo procedures has always been somewhat limited
to skin diseases and to superficial cancer (e.g. skin cancer). In fact, visible and near-
infrared photons diffuse strongly in the biological tissues. Diffusion limits the depth
of penetration of such low-energy photons in biological tissues to a few millimetres
only. Therefore, to be useful for a large variety of applications in vivo, Au NPs must
preferably be irradiated with mid-to-high energy electromagnetic radiation—mainly
photons—that have the capacity to penetrate deep enough in the body.

In fact, biomedical imaging and cancer treatment by radiotherapy are two areas of
medicine where the injection of Au NPs in vivo could be recommended for clinical
diagnoses and therapies [45, 70, 71, 76]. High-energy photons (from 1 keV and
above) are already exploited in medicine. This is precisely the range of energies
useful to medical physics. Irradiated with photons in the ionizing energy range, Au
NPs can be used as effective contrast agents for X-ray computed tomography (CT),
as well as for ‘boosting’ the radiation dose delivered in radiotherapy treatments [25,
84, 131].

Therefore, in vivo applications of Au NPs based on their interactions with higher
energy photons, have emerged inmodernmedicine and in particular for the treatment
of cancer. Au NPs can be used to enhance the differences of density between biologi-
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cal tissues (e.g. using X-ray and CT imaging). They can also be used in radiosensitiz-
ing procedures to inducemore damages to cells irradiatedwith radiotherapy beams or
with internal radioactive sources. In fact, Au NPs are a very dense material; they can
attenuate high-energy photons in the biological tissues even if they are distributed at
relatively moderate concentrations. Also, photons interacting with high-Z materials
such as gold generate many by-products such as low-energy photons and electrons.
These ‘secondary products’ have the capacity to increase the therapeutic impact of
the primary photons beams, as well as the radioactive sources used in radiotherapy.
In medical physics, Au NPs are often referred to as ‘radiosensitizers’, i.e. products
that have the capacity to enhance radiotherapy treatments.

This chapter begins with an introduction to the different synthesis routes leading
to the production of Au NPs, as well as to their surface functionalization. Then, an
overview about the physical mechanisms by which photons (~10–500 keV) interact
with the atoms present in biological tissues is given. Photons of energy higher than
10 keV can penetrate deep enough in the biological tissues (e.g. sub-visible light
wavelength range), and therefore can be exploited either for imaging or therapeutic
applications. Finally, the applications of Au NPs as contrast agents for CT (X-ray
imaging), and as radiosensitizers in radiotherapy (medical physics in oncology), are
presented in the context of their ongoing evaluation towards clinical applications.

2 Synthesis of Gold Nanoparticles for Biomedical
Applications

Colour change is the most evident signature of colloidal gold. Depending on the
size of the nanoparticles, gold presents either an intense red colour for small to
medium-sized particles, purple for larger particles and blue for aggregates [52, 78].
Because the properties and the applications of Au NPs so closely depend on their
size and shape, the colour of aqueous suspensions of Au NPs provides very efficient
indications to the chemist at every step of the nanoparticle preparation.

The first experiments for the synthesis of gold sols under controlled conditions
were reported by Michael Faraday in the 1850s [58, 152]. The scientist accidentally
generated a ruby red solution while mounting pieces of gold leaves onto microscope
slides. He referred to this solution as ‘activated gold’. Then, he used phosphorus
to reduce a solution of gold chloride. Already interested in the properties of light
and matter, Faraday further investigated the optical properties of these colloidal gold
solutions. For a long time, the composition of ‘ruby’ or ‘activated’ gold was unclear,
but the colour-particle size relationshipwas already acknowledged. The studies onAu
NPs did not make significant advances until the end of the twentieth century, with the
exponential development of advanced analytical technologies, such as atomic force
microscopy and electron microscopy. Due to their relatively easy synthesis routes,
high stability and high density per particle, colloidal gold has also been used in the
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development of physical separation techniques such as ultracentrifugation, as well
as electron microscopy dyes.

Gold nanoparticles produced for biomedical applications are usually generated
from precursor solutions containing chloroauric acid (H[AuCl4]). After H[AuCl4]
is dissolved in water, the solution is rapidly stirred while a reducing agent is added.
To prevent the particles from aggregating, a stabilizing agent is usually added for
coating the nanoparticle surface. A comprehensive review of the different classes of
AuNPs synthesis was written byDaniel et al. [48]. A selection of themost significant
ones is reviewed here.

2.1 Direct Reduction: The Turkevitch Method

The chemical reduction of AuCl4 by citric acid in a hot aqueous solution was inves-
tigated in 1951 [185]. In this synthesis, citrate acts as the reducing agent, then as
the capping agent that stabilizes the Au NPs through electrostatic interactions. The
Turkevitch method allows the growth of NPs with many different shapes and diam-
eters usually ranging from 10 to 50 nm (Fig. 1). A significant increase in the particle
diameters is observed at lower citrate concentration, leading to the generally accepted
conclusion that the total particle surface area is determined by the number of citrate
ions available to cover it [65].

More recently, an alternative approach showed that a high concentration of Cl−
ions also leads to larger sizes for Au NPs reduced by citric acid, since it decreases
their surface charge and thereby promotes coarser particle size and even aggregation
[205]. A similar result was obtained by increasing the pH of the NP solution just
after initiating the reduction step. An increase of the pH limits the nucleation process
and decreases the final number of grown Au NPs [167]. Although simple, the direct
chemical reduction synthesis route usually leads to the production ofNPs of relatively
large sizes, showing anisotropy and a certain degree of size polydispersity.

2.2 Seed-Mediated Growth for Smaller and Narrower
Particle Size Distributions

The constantly increasing demand for Au NPs in photonics, biology and medicine,
has led to the development of new synthesis routes for achieving better control over
size distributions. One of the most promising approaches in this goal is the seed-
mediated growth technique. In this concept, small nanoparticle seeds of a typical size
smaller than 15 nm, act as catalytic nucleation centres for the growth of larger NPs
[86]. The nucleation of very small NP seeds is usually made through the reduction
of gold ions by sodium borohydride (NaBH4), a relatively toxic reducing agent that
is tolerated as an initiator of Au NPs seeds. However, it is not indicated in the final
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synthesis steps of biomedical Au NPs. Shape uniformity in the seed suspension is
of paramount importance to achieve both shape and size uniformity of the final NPs
[141].

Fig. 1 Gold nanoparticles synthesized by the Turkevitch method in citrate: a, b as-synthesized; c,
d grafted with polyethylene glycol PEG 1000 mw; and e, f grafted with polyethylene glycol PEG
5000 mw. The longer the chains, the larger the spacing between the particles. Source The authors,
following procedures adapted from [185] including the use of PEG-thiol as a surfactant
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Several articles have been published on the topic of seed-mediated growth of
Au NPs. One of the most comprehensive ones is a three-step process that was used
to produce uniform Au NPs with a diameter up to 300 nm (Fig. 2) [209]. The main
limitation of thismethod is that an important population of smaller NPs often remains
in solution additionally to the grown seeds, requiring further purification to achieve
very narrow particle size distributions. Perrault et al. overcame this problem by using
hydroquinone as a reducing agent [147]. Hydroquinone reduces selectively the gold
ions that are located in the immediate vicinity of Au0 seed nanoclusters, leaving
isolated gold ions unreduced. This chemical route allows a selective growth of the
seeds while avoiding further nucleation of Au clusters in the reaction fluid.

2.3 Syntheses Taking Place in Organic Media

Nanoparticle synthesis routes performed in aqueous conditions are easy to
implement, and as a major advantage, they avoid the introduction of potentially
toxic solvents into the chain of NP production. Unfortunately, the size distribution

Fig. 2 TEM images of a 15±2 nm seeds, b 31±3 nm, c 69±3 nm, d 121±10 nm, and e
151±8 nm and SEM image of f 294±17 nm gold nanoparticles. Scale bars are 200 nm for parts
a–c and 500 nm for parts d–f . Reprinted with permission from [209]. Copyright 2011 American
Chemical Society
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of Au NPs synthesized in aqueous media is relatively difficult to keep to narrow
and small values. It is generally well established and acknowledged in the field of
nanotechnology, that syntheses performed in organic media often result in much
smaller and narrower particles size distributions. The Brust–Schiffrin method is one
of the first reported to synthesize Au NPs in organic media, and it is until now one
of the most widely performed to synthesize small particles of narrow distributions
(Fig. 3) [22]. Typically, it consists of using tetraoctylammonium bromide (TOAB)
to transfer the gold salts into an organic phase (e.g. toluene, ethanol and ethylene
glycol). Then, NPs are nucleated through a reduction step through thiol ligands and
NaBH4. This approach produces very small and stable NPs ranging from 1.5 to 5 nm
that can be easily functionalized with other ligands. Recent developments related to
the Brust–Schiffrin method include mostly fundamental studies of mechanisms such
as charge transfer, nucleation and growth during the synthesis process [54, 146].

Another class of synthesis procedures taking place in an organic solvent is the
so-called polyol process. It allows the synthesis of monodisperse Au NPs, or alterna-
tively to particles of various well-controlled geometries [60]. In this procedure, gold
salts are dispersed in high boiling point alcohols (e.g. ethylene glycol), which also act
as a reducing and as a capping agent. By using a polymeric stabilizer, highly symmet-
rical polyhedron-shaped Au NPs with a narrow size distribution can be obtained in a
wide variety of sizes. Xia et al. have used a polyol process with polyvinylpyrrolidone
(PVP) as the stabilizer to synthesize very uniform silver nanocubes with 50–115 nm
of edge length, and used them as sacrificial templates in a solution of HAuCl4 for
the production of gold nanoboxes with perfectly smooth surfaces [179]. Song et al.
dissolved HAuCl4 and PVP in 1,5-pentanediol, instead of ethylene glycol for its
higher boiling point, and added small concentrations of AgNO3 [165]. Depend-
ing on the concentration of silver ions, octahedral (ratio Ag/Au�1/600) or cubic
(Ag/Au�1/200) shape nanostructures were obtained, among others. This chemical

Fig. 3 Gold nanoparticles synthesized by the Brust–Schiffrin method. Among the different col-
loidal synthesis techniques, this one usually leads to very small particle size distributions. Source
The authors, following procedures described in [22]



8 M.-A. Fortin et al.

behaviour was attributed to the selective deposition of silver species on the seed
surface during the reaction. Overall, the polyol process is a convenient and low-cost
technology for the large-scale production of highly symmetrical Au NPs of homo-
geneous sizes. However, the complete elimination of the solvent residues, as well as
the presence of potentially toxic chemicals, necessitates the introduction of tedious
filtration, dialysis or chromatography procedures that are not necessarily easy to
upscale.

2.4 Au NPs Purification Prior to Coatings
and Functionalization

The purification and functionalization steps to remove potentially toxic reagents
and to cover the NPs surface with biocompatible ligands are very important in the
development of stable as well as functional Au NP formulations for biomedical
applications. The purification is usually performed by dialysis, chromatography or
centrifugation. Those methods are generally sufficient to remove the majority of the
contaminants. As mentioned above, the majority of Au NPs used for biomedical
applications are synthesized either by the Turkevitch [56] method, by the seed-
mediated growth approach [150] or by the Brust–Schiffrin [42] technique. In the
first case, citrate molecules cover the surface of the Au NP. In the second one,
hexadecyltrimethylammonium bromide (CTAB) is usual, whereas alkanethiols are
employed in the Brust–Schiffrin method. For biomedical applications, the Au NPs
must be dispersed in aqueous solutions, and they must be free of even low traces
of contaminants (e.g. organic solvents, reduction agents and excess of surfactants).
They must be stable in physiological media, which are rich in diverse ions, proteins
andmany othermolecules. Thus, in order to preserve the colloidal stability and assure
biocompatibility, the Au NPs obtained by the previously described methods must be
functionalized with biocompatible molecules.

2.5 Ligand-Free Au NP Suspensions

The conventional Au NP synthesis approaches do have several limitations in terms
of toxicity risks induced by surfactants and chemical residues. For instance, sodium
borohydride (NaBH4) is a harsh reagent that must be entirely removed from the
solutions [146]. Then, the gold ions used in most AuNP synthesis techniques usually
come from chloroauric acid, a potent acid which must be entirely cleared from the
biomedical solutions [5]. In addition, ligand exchange procedures involve several
manipulation steps that lead to material loss, as well as to agglomeration. Several
alternatives to the more conventional chemical synthesis approaches have emerged
recently to synthesize purer Au NPs, generally free from ligands or reducing agents,
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and therefore ready to be efficiently functionalized. These synthesis techniques could
represent a major advantage in the quest for compounds that limit the toxicity risks
related to the presence of residues in Au NPs compounds.

2.5.1 Pulsed Laser Ablation in Liquid (PLAL)

The synthesis technique that possibly enables the production of the smallest and the
purest Au NPs solutions, is pulsed laser ablation in liquid (PLAL). This synthesis
method was introduced by Cotton and Henglein in 1993 [63, 138]. It is performed
by immersing a gold metal target in a fluid, followed by irradiation of the target
surface for a certain time with a pulsed laser [153]. The target absorbs the laser pulse
energy, resulting in heating and photoionization of the irradiated area. Solid, liquid
and vaporized materials are emitted in the form of a plasma plume, which expands
outwards in a confining liquid [8, 9, 81]. Then, the plasma plume starts to cool down
and a cavitation bubble is formed [8]. At this moment, the supersaturation point
is achieved due to the concentration of metal ions, to the high pressure and to the
temperature attained because of liquid confinement. This causes NPs to nucleate:
metal atoms condense and coalesce in the form of NP nuclei. The newly formed
NPs start to diffuse into the expanding cavitation bubble, where further growth,
coalescence or aggregation happen. At last, when the cavitation bubble collapses,
all the NPs are released into the surrounding liquid [8]. A schematic representation
of PLAL for the synthesis of Au NPs is shown in Fig. 4. The ultra-small Au NPs
colloids synthesized by this technique can be stabilized by PEG grafting to enhance
their stability in biomedical media [169].

Fig. 4 Pulsed laser ablation in liquid for the nucleation of Au NPs in ultrapure water (a), produces
Au colloids of chemically pure surfaces that are stabilized by electrostatic forces (b). To increase
their colloidal stability in biological fluids, the Au NPs are stabilized by polyethylene glycol.
Additionally, the Au NP@PEG was functionalized with DMSA-DTPA-Mn2+ to be applied as a
contrast agent for MRI (c). PLAL synthesis followed by PEG and DMSA-DTPA-Mn2+ grafting
enables the production of very small particle size distributions (d). Reproduced from [169] with
permission from the Royal Society of Chemistry
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The laser wavelength, the laser fluence, the repetition rate, the ablation time and
the composition of the liquid solution can be tuned to achieve a specific concentration
of NPs and size distribution [8, 153]. The most suitable wavelengths to synthesize
Au NPs are in the NIR region (e.g. 1064 nm) [184]. Subsequently, post-irradiation
with wavelengths coinciding with plasmon absorption or interband transition of Au
NPs can be used to tune the size and to reduce polydispersity [124].

PLAL allows the production of Au NPs in water or organic solvents [10, 180].
However, organic solvents are prone to pyrolysis during laser ablation and the
degraded molecules can adsorb on the surface of the NPs, which may raise bio-
compatibility issues. In pure water, PLAL-synthesized Au NPs show a size range of
10–40 nm; they are electrostatically stabilized by negative charges that result from
the formation of Au–O− species [8, 153, 180]. To improve the stability and to control
the Au NPs size in water, it is possible to use low salt concentration. The anions of
the salts adsorb on the surface of the Au NPs and increase the negative charge den-
sity, thus enhancing the repulsive forces between the NPs. This effect prevents both
the growth of the NPs by avoiding nuclei coalescence and improves the colloidal
stability prior to further grafting of the nanoparticles with biocompatible molecules
(e.g. to create steric hindrance) [130, 153].

In a biomedical context, the main advantage of PLAL over conventional Au NP
synthesis colloidal chemistry routes is the production of NPs directly in water with-
out the use of reducing or stabilizing chemicals (e.g. NaBH4) [153]. As a result,
the surface of the NPs is free of ligands and it is thereby readily available for the
conjugation with other molecules [153]. Moreover, many reducing chemicals used
in colloidal Au NP synthesis routes can be toxic, and this hazard is totally eliminated
in laser ablation. Thus, the ligand-free surface allows to avoid extensive purification
processes and aggregation associated with ligand exchange procedures [194]. The
main limitations of PLAL for AuNP synthesis are the necessity to use very expensive
lasers as well as low concentrations of solutions synthesized, which require several
concentration steps in order to reach biomedical applicability.

2.5.2 Atmospheric Plasma Electrochemistry

Atmospheric plasma synthesis, or plasma electrochemistry, allows the rapid nucle-
ation and growth of Au NPs directly in water, without the need of any chemical
reducing agent. Compared to pulsed laser ablation, it has the advantage of producing
more concentrated solutions of Au NPs while requiring less expensive equipment.
Plasma is a charged gas containing free electrons, positive and negative ions, neutral
species in the ground or excited state, and photons. This mixture of charged species
gives plasmas unique physico-chemical properties. The most common and easily
attained method for forming plasma is to apply an electrical voltage between two
electrodes, solid or liquid, separated by a gas. With aqueous solution, plasma elec-
trochemistry must be operated near atmospheric pressure and at low temperature to
avoid solvent evaporation.
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A great variety of chemical reactions take place at the plasma–liquid interface. In
the presence of nitrogen as the main plasma component or as a contaminant from the
presence of air, the formation and dissolution of nitric acid can cause a significant
decrease in pH [108]. The electrolysis of water

(
2H2O + 2e− → 2OH− + H2

)
at the

plasma cathode and the formation of chlorine gas (2Cl− → Cl2 + 2e−) at the anode
were also reported [158]. The formation of reactive ions H+, H−, O−, OH−, radicals
H·, O· and OH· and H2O2 is also a very important factor in the cascade of chemistry
events taking place in the nucleation and growth of nanoparticles [66, 125].

The exact mechanism for the nucleation of Au NPs by plasma–liquid electro-
chemistry is still not entirely understood. The electrons generated in the plasma are
accelerated to the surface of the liquid by the electric field between the electrodes and
pass into solution in the form of solvated electrons [1, 125]. Several reactive oxygen
and nitrogen species generated by the plasma treatment act as metal ion reducers.
These ‘fugitive’ or metastable reducing agents make possible the nucleation of Au
NPs while avoiding the use of external toxic chemicals (e.g. NaBH4) for the synthe-
sis of water-dispersed Au NPs. Gold ions in solution can reach the plasma–liquid
interface by the combined effects of the electric field, the convection forces and
the concentration gradient [2]. When an ion reaches the interface, it is reduced into
atomic gold directly by the electrons: [AuCl4]−+ 3e− → Au0+ 4Cl−. Once reduced,
the gold atoms collide and form clusters, which diffuse away from the plasma–liquid
interface. These clusters act as nucleation sites of NPs [2]. Size control is usually
performed by adjusting only the concentrations of metal salt and surfactant in solu-
tion. Increasing the current can also lead to the production of smaller NPs since it
allows a higher nucleation rate [79].

In the last 10 years, new ‘cold plasma’ reactors operating at atmospheric pressure
brought the possibility to synthesize NPs from metal salts directly in water. The
first type of atmospheric plasma reactor that was used to nucleate Au NPs was the
microplasma [104, 160], and the most commonly used geometry of microplasma
is the microhollow cathode [20, 104, 155]. It consists of a gas stream flowing in a
cylindrical hollow cathode placed a few millimetres above a liquid solution contain-
ing metal ions. A DC voltage, typically several thousand V/cm, is applied between
the cathode and the solution. The plasma discharge generated at the output of the
microhollow cathode thus extends to the surface of the liquid, where the reduction
of the metal ions and the nucleation of NPs take place.

Richmonds and Sankaran demonstrated the possibility to synthesize gold and
silver NPs from the dissolution of a metal sheet in a slightly acidic aqueous solution
[155]. Using fructose as a stabilizing agent, the reduction by argon plasma has formed
10 nm diameter NPs for both metals. This device shows the conventional concept
of an electrochemical cell, where the metal film acts as a sacrificial anode, and
the microplasma as a cathode [160]. This concept was adapted several times for
the synthesis of gold and silver NPs of different sizes and morphologies, with and
without stabilizer [127, 188, 189]. Unfortunately, themicroplasma technologies have
a rather limited surface coverage, and other types of plasma must be considered to
allow the development of technologies enabling the synthesis of large volumes of
solutions.
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A promising alternative to the microplasma is the dielectric barrier discharge
(DBD). Through the DBD technology, plasma–liquid interface area of several cm2

can be generated [16]. This technology was recently employed to synthesize radioac-
tive Au NPs for applications in oncology [19]. The main limitation of Au NPs syn-
thesized by plasma electrochemistry remains the relatively high polydispersity of
particles, requiring further separation steps. Further work aimed at understanding
the exact electrochemical mechanisms behind the reduction of Au ions should help
reaching a better control over size.

2.6 Surface Treatment of Au NPs

The size, shape and surface properties of the Au NPs are determinant factors for their
successful biomedical applications [4, 35, 40, 55, 59, 95, 134]. To be used in vivo, the
particles should be dispersible in water; they should form a stable colloid in biolog-
ical media, which are aqueous solutions with significant ionic strengths and rich in
proteins; they should not induce cytotoxicity; they should not adsorb too many pro-
teins on their surfaces to avoid uptake by the mononuclear phagocytic system (MPS)
cells; and they should be easily conjugated with specific ligands for targeting studies
[35, 59, 172]. Therefore, the Au NPs produced by the previous techniques should
undergo ligand exchange processes for their surface to be coated with different types
of biocompatible, antifouling and/or biologically active molecules [119, 159].

The surface of Au NPs can be functionalized using molecules containing thi-
ols, amines, carboxylic acids and phosphines [140]. The most resistant coatings are
formed by making use of ligands that have the highest affinity to Au. Therefore, thiol
modification is usually preferred, as the sulphur atoms form a coordinate covalent
bond with the metal surface [119]. The surface of Au NPs stabilized with citrate
or CTAB can be easily functionalized by exchanging these molecules with thiol
containing ligands [159]. The initial stabilizing agent is quickly replaced during the
adsorption of sulphur atoms, followed by a slower reorganization and packing of
the incoming molecules [52, 119]. The surface of Au NPs stabilized by alkanethiols
can be modified by thiol–thiol exchange [159]. This process requires higher molar
excess of the incoming ligands [119]. In addition, this method can also be used to
produce mixed organic monolayers containing different types of ligands at specific
ratios [159]. Finally, polyethylene glycol (PEG) is a commonly used antibiofouling
ligand for Au NPs [52]. When this highly hydrophobic polymer is attached at the
surface of Au NPs, the long chains prevent the aggregation of the nanoparticles by
steric repulsion. PEG also prevents the adhesion of proteins at the surface of the NPs.
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2.7 Cell Toxicity of Au NPs: In Vitro Studies

Several studies and reviews have reported on the viability of a wide selection of
cell types incubated with Au NPs [64, 90, 95, 113, 173]. Several sizes of Au NPs
were reported, as well as different surface charges and molecular coatings. The
concentration thresholds for which cytotoxicity effects are detected with the main
types of Au NPs used in biomedicine can be found in this literature.

3 Principles of Physical Interactions Between Photons
and High-Z Elements

High-energy photons (X or γ rays) in the range typically used for computed tomog-
raphy and medical physics, can penetrate long distances in the biological tissues.
By interacting with the different chemical elements present in vivo, they undergo
specific interactions which makes them useful for whole body medical imaging
and therapy. Photons used in medical physics and imaging usually have an energy
included between 10 keV and 1 MeV. In that range, photons can be attenuated by
four major types of interactions upon colliding with materials: (1) the photoelec-
tric effect, which dominates at the lower energies; (2) the Compton effect, which
increases at higher energies and for higher atomic numbers; (3) Rayleigh scattering;
and finally (4) pair production, which occurs only at very high energies. A schematic
representation of each one of these phenomena is represented in Fig. 5.

Attenuation coefficients calculated for each element, at different energies, and for
each one of the interaction mechanisms, allow a comprehensive quantitation of the
photon–matter interaction process. The cross section is a measure of the probability
for an interaction to occur, and it depends on the atomic number (Z). For high-Z
elements, the probability of interaction is generally higher due to their larger cross
section. The total mass attenuation coefficient (μ/ρ) corresponds to the sum of the
individual attenuation coefficients (Eq. 1). It represents the probability of interaction
per mass unit of a given material (in cm2/g):

μ
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� τ

ρ
+

σ

ρ
+

κ

ρ
+

σR

ρ
(1)

where ρ is the density of the material, and τ , σ , κ and σR are the cross sections
for the photoelectric effect, the Compton effect, pair production as well as Rayleigh
scattering, respectively.

The photoelectric effect occurs when a photon collides with an electron from one
of the inner orbitals of the impacted atom (Fig. 5). The photon is absorbed and the
electron is ejected (i.e. the ‘photoelectron’) with a kinetic energy (Ek) corresponding
to the difference between the energy of the incident photon (hυ) and the binding
energy of the electron (EB). When the photoelectron is ejected from the inner-shell,
an electron of an upper shell fills the vacant place, which leads to the emission of
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either characteristic X-rays or Auger electrons. Characteristics X-rays are emitted
from electronic transition rearrangement and their energy is specific to each element.
The Auger effect occurs when the energy involved in the transition serves to eject
an electron (i.e. the ‘Auger electron’) present on a higher orbital.

Figure 6a, b illustrates the mass attenuation coefficients (μ/ρ) for each one of
the processes occurring in gold and as well as in water. For gold, the photoelectric
effect is very strong at energies of 200 keV and below, whereas similar photoelectric
interaction rates are reached in water at photon energies of 30 keV and below. The
probability of the photoelectric effect to occur is very high formaterialsmade of high-
Z elements: in fact, it is proportional to~Z4 [14, 89]. Figure 6c illustrates the relative
importance of each mechanism for different atomic numbers and photon energies.
For conventional external beam therapy with 100–250 keV photons, the Compton
effect dominates in the biological elements (C, O, N), whereas the photoelectric
effect is preponderant in the interactions with gold. At lower energies, however, the
photoelectric effect dominates.

The Compton effect occurs when a photon collides with an electron of the outer
shell and ejects it from the atom (Fig. 5). The photon loses part of its energy and is
scattered at an angle φ. Either it continues its course, or it undergoes further inter-
actions such as Compton, photoelectric or Rayleigh scattering. The ejected electron
is referred to as ‘Compton electron’, and travels in the surrounding material where

Fig. 5 Illustration of interactions of photons with the atoms that constitute materials and tissues.
Source The authors (Review, in press at Advanced Healthcare Materials, with permission from
Wiley-Verlag)
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it may cause subsequent excitation and ionization of atoms. The incidence of the
Compton effect is significant at photon energies ranging from 100 keV to 10 MeV
(Fig. 6a, b). It is almost independent of Z, and it predominates at intermediate ther-
apeutic energies [89].

In Rayleigh scattering or coherent scattering, the incoming photon interacts with
the whole atom. The electrons oscillate in phase and release an extra quantity of
energy in the form of a secondary photon having the same energy as the incident
photon, however emitted in a slightly different direction (Fig. 5) [14, 89]. Overall,
this interaction does not contribute to the dose enhancement in radiotherapy, since
no energy is transferred to orbital electrons, and therefore, ionization does not occur.
Usually negligible at high energies, Rayleigh scattering is more probable with high-Z

Fig. 6 a, b Mass attenuation coefficients for gold and water according to the photon energy (data
from the NIST) [136]. cDiagram of the different photon–matter interactions taking place depending
on the atomic number (Z) and the energy of photons. Reproduced from [14] with permission from
Wiley-VCH Verlag. d Comparison of the photon mass energy absorption coefficients for gold and
soft tissue. The ratio of the mass energy absorption coefficients is shown as a function of energy.
Reproduced from [25], based on data originally from [80], with permission from theRoyal Chemical
Society
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materials such as gold, as well as for low and very low-energy photons (Fig. 6a, b)
[89].

Finally, pair production arises from the trajectory of a high-energy photon
(>1.02 MeV) passing near the nucleus of the atom. In this specific situation, the
energy of the photon is converted into mass and an electron–positron pair is created
(Fig. 5) [14, 89]. The energy in excess (E = 1.02 MeV) is equally distributed in the
form of kinetic energy (e.g. 511 keV) between the positron and the electron, and
this energy is lost via ionization as the particles travel through matter. When the
positron comes to rest, it interacts with an electron of the material, resulting in the
emission of two annihilation photons of 511 keV, travelling in opposite directions.
Pair production interactions are dominant at high energies (>10 MeV, e.g. external
beam radiotherapy) and are more likely to happen for high-Z elements, since the
cross section for this kind of interaction varies according to Z2 (Fig. 6a, b) [14, 89].

Figure 6d shows a comparison of the photon mass energy absorption coefficients
for gold and soft tissue. The ratio of the mass energy absorption coefficients is
shown as a function of energy. The difference of mass absorption energy coefficients
is maximal in the 10–200 keV energy range, the same as used for CT imaging and for
the vast majority of radiotherapeutics procedures used in oncology. The coupling of
these modalities with AuNPs is discussed later in this chapter: in Sect. 5 for imaging,
and in Sect. 6 radiosensitization and radiooncology.

4 Impact of Radiation and Au-Mediated Radiosensitization
Products on Cells and Tissues

Ionizing radiation impacts on the biological systems by generating several defects
in organelles and at the cell membranes. In particular, the impairment to the DNA
molecules is by far the impact that has the strongest and the most lasting influence on
the fate of the cells. The interaction of ionizing radiation with biological systems can
generally be divided into three phases: the physical, the chemical and the biological
[76]. Each phase and related mechanism is illustrated in Fig. 7.

4.1 The Physical Phase

The physical phase takes place upon collision of the photon with the atoms present
in the cells and more globally in the tissues (e.g. water, proteins, lipids and DNA).
Through these interactions, energy from the photons is deposited in the tissues,
causing thereby several direct damages to the molecules. Low-energy electrons and
free radicals can also be generated through the interaction of the primary photonswith
the tissues [74, 76]. The interaction of photons with high-Z elements such as gold
atoms results in the emission of further secondary species: photoelectrons, Auger
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Fig. 7 Representation of the different steps of the impact of ionizing radiation on the biological
tissues and cells: the physical, the chemical and the biological phases are depicted. Illustrations are
inspired by descriptions provided in [74, 76, 157]

electrons and characteristic X-rays [76]. Thus, in addition to the damage created by
the energy transferred from the incident photon, the DNA, proteins and lipids of the
irradiated cells, can be further injured by the secondary emissions coming from the



18 M.-A. Fortin et al.

Au NPs. The low-energy electrons can also ionize the water molecules located in
their vicinity, thus causing the formation of reactive oxygen species (ROS). They can
also interact with other Au NPs and lead to the emission of further Auger electrons
[26, 74, 102, 143]. The contribution of these secondary species has a strong impact
on the overall dose deposition.

4.2 The Chemical Phase

The free radicals and other reactive and metastable species, diffuse and react with
atoms and molecules present in the biological systems. This is the ‘chemical phase’
mentioned above, which causes further damage and cell stress [76, 157]. Several
studies concluded that, at the chemical phase, Au NPs contribute to cell damage
essentially by increasing the production of ROS. These highly reactive oxygen-
containing chemical species (e.g. •OH, H2O2 and •O2) have the capacity to oxidize
biomolecules in the cell and thereby inducing a chain reaction of potentially toxic
free radicals.

In fact, it has been demonstrated that Au NPs alone, and in particular the smaller
ones (<5 nm) not entirely covered with surfactants, can induce the formation of ROS
in water or in biological medium. This occurs spontaneously because Au NPs have
an electronically active surface. This is a consequence of the small size and high
surface curvature that modifies the energy levels of the electrons in the surface atoms
compared with bulk structures [139]. Therefore, depending on the ‘bareness’ of their
surfaces, Au NPs can catalyze the production of ROS through surface-mediated
electron transfer to oxygen molecules [76, 139].

Misawa and Takahashi suggested that the production of ROS by Au NPs is poten-
tiated after irradiation, because secondary emissions cause more ionization of water
molecules [132]. In addition to this, Cheng et al. observed that the Au surface atoms
can also be activated by radiation-induced ROS [37]. Porcel et al. proposed that
following electron depletion after secondary emissions, positively charged Au NP
surfaces can destabilize the nearby water molecules, facilitating their dissociation
and increasing the production of ROS [151]. Furthermore, Zheng et al. observed
that small (e.g. 5 nm) and positively charged Au NPs can bind to the DNA back-
bone through electrostatic interactions, and as a result weaken the DNA structure.
This type of interactions can make the DNA more susceptible to permanent dam-
age, in particular when it is impacted by low-energy electrons produced through the
interaction of photons with Au NPs [76, 208].
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4.3 Measurement of Physical and Chemical Impact of Au
NPs on DNA

It is difficult to clearly dissociate the impact of physical damages, from the impact of
purely chemical damages caused by impacting photons to the biological tissues. The
mechanisms leading to increased DNA damage and to cell death, after irradiation in
the presence of Au NPs, are not completely understood. However, Au NPs have a
critical effect in each phase of radiation-induced cell damage. DNA impairment is the
most important parameter to take into account when evaluating the efficacy of radio-
therapy [74, 76, 157]. Overviews of the mechanisms of radiobiology can be found
in comprehensive books on the topic [73]. Au NPs used as radiosensitizers increase
dose deposition and localize their impact more precisely into targeted tissues such
as in tumours [74]. Several experimental studies indicated that dose enhancement in
the vicinity of Au NPs is much higher than initially predicted by theoretical simu-
lations [88, 111, 129]. Such observations led to a number of investigations aiming
to understand the mechanisms behind the radiosensitizing effect induced by Au NPs
and its influence on the radiobiological mechanisms.

Traditionally, the most direct means for quantifying the impact of ionizing radia-
tion on cells was bymeasuring the frequency of chromosomal aberrations in function
of the absorbed dose [73]. Nowadays, the damage caused by ionizing radiation to
cells in presence of Au NPs is generally quantified by clonogenic assays [27, 39, 47,
88, 123, 129, 166, 181, 207]. This analysis provides information about cell survival
after irradiation, and it allows a quantification of the sensitizing effect generated by
Au NPs [27, 123, 181].

However, more analytical tests are necessary to fully quantify the impact of the
radiosensitizing effect on the cells. Double-strand breaks to the DNA can be quanti-
fied by using the γ-H2AX or the 53BP1 foci formation assays [27, 39, 47, 129, 166,
181, 207]. The presence of these proteins is an indicator that irreparable damage was
caused to the DNA. The quantification of ROS production is usually performed using
the dichloro-dihydro-fluorescein diacetate (DCFH-DA) assay [27, 123]. By combin-
ing the complementary information provided by different assays, Butterworth et al.
demonstrated that irradiation of PC3 cells containing Au@DTDTPA NPs induced a
1.7-fold increase in residual DNA double-strand breaks (e.g. 24 h after irradiation)
compared with cells treated with radiation only. In addition, the authors observed
that incubation of PC3 cells with Au@DTDTPA NPs did not cause a statistically
significant increase in the production of ROS, compared with non-treated cells [27].
Overall, these observations indicate that the natural DNA repair mechanisms can be
impeded when increasingly complex damages are caused to the helixes. However,
this effect seems to be cell-dependent [27]. On the other hand, after X-ray irradia-
tion, Ma et al. observed a 1.6-, 1.2- and 1.1-fold increase of ROS concentration in
KB cells incubated with Au NPs, Au nanospikes and nanorods, compared with the
control group. These studies suggested that increased ROS production is one of the
possible mechanisms behind Au NPs radiosensitization in the chemical phase [123].
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4.4 The Biological Phase

The biological phase begins when repair mechanisms are triggered in response to the
physical and to the chemical damages caused to vital structures (DNA, mitochondria
and other organelles) [76, 157]. In particular, the increased ROS production and the
indirect DNA damage initiated during the chemical phase can (1) induce oxidative
stress, (2) disrupt the cell cycle and (3) delay or inhibit DNA repair [76, 123, 157].
Oxidative stress can induce damage to almost all organelles, and therefore lead to
cell death in a variety of ways. Although the exact impact of Au NPs on oxidative
stress induction is not entirely well elucidated at the moment, Au NPs can lead
to an increased production of ROS through catalytic reactions. High intracellular
concentrations of ROS impair mitochondrial function, and the presence of AuNPs in
cells can inhibit themechanisms of proteins implied in cellular oxidation homeostasis
[76, 116, 157, 187].

The cell cycle also plays an important role in cell sensitivity and survival to radi-
ation. It has been demonstrated that cells are more sensitive to radiation-induced
damage when they are at the end of cycle step G2 and during mitosis. On the other
hand, cells in late S phase are more resistant to radiation [76, 157]. The analysis of
cell cycle is often performed by flow cytometry, after DNA staining with propid-
ium iodide and 5-bromo-2′-deoxyuridine [47, 123, 207]. This method quantifies the
DNA content per cell, and with this information, one can identify the phase of the
cell cycle where the impact of radioactivity is the highest. Roa et al. observed that Au
NPs (e.g. glucose-coated Au NPs) can synchronize and stop cells in the G2/mitosis
phase. This mechanism, in turn, increases cell sensitivity to radiation damage [193].
After exposing cells to different types of Au NPs, Ma et al. observed a slight increase
on the percentage of cells in the G2/M phase for Au NP-treated cells unexposed to
radiation; after X-ray treatment, the percentage of cells in the G2/M phase appeared
to be significantly increased [123]. However, the Au NP-mediated ‘cell cycle syn-
chronization effect’ reported in the previously cited papers is being debated, since
other research groups have not detected any cell cycle change after treatment with
Au NPs [47, 207]. One can argue that the variation in the results between the studies
can be attributed to different experimental conditions, such as the physico-chemical
properties of Au NPs and the cell lines [76, 157]. A systematic and more compre-
hensive methodology should clearly help to identify and to quantify this effect in the
near future.

When DNA is affected by physically or chemically induced defects, repair mech-
anisms are activated that, in principle, help the cell to recover its vital functions.
However, as seen in the previous sections, the presence of Au NPs in the cells can
multiply the impacts on the DNA, potentially leading to a delay or to the inhibition
of the DNA repair mechanisms. Usually, counting of double-stranded DNA damage
takes place immediately after (e.g. about 1 h) and at 24 h post-irradiation. If the
damage persists or even increases at 24 h, the residual damage reflects an inhibition
or a delay of the repair process. Chithrani et al. observed higher concentrations of
γ-H2AX and 53BP1 foci at 4 and 24 h after irradiation of HeLa cells incubated with
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Au NPs [39], whereas Cui et al. and Butterworth et al. did not observe increase in
the double-strand DNA damage immediately after irradiation (e.g. 30 min to 1 h).
Instead, they detected an increase in the residualDNAdamage at 24 h post-irradiation
[27, 47]. Chen et al. detected a 2.02 and 1.95-fold increase in the amount of γ-H2AX
foci at 2 and 4 h after irradiation of cells incubated with BSA-coated Au NPs [36].
The concentration of double-stranded DNA damage was similar at 24 h after irra-
diation, suggesting that Au NPs did not interfere with the repair mechanism [36].
Jain et al. also concluded that Au NPs neither increase radiation-induced double-
stranded DNA damage formation nor inhibit DNA repair after irradiation of cells at
clinically relevant MV X-ray energies [83]. Thus, further studies are necessary to
clarify several aspects of the influence of Au NPs on the DNA repair mechanisms
[76, 157].

5 Performance of Au NPs as X-Ray Computed
Tomography Contrast Agents

X-ray computed tomography (CT) is a common tool in modern medicine. It is essen-
tial for the diagnosis of bone pathologies and trauma, to identify the calcification of
tissues, as well as for visualizing several lung diseases [191]. In addition, the rela-
tively short acquisition times typical of CT imaging enables a variety of cardiac and
vascular diagnostic procedures [92, 101]. In the preclinical field, microCT acquires
images of higher spatial resolutions than clinical CT (<50 μm), making the imaging
modality an essential tool in the development of small-animal models of various
pathologies [96, 191].

CT imaging is based on the attenuation of high-energy photons (typically in the
range 25–140 keV) by biological tissues. In this energy range, the main photon–mat-
ter interactions taking place are the photoelectric and the Compton effects. Photons
of a given energy irradiating a material, are attenuated a certain linear rate (per depth
of penetration in this substance). This rate is the linear attenuation coefficient (μ),
and it is proper to each compound [24]. This characteristic is intrinsic to each tissue,
depending on its elemental composition. DuringCT acquisition, X-rays are projected
at different angles across the body, and a detector collects the transmitted photons.
Then, the numerical analysis allows the 3D reconstruction of images representing
the attenuation of X-rays by the biological tissues, which are largely guided by their
respective attenuation coefficients (μ). The differential X-ray attenuation maps are
presented inHounsfield units; these are obtained by normalizing the totalμmeasured
in each voxel to the μ of a known reference (e.g. water) using Eq. (2) [69, 92].

HU � 1000

(
μ − μwater

μwater

)
(2)

The resulting map is a 3D representation of the various volumes presenting dif-
ferent densities in the biological system (e.g. bone, muscle, fat, etc.).
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5.1 Attenuation of X-Rays by High-Z Elements

The attenuation of X-rays by the different biological tissues in the body, or
by exogenous materials such as gold, is dictated by the probability of interaction
of each element in function of the energy of X-rays. Attenuation of X-rays is quanti-
fied by the mass attenuation coefficient (ρ) which is often normalized to the density
of the material (μ/ρ) and expressed in units of cm2/g. Figure 8 illustrates the mass
attenuation coefficients of several elements, in function of the energy of X-ray pho-
tons. Compared with carbon, calcium has a higher mass attenuation coefficient at
photon energies common for CT imaging (e.g. 40–100 keV). This is the main reason
why bones and calcified tissues, appear strongly contrasted in CT imaging.

In order to provide strong contrast enhancement in the blood, or for targeting
certain types of diseases that are not characterized by strong differences of tissue
density, it is necessary to rely on contrast agents. These are made with elements that
have the capacity to strongly attenuate X-ray radiation. Any element with a high
atomic number (Z) is a good X-ray attenuator and can be used as a contrast agent for
CT, given that it is not too toxic for biological applications [121]. In the energy range
of CT imaging, attenuation by high-Z elements mainly results from the photoelectric
absorption effect. Moreover, the probability of an X-ray photon to interact with a
given element varies as (Z/E)3, where Z is the atomic number and E is the photon
energy [24]. Just above the binding energy of the core electrons, the absorption of
photons by the atoms is significantly higher [24, 69]. These ‘jumps’ in the mass
attenuation coefficient graphs (Fig. 8) are referred to as the ‘k-edges’. The presence
of such discontinuities must be taken into account in the selection of a photon energy
that maximizes the contrast effect. For instance, the k-edge of gold being 80.7 keV;
performing a CT-imaging scan at an energy of 81 keV multiplies by at least a factor
of 4, the mass attenuation coefficient compared to a scan performed at an energy of

Fig. 8 X-ray mass
attenuation coefficients for
gold, iodine, calcium and
carbon within the X-ray
energy range used for CT
imaging (data from [136])
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80 keV. At 81 keV, the mass attenuation coefficient of Au is much higher than that
of iodine, which is the most widely used element for the fabrication of clinical CT
contrast agents nowadays.

5.2 Conventional Iodinated Contrast Agents

CT contrast agents are usually made of iodinated hydrosoluble molecules [114].
Iodine is an element that is endogenous to the body, and it strongly attenuates the pho-
tons (Fig. 8). Among most common formulations approved by the health authorities,
figure monomeric or dimeric water-soluble tri-iodinated derivates of benzoic acid
[106, 175]. After intravenous injection, these small molecules diffuse to all vascular-
ized tissues through the fenestrations of blood vessels. Then, they are removed by the
blood and they are eliminated mostly by the kidneys [106]. As these contrast agents
have a short circulation time (e.g. 15–40 s), the imagesmust be acquired quickly after
the injection. This is a significant limitation in preclinical studies, because the small
animals eliminate these products faster and the acquisition times in microCT usually
take longer than with clinical CT scanners [96]. The main strategy to overcome this
limitation is through the administration of multiple or long, continuous injections of
the contrast agents in the small animals [96, 174]. This unfortunately raises toxicity
concerns. To maintain the image quality as the contrast effect fades away, the X-ray
exposure could also be increased. However, the dose of a single anatomical image is
around 0.1 Gy. Higher imaging doses of 1.5 Gy have been reported for cardiac gated
imaging in mice but should never exceed 6 Gy even in multiple sequential scans
procedures. This threshold is considered lethal for small rodents [156].

5.3 Blood-Pool Contrast Agents

In order to prolong the contrast-enhancement effect, blood-pool contrast agents were
developed [114]. Blood-pool contrast agents cannot go across the gaps between the
endothelial cells of normal vessels, and therefore they remain for longer times in
blood circulation, thus providing an improved time window for visualization of the
vascular system. By increasing the size of contrast agents up to the 50–100 nm,
renal elimination through glomerular filtration is reduced. The extended blood half-
life of these molecules is also a result of a delayed recognition by the cells of the
mononuclear phagocyte system (MPS), due to the use of well-selected surfactants
[148].Differentmethods andmaterials have beenused to produce blood-pool contrast
agents, and many of them are commercially available for preclinical research [96,
106, 175]. They are usually made of macromolecules, or of oil emulsions containing
iodine-modified lipids. They can also be made of iodine-encapsulating micelles and
liposomes [183]. Blood-pool CT contrast agents can also be based on inorganic NPs:
bismuth-sulphide, barium, alkaline-earth metals or gold [96, 121]. Among these,
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Au-based nanoparticles have provided the most promising proofs-of-concepts for
the development of a new generation of blood-pool contrast agents for CT imaging.

5.4 Au-Based Blood-Pool Agents

Among all elements considered for CT contrast media applications, gold shows
good biocompatibility and has higher X-ray attenuation coefficients than iodine at
the energy range of both CT and microCT [67, 82, 85]. As mentioned in the previous
section, the photoelectric effect is inversely related to the energyof the photons (1/E3),
except for discontinuities (i.e. absorption edges) close to the binding energies of the
inner-shell electrons, at which the probability of interaction increases significantly
[82]. For example, Au has a k-edge absorption at 80.7 keV [67, 82], thus when peak
voltages (kVp) from 100 to 140 are used, the mass attenuation of Au (μ/ρ) increases
up to 8.9 cm2 g−1. In comparison, the mass attenuations of C, Ca and I in the same
energy range are 0.161, 0.366 and 3.51 cm2 g−1, respectively [80]. In that range,
gold attenuates X-rays approximately 55 times more than C (present in soft tissues),
24 more than calcium (present in bones) and at least 2.5 times more than iodine
(Fig. 8). As a consequence, in this range of energies, Au NPs can be administered at
lower elemental concentrations than the iodine-based contrast agents, for a similar
level of contrast enhancement [67, 137]. Au NPs also attenuate X-ray photons more
efficiently by Compton scattering than soft tissues (e.g. carbon), bone (e.g. calcium
and phosphorus) and iodine-based contrast agents, because of higher electron density.

In 2006, Hainfeld and colleagues were the first to report the use of Au NPs as
contrast agents for vascular imaging [71]. In this study, 1.9 nmAu NPs were injected
in a mouse model, and provided evidence of longer retention times and superior
contrast to iodine with resolution of vessels as small as 100 μm [71] Despite high
initial blood concentrations (10 mg/ml blood), no haematological nor biochemical
abnormalities were detected at 11 and 30 days post-injection. Au NPs were found to
be excreted by the kidneys.

Since then, several Au NPs-based formulations have been developed and used in
preclinical studies [93, 98]. A variety of synthesis techniques have been employed:
Turkevich [56], Brust–Schiffrin [42] and seed-mediated growth [150]. Galper and
colleagues demonstrated that the maximum contrast enhancement for Au NPs dis-
persed in water (core diameter: 3.6±1.1 nm), was achieved at 120 kVp (Fig. 9) and
it was 1.9 times higher than with a commercial iodine contrast agent for an equiva-
lent elemental concentration [67]. Jackson et al. showed that Au NPs provide better
contrast over iodine at peak voltages lower than 50 kVp. However, no significant
improvement was found between 70 and 90 kVp [82].

The development of fine Au NPs of well-controlled size and targeting ligands
opened the possibility to improve image contrast by increasing the concentration of
Au NPs in disease tissues [56]. NPs made of high-density lipoprotein (HDL) [42, 43]
and low-density lipoprotein (LDL) [6] containing Au NPs also showed promising
results. More specifically, Au-HDL NPs were used to specifically target and image
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Fig. 9 aGraph (in Hounsfield units: HU) of attenuation versus concentration of Au NP and iodine-
CA scanned in air at 100 mA and 140 kV. Error bars are standard deviations; where not seen, the
error bars are hidden by the data point. Attenuation of b iodine-CA and c Au NP scanned in water
with a calcium phosphate matrix at various tube voltages. CT images of d 157 mM of iodine-CA
and e 119 mM of Au NP (windowing, 800Y3000 HU). Data from phantom 2. Error bars omitted
for clarity. From [67], reproduced with permission from Lippincott, Williams and Wilkins



26 M.-A. Fortin et al.

macrophage content in atherosclerotic plaque. In this system, the targeting wasmedi-
ated by the apolipoprotein A–I [42, 43]. On the other hand, Au-LDL NPs were used
to target tumour associated macrophages. In this case, the targeting properties were
attributed to the apolipoprotein B100 and to the EPR effect [6].

Dendrimer-entrappedAuNPs (2–4 nmdiameter cores) have also been synthesized
and tested in vivo [103, 145, 196].Ultra-smallAuNPs (~2.4 nmdiameter core) coated
with dithiolated polyaminocarboxylate (DTDTPA), and injected intravascularly in
the mouse model, were found massively excreted by the urinary ways (>60% of
injected initial dose after 24 h) [7]. A significant fraction of the product was also
found in the faeces after 72 h (2–3% cumulative, on initial dose injected).

One of the strategies that has been suggested to increase the sensitivity of Au NP-
based contrast agents is the integration of a large number of ultra-small Au NP cores
(e.g. 1.9 nm in diameter such as Aurovist™) into polymeric micelles (‘gold-loaded
polymeric micelles’, or GPMs) [3]. It was demonstrated that GPMs in the form of
micelles containing a large number of ultra-small Au NPs (1.9 nm diam.), remain
in the blood for several hours (Fig. 10a, b) and accumulate at high concentrations
in tumours (Fig. 10c, d). They also show much higher liver and spleen retention
compared with their ultra-small 1.9 nm diameter individual counterparts (Fig. 10d).
This could be a strong limitation to their approval for clinical applications by the
health authorities.

Overall, Au NPs used as CT contrast agents, and in particular, very small ones
(e.g.~2 nm) provide longer long blood half-lives than the small iodinated molecules
conventionally used in CT imaging. Few evidences of toxic reactions in the mouse
model have been found in preclinical studies until now [28, 71, 137]. The smallest
Au NPs are eliminated by glomerular filtration in the kidneys within minutes. By
increasing the size of the contrast agents, either by using a polymer backbone, den-
drimers or a core of inorganic material, the blood half-life of the contrast agent can
be longer. However, the largest NPs cannot be filtered by the kidneys and therefore
represent a potential toxicity risk. Indeed, their hydrodynamic diameter is usually
larger than the pore size of the glomerular wall [35, 134]. This is one of the main
reasons why the majority of blood-pool contrast agents, and in particular, the ones
based on particles larger than 10 nm in diameter, have not been approved for clinical
applications until now.

6 Performance of Gold Nanoparticles as Radiosensitizers
in Oncology

As described in the previous sections, gold has a great potential for X-ray imaging,
at least in preclinical applications and thanks to the fact that is chemically inert in
biological media [182]. In addition, the size and shape of Au NPs are relatively easy
to control, and ligands can be readily attached to their surface [52]. In addition to
imaging, Au NPs can also be used as radiosensitizing agents for the radiotherapy
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of different tumours [25, 44, 70, 102]. The strong attenuation of photons by high-Z
materials generates secondary products (e.g. Auger electrons, characteristic X-rays
and photoelectrons) that contribute to enhancing the dose deposited by the primary
photons.

In radiooncology, the treatments are performed by irradiating tumourswith a beam
of photons at a specific energy. The photons interact with the atoms of the tissues
through the particle–matter interactionmechanismsdescribed inSect. 3. In particular,
secondary emissions of various natures (electrons and photons) are ejected from the
atoms of the irradiated materials, and these account for the most important fraction
of the deposited dose in the tissues [14, 89]. The secondary emissions subsequently
interact with atoms present in the surrounding environment, producing cascades
of ionizing events [14, 89]. Generally speaking, radiotherapy treatments that could
accommodate the use ofAuNPs aremainly divided in two variants: (1) external beam

Fig. 10 Blood clearance profile of gold-loaded polymericmicelles (GMPs),measured by elemental
analysis (n �3). b Serial CT coronal views of a mouse following retro-orbital injection of 200 μL
of GPM solution (650 mg/kg). Coronal views of heart and liver (top) and inferior vena cava and
kidneys (bottom) are shown. A very strong contrast is seen at t �30 min. c In vivo CT images of
nu/nu nude mice with HT1080 flank tumours, injected with GMPs, as well as the ultra-small Au
NPs Aurovist (1.9 nm diameter NPs, also enclosed in the GMPs compound). Representative CT
images in the axial plane prior to injection (precontrast) and 30 min, 24 and 48 h post-injection of
GPMs (n �3) or AuroVist (n �3). Tumour boundaries are indicated by white arrows. d Elemental
analysis in excised and dissolved organs of gold distribution at 48 h following the administration
of GPMs or AuroVist. The asterisk indicates statistical significance (p <0.05). Reprinted from [3]
with permission. Copyright 2014, the American Chemical Society
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radiotherapy, where the radiation source is external to the patient, and which exploits
a photon energy range between~0.1 and 8 MeV; and (2) low-dose brachytherapy,
in which radioactive seeds are inserted directly in the cancer tissues, for a photon
energy range between 20 and 28 keV [161].

Over the recent years, several strategies have been investigated to maximize the
dose enhancement generated by Au NPs distributed in tissues; simulation studies
and experimental approaches have been tested (e.g. external beam radiation therapy
combined to Au NPs, brachytherapy combined to Au NPs and radioactive NPs). In
vivo experiments have been performed to demonstrate the therapeutic effect caused
by the combination of Au NPs with various radiation sources on xenograft tumours.
Here, we review the comprehensive aspect and the main outcomes related to the use
of Au NPs as radiosensitizers in radiation therapy.

6.1 Main Mechanisms of Radiosensitization

By using a radiosensitizer, the sought effect is a maximization of the fraction of
attenuated photons and consequently, an increase in the overall quantity of electrons
cascading in the tissues. The mechanisms leading to the radiosensitization effect
generatedbygold atoms irradiatedbyphotons in a biological tissue canbehighlighted
by a careful examination of Fig. 6a, b (mass attenuation coefficients of Au and
water). First, at an energy of 20 keV, the total mass attenuation coefficients of gold
and water differ by a factor of 97. This means that, for low-energy photons such
as those used in low dose-rate brachytherapy, gold attenuates substantially more
energy per gram than water. At 20 keV, the mass attenuation coefficient of gold
is 78.83 cm2/g; it drops to 2.19 and 5.16 cm2/g at 80 and 100 keV, respectively.
Therefore, the probability of interaction of photons with gold is much higher at
20 keV, where the photoelectric effect is the predominant interaction mechanism. As
the photoelectric effect generates a large number of secondary electrons and photons,
Au NPs radiosensitization is maximized with low-energy photons. Although these
secondary emissions (photoelectrons, Auger electrons and characteristics X-rays)
have low energies, they significantly contribute to dose (energy) deposited in the
tissue. In terms of dose enhancement, the lower energies of the secondary products
are compensated by their relative abundance in comparison to the flux of primary
photons.

Energy deposition occurs when secondary electrons gradually lose their kinetic
energy through many ‘collisions’ with orbital electrons present in the biological
matter (Fig. 11). The collisional behaviour causes ionizations and excitations along
the path of the electron, and these events can be defined as points in space where
energy is transferred to the medium (in the biological tissues: mainly water). The
amount of energy transferred per unit volume is defined as the energy lost by the
electrons following each interaction (�E �E1 −E2). The electron continues to travel
in the medium where it interacts with other atoms. At each collision, it transfers a
small amount of energy until it comes entirely to rest (Ekin �0).
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Fig. 11 Schematic representation of the mechanisms leading to energy deposition in biological
tissues. First, an incident photon (1) interacts with the AuNPs and cause the emission of a secondary
electron (1). This electron travels until it collides with an orbital electron of an atom in the medium
(2). At this point, a fraction of the kinetic energy (Ekin) of the electron is transferred to an orbital
electron of this atom (energy deposition). This results in electron ejection (ionization) or migration
to a higher shell (excitation) (3). Source The authors (Review, in press at Advanced Healthcare
Materials, with permission from Wiley-Verlag)

6.2 Au NPs as Radiosensitizers in External Beam Therapy

The use of AuNPs as radiosensitizers during radiotherapy treatments has emerged as
one of themost promising applications of gold colloids. By directly injecting AuNPs
in cancer tissues, followed by adequate irradiation by mid-to-high energy photons, it
is possible to generate a large range of low-energy products (electrons and photons)
in the immediate vicinity of the Au NPs [25]. In turn, these low-energy electrons
and photons lead to dose enhancement in the surrounding tissues, to the production
of reactive oxygen species inside or in the close vicinity of the cells. Overall, these
products cause significant further damages to the tissues [25, 37, 76, 128, 132, 139,
151, 208]. It is generally assumed that the internalization of Au NPs brings them
closer to the cell nucleuses, with potentially stronger impact on the DNA.

The first experimental evidences of the radiosensitization effect of Au NPs on
tumoural tissues have been exhibited byHainfeld et al. [72]. The experimentwas con-
ducted with external beam radiation (EBRT), where mice bearing xenograft tumour
(breast) were injected intravenously with Au NPs. A delay in the tumour growth was
observed for a group of animals treated with a combination of Au NPs and external
radiation. Since then, many studies using external beam source have been reported
in the literature.

Among the main parameters and conditions investigated, the Au NPs size and
administration routes showed interesting results. Au NPs of 15–30 nm seems to be
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the most effective for tumour growth inhibition [204, 198]. Lately, Shi et al. showed
significant differences between the concentrations of Au NPs in tumours following
an intravenous or an intratumoral injection of Au NPs (i.t.: 496±106 μg Au/g;
i.v.: 5.27±1.17 μg Au/g), 8 h after the injection [166]. Those discrepancies were
reflected in the tumour growth response to radiotherapy, since a 25% difference in
the inhibition was observed between the two groups.

Different combinations of treatments have also been investigated through the years
to enhance the therapeutic effect of Au NPs. Radiation and hyperthermia therapies,
as well as radiation and drug delivery, have showed interesting results [46, 75, 87,
99, 105, 122, 126, 144]. Targeting molecules present at the surface of Au NPs also
contributed to a greater accumulation within the tumour, which helped in achieving
higher therapeutic efficacy [33, 87, 149, 177, 195, 198, 202, 206]. These alternatives
showed benefit gains in terms of tumour growth inhibition around 25% as compared
to the ones using untargeted Au NPs.

However, due to the various conditions used in each one of these studies, it is
still difficult to have definitive conclusions about the optimal conditions allowing
the highest dose enhancement. Among the drawbacks related to the combination of
EBRT and Au NPs, there is the energy range of the EBRT that is not suitable to
benefit the radiosensitization effect, as well as the potential toxicity issues related to
the Au NPs concentration that need to be injected to observe therapeutic effect.

6.3 Dose Simulations Have Confirmed a Good Match
Between Au NPs and Brachytherapy Sources

One of the most important aspects related to clinical radiation therapy is treat-
ment planning. This medical physics procedure is performed before radiotherapy
treatments, and they consist in dose simulations prior to irradiation of the tissues.
Several codes and programmes based on Monte Carlo calculation have been devel-
oped through the years to simulate radiation passage through biological tissues (e.g.
Geant4, EGS,MCNP and PENELOPE: [38]). Early in the development of AuNPs as
radiosensitizers, simulation studies have been conducted to identify the most critical
parameters enabling dose enhancement. Quickly after the inception of the concept
of Au NPs as radiosensitizers, it became necessary to evaluate the respective impact
of size, concentration and distribution of Au NPs in vivo, when they are irradiated
by fluxes of photons. Dosimetric studies were critical in identifying the more inter-
esting combinations of parameters to be tested in experimental radiotherapy studies
involving Au NPs.

The first simulation studies were based on calculating in a relatively conventional
manner, the ratio between the mass energy attenuation coefficients of gold and tis-
sue at the macroscopic scale (e.g. tumour scale). Dose enhancement factors were
calculated as a quantitative value that exhibits the effect of Au NPs presence in tis-
sue. Dose enhancement factors correspond to the ratio of the dose deposited in a
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tumour volume when Au NPs are present over the dose when no Au NPs are in the
tissue. It was highlighted that this macroscopic approach had some drawbacks and
did not represent accurately the dose enhancement phenomenon observed thorough
experimental in vitro studies. A new dosimetric approach called microdosimetry was
developed to bridge the experimental results and the dose enhancement deposition
created by the generation of secondary electrons at the nanoscale (cellular scale).
Through these studies, it was confirmed that low-energy photon sources such as
brachytherapy seeds (e.g. 103Pd and 125I) offered a higher dose enhancement, as well
as the benefit to use smaller Au NPs to reduce the amount of auto absorption of
secondary electrons directly in the Au NPs [91, 111, 112]. These simulations offered
new insights about dose deposition at the nanometric scale and confirmed the strong
potential for radiooncology, of irradiating Au NPs with low-energy photons such as
low dose-rate brachytherapy seeds.

6.4 Radioactive Au NPs

Historically, radioactive Au NPs have been first introduced to oncology procedures
in the mid-1950s in the form of colloidal Au NPs [23, 61, 62]. However, it was high-
lighted that heterogeneous distribution of the solution inside the tumour influenced
the efficacy of the treatment, as well as their quick excretion from the body. The size
variability and the poor uniformity of Au NPs forced to abandon this strategy until
recent advances in nanotechnology and materials characterization techniques (e.g.
transmission electron microscopy), which helped to develop new synthesis routes
that offer very controlled sizes and shapes. These advances allowed to revisit the
concept of radioactive Au NPs for potential interstitial treatments.

Radioactive gold (198Au; t1/2 �2.7 days) is a high-energy beta-emitter (Emoy

�312 keV) that also emits high-energy photons (Emoy �412 keV). It has been
revisited recently in several preclinical studies involving tumour injections in animal
models (Fig. 12b, c) [17, 94, 110, 168]. Beta-emitters have been investigated in
internal therapy for many years, since they can create dense damages to the DNA.
However, the high-energy photons emissions of 198Au are not perfectly well suited
for clinical applications. More recently, low-energy beta-emitters have been used
to radiolabel Au NPs (e.g. 177Lu) [29, 30, 201]. This radiolabeling is performed
via chelate of linker molecules attached at the surface of the Au NPs. Au NPs
radiolabeled through chelates can lead to the cleavage of the radioisotope in vivo.
Recently, a new approach based on the low-energy photon emitter 103Pd commonly
used in brachytherapy has emerged in the form of core–shell Pd:Au NPs. Core–shell
Au NPs incorporating radioisotope 103Pd (20–23 keV photons) have demonstrated
a strong potential in delaying tumour growth (Fig. 12) [50, 110, 170]. Moreover,
the combination of low-energy photon and gold offers the best conditions to benefit
dose enhancement via the radiosensitization effect [111].
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Fig. 12 a Intratumoural (i.t.) administration ofAuNPs in xenograft tumours (murinemodel; source
The authors). b Tumour growth curves in a prostate cancer model injected with radioactive 198Au
NPs: these results figure among the first in the recent years to have revealed the potential of radioac-
tive Au NPs in oncology (reprinted from [168], with permission from the National Academy of
Sciences of the United States of America). c Schematic representation of 103Pd:Pd@Au-PEG NPs
(single radioisotope) and 103Pd:Pd@198Au:Au-PEG NPs (dual radioisotopes, represented by the
enhanced corona) synthesized by a direct reduction route forming core–shell particles (reprinted
from [110], with permission from Wiley). d Tumour volume follow-up of prostate cancer, after
injection of~1 mCi of 103Pd:Pd@Au-PEG NPs (reprinted from [110] with permission fromWiley)

6.5 Current Status of Au NPs as Radiosensitizers for Clinical
Applications

Each of the experimental studies mentioned above showed interesting outcomes in
terms of tumour growth delay.However, it is still very difficult to compare the efficacy
of each one due to the various conditions employed. Every strategy has advantages
and drawbacks that need to be balanced in the perspective of clinical implementation.
The impact of key parameters such as the radiation source, the physico-chemical
properties of Au NPs (e.g. size, concentration and functionalization), the dose or
the administration route must be evaluated systematically to enable comparisons
between the efficacy of each one of the Au NPs formulations.
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For Au NPs to be translated into clinical procedures, a certain number of chal-
lenges must be overcome. First, the long-term retention of Au NPs into the tumours,
and their excretion pathways, must be comprehensively investigated. Long-term bio-
compatibility issues, as well as the biodistribution and clearance routes, must be
thoroughly studied. In addition to this, treatment planning and dose measurements
tools currently used in medical physics must be adapted to the specific reality of Au
NPs. Recent studies have clearly highlighted the importance of understanding Au
NPs diffusion in tissues and the impact of this diffusion on treatment efficacy and
on the dose given to the surrounding organs [21, 68, 109, 171]. It is also important
to develop simulation tools for the diffusion of Au NPs that could be added to exist-
ing dose planification platforms. In conclusion, it is evident that more experiments
are needed before health agencies approve Au NPs procedures in radiation therapy.
Continued interdisciplinary research efforts are key to develop optimal radiosensiti-
zation, ‘nanobrachytherapy’ products and dose calculation tools that could make a
wide impact in the future of oncology practice.

7 Biodistribution, Clearance and in Vivo Toxicity

7.1 Biodistribution and Clearance Routes of Gold
Nanoparticles

The size, shape, surface chemistry, charge and concentration of Au NPs are deter-
minant factors for their successful application in biomedical imaging and in radio-
therapy [74, 76, 162]. These parameters influence the biodistribution, the accumu-
lation, the diffusion and the uptake of the NPs by cells and tumours [55, 74, 77, 95,
162]. Therefore, the physico-chemical properties must be optimized according to
the final application, so that the highest image quality or therapeutic efficiency could
be achieved, while using the minimum concentration of Au NPs possible. Compre-
hensive reviews on the toxicity and biodistribution of Au NPs have been written by
Dykman and Khlebstov [55, 95].

7.2 The Intravascular Injection Route

NPs can be administered through different routes and the intravenous (i.v.) has been
the most common procedure reported in preclinical studies. It is not invasive, it
provides a quick distribution of the NPs through the body [90], and it also opens
possibilities for targeted CT imaging [33, 56, 114, 149, 150, 154, 195]. Upon their
i.v. administration, Au NPs diffuse in the blood pool [77]. PEG is commonly used as
a coating for Au NPs. This polymer efficiently stabilizes the particles by providing
steric hindrance and surface charge modulation. The adsorption of opsonins at the
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surface of NPs, usually occurring very fast as soon as the nanoparticles are injected
into the blood, is thereby delayed. As a consequence, it takes longer time for the
mononuclear phagocytic system (MPS) cells to recognize the NPs [28]. After some
hours in circulation, they endup accumulating in the liver and in the spleen [28, 71, 77,
148, 164]. Depending on surface properties and size, Au NPs can also significantly
accumulate in the lungs [18] and in the kidneys [28, 71, 164]. To a lower extent, Au
NPs can also be detected in the lymph nodes, in the small and large intestines, in the
heart, in the skeletal muscle and in the brain [28, 164].

The effect of size on the blood clearance of NPs is clearly revealed by comparing
the works performed by Hainfeld et al. [71] and Cai et al. [28]. In the first study, the
authors used Au NPs with an estimated HD of 5.8 nm, while on the second work,
NPs with an HD of 38 nm were used. As a consequence, 5 h after the injection,
Hainfeld et al. observed that 77.5% of the injected dose (i.d.) had been eliminated
by the kidneys, while Cai et al. reported that 72 h after the injection, only 6% of Au
i.d. had been eliminated in the faeces. Also, Hirn et al. studied the biodistribution
of negatively charged Au NPs with different core diameters (e.g. 1.4, 5, 18, 80 and
200 nm). The authors observed that the NPs of 5, 18, 80 and 200 nm were quickly
eliminated from the bloodstream and accumulated mainly in the liver (91.9–96.9%
of the i.d.). The 1.4 nm diameter NPs were also cleared relatively fast, and there was
lower retention in the liver (e.g. 51.3%). The spleen was the second organ with the
highest accumulation of Au NPs; however, the percentage of retained NPs, about
2%, was similar for all the particle sizes studied [77].

As mentioned in Sect. 5, the long blood half-life of Au NPs systems, and in
particular the larger PEGylated ones, is a consequence of the inability of kidneys to
excrete them. It is also due to the delayed uptake of the NPs by the macrophages
residing in the organs of the MPS, such as the liver and the spleen [77, 148]. NPs
with an HD smaller than 6 nm are easily excreted by the kidneys because the size is
under the renal filtration threshold [148]. NPs with sizes ranging from 6 to 10 nm can
still be eliminated by the kidneys, but usually, a certain retention in other organs such
as liver and spleen also occurs. It is generally assumed that particles with positively
charged surfaces are eliminated faster than neutral or negatively charged surfaces
[117]. Finally, if the Au NPs are not eliminated relatively quickly by the kidneys,
they accumulate in different organs and are assumed to be slowly eliminated by the
biliary system [148].

When the nanoparticles are designed to remain in the blood for several minutes or
even hours, they can reach and accumulate in tumours by the enhanced, permeability
and retention (EPR) effect. In fact, tumours that grow fast present an irregular and
leaky vasculature [4, 117]. For the NPs to accumulate in the tumour through the
EPR effect, their size (i.e. their hydrodynamic diameter—HD), their surface charge,
their hindrance (e.g. by PEGylation) and their shape must be carefully tuned to
maximize the blood circulation times. The heterogeneity of blood vessels around
and inside the tumours must be taken into account. Usually, the periphery of tumours
is well vascularized, and therefore, the NPs can more easily accumulate in this area.
However, the core of the tumour is generally less vascularized, and this effect must
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be taken into account when evaluating the potential of nanoparticles injected i.v. for
oncology procedures [192].

Lately, there has beenmuchdebate on the efficiency, and therefore on the relevance
of developing new therapeutics based on the EPR effect. In fact, an analysis of
232 studies reporting on the i.v. injection of NPs concluded that the median of
NPs percentage accumulating in the tumours was 0.7% of the injected dose. Active
targeting, in which biomolecules are attached at the surface of NPs to enable their
binding to surface antigens, only raised the efficiency of delivery to 0.9% i.d. [192].
These observations suggest that approximately 99% of the overall doses of NPs
described in the scientific literature where i.v. injections were performed in cancer
xenograft animal models, accumulate non-specifically in organs, where they can
possibly raise negative side effects by long-term exposition [77, 192]. Finally, the
inefficient delivery of NPs to tumours would necessarily be translated into higher
manufacturing costs per therapeutic dose [192].

7.3 The Intratumoral Injection Route

The percentage of Au NPs reaching tumours after i.v. injections in small-animal
models have been reportedly low [192], and for this reason, alternative administration
routes have been investigated. A few studies have reported on the intraperitoneal
injection [32], whereas direct intratumoral injections (i.t.) are increasingly performed
in the context of brachytherapy (see Fig. 12a). This appears as a promising way to
improve the NP delivery efficiency in the tumour while minimizing the accumulation
of Au NPs in non-specific organs [29, 33, 94, 110, 166].

The i.t. injection of Au NPs as radiosensitizers for the treatment of prostate can-
cer tumours, results in much lower accumulations of the product in non-specific
organs (liver, spleen), compared with the i.v. route [94, 110, 166]. Chattopadhyay
et al. clearly demonstrated the advantages of this approach by comparing the biodis-
tribution of trastuzumab-111In-Au NPs injected by either the i.v. or the i.t. route
in mice bearing HER-2 positive breast tumours. Quantification of organ uptake at
48 h after the injections demonstrated that i.t. administration yielded 24 times higher
concentration of trastuzumab-111In-Au NPs in the tumour (29.6% i.d./g vs. 1.2%
i.d./g for i.v. injection). In addition, this administration route lead to 10 times lower
accumulation of the NPs in the spleen (1.8% i.d./g vs. 19.2% i.d./g for i.v. injection),
and about 1.7 of the concentration in the liver (1.6% i.d./g vs. 2.7% i.d./g for i.v.
injection) [34].

Shi et al. also compared the biodistribution of Au NPs injected either i.t. or
i.v. In this work, tiopronin-coated Au NPs (core diameter�2.77±0.69 nm) were
administered to mice bearing an HCT116 tumour (e.g. colorectal tumour) [166]. The
results revealed that 8 h after i.t. or i.v. injection, tumour uptake was 94 times higher
in the animals injected i.t. (496±106 μg Au/g) compared with i.v.-injected ones
(5.27±1.17 μg Au/g).
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Another work demonstrating the advantages of i.t. injection was performed by
Laprise-Pelletier et al. [110]. In this study, 4 μL of radioactive Pd@Au NPs (e.g.
103Pd:Pd@Au-PEG, HDnumber-w. �36.4 nm) suspended in alginate gel was injected
directly into prostate tumours (PC3). The alginate gel was used to maintain the
particles in the tumour, because this gel polymerizes in the presence of Ca2+ ions,
which are naturally available in the tissues. Biodistribution data was collected after
harvesting the tumour (e.g. 27–33 or 88–90 d after i.t. injection), the results showed
that most of the injected NPs (e.g.>75% of the total activity) were trapped in the
tumour. Amounts of NPs were found in the liver (e.g. approximately 16% of the
total activity) and in the spleen (e.g.≈3% of the total activity). Weekly inspections
performed after i.t. injections, using a Geiger counter, indicated that NPs reach the
liver and spleen within the first 2 weeks after the injection, and this suggests that
improvements to the binding of Au NPs in the tumours must be made at the injection
step. TEM observations demonstrated that ultra-small NPs (<5 nm) were the most
likely to escape the tumour matrix in the first hours following i.t. injection [110].

7.4 In Vivo Toxicity Studies

To transfer Au NPs in clinical applications, either as contrast or as radiosensitizing
agents, it is necessary to undertake comprehensive studies on their potential side
effects should they remain in the body for several months [168]. The impact of long-
term exposure of organs to various amounts of Au NPs, is studied through in vivo
toxicity assays. Each new compound has unique physico-chemical properties, and
these have a specific impact on the interaction with the biologic system.

Several research groups developingAuNP-based radiosensitizers have conducted
in vivo toxicity assays (Table 1). Among the most commonly conducted tests figure
(1) body weight monitoring; (2) organ histology (e.g. heart, liver, spleen, lung,
kidney and reproductive organs); (3) complete blood count (CBC); and (4) liver
and kidney function tests. A CBC examination often includes the quantification
of white blood cells (WBC), red blood cell (RBC), hematocrit (HCT), mean cor-
puscular volume (MCV), haemoglobin (HGB), platelets (PLT), mean corpuscular
haemoglobin (MCH) and mean corpuscular haemoglobin concentration (MCHC).
On the other hand, liver and kidney function tests investigate the concentration of
alanine aminotransferase (ALT), aspartate aminotransferase (AST), total protein
(TP), albumin (ALB), alkaline phosphatase (ALP), gamma-glutamyl transferase
(GGT), blood urea nitrogen (BUN), creatinine (CREA), globulin (GLOB) and total
bilirubin (TB) [33, 203, 204].

Most of the studies summarized in Table 1 concluded that Au NPs do not induce
significant systemic toxicity. Only two studies performed with Au NPs with an HD
larger than the renal filtration threshold and which were injected intraperitoneally,
detected liver damage [203, 204]. This was concluded after histologic observation of
liver samples and due to alteration of the AST and RBC values for BSA-coated Au
NPs [203], and because of AST and ALT abnormal results for PEG-coated Au NPs
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Table 1 Summary of systemic in vivo toxicity investigations for the development of radiosensitiz-
ing Au NPs
Refs. Study

dura-
tion

Adm.
route

Au NP: core
size/coating

Dose
([Au])

Animal
model

In vivo toxicity tests Evidence of
systemic toxicity

[203] 20 days i.p. 2 nm/GSH or BSA 10 mg/kg Mice – Histology
– CBC
– ALT, AST, TP,
ALB, BUN, CREA,
GLOB, TB

– Liver tissue
damage, increased
AST and decreases
RBC for
BSA-coated Au
NPs

[204] 24 days i.p. 4.8, 12.1, 27.3 and
46.6 nm/PEG

4 mg/kg Mice – Histology
– ALT, AST, ALB,
GLOB

– Liver tissue
damage, increased
AST and ALT

[33] 118days i.t. 30 nm/PEG and
Trastuzumab

0.8 mg Mice – Body weight
– CBC
– ALT, CREA

–

[15] 1 month i.t. 12–15 nm/gum arabic 0.325 mg Dogs – Body weight
– CBC
– ALT, ALP,
CREA, BUN

–

[201] 15 days i.t. 30 nm/Panitumumab,
PEG and
DOTA-177Lu

6×1011

particles
Mice – Body weight

– CBC
– ALT, CREA

–

[31] 30 days i.t. 12–18 nm/gum arabic – Mice – CBC –

[29] 70 days i.t. 30 nm/Trastuzumab,
PEG and DTPA-111In

0.7 mg Mice – Body weight
– CBC
– ALT, CREA

–

[30] 16 days i.t. 30 nm/Trastuzumab,
PEG and
DOTA-177Lu

0.15 mg Mice – Body weight
– CBC
– ALT, CREA

–

[72] 14 days i.v. 1.9 nm/– 0.8 g/kg Mice – CBC
– ALT, AST, TP,
ALP, ALB, GGT,
TB, phosphorus
CREA, BUN

–

[36] 20 days i.v. ~18 nm/BSA 250 μl,
1.3 mg/mL

Mice – Body weight
– Histology

–

[133] 35 days i.t. ~120 nm/103Pd 40 μl,
2.03×1010

NPs/mL

Mice – CBC
– ALT, AST, BUN,
CREA

–

[204]. Data from recent systemic in vivo toxicity studies conducted in the context
of radiosensitizing with Au NPs are listed in Table 1. These studies point to the low
systemic effects of Au NPs at the concentration required for radiosensitization, and
in particular if the NPs are administered intratumorally.

However, longer and more standardized studies must be performed to identify
the potential impacts in the long term, of long retentions of Au NPs in the liver
and in other organs. In addition, assays to detect the effects of oxidative stress in
the liver (e.g. lipid peroxidation, protein carbonylation and inflammatory markers
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such as TNF-α, IL-1ß, IL-6 and IL-10) [118] and abnormal gene expression should
also be performed to clarify the interaction between the retained NPs and the organs
[203]. Effects of long-term exposure to nanoparticles must be collected in the critical
organs, in order to clearly and precisely identify the toxicity limits for guaranteeing
a safe use of Au NPs in the human body.

8 Perspectives: Current Status of Au NPs in Clinical Trials

The clinical use of NPs is still scarce, and most of the approved systems are made of
protein–drug conjugates or liposomes [49, 163]. Regarding inorganic nanoparticles,
only iron-based ones have received approval so far [12]. The approved compounds
are used for the treatment of cancer, for fungal infections, for macular degeneration,
or as imaging agents, vaccines and anaesthetics [12].

Several Au NP systems have been investigated in clinical studies for cancer treat-
ment. A list of current and past trials can be found on the U.S. National Library
of Medicine website (www.clinicaltrials.gov), as well as in several recent reviews
in [11]. Examples include tumour necrosis factor-bound colloidal gold (CYT-6091,
NCT00436410 and NCT00356980), which has been evaluated in Phase 0 and I stud-
ies for treatment of primary, advanced and metastatic solid tumours [107, 115, 135].
PEGylated silica-gold nanoshells (AuroLase®) have also been tested for photother-
mal therapy in head and neck tumours (NCT00848042). Technical and biological
challenges associated with these Au NPs systems hindered their clinical approval. In
particular, relatively weak tumour targeting values were found following systemic
administration [11]. To date, no clinical study has evaluated Au NPs as radiosensiti-
zation agents for cancer treatment; however, the fact that other nanoparticle systems
(e.g. gadolinium and hafnium oxide-based) are being tested as radiosensitizers in
Phase I, II and III oncology studies [45], opens the door to more clinical investiga-
tions in the field, including with Au NPs.

To reach clinical trials, more comprehensive studies must be performed at the pre-
clinical stage on a per-compound basis. These studies must include (1) a thorough
physico-chemical characterization of Au NPs before and after exposure to biologi-
cal media; (2) a reproducible demonstration of the therapeutic efficiency of Au NPs
in vivo and of an improved contrast enhancement; (3) a detailed evaluation of sys-
temic toxicity; (4) a comprehensive assessment of pro-inflammatory and immunity
response for each one of these compounds; and (5) a clear demonstration that these
new compounds can be systematically produced with the utmost level of precision
under good manufacturing practices.

http://www.clinicaltrials.gov
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9 Conclusion

As demonstrated in various preclinical studies, gold nanoparticles (Au NPs) have
emerged as a promising platform for imaging and therapy. In this chapter, we intro-
duced the main concepts underlying the potential of Au NPs as imaging agents for
CT, as well as radiosensitizers for cancer therapy. The main synthesis routes for the
production and functionalization of Au NPs were presented, followed by a detailed
description of themechanisms of interaction occurring between high-energy photons
and Au NPs. The main developments in the field of Au NPs as contrasts agents for
CT (X-ray imaging), as well as Au NPs radiosensitizers for radiotherapy (medical
physics in oncology), were also described. More clinical trials will be necessary in
the near future in order to circumscribe precisely the types of cancer as well as their
grades that could be best treated with such technologies. Prior to this, the biodis-
tribution and clearance data, the toxicity thresholds, the pro-inflammatory and the
immune response characteristics of each new compound will have to be revealed
through comprehensive in vitro and preclinical studies. In resume, Au NPs could
provide more efficient imaging agents, as well as radiosensitizing products making
possible the use of much lower doses of ionizing radiation in radiation oncology
treatments.

Acknowledgements Mr. Mahmoud Omar and Mrs. Beatriz Ribeiro Nogueira are gratefully
acknowledged for their work on the syntheses related to Fig. 1.

References

1. Abel B, Buck U, Sobolewski AL, Domcke W (2011) On the nature and signatures of
the solvated electron in water. Phys Chem Chem Phys 14:22–34. https://doi.org/10.1039/
C1CP21803D

2. Akolkar R, Sankaran RM (2013) Charge transfer processes at the interface between plasmas
and liquids. J Vac Sci Technol, A 31:050811. https://doi.org/10.1116/1.4810786

3. Al Zaki A, Joh D, Cheng Z, De Barros ALB, Kao G, Dorsey J, Tsourkas A (2014) Gold-
loaded polymeric micelles for computed tomography-guided radiation therapy treatment and
radiosensitization. ACS Nano 8:104–112. https://doi.org/10.1021/nn405701q

4. Albanese A, Tang PS, Chan WCW (2012) The effect of nanoparticle size, shape, and surface
chemistry on biological systems. Annu Rev Biomed Eng 14:1–16. https://doi.org/10.1146/
annurev-bioeng-071811-150124

5. AlkilanyAM,Nagaria PK,Hexel CR, ShawTJ,MurphyCJ,WyattMD (2009) Cellular uptake
and cytotoxicity of gold nanorods: molecular origin of cytotoxicity and surface effects. Small
5:701–708. https://doi.org/10.1002/smll.200801546

6. Allijn IE et al (2013) Gold nanocrystal labeling allows low-density lipoprotein imaging
from the subcellular to macroscopic level. ACS Nano 7:9761–9770. https://doi.org/10.1021/
nn403258w

7. Alric C et al (2013) The biodistribution of gold nanoparticles designed for renal clearance.
Nanoscale 5:5930–5939. https://doi.org/10.1039/c3nr00012e

8. Amendola V, Meneghetti M (2009) Laser ablation synthesis in solution and size manipula-
tion of noble metal nanoparticles. Phys Chem Chem Phys 11:3805. https://doi.org/10.1039/
b900654k

https://doi.org/10.1039/C1CP21803D
https://doi.org/10.1116/1.4810786
https://doi.org/10.1021/nn405701q
https://doi.org/10.1146/annurev-bioeng-071811-150124
https://doi.org/10.1002/smll.200801546
https://doi.org/10.1021/nn403258w
https://doi.org/10.1039/c3nr00012e
https://doi.org/10.1039/b900654k


40 M.-A. Fortin et al.

9. Amendola V, Meneghetti M (2013) What controls the composition and the structure of nano-
materials generated by laser ablation in liquid solution? Phys Chem Chem Phys 15:3027.
https://doi.org/10.1039/c2cp42895d

10. Amendola V, Polizzi S, Meneghetti M (2006) Laser ablation synthesis of gold nanoparticles
in organic solvents. J Phys Chem B 110:7232–7237. https://doi.org/10.1021/jp0605092

11. Anselmo A, Mitragotri S (2015) A review of clinical translation of inorganic nanoparticles.
AAPS J 17:1041–1054. https://doi.org/10.1208/s12248-015-9780-2

12. Anselmo AC, Mitragotri S (2016) Nanoparticles in the clinic. Bioeng Transl Med 1:10–29.
https://doi.org/10.1038/520609a

13. Arvizo RR, Bhattacharyya S, Kudgus RA, Giri K, Bhattacharya R, Mukherjee P (2012)
Intrinsic therapeutic applications of noble metal nanoparticles: past, present and future. Chem
Soc Rev 41:2943–2970. https://doi.org/10.1039/c2cs15355f

14. Attix FH (1986) Introduction to radiological physics and radiation dosimetry. Wiley, New
York

15. Axiak-Bechtel SM et al (2014) Gum arabic-coated radioactive gold nanoparticles cause no
short-term local or systemic toxicity in the clinically relevant canine model of prostate cancer.
IJN 9:5001–5011. https://doi.org/10.2147/ijn.s67333
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Liposomes-Based Nanoparticles
for Cancer Therapy and Bioimaging

Calvin Cheung and Wafa T. Al-Jamal

Abstract Liposome, one of themost well-established nanomedicines in cancer ther-
apy and bioimaging, is a great delivery system with their flexibility and versatility.
Liposomes resemble the biological cell membrane, adopting a lipid bilayer structure
which provides protection and solubilisation of both hydrophilic and hydrophobic
agents. A wide range of therapeutic drugs and imaging agents can, therefore, be
encapsulated and delivered. Cationic liposomes, for example, are one of the popular
choices of non-viral vector for the fast-growing field of gene therapy. Their phys-
iochemical properties can be engineered and modified to suit specific applications
simply by changing the lipid components and the corresponding ratio. This also
expands the potential of having additional functionalities such as long-circulating,
targeting and stimuli-responsiveness. In addition to delivering therapeutics and imag-
ing agents, interactions between the lipids and the payloads can be beneficial for
imaging enhancement. Stimuli-sensitive liposomes can be used along with diagnos-
tic and therapeutics for image-guided drug delivery, providing real-time monitoring
of the drug delivery process as well as spatiotemporal control over the release of
drugs. Liposomes will be expected to be a promising delivery system and tool for
personalised medicine.

Keywords Liposome · Drug delivery system · Gene delivery
Targeted delivery · Theranostic · Image-guided drug delivery

1 Introduction

Liposomes are a type of clinically well-established nanoparticle that have been com-
mercially used to deliver cytotoxic drugs, antifungal drugs and vaccines. Some of
the approved commercial liposome-based products are shown in Table 1. There are
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many more liposomal formulations undergoing clinical trials, which include new
generations of liposomes as well as the delivery of genes and imaging agents [1–7].
Discovered by Alec Bangham in the 1960s, liposomes are simply formed from the
self-assembly of lipids in aqueousmedia driven by their amphiphilic nature, resulting
in spherical vesicles with an aqueous core enclosed by single or multiple concen-
tric lipid bilayer [8]. The bilayer membrane structure of liposomes resembles the
natural cell membranes, allowing them to be used as biological membrane model,
for studying drug–membrane interactions [9, 10]. Liposomes offer exceptional bio-
logical performances, namely, biocompatibility, biodegradability, reduced toxicity
and capacity for size and surface manipulations [11]. These properties comprise the
outstanding profile that liposomes offer compared to other delivery systems.

1.1 Liposome Composition

The effectiveness of liposomes as a drug carrier for therapeutic and imaging agents
is highly dependent on the physiochemical properties of liposomes, especially their
membrane components, size and surface charge. Liposomes are mainly composed of
amphiphilic phospholipid, which typically consist of a polar phosphate head group,
and single or two non-polar fatty acid chains (Fig. 1). The chain length and the
degree of unsaturation of the phospholipids greatly affect the phase transition (chain
melting) temperature, which is closely related to the fluidity and integrity of the lipid
bilayer [12, 13]. For example, liposomes prepared with unsaturated phospholipids
showed higher blood clearance, and drug release rate, compared to that preparedwith
saturated phospholipids [14, 15]. Long-chain, saturated lipids also offer enhanced
solubilisation capacity for hydrophobic agents attributed to the increased bilayer
lipophilic area [16, 17]. Cholesterol is a non-bilayer forming lipid that can be incor-
porated into the bilayer membrane as a universal membrane sealer, minimising the
bilayer permeability and enhancing the structural integrity [12]. Cholesterol can also
increase the chemical stability of liposome membrane against degradation through
peroxidation and hydrolysis [18].

The variation in the polar head leads to different type of lipids, classified into
(a) zwitterionic phospholipids, including: phosphatidylcholine (PC) and phos-

Fig. 1 General structure of phospholipids
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phatidylethanolamine (PE) or (b) anionic (negatively charged) phospholipids,
including: phosphatidic acid (PA), phosphatidylserine (PS), phosphatidylglycerol
(PG), phosphatidylinositol (PI) and cardiolipin (CL); and (c), cationic (positively
charged) lipids, such as 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP),
1,2-di-O-octadecenyl-3-trimethylammonium-propane (DOTMA) and 3β[N-(N ′,
N ′-dimethylaminoethane)-carbamoyl] cholesterol (DC-Chol). Cationic lipids are not
found naturally in biological membrane and are obtained exclusively through synthe-
sis. They are extensively used for forming complexes with nucleic acids that enables
their intracellular uptake and trafficking (see Sect. 2) [6, 19–21]. Figure 2 shows the
chemical structures of different common lipids used in liposome preparation.

Different moieties can be synthetically anchored to these lipids and introduced
to the bilayer to improve their physiochemical properties. A common example is
the attachment of hydrophilic polymers as a steric stabiliser, also to reduce lipo-
some recognition and clearance by immune system, such as poly(ethylene glycol)

Zwitterionic lipid Cationic lipid

DOPC

DPPC

DC-Chol

DOTAP

DOTMA

Anionic Lipid PEGylated lipid

DOPG DSPE-PEG2000

Fusogenic lipid Other

DOPE Cholesterol

Fig. 2 Chemical structures of most common lipids used in liposome preparations
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(PEG) [22], poly(vinyl alcohol) [23] and poly(N-vinylpyrrolidones) [24]. This type
of liposomes is known as stealth liposomes or long-circulating liposomes.

The vesicle structure of liposomes inherently allows the entrapment of both
lipophilic and hydrophilic cargos, in the lipid bilayer and the aqueous core, respec-
tively, allowing solubilisation of a greater variety of drugs.When therapeutic is loaded
into liposomes, it adopts the carrier’s pharmacokinetics until it is released [1]. This
leads to an increase in the therapeutic index, reduction in systemic toxicity [25–27],
increase in drug stability [17, 25, 28] and/or the emergence of a sustained-release drug
profile [1, 29, 30]. Moreover, protective hydrophilic polymer and targeting ligand
can be anchored onto the liposomes to modulate their circulation time and targeting
abilities, respectively [31]. In addition, liposomes responsive to external (e.g. mag-
netic field, light) [32, 33] or internal stimuli (e.g. pH, redox, enzymes) [34–36] that
trigger their drug release at specific and controlled location and time have also been
developed. Figure 3 shows different features of liposomes as drug delivery system.

Fig. 3 Features of liposomes as drug delivery system. a Protection of drugs from degradation and
immune clearance and extension of circulation time through surfacemodificationwith poly(ethylene
glycol). b Entrapment of both hydrophilic and hydrophobic molecules into liposomes, as well as
the adsorption onto the bilayer surface. Nanoparticles can also be incorporated into liposomes
for imaging and therapeutic functions. c Conjugation of targeting moieties onto the surface of
liposomes for targeted delivery. d Stimuli-responsive release of entrapped drugs using, e.g. lysolipid
or cleavable linker, triggered by stimuli such as temperature, pH, redox potential and enzymatic
activity
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2 Cancer Therapy

Agreat amount of research effort has been invested in developing liposomal formula-
tions to deliver a wide range of therapeutics, such as cytotoxins and nucleic acids. For
both therapeutics, different strategies have been developed to promote therapeutics
loading and release, resulting in formulations with promising anticancer activity.

2.1 Drug Delivery System

2.1.1 Drug Protection

Liposomes protect the encapsulated drug against degradation, inactivation, dilution.
They also prevent the drugs from premature release and metabolism which causes
systemic toxicity in vivo [1, 37]. The extended circulation time of liposomes provides
a sustained-release profile of the drug [38] and increases the passive targeting of
tumour through the enhanced permeability and retention (EPR) effect simultaneously
[39]. These effects selectively increase the therapeutic efficacy of anticancer drugs,
as higher amount of the drug reaches the tumour site.

For example, it was reported that PEGylated liposomal formulation of doxoru-
bicin (DOX) showed comparable efficacy, versus its free form, when administered
at lower doses and frequencies [26]. Moreover, the systemic toxicity, such as car-
diotoxicity, bonemarrow suppression, vomiting and hair loss, was lower compared to
the free drug [26, 27]. Similar effects have been reported, with liposomal irinotecan
(Onivyde®) and liposomal vincristine (Marqibo®), where both formulations demon-
strated prolonged blood circulation, greater tumour growth inhibition, higher tumour
accumulation and decreased systemic toxicity, compared to the free drugs [37, 39].

2.1.2 Drug Loading

The amphipathic nature of liposomes allows them to encapsulate both lipophilic and
hydrophilic drugs, in the bilayer and in the aqueous core, respectively. The drugs can
be loaded during the formation steps, known as passive loading, or loaded after the
liposome formation, known as active loading.

The encapsulation efficiency for passive loading of hydrophilic drugs is gener-
ally low (<30%), and it is dependent on the solubility of the drug and the method
of encapsulation, i.e. the ability of liposomes to trap aqueous medium containing
the dissolved drugs during the vesicle formation [40]. In contrast, the encapsulation
efficiency of hydrophobic drugs is usually high, as the drugs are dissolved together
with the lipid in organic solvent during the vesicle formation. Encapsulation effi-
ciency of 100% is achievable for hydrophobic drugs, although this is dependent on



58 C. Cheung and W. T. Al-Jamal

the drug–lipid interaction, and the solubility of the drugs in the liposome bilayer
[40].

Undoubtedly, the ability of drugs to diffuse across lipid membranes will influence
their loading and leakage. High molecular weight compounds, and polar solutes,
such as glucose diffuse very slowly, while small molecules with neutral charges,
such as water and ammonia can diffuse rapidly and freely across the membrane
[41, 42]. Several drugs are lipophilic in nature and contain amines groups that can
diffuse freely through the liposome bilayer in their unprotonated form [28]. The
passive loading of these drugs results in rapid permeation, and undesirable leakage
overtime. Therefore, active (remote) loading methods could be used as alternatives,
to improve the loading capacity and efficiency of these drugs.

Doxil® is a liposomal formulation of doxorubicin, where the drug is actively
loaded into liposomes, using a pH gradient method [43]. In active loading, a trans-
membrane gradient is first established [28, 44–46]. As uncharged drugs (weak bases)
permeate the membrane, they will be protonated at acidic pH, or form membrane-
impermeable complexes with theMn2+ or Ca2+ ions, depending on the gradient used.
As protonated drugs or drug complexes decreases the free drug concentration inside
the liposome, more uncharged free drugs will be further driven from the external
medium into the liposome, increasing the amount of drugs encapsulated. In certain
conditions, when the encapsulated (protonated or complex) drugs exceed their solu-
bility in the aqueous core, they form precipitates, which results in high encapsulation
efficiency, up to 100%, with minimum drug leakage [44].

Besides cytotoxic drugs, nanoparticles can be co-loaded to form liposome—
nanoparticle hybrids to introduce multiple functionalities [47]. For examples, mag-
netic nanoparticles could be used to provide on-demand drug release, magnetic-
induced hyperthermia andmagnetic resonance imaging [48–51]. Similarly, the incor-
poration of gold nanoparticles into the liposome system can introduce therapeutic
activity through photothermal effect [52–56], triggered drug release [57–59], beside
imaging [60]. Other possible liposome hybrids include polymeric nanoparticles [61,
62], quantum dots [63, 64], copper [65] and other metal complexes [66]. The delivery
of nucleic acids, also known as gene delivery will be discussed in detail in Sect. 2.2.
The applications of liposomes encapsulating imaging agents for bioimaging will be
discussed in Sect. 3.

2.1.3 Drug Release

Liposomes have been shown to offer great drug protection and reduced toxicity, how-
ever, this can also hamper drug release from liposomes at the target tissues [67]. An
ideal drug delivery system should be able to not only protect the drugs from untimely
release and causing systemic toxicity but also to distinguish between normal and
cancer tissue, and release the drugs only when reaching the cancer tissue. Stimuli-
responsive (or stimuli-sensitive) drug release strategy can be incorporated into lipo-
somes to achieve on-demand drug release of drugs. Internal stimuli are attributed
to the difference of internal environment between tumour and healthy tissues, such



Liposomes-Based Nanoparticles for Cancer Therapy and Bioimaging 59

as decreased pH value, higher redox potential and overexpression of enzymes [68].
As internal stimuli-responsive systems exploit the pathological microenvironment of
cancerous tissues, they are self-controlled and require no exotic tools to trigger such
release. Stimuli can also be applied externally, which include temperature, magnetic
field, ultrasound, light or electric pulses [69]. These stimuli are applied and con-
trolled externally, thus can offer better spatial-, temporal- and dosage-precision and
control; however, sophisticated tools need to be build up [69]. Examples of internal
and external stimuli-responsive liposomal systems are shown in Tables 2 and 3.

For example, pH-sensitive liposomes can take advantage of the acidic environment
in pathological tissues (tumours, inflamed and infected areas) as compared with
normal tissues [80]. They could also utilise the acidic environment of endosomes
to escape the hostile environment and avoid drug degradation [81, 82]. pH-sensitive
liposome formulations are commonly composed of a fusogenic PE (e.g. DOPE) and
ionisable lipidswith compounds containing an acidic group, such as carboxylic group
[80]. DOPE lipid has a smaller molecular area relative to the hydrophobic chains, and
thus adopts a cone molecular shape and tends to form an inverted hexagonal phase.
The carboxylic groups of ionisable lipids become ionised at physiological pH, which
stabilises the fusogenic lipids and allows the formation of a stable bilayer structure

Table 2 Internal stimuli-responsive liposomal systems

Internal stimuli Stimuli origin Examples of
responsive delivery
system

Mechanism of action References

Redox potential Increased
concentration
of glutathione
inside cancer
cells

Thiolytically
cleavable
(disulphide
conjugated)
PEG–phospholipid
conjugate

Thiolytic cleavage of
grafted PEG and
subsequent loss of
bilayer stability of
PE-containing liposomes

[35, 70]

pH Decreased pH
in pathological
areas
Acidic
environment
of endocytic
vesicles

DOPE in
combination with
protonatable
amphiphilic lipid,
e.g. DOPE:CHEMS

Electrostatic repulsion of
the amphiphilic
molecules promotes the
formation of bilayer
structures at
physiological pH and
temperature. Protonation
of the acidic group at
low pH destabilises the
bilayer leading to
liposome collapse.

[34, 68]

Enzyme
overexpression

Overexpressed
enzymes in
tumour tissues

sPLA2-cleavable
lipid prodrug

sPLA2 hydrolysis of the
lipid prodrug release the
carried drug after a
cyclization reaction

[36, 71]

CHEMS cholesteryl hemisuccinate; DOPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine;
sPLA2 secretory phospholipase A2; PEG poly(ethylene glycol)
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Table 3 External stimuli-responsive liposomal systems

External
stimuli

Examples of responsive
delivery system

Mechanism of action References

Temperature (i) LTSLs
(ii) Leucine zipper peptide
(iii) Gas-forming agents

(i) Stabilisation of pores, discs and
other structural defects in liposomes
bilayer by LTSLs
(ii) Conformational change of the
peptide forms pores the bilayer
(iii) Thermal decomposition of
gas-forming agents generates gas
bubbles, disrupting the bilayer
integrity

[72–75]

Light (i) AuNP
(ii) Bis-azobenzene PC

(i) Photothermal effect by surface
plasmon resonance
(ii) Cis-trans isomerisation promotes
bulky cis isomer that interferes with
bilayer packing resulting leakage

[54–56, 76]

Ultrasound (i) TSLs
(ii) Gas bubbles (e.g.
PFCs)

(i) Thermal effect from
high-intensity focused ultrasound
(ii) Ultrasonic cavitation of
encapsulated PFCs bubbles
Low frequency ultrasound-induced
structural defects of bilayer

[77, 78]

Magnetic
Field

Superparamagnetic iron
oxide nanoparticles

Magnetic nanoparticles induced
hyperthermia by magnetic hysteresis

[32, 79]

AgNP silver nanoparticle;AuNP gold nanoparticle; LTSL lysolipid-containing thermosensitive lipo-
somes; PC phosphatidylcholine; PFC perfluorocarbon; TSL thermosensitive liposome

[80]. Upon acidification, where these acidic groups become neutral (protonated), the
stabilising effect disappears, leading to liposome destabilisation as the PE molecules
revert into the inverted hexagonal phase. Such change causes transient alterations in
the endosome structure, resulting in a cytoplasm drug release (Fig. 4). An alternative
to the above strategy is to attach pH-sensitive polymer to the surface of the liposomes,
which causes pH-sensitive destabilisation of the liposomes, and subsequent release
of the payloads to the cytoplasm [83].

A second example of stimuli-responsive is temperature-sensitive liposomeswhich
could be used in combination with hyperthermia. Hyperthermia can be induced
locally using a magnetic field, laser, radiofrequency ablation and focused ultrasound,
to increase drug bioavailability and reduce systemic side effects [74, 83–85]. In gen-
eral, traditional temperature-sensitive liposomes are designed to release drugs at
temperature above their phase transition, where the lipid hydrocarbon chains change
from gel to liquid crystalline phase [86]. DPPC, with a transition temperature of
41 °C, slightly above physiological temperature while attainable bymild local hyper-
thermia, is therefore often included in temperature-sensitive liposome formulations.
However, drug release from traditional formulations relying only on the changes in
the phase transition of one lipid bilayer is considered relatively slow [87]. In order
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Fig. 4 pH-sensitive liposomes destabilise under acidic conditions of the endocytic pathway. Desta-
bilisation or fusion of the liposomes results in endosomal escape and cytoplasmic delivery of
the encapsulated therapeutics. Traditional liposomes unable to escape the endocytic pathway are
degraded in the lysosomes, resulting in poor therapeutic effect

to improve the drug release rate, a permeabilising component can be introduced into
the formulation, to induce thermally enhanced permeability to small molecules [87].
These components are usually pore-forming lysolipids, such as monopalmitoylphos-
phatidylcholine (MPPC) or monostearoylphosphatidylcholine (MSPC), and surfac-
tant such as Brij® and Myrj® [88]. Above the phase transition, lysolipids promote
the formation of pores and discs, that amplify the changes in the permeability of the
bilayer resulting in burst release kinetics [87, 89]. These formulations are also known
as lysolipid-containing thermosensitive liposomes or low temperature-sensitive lipo-
somes (LTSL) (Fig. 5). In some other formulations, thermos-sensitivity is offered
by incorporating thermosensitive agents, such as peptides (through conformational
change) [72] and gas-forming agents [73, 75]. ThermoDox® is a LTSL formulations
consisting of DPPC:MSPC:DSPE-PEG2000 (86.5:9.7:3.8 molar ratio). It is arguably
themostwell-studiedLTSL formulation, currently undergoingPhase III clinical trials
for the treatment of primary liver cancer with standardised radiofrequency ablation
[74, 87], and also for the treatment of breast cancer [90].
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Fig. 5 a Traditional TSL releases drugs at temperature above their phase transition temperature, as
their permeability increases. b LTSL contains pore-forming agents, which promote the formation
of pores and discs, amplifying the change in permeability of the bilayer upon phase transition. This
results in burst release of the encapsulated drugs

2.2 Liposomes in Gene Delivery

Treating cancers by replacing a lost or defective gene, known as gene delivery, has
been seen as an alternative approach to traditional chemotherapy [91]. Research
efforts have focused on designing effective carrier vectors that can protect nucleic
acids, such as plasmid DNA, siRNA, mRNA and miRNA, from serum nucleases,
and deliver these negatively charged molecules intracellularly [92].

Viral vectors, such as retrovirus, adenovirus or lentivirus have high gene trans-
fer efficiency; however, they suffer from several drawbacks, such as non-specific
expression of viral genes, immunogenicity and potential changes in the host genome
structures [93, 94]. Besides the safety concerns, viral vectors have issues with scala-
bility and cost, which has encouraged the development of non-viral vectors, such as
liposomes [92].

Cationic liposomes can condense nucleic acids by forming complexes with their
negatively charged phosphate groups, where the formed complexes are known as
lipoplexes (Fig. 6). There are several advantages for using cationic liposomes as gene
delivery systems [20]. Cationic liposomes are biodegradable in vivo, where endoge-
nous enzymes can breakdown the lipid components of the liposomes. In addition,
versatile liposome structure which enables lipid composition-dependent modula-
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Fig. 6 Two protocols for the complexation of nucleic acids with cationic liposomes

tion of surface charge density for controlling the interaction forces of lipoplexes.
Furthermore, surface modifications of liposomes are possible with the inclusion of
PEGylated or functional lipids. Finally, co-delivery of therapeutic drugs has been
achieved by encapsulating them into a single liposomal formulation [95, 96]. These
versatile lipid-based gene vectors have overcome viral vectors shortcomings, where
they exhibit reduced immunogenicity and ease of production; however, their poor
gene transfer efficiency should be further enhanced [94].

2.2.1 Composition

Lipoplexes gene transfection efficiency is closely related to the physiochemical prop-
erties of the cationic liposomes, which is highly dependent on its composition [6,
97]. Cationic lipids, as the major structural component of liposomes, contribute
greatly to the behaviour of cationic liposomes. The structure of cationic lipids can
be divided into three components: a positively charged head group, linker backbone
and hydrophobic anchor [6], which have affected the gene transfer efficiency in vitro
and in vivo. For instance, multivalent cationic lipids have greater ability to condense
and protect nucleic acid as compared to monovalent lipids, however, such strong
electrostatic interactions could hinder nucleic acid release, resulting in poor gene
transfection [6]. Moreover, these multivalent cationic lipids prefer an inverted cone
molecular shape, which are more likely to form micelles that are less stable and
more toxic than monovalent lipids [6]. Cationic lipids of similar head group struc-
tures, DOTMA and DOTAP, differed only by their backbone linker (see Fig. 2), and
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showed different transfection efficiency and cytotoxicity [97]. Several cationic lipids
structural features, such as the position of the head group, and the type of backbone
linkage have been identified to offer high in vivo transfection activity [98]. In addi-
tion, the transfection efficiency could be improved by decreasing the hydrocarbon
chain length and saturation, which favour higher rates of intermembrane transfer of
lipid monomers, and lipid membrane mixing [6, 98].

Apart from modifying the chemical structure of a given cationic lipid, mod-
ulating cationic lipids supramolecular assembly is another possible approach for
enhancing gene expression [99]. For example, helper lipids, such as DOPE,
are often incorporated into cationic liposomes to improve gene expression [21,
100]. Lipofectamine™, a cationic liposome-based product composed of cationic
lipid DOSPA (2,3-dioleyloxy-N-[2-(sperminecarboxamido)ethyl]-N ,N-dimethyl-1-
propanaminium) and helper lipid DOPE, is widely used as a gold standard trans-
fecting agent [101]. Incorporating DOPE into liposomes facilitates the formation of
lipoplexes by decreasing the surface charge density [100], and promotes nucleic acid
dissociation from lipoplexes due to the amine group of DOPE interacting with phos-
phate groups of nucleic acids, which weakens the binding between the liposome and
the nucleic acid [102]. Furthermore, DOPE can undergo conformational changes and
adopt an inverted hexagonal packing structure at low pH, which allows destabilisa-
tion of endosomal vesicles membrane and the subsequent release of lipoplexes to the
cytoplasm [21]. PEG-derivatised lipid, cholesterol and its derivatives, e.g. DC-Chol,
are other helper lipids that can also be used to modify liposome stability [103, 104],
biological activity [6] and pharmacokinetics [104]. Table 4 summarises a wide range
of liposomal formulations that have been used in gene delivery.

2.2.2 Mechanisms of Gene Delivery

The interactions of lipoplexes with mammalian cells can be summarised into
lipoplexes cell binding and internalisation, followed by cytoplasmic and nuclear
delivery of the nucleic acid.

Lipoplexes cell binding is primarily mediated by the electrostatic interactions
between positively charged lipoplexes and negatively charged proteoglycans [112].
Following binding to the cell surface, lipoplexes are internalised mainly through
endocytosis, via various size-dependent endocytic pathways [6, 113]. While inter-
nalisation through membrane fusion has also been recognised, it is not an efficient
mean of gene delivery [113]. Following internalisation, the escape of genes from the
endosomal compartment into the cytoplasm is essential to avoid degradation, and for
their subsequent nuclear entry. As mentioned above, the presence of DOPE in the
liposome can promote fusion with the endosomal membrane, allowing the release
of the genes into the cytoplasm [6, 21]. While understanding the exact mechanism
of nucleic acids trafficking into the nucleus in gene delivery is still limited, nuclear
localisation sequence, or signal peptide (NLS) is known to mediate the translocation
of particles up to 25 nm into the nucleus through the nuclear pore [114]. NLS has
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Table 4 Liposomal formulations used in gene delivery

Lipid composition (% mole ratio) Nucleic acid
type

Gene target Gene
expression or
silencing

References

DG:DOPE:Chol (60:20:20) siRNA Luciferase,
MCL-1

Silencing [105]

DOPE:Chol:TLO (33:33:33) siRNA MCL-1 Silencing [95]

DOTAP:DOPE:C6 ceramide
(50:40:10)

siRNA STAT3 Silencing [96]

DOTAP:DSPE:P (NIPAAm-co-
DMAPAAm)-DOPE
(30:65:5)

siRNA GFP,
luciferase

Silencing [106]

DOPE:OH-Chol:MEL-A siRNA Bcl-2,
luciferase

Silencing [107]

Combinations of cationic
lipid:helper lipid (50:50)

Plasmid
DNA,
mRNA,
siRNA

GFP,
luciferase
LaminA/C

Expression
Silencing

[99]

DOTMA:Chol:TPGS
(49.5:49.5:1)

miRNA MCL-1 Expression [108]

PEG-OQLCS:FA-OQLCS:Chol
(33:33:33)

Plasmid
DNA

GFP Expression [61]

DOPE:OH-Chol Plasmid
DNA

Luciferase Expression [109]

DODAC:DOPE
DODAC:DOPC
(50:50)

Plasmid
DNA

CAT Expression [102]

DOTAP:CDCA
DOTAP:capsaicin
DOTAP:PD98059
(2:1, mass ratio)

Plasmid
DNA

FXR, TNF Expression [110]

DOTAP:DOPE:DPPC:Chol Plasmid
DNA

β-gal, GFP,
p53

Expression [111]

Bcl-2 B-cell lymphoma 2; β-gal β-galactosidase; CAT chloramphenicol acetyltransferase; CDCA
chenodeoxycholic acid; Chol cholesterol; DG N ′-N ′′-dioleylglutamide; DODAC N-N-dioleoyl-
N ,N-dimethylammonium chloride; DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine; DOPE
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; DOTAP 1,2-dioleoyl-3-trimethylammonium-
propane; DOTMA 1,2-di-O-octadecenyl-3-trimethylammonium-propane; DPPC 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine; FA folic acid; FXR farnesoid X receptor; GFP green fluores-
cent protein; MCL-1 myeloid cell leukaemia sequence 1; MEL-A mannosylerythritol lipid-
A; OH-Chol cholesteryl-3β-carboxyamido ethylene-N-hydroxyethylamine; OQLCS octadecyl-
quaternized lysine modified chitosan; PD98059, 2′-amino-3′-methoxyflavone; P(NIPAAm-co-
DMAPAAm) poly(N-isopropylacrylamide–co-N ,N ′-dimethylaminopropylacrilamide); STAT-3 sig-
nal transducer and activator of transcription 3; TLO trilysinoyl oleylamide; TNF tumour necrosis
factor; TPGS D-α-tocopheryl polyethylene glycol 1000 succinate
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been demonstrated to increase the gene expression by simply anchoringNLS directly
to the gene sequence [110, 114] or to the liposomes surface [115].

2.2.3 Limitations and Challenges

The applications of cationic liposome for gene delivery are still limited by drawbacks
and limitations. Major technical challenges are the low efficiency of vector transport
and gene transfection, poor stability, inducing immune responses, regulatory issues,
commercialisation and cost [94].

A major limitation of gene delivery with cationic liposomes can be attributed
to their cationic nature, where positive charges undergo non-specific interactions
with negatively charged serum proteins and other blood components. This poten-
tially disrupts the integrity of lipoplexes, or forms aggregates that are too large to
be taken up by cells [20]. Cationic liposomes are also more likely to induce cell-
mediated immune response, compared to neutral and anionic liposomes [116]. The
straightforward strategy is to shield the surface charge of the liposomes through
PEGylation, to reduce opsonisation and interactions with blood components [94].
However, PEGylation reduces cellular uptake and endosomal escape, which results
in low gene expression or silencing activity [104]. Therefore, strategies to mitigate
the drawbacks of PEGylation have been developed by incorporating targeting lig-
ands, cleavable PEG linkers and stimuli-sensitive components into cationic liposomal
formulations [104].

2.3 Targeted Delivery

Liposomal drug delivery system increases the specificity and lowers undesirable
side effects of drugs. This can be achieved by selectively delivering the encapsulated
drug to the tumour site with minimum cytotoxic accumulation in normal tissues.
Fortunately, nanoparticles in the size range of 20–200 nm are able to accumulate
at the tumour sites in higher concentration than in normal tissue for up to 50 times
difference, due to the EPR effect [117, 118]. This phenomenon where nanoparticles
extravasate the leaky blood vessels surrounding the tumour and accumulate through
the EPR effect is known as the passive targeting [118].

The EPR effect is diffusional and slow in nature, therefore, it is essential to have
liposomeswith long blood circulation time tomaximise their accumulation in tumour
sites [29, 118].Conventional liposomes are prone to rapid recognition and elimination
from the bloodstream by the mononuclear phagocyte system (MPS), and end up in
organs of the system, mainly the liver and spleen [119]. Unless the target of the drug
delivery system is of the MPS, it should be avoided to maximise the accumulation in
tumour sites located in other organs through the EPR effect. A strategy to avoid the
MPS is to cover liposomeswith a layer of hydrophilic polymermolecules, creating an
extended hydration layer which sterically minimises the liposomes from interaction
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with the blood components and clearance by theMPS [29, 120–122]. This is achieved
commonly by incorporating poly(ethylene glycol) (PEG) derivatised lipid, such as
DSPE-PEG2000 (Fig. 3), into the liposome bilayer and this is known as PEGylation.
These types of liposomes are known as long-circulating or stealth liposomes.

Active targeting could also be used to improve the specificity and the cellular
uptake of the liposomes (Fig. 7). This could be achieved by attaching targeting
ligands to the surface of the liposomes that recognise and bind to specific receptors
that are overexpressed on cancer cells [118, 123].

Several studies have demonstrated enhanced uptake and efficacy of ligand-
targeted liposomes in diseased tissue in comparison to non-targeted liposomes. These
ligands have high binding affinity towards targets overexpressed in either the cancer
cells or the tumour endothelium, as summarised in Table 5. A wide range of lig-
ands have been conjugated to liposomes, such as small molecules, peptides, proteins
and whole antibodies and their fragments. Viral surface glycoproteins can also be
incorporated into the bilayer to form a special type of delivery system known as viro-
somes, combining the advantages of viral and non-viral vectors [93]. The enhanced
therapeutic efficacy of actively targeted liposomes depends on multiple factors, such
as targeting ligands affinity and surface density on the liposome, receptor density
of the target, stability and biodistribution of the liposomes in vivo, mechanism of
internalisation and intracellular delivery [118, 124–126].

Fig. 7 Passive targeting of liposomes to tumours through the enhanced permeability and retention
(EPR) effect. Angiogenic vessels in rapidly growing tumours are abnormally constructed with
large vascular fenestrae and impaired lymphatic drainage. As a result, nanoparticles preferentially
accumulate in the tumour interstitium
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Table 5 Examples of actively targeted liposomes for tumour targeting

Ligands Targeting ligand
type

Target Cancer type References

Cancer cell
targeting

Transferrin Glycoprotein Transferrin
receptor

Ovarian, glioma,
colorectal,
hepatoma

[127–130]

Estrone Steroid hormone Estrogen
receptor

Ovarian [131]

Folate Small molecule Folate
receptor

Various [132, 133]

Anti-EGRF
mAb

Antibody EGRF
receptor

Various [134, 135]

Anti-HER2
mAb

Antibody HER-2
receptor

Various [136–141]

Anti-CD19
mAb, Fab’
and scFv

Antibody CD19 B-cell lymphoma [142–145]

Hyaluronan Macromolecule CD44 Various
melanoma,
lymphoma,
breast, colorectal
and lung)

[146]

Anti-CD74
mAb

Antibody CD74 B-cell lymphoma [147]

Anti-GD2 Antibody GD2
(disialogan-
glioside)

Neuroblastoma [148]

Anti-OA3
mAb

Antibody OA3 Ovarian [149]

GAH Fab’ Antibody Cell surface
GAH
binding site

Gastric,
colorectal, breast

[150, 151]

mAb 2C5 Antibody Surface-
bound
nucleosome

Breast, colorectal,
prostate

[152–154]

Antagonist
G

Peptide Vasopressin
receptor

Lung [155, 156]

Vasoactive
intestinal
peptide
(VIP)

Peptide VIP
receptors

Breast [157]

sgc8
aptamer

Nucleic acid Protein
tyrosine
kinase 7

Lymphoblastic
leukaemia

[158]

AS1411
aptamer

Nucleic acid Nucleolin Breast [159]

(continued)
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Table 5 (continued)

Ligands Targeting ligand
type

Target Cancer type References

Tumoural
endothelium
targeting

Anti-VEGF
mAb

Antibody VEGF Various (lung,
breast, gastric,
colorectal,
ovarian)

[160]

RGD
peptide

Peptide Integrins
(αvβ3)

Melanoma,
ovarian cancer

[161, 162]

Anti-
VCAM1

Antibody VCAM-1 Endothelial cell [163, 164]

P0 peptide Peptide ICAM-1 Melanoma [165, 166]

NGR
peptide

Peptide CD13 Neuroblastoma [167]

GPLPLR Peptide MT1-MMP Endothelial cell [168]

Anti-MT1-
MMP
Fab’

Antibody MT1-MMP Fibrosarcoma [169, 170]

CD cluster of differentiation; EGRF epidermal growth factor receptor; Fab’ antigen-binding
fragment; GD2 disialoganglioside; GPLPLR Gly-Pro-Leu-Pro-Leu-Arg; HER2 human epidermal
growth factor receptor 2; ICAM intercellular adhesion molecule; mAb monoclonal antibody;MT1-
MMP membrane type 1 matrix metalloproteinase; NGR Asn-Gly-Arg; scFv single-chain variable
fragment; VCAM vascular cell adhesion molecule; VEGF vascular endothelial growth factor; VIP
vasoactive intestinal peptide

3 Bioimaging

Besides therapeutics, liposomes have been used as delivery systems for medical
diagnostics. Since imaging agents can be encapsulated into the aqueous core or the
liposome bilayer through passive or active loading (see Sect. 2.1.2). Alternatively,
they can be conjugated directly on the surface of the liposomes to avoid the issue
of premature release [171]. Depending on the nature of the imaging agents, they
can also be chelated onto the liposomal system by encapsulating the corresponding
chelator in the core [172] or attaching the chelator to lipids of the liposome [173].
The approaches to load imaging agents into liposomes are illustrated in Fig. 8.

Various kinds of imaging agents have been encapsulated, conjugated or chelated
onto the liposomes for bioimaging modalities, including radionuclides [173–177],
nanoparticles and peptides [178]. These formulations have been used for mag-
netic resonance imaging (MRI), fluorescence imaging, nuclear medicine [single
photon emission computed tomography (SPECT) and positron emission tomog-
raphy/computed tomography (PET/CT)], multispectral optoacoustic tomography
(MSOT) and ultrasound imaging (Table 6).

Liposomes functionalised with multimodality imaging agents have been reported
by Li et al., which enable non-invasive MRI, near-infrared (NIR) fluorescent and
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Table 6 Selected examples of liposomes as imaging agents and theranostics

Imaging Agent Imaging modality Therapeutics Targeting ligands References

64Cu PET/CT – – [173]
64Cu PET/CT 177Lu – [174]
18F PET/CT siRNA – [175]
18F, 111In PET/CT, SPECT 18F – [176]
99Tc, 64Cu,
IRDye 800CW,
Gd

SPECT, PET/CT,
Fluorescence,
MRI

Doxorubicin – [177]

Gd, 111In MRI, SPECT Doxorubicin – [179]

Gd MRI Doxorubicin C3d peptide
which binds to
NCAM

[180]

Gd, Mn MRI Doxorubicin – [181]

SPION MRI Mitoxantrone Gonadorelin
which binds to
LHRH receptor

[182]

SPION MRI – – [79, 183–187]

Gold
nanoparticles

NIR Imaging, CT – – [53, 188]

Gold nanorods MSOT – – [60]

ICG MSOT Doxorubicin hCTM01 which
binds to MUC-1
antigen

[189]

QDs (CdSe/ZnS) Fluorescence Camptothecin,
irinotecan

– [190]

QDs (CdSe/ZnS) Fluorescence Docetaxel RGD sequence
that binds to
integrin receptors
αvβ3 in the brain

[191]

Perfluoropentane Ultrasound Doxorubicin – [192]

GLuc, HPTS Bioluminescence,
Fluorescence

– EC1 peptide
targeting ErbB2

[178]

GLuc Gaussia luciferase; HPTS 8-hydroxypyrene-1,3,6-trisulfonic acid; ICG indocyanine green;
IGDD image-guided drug delivery; LHRH luteinising hormone-releasing hormone;MRI magnetic
resonance imaging; MSOT multispectral optoacoustic tomography; NCAM neural cell adhesion
molecule; NIR near-infrared; siRNA small interfering ribonucleic acid; SPECT single photon emis-
sion computed tomography; PET/CT positron emission tomography/computed tomography
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Fig. 8 Schematic diagram of three different approaches to incorporate imaging agents into lipo-
somes. Hydrophilic imaging agents encapsulated in the aqueous core (top); hydrophobic imaging
agents embedded into the lipid bilayer (right); and imaging agents conjugated or chelated to the
liposome surface (bottom)

nuclear imaging of liposomal drug delivery as shown in Fig. 9, and therapy monitor-
ing and prediction [177]. Liposomal formulations co-loaded with therapeutics, and
imaging agents or diagnostics, are known as theranostics. For instance, porphysomes,
a type of vesicle form from the self-assembly of phospholipid-porphyrin conju-
gates, where one hydrocarbon chain of the phospholipid is replaced by a porphyrin
molecule, are capable of multimodal therapeutic and imaging modalities, as a result
of their unique fluorescence self-quenching, photothermal and photoacoustic prop-
erties [193, 194]. Porphyrins could also act as metal chelators to chelate metal atom
or radionuclides for MRI and nuclear medicine applications [195]. Liposomes con-
taining phospholipid–porphyrin conjugates have demonstrated near-infrared light-
induced permeabilisation property which is reversible, and with excellent spatial and
temporal control.

As the encapsulated diagnostics adopt the liposome’s pharmacokinetic, this can be
useful for transporting imaging agents, such as radionuclide, to specific target sites,
such as tumours, bone marrow [173, 196] and across the blood–brain barrier [197,



72 C. Cheung and W. T. Al-Jamal

Fig. 9 Multimodal imaging of fluorescently labelled and radiolabelled Gd-liposomes in squamous
cell carcinoma of head and neck (SCCHN) tumour xenografts in nude rats. a T1-weighted 7T
MR images pre-(left) and post-(right) intratumoural injection. Dashed white line represents intratu-
moural distributionof liposomes, exhibitinghigherT1 relaxivity for contrast-enhancedMRimaging.
bNIR fluorescent images at 1 min, 2 and 24 h post intratumoural injection of IRDye-Gd-liposomes
(upper panel) and free IRDye (lower panel). Free IRDye were cleared from the tumour as shown by
decreasing fluorescent intensities across time. Fluorescent intensities of the liposome group were
highest at 2 h post injection, demonstrating stable intratumoural retention and local diffusion of the
liposomes. cMicro-PET sagittal images at 24 h post intratumoural infusion of 64Cu-Gd-liposomes.
The image showed the local retention and microdistribution of radioactivity in the tumour. d Planar
gamma camera images at 24 h post intratumoural infusion of 99mTc-Gd-liposomes (white arrow:
tumour; red arrow: reference standard outside the animal body). The image revealed a high level of
Gd-liposome inside the tumour (Figure reproduced with permission from Ref. [177], © ACS 2012)

198] as shown in Fig. 10. PEGylated liposomes exhibit prolonged blood circulation
and reduced clearance, thus preferentially accumulate at tumour tissues through the
EPR effect [199], which results in higher signal-to-noise ratio between the tumour
and the surrounding tissues (i.e. enhances sensitivity). Toxicity associated with the
imaging agents can also be circumvented with the phospholipid coating [49, 200].

Apart from solely serving as a delivery device of imaging agents, liposomes may
play a role in enhancing the imaging quality. Formagnetic resonance imaging (MRI),
paramagnetic MRI contrast agents such as gadolinium [179, 180, 202], manganese
[181] and iron oxide [79, 182–187] have been encapsulated. The incorporation of
large amount of Gd-containing lipids in the PEGylated liposomes results in higher
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longitudinal relaxivity r1 compared with traditional Gd-DTPA; the degree of satu-
ration of the lipids and the incorporation of liposomes were also found to affect the
resultant relaxivity [202]. For iron oxide particles, degradation in endosomes reduced
theirmagnetic resonance contrast, while the liposomal formulations induced intracel-
lular clustering, which enhanced their T2 contrast [187]. This intracellular clustering
effect is important on the MRI detectability and the labelling efficiency of rapidly
proliferating cells [187].

By exploiting the high encapsulation capacity of liposomes, fluorescence dye can
be protected and self-quenched within the liposomes [203, 204]. These formulations
demonstrate weak fluorescence intensity when the fluorescence dyes were encap-
sulated and exhibit stronger fluorescence intensity upon release and enabled promi-
nent signal-to-noise ratio of tumour tissues. Some near-infrared imaging agents are
theranostics, can be encapsulated into liposomes for both imaging and therapeutic.
For example, gold nanoparticles CT imaging and photothermal therapy agent [53],
and indocyanine green for optical imaging and photodynamic therapy [205]. Gold
nanoparticles, in specific, can benefit from liposomal encapsulation as a better CT
contrast can be obtained compared to free gold nanoparticles [53]. It was suggested
that the presence of liposome enables a scattered accumulation of gold atoms within
the lipid system that can provide a larger area to enhance X-ray attenuation [53].

3.1 Image-Guided Drug Delivery

The concept of image-guided drug delivery has been implemented using theranostic
nanoparticles to provide real-time visualisation, evaluation, prediction and analysis
of the drug delivery process [206]. This provides valuable information to predict the
therapeutic outcomes in patients. Liposome is one of the drug delivery systems that
have been developed for such application. For example, low temperature-sensitive
liposomes (LTSL) containing a combined payload of MR contrast agents and dox-
orubicin is used for magnetic resonance image-guided drug delivery (IGDD) [179,
181, 207–209]. MRI signals depend on the interaction between the contrast agents
with surroundingwater to generate signals. This interaction varies substantiallywhen
the agents are encapsulated in and released out of liposomes, thereby such changes
could be used as indicators of drug release. Mild local hyperthermia is preferen-
tially established with high-intensity focused ultrasound (HIFU) to establish deep
and local hyperthermia. MRI can be integrated with the HIFU unit (MR-HIFU) to
provide temperature measurement for spatial and temperature feedback to maintain
the desired temperature, and also allowing the diagnosis of the tumour for treat-
ment [179, 210]. In MR-HIFU, the accumulation and target site distribution of the
LTSL theranostic formulation is first visualised, then HIFU is applied to trigger drug
release in tumour tissues, where LTSLs have accumulated with high spatiotempo-
ral specificity. A similar approach was reported with LTSL and Gd-complexes and
Mn-complexes [181, 210, 211]. Ultrasound-based IGDD with HIFU has been also
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Fig. 10

developed, where perfluoropentane, an echogenic contrast agent, is encapsulated
within LTSLs to create echogenic LTSLs [192]. These echogenic LTSLs support
tumour imaging with ultrasound and trigger release through HIFU hyperthermia.
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�Fig. 10 In vivo targeted delivery and bioimaging of radiolabelled liposomes. a PET/CT images
of tumour accumulation of PEGylated 64Cu-liposomes in human neuroendocrine tumours (NCI-
H727) xenograft in nude mice at 1 and 24 h post intravenous administration (left: coronal whole
body PET-image; right: Axial PET/CT-fusion image of tumours. The tumours on the left (L)
and right (R) flanks are marked with white arrows). At 24 h after administration, the liposomes
accumulated in the tumours and were visualised as radioactive hot spots distributed throughout
the whole tumour area b PET images of brain tumours of glioma-bearing rats acquired at 1 h
after intravenous injection with 1-[18F]fluoro-3,6-dioxatetracosane-labelled PEG-modified lipo-
somes (PEG-Lip) and Ala-Pro-Arg-Pro-Gly-PEG-modified liposomes (APRPG-Lip), and [2-18F]-
2-deoxyfluoro-d-glucose (FDG). White dotted ovals indicated the estimated brain position and the
white arrows indicate the tumour mass. Both PEG-Lip and APRPG-Lip accumulated in the tumour
region and imaged the tumour, with low background in other regions of the brain, as they failed to
accumulate in normal brain tissue due to blood–brain barrier protection. The higher intratumoural
localisation of APRPG-Lip compared to PEG-Lip could be explained by the angiogenic vessel-
targeting property of the APRPG peptide. FDG also imaged tumoural accumulation, although the
background signal in normal brain tissue was high. c Gamma camera image of rabbits acquired at
10 min and 6 h post intravenous infusion (lipids: 15 mg/kg b.w.). The images showed the injected
radioactivity initially accumulated in the heart and liver, since both organs having large blood pool
contributions. Over 60% of the infused dose deposited in the bone marrow after 6 h. (Figure repro-
duced with permission from: a Ref. [174], © 2016 Springer Berlin Heidelberg; b Ref. [201], ©
2011 Elsevier; c Ref. [196], © 2007 Elsevier)

4 Conclusion

Liposomes have been successful in delivering a variety of therapeutics and imaging
agents with hydrophilic or hydrophobic nature. They are biocompatible, biodegrad-
able and exhibit reduced systemic toxicity and immunogenicity. PEGylated lipo-
somes have been engineered to escape the immune system in vivo, which increases
their tumour accumulation by utilising EPR effect. Targeting ligands and stimuli-
sensitive components can also be incorporated into the same system to improve their
tissue specificity of and selective drug release.

Cationic liposomes have been developed as a non-viral vector for gene delivery,
since they have the capability to complex to negatively charged nucleic acids. Such
interaction protects nucleic acids from degradation and enhances their intracellular
uptake. The transfection efficiency of cationic liposomes depends on the liposomes
surface charge, size and composition and the structure of the complex. Liposomes
have been an alternative to viral gene vectors to co-deliver drugs and genes, however,
their low gene transfer in vivo is considered the main hurdle to overcome.

Preparing imaging agent loaded liposomes is highly advantageous, since lipo-
somes could protect diagnostics from aggregation in physiological conditions, pro-
long their blood residency and efficiently accumulate at tumour tissues. Liposomal
encapsulation could also enhance the imaging quality and tissue specificity. Further-
more, liposomes can offer multiple imagingmodalities, and theranostic applications,
by loading different imaging agents and/or drugs in a single delivery system.
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Finally, combining stimuli-responsive, imaging and therapeutic functionalities in
liposomes, image-guided drug delivery can be achieved, providing real-time visuali-
sation and feedback of the drug delivery process in vivo, which could help predicting
the therapeutic outcome in patients.
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Quantum Dots for Cancer Therapy
and Bioimaging

Fu-Gen Wu, Xiaodong Zhang, Xiaokai Chen, Wei Sun, Yan-Wen Bao,
Xian-Wu Hua, Ge Gao and Hao-Ran Jia

Abstract Quantum dots (QDs) usually refer to very small nanoparticles of only few
nanometers in size. The optical and electronic properties of QDs differ from those
of larger particles. QDs will emit light of specific frequencies if electricity or light is
applied to them, and these frequencies can be precisely tuned by changing the dots’
size, shape, and material, giving rise to many applications. In this chapter, apart from
the most common QDs, e.g., the cadmium (Cd)-containing semiconductor QDs,
other types of QDs, including silver chalcogenide quantum dots, carbon quantum
dots, silicon quantum dots, black phosphorus quantum dots, germanium quantum
dots, and polymer dots are also introduced with an emphasis on their cancer therapy
and imaging applications.

Keywords Quantum dots · Fluorescence imaging · Cell imaging · Cancer
theranostics · Anticancer

1 Semiconductor Quantum Dots

Semiconductor quantum dots are one of the most important QDs, whose size and
shape can be precisely controlled by the duration, temperature, and ligand molecules
used in the synthesis [1]. In comparison with conventional molecular fluorophores,
the emission wavelength of QDs can be tuned by varying their size and composition.
Due to the narrow emission and broad excitation spectra, QDs perform multicolor
imaging with minimal spectral overlap and have the possibility to excite all col-
ors of QDs simultaneously with a single light source. Furthermore, QDs display
excellent photostability over molecular fluorophores, so that long-term imaging can
be achieved without artifacts from photobleaching. Because of these unique optical
properties, QDs are of wide interest and have emerged as a strong competitor as
fluorescent probes for biomedical imaging and diagnostics applications [2, 3]. In
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particular, as one type of multifunctional materials, QDs exhibit specific advantages
in tumor imaging and tumor therapy due to the large surface area which enables
them to be conjugated with different agents including imaging substances, targeting
molecules, and therapeutic agents. Herein, we focus on QDs or QDs-based nanoma-
terials for tumor imaging and therapy in recent years.

1.1 QDs for Tumor Imaging

Cancer remains one of the leading causes of death in the world. Diagnostic tumor
imaging has gained a major role in the management of tumor therapy with qualita-
tive and quantitative analyses of the biological processes of tumors by monitoring
changes of tumor cells at tissue, cellular, or subcellular levels. There are various
kinds of imaging techniques such as magnetic resonance imaging (MRI), computed
tomography (CT), positron emission tomography (PET), and fluorescence imaging.
These techniques and the combined use of them help to provide accurate information
of tumors from a variety of aspects. For this section, we overview the recent progress
of visible- and near-infrared (NIR)-emitting QDs-based fluorescence imaging and
multi-model imaging of tumor.

1.1.1 QDs-Based Fluorescence Imaging

Fluorescence imaging is commonly used as one of the most potent tools for cancer
diagnosis by tumor-targeted imaging from cells and tissues of living animals. On
the other hand, functionalized QDs which are modified with biomolecules possess
many advantages over conventional organic fluorophores, such as high photolumi-
nescence efficiency, great photostability, size-dependent emission wavelength, and
sharp emission profile. In addition to their good biocompatibility and low toxicity,
QDs emitting in the visible and NIR ranges have been widely applied in fluorescence
imaging in vitro and in vivo as novel fluorescent probes [4–11].

Visible Fluorescence Imaging

Fluorescence imaging using light in the visible wavelength regime (400–700 nm) is
a useful technology for cancer diagnosis due to its fast feedback as well as relatively
good spatial resolution. Visible-emitting QDs have gained considerable attention in
the last decade for in vitro and in vivo tumor imaging [12–20]. Zhang et al. offered
a strategy to synthesize DNA-functionalized Zn2+-doped CdTe QDs (DNA-QDs)
through a facile one-pot hydrothermal route [13]. The as-prepared QDs exhibit high
quantum yield (up to 80.5%), excellent photostability, and low toxicity. Moreover,
DNA has been designed as an aptamer specific for mucin 1 overexpressed in many
cancer cells including lung adenocarcinoma, and the aptamer-QDs are designed for
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the first time for application in active tumor-targeted imaging in vitro and in vivo
(Fig. 1a). Furthermore, an intelligent “on-off” or “off-on” switch system for tumor-
targeted fluorescence imaging without unnecessary background signal is urgently
desired. Zhang et al. reported a novel fluorescence turn-on probe for targeted imaging
of folate receptor (FR)-overexpressed cancer cells based on the self-assembly of
folic acid (FA) and polyethyleneimine (PEI)-coated CdS/ZnS QDs (PEI-CdS/ZnS
QDs) [14]. The primary fluorescence of PEI-CdS/ZnS QDs turns off first upon the
electrostatic adsorption of FA onto PEI-CdS/ZnS QDs based on electron transfer
to produce negligible fluorescence background. The presence of FR expressed on
the surface of cancer cells then makes FA desorb from PEI-CdS/ZnS QDs due to
the specific and high affinity of FA for FR. As a result, the primary fluorescence of
PEI-CdS/ZnS QDs adhering to the cells turns on due to the inhibition of electron
transfer (Fig. 1b). Besides tumor-targeted imaging, recognition of a specific cancer
cell type among various cell types is also essential for cancer diagnosis and targeted
cancer therapy. In a recent study, Wang et al. presented a pattern recognition of cells
via multiplexed imaging with three types of monosaccharide imprinted QDs [18].
Aberrant expression of glycan structures on the cell surface is a universal hallmark
of cancer cells. For instance, sialic acid (SA) and fucose (Fuc) are overexpressed on
most cancer cells,whilemannose (Man) is overexpressed on certain cancer cells, such
as liver cancer cells. Therefore, the combination of multiple monosaccharides can be
effective for specific cancer recognition. As shown in Fig. 1c, the three-dimensional
(3D) plot intuitively shows the spatial distributions of these cell lines in the coordinate
system. The results disclose the similarities and differences of different cell lines,
allowing for not only the recognition of cancer cells from normal cells but also the
recognition of specific cancer cells. Thus, the study paves a solid ground for the
design and preparation of novel cancer cell-targeting reagents and nanoprobes.

On the other hand,QDs-based cancermolecular imaging has emerged as an impor-
tant technique for cancer detection, personalized treatment, drug development, and
imaging-guided surgery. Over the past decade, various types of cancer molecules,
including nucleic acids [6, 8], proteins [12, 19], cell-surface receptors [17], and
antigen [21] have been conjugated onto QDs to identify and target cancer cells.
Notably, protein-targeting strategy plays a significant role and has attracted much
attention. To improve protein labeling efficiency, Wichner et al. reported compact
aqueous CdSe/CdS QDs with superior single-molecule optical property [19]. These
QDs are able to label SNAP-tagged proteins~10-fold more efficiently than existing
SNAP ligands. Furthermore, the QDs show that 99% of time is spent in the fluores-
cence on-state, ~fourfold higher quantum efficiency than standard CdSe/ZnS QDs.
Figure 1d shows that these bright QDs can track the stepping movement of a kinesin
motor in vitro, and the improved labeling efficiency enables the tracking of single
kinesins in live cells. Additionally, labeling protein biomarkers by multicolor QD
probes is an effective method for investigating tumor heterogeneity and complex-
ity. For example, Liu et al. utilized QD-based spectral imaging for high-throughput
digital mapping of molecular, cellular, and glandular variations on surgical prostate
cancer specimens [12]. They detected and identified a single malignant tumor cell
from the complex microenvironments of radical prostatectomy and needle biopsy
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Fig. 1 a Photograph of aqueous solution of DNA-QDs under UV condition, and schematic illus-
tration of the synthesis and tumor-targeted fluorescence imaging of DNA-QDs. Reprinted with
permission from Ref. [13]. Copyright 2013 American Chemical Society. b Schematic illustration
of FA-assembled PEI-CdS/ZnS QDs as fluorescence turn-on probe for imaging FR overexpressed
cancer cells. Reprinted with permission from Ref. [14]. Copyright 2013 American Chemical Soci-
ety. c Spatial distribution of the 11 cell lines constructed by multiplexed imaging via simultane-
ously staining with Man-, SA-, and Fuc-imprinted QDs. Reprinted with permission from Ref. [18].
Copyright 2017 American Chemical Society. d Schematic in vitro microscopy and live-cell imag-
ing of kinesin labeled with seven Gly-Ser repeats (SNAP-K56014GS-GFP) and red sulfoBG QDs.
Reprinted with permission from Ref. [19]. Copyright 2017 American Chemical Society. e Identifi-
cation of single malignant tumor cells in a predominantly benign prostate gland by QDmultiplexed
staining of four protein biomarkers (E-cadherin, green; CK HMW, white; p63, red; and AMACR,
blue). Reprinted with permission from Ref. [12]. Copyright 2010 American Chemical Society. f
Fluorescence imaging of the tumors and normal brains using PEG-QDs or NGR-PEG-QDs after
the tail vein injection. Reprinted with permission from Ref. [20]. Copyright 2017 Elsevier

tissue specimens using a panel of just four protein biomarkers (E-cadherin, high-
molecular-weight cytokeratin, p63, and α-methylacyl CoA racemase) (Fig. 1e). The
multiplexed QD mapping provides correlated molecular and morphological infor-
mation that is not available from traditional tissue staining and molecular profiling
methods. For the in vivo tumor fluorescence imaging, delivery of imaging agents to
brain glioma is challenging because the blood–brain barrier (BBB) functions as a
physiological checkpoint guarding the central nervous system from circulating large
molecules [22]. Thus, BBB limits drug delivery to brain parenchyma, attenuating the
diagnosis and therapy effect of brain tumors. Fortunately, QDs offer great promises
for crossing the BBB and reaching brain parenchyma based on their ultrasmall sizes,
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contributing to the development of theranostic nanoprobes for various neurological
disorders. In a very recent study, Huang et al. synthesized a novel nanoprobe by con-
jugating biotinylated asparagines-glycine-arginine (NGR) peptides to avidin-PEG-
coated QDs [20]. These QDs can cross the BBB and target CD13-overexpressing
glioma and tumor vasculature in vitro and in vivo, contributing to the fluorescence
imaging of the brain malignancy (Fig. 1f). This nanotechnology highlights a novel
prospect for the molecular diagnosis and image-guided neurosurgery of glioma.

NIR Fluorescence Imaging

NIR-emittingQDs (NIRQDs), allowing lower tissue absorption and scattering, lower
undesirable NIR autofluorescence, and deeper penetration depth, have recently been
explored as highly promising imaging probes. These high-quality NIR-emitting QDs
are especially useful in cellular labeling, deep-tissue imaging, and tumor targeting.
In particular, two optimal wavelength ranges of 700–950 and 1000–1350 nm, known
as the first and second biological windows (I-BW and II-BW), respectively, have
been identified. In the I-BW (700–950 nm), the light is minimally absorbed by
tissue components as compared to visible light, resulting in greater penetration and
thus deeper imaging. At even longer wavelengths of the II-BW (1000–1350 nm),
a greater reduction in the scattering cross section leads to a further improvement
in the detection depth and resolution. In this section, we will summarize the recent
advancements of the NIR QDs for in vitro and in vivo tumor imaging.

To date, a variety of QDs emitting within I-BW (NIR-I QDs) with well-controlled
structure and multifunctional properties as novel biolabeling agents have been devel-
oped [4, 23–26]. For instance, Liu et al. synthesized N-acetyl-l-cysteine (NAC)-
capped CdHgTe/CdS core/shell QDs. The QDs have NIR-I fluorescence (Fig. 2A,
a) and are successfully applied for in vivo tumor imaging of nude mice by pas-
sive targeting (Fig. 2A, b), indicating that these highly fluorescent probes can be
very effective in long-term diagnostics and therapy in in vivo observation [26].
Miyashita et al. developed a new immunohistochemical (IHC) technique with NIR-I
QD-conjugated trastuzumab using single-particle imaging to quantitatively measure
the HER2 expression level (Fig. 2B) [25]. Moreover, they precisely calculated the
number of QD-conjugated trastuzumab particles binding specifically to a cancer cell
as the IHC-QD score. The use of IHC-QD score is believed as a predictive factor for
trastuzumab therapy.

Compared to the widely used NIR-I QDs, the QDs emitting in the II-BW (NIR-II
QDs) can realize in vivo imaging with much higher signal-to-noise (S/N) ratio and
spatial resolution. Thus, the development of an effective aqueous synthetic route
to high-quality and biocompatible NIR-II emitting QDs is highly appealing. Many
efforts have been devoted to developing NIR-II QDs for in vivo fluorescence imaging
[9, 11, 27–29]. Ren et al. reported water-dispersible PbS/CdS/ZnS core/shell/shell
QDs emitting NIR-II fluorescence (Fig. 2C, a and b) with excellent colloidal sta-
bility and photostability [28]. These QDs are injected into mice for tumor imaging
in small animals and show high brightness even at quite low concentrations, under
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Fig. 2 A UV-PL spectra (a) and in vivo tumor targeting (b) of the NIR CdHgTe/CdS/ZnS QDs.
Reprinted with permission from Ref. [26]. Copyright 2017 Royal Society of Chemistry. B Images
of IHC stained with DAB-labeled HER2 antibody (top row) or QD-conjugated trastuzumab (middle
andbottom rows). Themiddle row shows the images observedwith 695–740nmband-pass filter. The
bottom row shows the images subtracting autofluorescence in tissues from the images of middle row
to visualize the fluorescence of QDs (bright spots) only. Reprinted with permission from Ref. [25].
Copyright 2016 Wiley. C (a) PL spectra of initial PbS QDs, PbS/CdS QDs, and final PbS/CdS/ZnS
QDs emitting at 1220 nm. (b) Optical (left) and luminescence (right) images of 930 nm emitting
PbS/CdS/ZnS core/shell/shell QDs. (c) In vivo optical+fluorescence images of the mouse after
injection with the two differently sized QDs solutions emitting in the first and second biological
windows, respectively. Reprinted with permission from Ref. [28]. Copyright 2017 Wiley. D A
schematic overview of the synthesis of core–shell and core–shell–shell short-wave infrared (SWIR)
QDs and the subsequent functionalization for next-generation imaging applications. Reprinted with
permission fromRef. [29]. Copyright 2017Nature PublishingGroup.E (a) Three different emission
spectra from different PbS/CdS/ZnS QDs (blue, QDs emitting at 930 nm; green, QDs emitting at
1270 nm; red,QDs emitting at 1450 nm). The black line shows the extinction coefficient (comprising
both absorption and scattering contributions) of biological tissues for the spectral range under
consideration. (b) Fluorescence image of four HeLa cells incubated with a solution of 1270 nm
emitting QDs with the excitation of 808 nm. (c) Sub-tissue fluorescence images taken at two
different temperatures from the chicken breast previously injected with QDs emitting at 1270 nm.
Reprinted with permission from Ref. [27]. Copyright 2015 Wiley
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significantly reduced NIR laser density excitations, with very short signal integra-
tion time and deep injection (Fig. 2C, c). Bruns et al. introduced a class of short-
wavelength infrared region (SWIR: 1000–2000nm)-emissive indium-arsenide-based
QDs that are readily modifiable for various imaging applications [29]. These QDs
exhibit narrow and size-tunable emission and a dramatically higher emission quan-
tum yield than previously described SWIR probes. Then, they quantify, in mice, the
metabolic turnover rates of lipoproteins in several organs simultaneously and in real
time as well as heartbeat and breathing rates in awake and unrestrained animals,
and generate detailed 3D quantitative flow maps of the mouse brain vasculature
(Fig. 2D). Benayas et al. used water-dispersible core/shell/shell PbS/CdS/ZnS QDs
as NIR imaging probes fabricated through a rapid, cost-effective microwave-assisted
cation exchange procedure [27]. The emissionwavelength of the QDs probe is within
the second biological window (1000–1350 nm) (Fig. 2E, a). The in vitro (Fig. 2E, b)
and ex vivo (Fig. 2E, c) experiments prove that theQDs are capable of high-resolution
thermal sensing in the physiological temperature range. Together with their intense
fluorescence, these PbS/CdS/ZnS QDs represent multifunctional probes both for
in vitro and in vivo applications in biomedicine.

1.1.2 QDs-Based Multimodal Imaging

With the outstanding optical properties of QDs, the QDs-based fluorescence imaging
techniques show great potential in extracting detailed biomedical information with
high imaging sensitivity and low-cost imaging facilities in comparison to clinically
used MRI, CT, and PET methods. However, the poor tissue penetration restricts the
better biomedical research and related clinical applications of light-emitting QDs as
fluorescence imaging probes. Therefore, the combination of QDs-based fluorescence
imaging and other imaging techniques within a single nanoplatform has emerged as
an effective approach to collect reliable biomedical information, thus improving the
efficiency and sensitivity of clinical imaging diagnostics. In recent years, multimodal
imaging with the combination of fluorescence imaging and other imaging techniques
such as dark-field imaging, PET, CT, photoacoustic (PA), andMRI offers revolution-
ary imaging tools for biomedical applications and has ignited intense research interest
worldwide [30–34].

Recently, the integration of MRI agents with QDs has been designed as a useful
imaging modality pair for more accurate biomedical detections [30, 35, 36]. MRI is
one of themost powerful medical diagnosis tools, which can visualize the anatomical
structure of the body and extract physiological information with high spatial resolu-
tion and soft tissue contrast [37]. TheMRI/fluorescence imaging technology enables
significant improvement in diagnostic accuracy and therapeutic strategy, in compari-
son with standalone imaging. For example, Lai et al. presented In2S3/ZnS core/shell
QDs co-doped with Ag+ and Mn2+ (referred to as AgMn:In2S3/ZnS) [36]. Ag+ can
alter the optical properties of the host QDs, whereas the spin magnetic moment (S
�5/2) ofMn2+ efficiently induces the longitudinal relaxation ofwater protons. This is
the first report of the aqueous synthesis of color-tunable AgMn:In2S3/ZnS core/shell
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QDs with magnetic properties. The obtained QDs have a satisfactory quantum yield
(45%), high longitudinal relaxivity (6.84 mM−1 s−1), and robust photostability. As
seen by confocal microscopy and MRI, AgMn:In2S3/ZnS conjugated to hyaluronic
acid (referred to as AgMn:In2S3/ZnS@HA) can efficiently and specifically target to
cancer cells.Moreover,AgMn:In2S3/ZnS@HAshowsnegligible cytotoxicity in vitro
and in vivo, rendering it a promising diagnostic probe for dual-modal imaging in clin-
ical applications (Fig. 3a).

Fig. 3 a Synthesis of AgMn:In2S3/ZnS core/shell QDs and their application in optical imaging and
MRI. Reprinted with permission from Ref. [36]. Copyright 2017 Elsevier. b Schematic illustration,
in vivo NIR fluorescence images, and T1-weighted MRI of QDs@DTDTPA-Gd NPs. Reprinted
with permission from Ref. [34]. Copyright 2017 American Chemical Society. c In vivo PA and CT
images of 4T1 tumors on mice after intravenously injected with MoS2 QD@polyaniline nanohy-
brids. Reprinted with permission from Ref. [33]. Copyright 2016 American Chemical Society. d
Illustration of the intrinsically radioactive [64Cu]CIS/ZnSQDs for PET/Cerenkov resonance energy
transfer (CRET) luminescence imaging. Reprinted with permission from Ref. [32]. Copyright 2015
American Chemical Society. e Illustration of ZCIS QDs used as theranostic nanomedicines with
intrinsic fluorescence/MSOT imaging and PTT/PDT therapy abilities. Reprinted with permission
from Ref. [40]. Copyright American Chemical Society
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Apart from the visible light-emitting QDs, the NIR-emitting QDs have gained
more attention when integrating with MRI agents since they can minimize light
absorption and diffusion and therefore maximize imaging depth [34, 38]. Yang et al.
developed a bimodal contrast nanoagent by chelating gadolinium ions to 2-[bis[2-
[carboxymethyl-[2-oxo-2-(2-sulfanylethyl-amino)ethyl]amino]ethyl]amino]acetic
acid (DTDTPA)-modified CuInS2/ZnS QDs [34]. The longitudinal relaxivity of
the resulted QDs@DTDTPA-Gd NPs is calculated to be 9.91 mM−1 s−1, which is
2.5 times as high as that of the clinically approved Gd-DTPA (3.9 mM−1 s−1). In
addition, the in vivo imaging experiments show that QDs@DTDTPA-Gd NPs can
enhance both NIR fluorescence and T1-weighted MRI of tumor tissue through pas-
sive targeting accumulation.Moreover, the high colloidal and fluorescence stabilities
and good biocompatibility ensure the potential use of QDs@DTDTPA-Gd NPs as
an efficient nanoagent to integrate the extremely high sensitivity of fluorescence
imaging to the high resolution of MRI (Fig. 3b).

CT and PA imaging, with higher density resolution and deeper tissue penetration,
are widely used as diagnostic tools in biomedical applications.Wang et al. introduced
a versatile nanomaterial based onMoS2 QD@polyaniline nanohybrids,which exhibit
not only fluorescence imaging of cancer but also enhanced PA imaging and CT signal
in vivo (Fig. 3c) [33]. This versatile nanohybrid shows good potential to facilitate
the multimodal imaging for a better imaging-guided tumor therapy.

Besides, PET is also a powerful biomedical imaging technique widely used for
diagnostic applications in clinical oncology with the advantages of high sensitivity
and quantitative accuracy. Attaching positron-emitting radioisotopes onto QDs has
also attracted intense interest in both preclinical research and clinical applications.
As a representative example, Guo et al. described a straightforward synthesis of
intrinsically radioactive [64Cu]CuInS/ZnS QDs by directly incorporating 64Cu into
CuInS/ZnS nanostructure with 64CuCl2 as a synthetic precursor (Fig. 3d) [32]. The
[64Cu]CuInS/ZnS QDs are demonstrated to have an excellent radiochemical stability
with less than 3% free 64Cu detected even after exposure to serum containing EDTA
(5 mM) for 24 h. The PEGylated radioactive QDs show high tumor uptake (10.8%
ID/g) in a U87MG mouse xenograft model. Overall, these [64Cu]CuInS/ZnS QDs
are successfully applied as an efficient PET/self-illuminating luminescence in vivo
imaging agent.

On the other hand, multispectral optoacoustic tomography (MSOT) is also an
indispensable imaging technique that overcomes the optical diffusion limitation by
integrating the spectral selectivity of molecular excitation with the high resolution
of ultrasound detection based on the PA effect [39]. Therefore, it is highly desirable
to achieve theranostic nanomedicines with intrinsic fluorescence/MSOT dual-modal
imaging ability. Lv et al. exploited CuInS/ZnS quantum dots (ZCIS QDs) as “all-
in-one” versatile nanomedicines that possess intrinsic fluorescence/PA imaging for
synergistic photothermal therapy (PTT)/photodynamic therapy (PDT) (Fig. 3e) [40].
The ZCIS QDs allow noninvasively monitoring tumor site localization profiles and
thus hold great potential as precision theranostic nanomedicines.

Other multimodal technologies including fluorescence/CT and fluores-
cence/plasmic imaging based on QDs have also acquired wide attention [31, 41].
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These nanomaterials have highly integrated multifunctions. For example, combin-
ingCTcontrast agents andQDs into one nanoplatformprovidesmore complementary
and accurate information about the anatomical structure, as well as high-resolution
and sensitive imaging capability at both tissue and cell levels. Besides, the integration
of the fluorescence and plasmic imaging is potentially powerful in precise identifi-
cation of subcellular targets by co-localization of fluorescence and light scattering
(dark field) imaging.

1.2 QDs in Cancer Therapy

QDs are luminescent nanocrystals with rich surface chemistry and unique optical
properties, which make them useful as probes or carriers for drug delivery in cancer
therapy. Besides, due to their unique properties, QDs can also produce reactive oxy-
gen species (ROS) or generate heat under irradiation to kill cancer cells. In this part,
we summarize the recent advancements of QDs in cancer therapy.

1.2.1 QDs as Photosensitizers

PDT involves the administration of photosensitizers (PSs) followed by local illumi-
nation of the lesion using light of a specific wavelength to activate the PS. A series
of photochemical reactions triggered by the PS can lead to the death of cancerous or
bacterial cells [42]. Due to their unique optical properties, QDs can act as PSs and kill
cancer cells under light irradiation. Dong et al. synthesized photoluminescent MoS2
QDswith superior singlet oxygen (1O2) production ability exceeding the commercial
photosensitizer PpIX, which has great potential for PDT [43]. He et al. demonstrated
that CdSe/ZnS QDs with illumination can cause ultrastructural changes in pancre-
atic cancer cells, such as organelle degeneration and chromatin condensation and
aggregation at the periphery of the nucleus due to the ROS generation [44].

Although QDs can be PS candidates, their photosensitizing efficacy is still not
satisfactory for clinical applications. Thus, a new type of photosensitizer consisting
of CdTe QDs with good photosensitizing efficacy, excellent water dispersibility, and
stability was reported by Sun et al. [45]. Different from most of the previous reports,
the as-prepared QDs do not inhibit the growth of normal cells in the experimental
concentration range, but can act as a photosensitizer to specifically and remarkably
inhibit the proliferation of human hepatoma cells. Mechanistic studies reveal that
the QDs can be specifically internalized by hepatoma cells, considerably induce the
generation of intracellular ROS under light illumination, and significantly induce
the necrosis of hepatoma cells. This work provides an inspiration for the direct
application of QDs as a new type of photosensitizer to treat human hepatoma through
PDT.
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1.2.2 QDs as Photothermal Agents

Besides being as PSs, QDs can also act as photothermal agents in photothermal
therapy (PTT). The QDs which have strong absorbance in NIR region can pro-
duce heat for selectively killing/disrupting cancer cells. Wang et al. prepared MoS2
QD@polyaniline nanohybrids, and realized successful PTT of cancer [33]. Yong
et al. demonstrated that WS2 QDs with small size (3 nm) possess not only significant
X-ray CT/PA imaging signal enhancement but also remarkable PTT/radiotherapy
(RT) synergistic effect for tumor treatment [46]. Chu et al. reported that CdTe and
CdSe QDs can rapidly convert light energy into heat upon 671-nm laser irradiation
[47]. The growth of mouse melanoma tumors injected with silica-coated CdTe QDs
is significantly inhibited after laser irradiation.

1.2.3 QDs as PSs and Photothermal Agents

As stated above, QDs can be PSs and photothermal agents simultaneously. The com-
bination therapy can be more effective than a single treatment. Lv et al. synthesized
CuInS/ZnSquantumdots (ZCISQDs) for synergistic PTT/PDT therapy [40].Under a
single 660 nm laser irradiation, the ZCIS QDs have simultaneous photothermal and
photodynamic effects, resulting in high therapeutic efficacy against tumors. Ding
et al. realized PA imaging-guided PTT/PDT in a single material MoO3−x QDs [48].
Due to their strong NIR harvesting ability, MoO3−x QDs can convert incident light
into hyperthermia and sensitize the formation of singlet oxygen synchronously as
evidenced by the in vitro assay.

1.2.4 QDs in Drug Delivery Systems

QDs represent a versatile platform for designing and engineering drug delivery sys-
tems. QDs facilitate the in-depth studies on the interactions between nanocarriers
and biological systems through real-time monitoring of biodistribution, intracellular
uptake, drug release, and long-term nanocarrier fate. At the same time, the compact
size and compatibility with a variety of surface modification strategies of QDs enable
the substitution of any NP core with a QD in single-NP drug delivery systems, or the
incorporation of QD tags within larger multicomponent vehicles.

QDs as Carriers in PDT

In PDT, the excellent tissue-penetrating ability of an external excitation light and the
goodmatch between the wavelength of laser emission and the absorption wavelength
of each PS are the two main factors that affect the generation of ROS and cell killing
behavior. In an attempt made by Hsu et al., Renilla luciferase-immobilized QDs-
655 (QD-RLuc8) was used for bioluminescence resonance energy transfer (BRET)-
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mediated PDT to solve the abovementioned problems [49]. The bioluminescent
QD-RLuc8 conjugate exhibits self-illumination at 655 nm after coelenterazine addi-
tion, which can activate the photosensitizer Foscan-loaded micelles for PDT. This
nanotechnology-based PDT possesses several clinical benefits, such as overcom-
ing light penetration issues and treating deeper lesions that are intractable by PDT
alone. Tsay et al. developed peptide-coated QD-photosensitizer conjugates using
covalent conjugation strategies [50]. Rose bengal and chlorin e6, which generate
singlet oxygen in high yield, are covalently attached to phytochelatin-related pep-
tides. The photosensitizer–peptide conjugates are subsequently used to coat green-
and red-emitting CdSe/CdS/ZnS nanocrystals. Generation of singlet oxygen can be
achieved via indirect excitation through Förster resonance energy transfer (FRET)
from the QDs to PSs, or by direct excitation of the PSs. In the latter case, by using
two color excitations, the conjugate can be simultaneously used for fluorescence
imaging and singlet oxygen generation. Singlet oxygen quantum yields as high as
0.31 were achieved using the 532-nm excitation wavelength. Similarly, Martynenko
et al. prepared ZnSe/ZnS QDs and chlorin e6 complexes [51]. These complexes have
shown~50% intracomplexFRET fromQDs to chlorin e6.ThePDT test shows that the
complexes had a twofold enhancement of the cancer cell photodynamic destruction
as compared to free chlorin e6 molecules. They believe the enhanced PDT effect is
attributed to two factors: the efficient QD–chlorin e6 photoexcitation energy transfer
and the enhanced cellular uptake of the photosensitizer in the presence of ZnSe/ZnS
QDs.

Owing to the two-photon excitation (TPE) property of QDs, enhanced photody-
namic therapeutic efficacy through combiningQDswith PSs underTPEwas achieved
by several research groups [52–54]. The singlet oxygen generation under TPE in the
QD–PS systems is much higher than that in the free PSs. These studies underline the
potential of QD-combined PSs for TPE PDT.

QDs as Carriers in Chemotherapy

Although chemotherapy is widely used in cancer treatment, it is usually ineffective
due to the low cellular uptake and low tumor-targeting efficiency of the chemother-
apeutics used. To solve these problems, Zhou et al. prepared 3-mercapitalpropionic
acid (MPA)-capped CdTe QDs (MPA-CdTe QDs) to facilitate the interaction of the
anticancer agent daunorubicin (DNR) with leukemia cells and kill drug-resistant
leukemia K562/A02 cell lines [55]. In another study, Ye et al. synthesized ZnO QDs
with polymer shells, onto which Gd3+ ions and the anticancer drug doxorubicin
(DOX) were adsorbed form a new kind of multifunctional ZnO-Gd-DOX nanoplat-
form [56]. The as-prepared nanoplatforms are pH-sensitive and can release DOX to
cancer cells in vitro and tomouse tumors in vivo, and have better specificity and lower
toxicity than free DOX, and even better therapeutic efficacy than an FDA-approved
commercial DOX-loading drug DOX-Liposome Injection (DOXIL, NDA#050718).
The ZnO-Gd-DOX nanoplatforms exhibit strong red fluorescence, which is benefi-
cial to the fluorescence imaging on live mice. Further, the nanoplatforms possess a
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high longitudinal relaxivity of 52.5 mM−1 s−1 at 0.55 T, which is superior to many
other Gd3+-based nanoparticles. Thus, both fluorescence imaging and MRI can be
applied simultaneously on the tumor-bearing mice along with drug delivery.

QDs as Labels in PTT

In PTT, a photothermal agent can heat and kill abnormal cells or tissues under light
irradiation. However, this strategy usually has low selectivity. Thus, an imaging
agent is urgently needed to “see” the tumor site in PTT. Due to the excellent pho-
toluminescence property, QDs are commonly used as an imaging agent in PTT. Xia
et al. developed multifunctional NPs by incorporating gold nanorods (GNRs) and
CdSe/ZnS QDs into silica [41]. Cell imaging experiments reveal that the NPs exhibit
strong X-ray attenuation for X-ray CT imaging and strong fluorescence for fluo-
rescence imaging. Nair et al. developed a hybrid nanosystem based on QDs and
single-wall carbon nanotubes (SWCNTs) which is found to be useful not only in
imaging applications but also in selective cancer cell destruction [57]. Besides, a
novel, multifunctional, and low-toxic QD-reduced graphene oxide (rGO) nanocom-
posite was designed to serve as an imaging agent in the visible light region and a
photothermal agent in the NIR region by Hu et al. [58]. Since the photothermal effect
of the irradiated rGO can cause not only cell killing but also the degradation of the
QDs, the QDs also serve as an optical indicator for the heat dosage and therapeutic
progress.

QDs as Labels in Other Treatments

Cell-derived microparticles (MPs) have been recently recognized as critical inter-
cellular information conveyors. However, a further understanding of their biological
behaviors and potential applications has been hampered by the limitations of current
labeling techniques. Chen et al. proposed a universal donor-cell-assisted membrane
biotinylation strategy for labeling MPs by utilizing the natural membrane phospho-
lipid exchange of their donor cells [59]. This innovative strategy conveniently leads to
the specific, efficient, reproducible, and biocompatible QD labeling of MPs, thereby
reliably conferring the valuable traceability of MPs. By further loading with small
interfering RNA (siRNA), QD-labeled MPs that have inherent cell-targeting and
biomolecule-conveying ability were successfully employed for combined bioimag-
ing and tumor-targeted therapy. Kim et al. designed and synthesized immunomodu-
latory hybrid nanoconjugates (HNCs) based on polymer nanocomposites containing
QDs (as imaging tracers) conjugated with CpG oligodeoxynucleotides (ODNs)
(as a TLR9 ligand) and STAT3 siRNAs (as an immunosuppressive gene silencer)
[60]. These HNCs can efficiently target immune cells, induce TLR activation, and
silence immunosuppressive genes. Simultaneous delivery of STAT3 siRNAs and
CpG ODNs to the tumor microenvironment causes the inhibition of STAT3 along
with the activation of dendritic cells (DCs) by CpG ODNs, and their antitumor
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effects are found to be synergistic. By using NIR-emitting QDs, the migration of
DCs to lymph nodes was tracked by real-time NIR fluorescence imaging.

To be able to label a gene and monitor its migration are key important approaches
for the clinical application of cancer suicide gene therapy. One of the most promising
suicide genes—herpes simplex virus thymidine kinase (HSV-TK) gene was success-
fully linked with CdTe/CdS core/shell QDs [61]. From confocal microscopy, it is
demonstrated that plasmid TK intracellular trafficking can be traced via monitoring
the luminescence of the QDs up to 96 h after transfection of QDs-TK conjugates into
HeLa cells. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay results show that the QDs-TK conjugates have a high cytotoxicity after adding
ganciclovir (GCV) into HeLa cells, whereas the QDs exert no detectable deleterious
effects on the cellular processes. These results indicate that the QDs-based labeling
technique is suitable for monitoring TK gene delivery and anticancer activity.

1.3 Limitations and Future Perspectives

QDs as one type of multifunctional materials, have shown promising advantages in
tumor imaging and therapy due to their specific physicochemical properties. Using
the rich surface functionalization chemistry of QDs, targeting biomolecules and drug
formulations can be integrated with QDs for traceable drug delivery and therapy
in vitro and in vivo. Many studies have demonstrated that the incorporation of drug
formulations with QDs do not compromise the drug efficacy. More importantly,
the QD-involving nanostructures are able to serve as an excellent platform for the
development of a new generation of traceable drug delivery strategies for real-time
monitoring of the drug biodistribution in vitro and in vivo.

Because of toxicity concerns, heavy-metal-based QDs might not be the best can-
didate for in vivo drug delivery and therapy. Thus, many researchers are currently
synthesizing cadmium-free QDs for in vivo applications. However, for in vitro-based
drug studies, heavy-metal-based QDs will still be used, since toxicity is not a key
concern. Another potential concern for the use of QDs in delivery and therapy is the
overall QD size. In general, it is preferable to minimize the overall size of QDs for
in vivo applications to reduce their accumulation in the reticuloendothelial system.
Further, passivation of the QD surface with a long-lasting and robust polymer coat-
ing is essential to prevent the breakdown of QDs in the biological environment that
gives rise to their toxicity. Some reports have suggested that capping the QD core
with a higher bandgap semiconductor or biomolecule can minimize the toxicity of
the QDs. However, it is worth noting that each additional step toward functionaliz-
ing the QDs will contribute to their final hydrodynamic size and could directly or
indirectly affect their biodistribution. If these issues could be solved, we envision
that QDs will become one type of promising material for real-time tumor-targeted
imaging and therapy in the future.
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2 Silver Chalcogenide Quantum Dots

Silver chalcogenide QDs (SCQDs) composed of silver and a chalcogen (S, Se, or
Te) are another type of newly emerged semiconductor QDs. Their narrow and con-
trollable bandgap and extremely low solubility in aqueous solutions endow SCQDs
with outstanding photoluminescence properties like NIR emission, adjustable emis-
sion peaks, high photostability, and good biocompatibility. These properties make
SCQDs competitive candidates in bioimaging, detection, photocatalysis, thermal-
electric applications, and QDs-sensitized solar cells. Currently, the synthetic meth-
ods and applications of SCQDs have been systemically reviewed by Gui et al. [62] In
this part of the chapter, we will focus on utilizing SCQDs in bioimaging and cancer
therapy. Subsequently, we are going to introduce SCQDs in three parts: Ag2S QDs,
Ag2Se QDs, and Ag2Te QDs. Considering that Ag2Te QDs are seldom reported in
the literature, our discussion will be mainly concentrated on Ag2S QDs and Ag2Se
QDs.

The applications of traditional QDs (most commonly CdSe@ZnS QDs) in in vivo
bioimaging are limited because these QDs usually have fluorescence emissions in
the regime of visible spectrum (400–700 nm) in which the autofluorescence of living
tissues makes the results ambiguous. Subsequently, NIR-emissive QDs emerge as
a new group of luminescent probes benefiting from their deeper tissue penetration
and less skin scattering. Compared with other heavy-metal-containing NIR QDs
including PbS, PbSe, and CdHgTe QDs, SCQDs may be more biocompatible and
more suitable for biomedical applications.

2.1 Silver Sulfide (Ag2S) QDs

Although the synthesis of Ag2S nanocrystals has been intensively explored in the
past 20 years, there were no reports about the photoluminescence of this type of
nanomaterials prior to 2010. The discovery of the NIR emission property of SCQDs
has attracted great interest from the researchers in theworld because itmakes the non-
invasive imaging in deep tissues possible. In addition, their extremely low aqueous
solubility ensures that a minimum amount of silver ions is released to the environ-
ment, ensuring their safety in biomedical applications. Besides Ag2S QDs, there
are a number of NIR-II emitting fluorophores, such as single-walled carbon nan-
otubes (SWCNTs), organic dyes, rare-earth-doped nanoparticles, and conjugated
copolymers [63]. However, SWCNTs have relatively low photoluminescence quan-
tum yields (PLQYs) and their safety is under discussion. Organic dyes are prone to be
photobleached easily. In contrast, Ag2S QDs are bright, biocompatible, and resistant
to photobleaching. Concerning that the utilization of Ag2S QDs in bioimaging and
cancer therapy has been mainly reported in the recent 5 years, we will review the
work from 2012 to 2017.
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In 2012, the application of Ag2S QDs for bioimaging was demonstrated by sev-
eral research groups [64–67]. For example, Jiang et al. synthesized water-dispersible
Ag2SQDsusing3-mercaptopropionic acid (3-MPA) as capping agent in ethylenegly-
col medium [64]. The photoluminescence of the as-prepared Ag2S QDs can be tuned
from 510 to 1221 nm and the 910 nm emitting samplewithQY�2.1%was employed
for in vivo imaging (Fig. 4a–d). Under either subcutaneous or celiac injection occa-
sion, the Ag2S QDs display bright fluorescence, which is significantly distinct from
the autofluorescence of body. Zhang et al. synthesized NIR-II emitting Ag2S QDs
modified by dihydrolipoic acid (denoted as DHLA-Ag2S QDs) [65]. They realized
in vitro cell imaging with high selectivity by conjugating DHLA-Ag2S QDs with
specific molecules (Erbitux protein for targeting to epidermal growth factor recep-
tor (EGRF), and cyclic arginine-glycine-aspartic acid (RGD) peptide for targeting to
αvβ3 integrin overexpressed on the surface of several types of cancer cells). In another
study,Hong et al. conjugated theDHLA-Ag2SQDswith six-armed polyethylene gly-
col (6PEG) to yield 6PEG-Ag2S QDs (QY�15.5%) [67]. Due to its high brightness
and proper size, 6PEG-Ag2S QDs were used for fast tumor detection guided by
enhanced permeability and retention (EPR) effect (Fig. 5, a–f). The biodistribution
and pharmacokinetics results (Fig. 5, g–i) show that >10% ID/g 6PEG-Ag2S QDs
accumulate in the tumor site and 6PEG-Ag2S QDs can be metabolized by biliary
excretion.

In 2013, the Ag2S QDs were further functionalized and their long-term poten-
tial toxicity was systematically evaluated [68, 69]. Wang et al. reported a method
of preparing ultrasmall bovine serum albumin (BSA)-stabilized Ag2S QDs with
tunable NIR fluorescence and vascular endothelial growth factor (VEGF) antibody
(antiVEGF) was additionally conjugated to enhance the in vivo U-87 MG human
glioblastoma tumor-targeting efficiency on mice [68]. However, the QY of the as-
prepared BSA-Ag2S QDs was determined to be only 1.8%. In another example,
Zhang et al. provided a detailed study of long-term in vivo biodistribution and exam-
ined the potential toxicity of PEGylated Ag2S QDs [69]. The results showed that the
PEGylated Ag2S QDs are mainly accumulated in liver and spleen after intravenous
injection and mostly eliminated by fecal excretion. Negligible toxicity is observed
with an intravenous injection dose of as high as 30 mg/kg during the 2-month-long
experiments, which is evidenced by the blood biochemical, hematological, and his-
tological analyses. Besides tumor-targeting imaging, Tan et al. also used Ag2S QDs
as NIR fluorescent probes in nitric oxide delivery system [70, 71].

In view of the excellent imaging properties of Ag2S QDs with ultrahigh spa-
tial (30 μm) and temporal resolution (<50 ms), they were applied in more circum-
stances in 2014 [72–74]. Li et al. used PEGylated Ag2S QDs to develop a noninva-
sive approach of visualizing lymphatic drainage and vascular networks and tracking
angiogenesis mediated by a minuscule tumor in vivo [72]. Chen et al. further mod-
ified the PEGylated Ag2S QDs with TAT peptide to form TAT-Ag2S QDs, which
can efficiently label human mesenchymal stem cells (hMSCs) [73]. Applying the
TAT-Ag2S QDs, the dynamic monitoring of the transplanted hMSCs in vivo can
be realized with a temporal resolution of 100 ms. Further, Chen et al. conjugated
3-MPA-capped Ag2S QDs with doxorubicin (DOX, a commercial drug for cancer
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Fig. 4 In vivoNIRfluorescence imaging (pseudocoloured image) of nudemice.Control experiment
(a), with subcutaneous injection (b) and with celiac injection (c) of Ag2S QDs emitting at 910 nm;
Unmixed image of Ag2S QDs fluorescence signal (c, inset); The corresponding emission spectra
of the autofluorescence and QDs fluorescence of mice with celiac injection (d). (In images a–d,
the blue corresponds to the mice autofluorescence and the red corresponds to QDs fluorescence.)
Reprinted with permission from Ref. [64]. Copyright 2012 Elsevier

chemotherapy) and cyclic RGD peptide as amultifunctional nanoplatform to achieve
NIR imaging-guided tumor-targeting therapy [74]. This work implies that Ag2SQDs
can not only be used as NIR fluorescent probes but also have potential applications
in cancer therapy.

Because of their remarkable NIR fluorescence property and proper size for tumor
targeting by EPR effect, Ag2S QDs are increasingly regarded as one of the ideal
nanoplatforms for detecting tumors, tracking biological process, and monitoring
drug biodistribution in 2015 [75–81]. Other modalities such as CT and MRI were
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Fig. 5 NIR-II fluorescence imaging of a xenograft 4T1 tumorwith high uptake of 6PEG-Ag2SQDs.
a–e Time course of NIR-II fluorescence images of the same mouse injected with 6PEG-Ag2S QDs.
f A white-light optical image of the same mouse at 24 h postinjection (p.i.). The tumor mass was
visibly darkened owing to high uptake of 6PEG-Ag2SQDs. gThe tumor-to-background ratio (TBR)
plotted as a function of time p.i. for NIR-II images, indicating a 100% certainty of the tumor being
identified from the NIR-II image after 4 h p.i., according to the Rose criterion. h A representative
plot of the %ID/gram of the 6PEG-Ag2S QDs in the blood versus time after tail vein injection,
as determined by the NIR-II fluorescence of the blood samples. A first-order exponential fits the
data points with a half-life of circulation for the 6PEG-Ag2S QDs of 4.37±0.75 h. i Quantitative
biodistribution of 6PEG-Ag2S QDs in various organs and the tumor 72 h after injection based on
inductively coupled plasma mass spectrometry (ICP-MS). Reprinted with permission from Ref.
[67]. Copyright 2012 Wiley

employed together with NIR fluorescence imaging by combining Ag2S QDs with
iodinated oil and Gd3+, respectively [77, 78]. Since 2016, multimodal imaging has
become popular for the reason that each individual imaging method has its own dis-
advantages.Wu et al. reported the synthesis of ICG@PEG-Ag2SQDs using an FDA-
approved NIR dye indocyanine green (ICG) [82]. The as-prepared ICG@PEG-Ag2S
QDs exhibit dual-modal imaging ability (fluorescence andPA imaging) of atheroscle-
rosis. Furthermore, after precisely targeting atherosclerosis, the photothermal effect
of ICG can be employed to treat the disease. Zhang et al. prepared Ag2S@BSA-
DTPAGd via a biomineralization method to realize fluorescence imaging andMRI of
tiny tumors [83]. Inspired by the strong absorption of Ag2S QDs in NIR regime, Gao
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et al. directly utilized these QDs to achieve cancer PTT [84]. They used aptamer to
further functionalize the Ag2S QDs to increase the tumor-targeting efficiency. The
results show that Ag2S QDs are not only NIR fluorescent probes but also excellent
photothermal agents. Subsequently, in 2017,Yang et al. reported the synthesis of size-
dependent Ag2S QDs in hollow human serum albumin (HSA) nanocages for dual-
modal imaging (fluorescence and PA imaging) and PTT [85]. The as-prepared Ag2S
QDs show various advantages including photobleaching resistance, preferable endo-
cytosis, effective tumor accumulation, and in vivo body elimination. Also in 2017,
Li et al. developed an Ald/DOX@Ag2S nanoplatform for bone tumor chemotherapy
and osteolysis inhibition [86]. In their design, alendronate (Ald) which is conjugated
to the surface of Ag2S QDs plays a role of osteolysis inhibition and pain allevia-
tion. Meanwhile, DOX as the antitumor drug is encapsulated around Ag2S QDs by
hydrophobic interaction. The key componentAg2SQDs is responsible for prolonging
drug circulation time and visualizing the drug delivery process.

2.2 Silver Selenide (Ag2Se) QDs

Selenium is in the same group with sulfur, so Ag2Se QDs are akin to Ag2S QDs
in many properties. Ag2Se QDs were first used in bioimaging in 2012 [87]. As
shown in Fig. 6, the Ag2Se QDs were injected into the abdominal cavity of a nude
mouse and the emitting light successfully penetrated the tissues even on the back
side. In 2013, C18-PMH-PEG-Ag2Se QDs with bright photoluminescence centered
at 1300 nm, excellent water-dispersity, great colloidal stability and photostability,
and good biocompatibility were employed for deep imaging of organs and vascular
structures in vivo [88]. Compared with intravenously injected ICG, the C18-PMH-
PEG-Ag2SeQDs show amuch clearer image of liver which is buried deep in the body
and can visualize the branched blood vessels even as cramped as 123 μm. Although
Ag2SeQDs are thought to be safe, there has been no detailed investigation about their
in vivo behavior and toxicity until 2016 [89]. As reported by Tang et al., PEG-Ag2Se
QDs are quickly cleared from the circulation system in mice with a half-life of 0.4 h.
Additionally, the PEG-Ag2Se QDs are mainly amassed in liver and spleen and are
converted to Ag and Se in a week. Similar to Ag2S QDs, Ag2Se QDs can also be
used in multimodal imaging-guided theranostics. Zhao et al. functionalized Ag2Se
QDs with Mn2+ to form Ag2Se@Mn QDs, which integrated the remarkable NIR
fluorescence of Ag2Se QDs and MRI ability of Mn2+ [90]. Further, the Ag2Se@Mn
QDs were loaded into circulating MPs (CMPs) freshly purified from the peripheral
blood of oral squamous cell carcinoma (OSCC) patients via electroporation, and
the thus-obtained Ag2Se@Mn QD-labeled CMPs were developed as dual-modally
traceable and actively tumor-targeted nanoplatform for cancer theranostics [91]. A
similar design was reported by Zhu et al., in which cetuximab (a clinical drug for
tumor therapy) was conjugated to Ag2Se QDs to achieve simultaneous imaging and
therapy of orthotopic tongue cancer [92].
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Fig. 6 MTT assay and NIR images of a living nude mouse after injection of Ag2Se QDs: a MTT
assay on A549, Vero, and MDCK cells exposed to Ag2Se QDs at different concentrations from 0
to 47.4 μg/mL for 24 h; b fluorescence image of the nude mouse; c fluorescence imaging from
the abdominal cavity of the nude mouse with Ag2Se QDs injected into the abdominal cavity;
d fluorescence imaging on the back side of the nude mouse with Ag2Se QDs injected into the
abdominal cavity; e, f merged images of the bright-field and the threshold false color of (c) and
(d), respectively. Reprinted with permission from Ref. [87]. Copyright 2012 American Chemical
Society

2.3 Silver Telluride (Ag2Te) QDs

In comparison with Ag2S QDs and Ag2Se QDs, Ag2Te QDs seem to be enigmatic.
Because of the high electron mobility and low thermal conductivity of Ag2Te, it is
usually used for thermoelectric applications rather than biomedicine. The photolu-
minescence property of Ag2Te QDs was first reported by Yarema et al. [93]. They
synthesized 3.2 nm Ag2Te QDs with the emission peak centered at 1300 nm. Chen
et al. prepared luminescent Ag2Te QDs via a cation exchange method [94]. The as-
synthesized Ag2Te QDs possess photoluminescence ranging from 900 to 1300 nm
and the PLQY was determined to be 2.1%. By further growth of ZnS, the PLQY of
Ag2Te/ZnS core/shell QDs can be increased to 5.6%. Neither the Ag2Te QDs nor the
Ag2Te/ZnS core/shell QDs at concentrations ranging from 50 to 200 nM show cyto-
toxicity after incubation with HeLa cells for 24 h. Nevertheless, their relatively low
PLQYs limit their further imaging applications. In 2015, Yang et al. employed amul-
tivalent polymer poly(maleic anhydride)-graft-cysteamine (PMAC) as both stabilizer
and capping agent to fabricate Ag2Te QDs in aqueous solution [95]. The as-prepared
Ag2Te QDs with adjustable NIR fluorescence peaks ranging from 995 to 1068 nm
have relatively high PLQYs of 13.1–15.9%. They also show excellent photostability
and aqueous stability as illustrated in Fig. 7b–f. Until now, the bioimaging and cancer
therapy applications of Ag2TeQDs are still lacking. Considering that Ag2Te has even
lower solubility than Ag2S and Ag2Se but similar NIR-II photoluminescence prop-
erties as compared with Ag2S and Ag2Se, we assume that Ag2Te QDs are probably
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Fig. 7 a Bright-field images of L929 cells, bNIR-II images acquired immediately upon irradiation
(808 nm), and c acquired after irradiation for 2 h of L929 cells. a–c The cells were incubated with
Ag2Te QDs (0.1 mg/mL) for 1 h. d Bright-field and NIR-II images of Ag2Te QDs suspended in
PBS (1 mM, pH�7.4) or 100-fold diluted mouse whole blood. e Mean PL intensities of the two
samples determined based on the NIR-II images. f PL stability of Ag2Te QDs in mouse whole
blood within 48 h. Reprinted with permission from Ref. [95]. Copyright 2015 Elsevier

an alternative in bioimaging. Furthermore, the intrinsic heavy atom Te may endow
the Ag2Te QDs with satisfying performance as a CT contrast agent.

2.4 Limitations and Future Perspectives

SCQDs possess tunable, bright NIR photoluminescence and have been extensively
reported as fluorescent probes in vitro and in vivo. Their proper sizes and functional
surfaces suggest their promising cancer theranostic applications. Compared with
Cd/Pb/Hg-based NIR QDs, there are no concerns on SCQDs about toxicity caused
by release of heavymetal ions. In recent years, the synthetic methods of SCQDs have
been greatly explored and the various SCQDs have been developed into multimodal
imaging probes and drug delivery platforms. However, there are still some problems
which hamper the further applications of SCQDs in bioimaging. For example, the
small size of SCQDs endows them with large surface area to be functionalized but
also means more defects on the surface which decrease the PLQY of SCQDs. For
Cd-based QDs, this issue can be solved by wrapping the QDs with ZnS to form a
core–shell structure. Nevertheless, thematerials that match the lattice of SCQD cores
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and form a shell on SCQD cores have been seldom reported. That is why the PLQY
of Cd-based QDs can achieve even 60%, while it is difficult to find a kind of SCQDs
with PLQY above 20%. If this problem can be solved, the PLQY and photostability
of SCQDs could be further improved.We believe that SCQDs are a competitive class
of promising theranostic agents in the future.

3 Carbon Quantum Dots

Carbon quantum dots (also known as carbon dots, C-dots, CDs, or CQDs), first
discovered byXu et al. during the electrophoretic purification of single-walled carbon
nanotubes [96], are a novel class of carbon-based nanomaterials which are typically
discrete, quasispherical nanoparticles, with sizes below 10 nm [97, 98]. Due to their
fantastic features, such as simple low-cost synthesis and scalability, superior optical
properties (e.g., tunable and wide emissions, high photostability, and two-photon
excited fluorescence), facile functionalization, excellent biocompatibility, and good
chemical inertness and solubility, CDs have attracted increasing attention in a wide
range of applications including bioimaging, sensing, catalysis, photoelectric devices,
and theranostics [99–104]. Synthetic approaches for CDs are generally classified
into two categories—top-down and bottom-up [105]. Herein, we focus on the recent
progress of CDs in cancer cell imaging and cancer therapy.

3.1 CDs for Cancer Bioimaging

CDs usually show the excitation wavelength-dependent emission property, which
is mainly attributed to the surface state of CDs [106, 107]. A surface defect-based
luminescence mechanism has been suggested for CDs [108, 109]. In addition, the
use of surface passivating agents to provide uniform photoluminescence trapping
sites on the CD surface and the introduction of electron-donating heteroatoms as
dopants help to tune the photoluminescence properties of CDs [98]. The emission
spectra of CDs are usually broad, ranging from deep ultraviolet to visible, or even
extended to NIR. Jiang et al. prepared red, green, and blue emissive CDs using three
kinds of phenylenediamine through a solvothermalmethod [110]. Ding et al. reported
the first one-pot syntheses of full-color light-emitting CDs, and then collected the
CDs exhibiting excitation-independent luminescence from blue to red via column
chromatography following the hydrothermal treatment [111].

Bioimaging is one of the most important applications of CDs because of their
unique optical properties and low cytotoxicity. Compared to the conventional semi-
conductor QDs, which usually contain cadmium or other heavy metals, CDs com-
prise nontoxic elements, ensuring their good biocompatibility [108, 112]. The first
preliminary assessment of the bioimaging potential of CDs was presented by Sun
et al., who observed cellular uptake of CDs by Caco-2 cells by confocal microscopy



Quantum Dots for Cancer Therapy and Bioimaging 111

Fig. 8 a Representative two-photon luminescence images (800 nm excitation) of MCF-7 cells
with internalized CDs. Reprinted with permission from Ref. [119]. Copyright 2007 American
Chemical Society. b Fluorescence wide-field image and second-order SOFI image of a Saos-2
cell, respectively. Reprinted with permission from Ref. [120]. Copyright 2016 American Chemical
Society. c Confocal images of 293T cells (top) and HeLa cells (bottom) incubated with CDs for
4 h. (i) bright-field, (ii) confocal fluorescence, and (iii) overlay images. Reprinted with permission
from Ref. [121]. Copyright 2016 Elsevier. d Confocal images of the CDs in HeLa cells with bright
field and excitation at 543 and 638 nm, respectively. Reprinted with permission from Ref. [123].
Copyright 2015 Wiley. e In vivo and ex vivo FL imaging. Top: Real-time in vivo FL images after
intravenous injection of CDs in nude mice at different time points. Bottom: Ex vivo FL images
(left) and average FL intensities (middle) of main organs and tumor tissue at 24 h postinjection,
and average FL intensities of the tumor area at different time points postinjection (right). Reprinted
with permission from Ref. [123]. Copyright 2015 Wiley
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[113], realizing the optical cell tracking with CDs. Diverse CDs have witnessed the
effects of size and surface nature (charge and chemistry) on their cellular uptake.
Recent studies demonstrated that CDs are mostly internalized in the cytoplasm,
especially in endosomes/lysosomes, but also in mitochondria or endoplasmic retic-
ulum [114–116]. Very few CDs were reported to stain the cell membrane or nucleus
[117, 118]. The two-photon fluorescence imaging capability of CDs internalized in
cancer cells has also been demonstrated (Fig. 8a) [119]. Chizhik et al. realized super-
resolution optical fluctuation bioimaging (SOFI) with their dual-color CDs (Fig. 8b)
[120]. On the other hand, one kind of positively charged CDs fabricated by using
polyethyleneimine and folic acid (FA) was reported to be able to selectively image
the folate receptor-positive cancer cells (Fig. 8c) [121]. Furthermore, since deep-red
and NIR light exhibits deeper tissue penetration, the development of CDs with long
wavelength emissions is highly desired for in vivo imaging [122]. Ge et al. success-
fully utilized red fluorescent CDs with the emission peak at~640 nm for in vitro and
in vivo imaging (Fig. 8d, e) [123]. CDs intravenously injected into tumor-bearing
nude mice accumulate in the tumor area through the EPR effect and a significant FL
signal is observed in the tumor area in comparison with other tissues.

3.2 CDs for Cancer Therapy

Besides the strong fluorescence of CDs, their unique chemical structure allows the
integration of active therapeuticmolecules into the sp2 carbon frame, and their surface
functional groups enable further conjugation with other molecules such as biologi-
cal affinity ligands [124]. Choi et al. used FA-functionalized CDs as carriers for the
photosensitizer (PS) zinc phthalocyanine via π–π stacking interactions, leading to
simultaneous imaging and targeted PDT after irradiation in vitro and in vivo (Fig. 9A)
[124]. After loading doxorubicin (DOX) through π–π stacking, the resultant CD-
DOX nanoagent show controlled drug release and efficient tumor therapy. Besides,
Gong et al. fabricated innovative phosphorus and nitrogen dual-doped hollow carbon
dots (PNHCDs) with negative surface charge and proved that PNHCDs (as the carri-
ers) have strong electrostatic and hydrogen bonding interactions with the DOX drug
molecules [125]. Apart from the physical interactions between CDs and drugs, the
covalent bonding is also an important choice for loading drugs on CDs. In this regard,
Yang et al. prepared CDs–DOX complexes usingDOX-SH and amine-functionalized
CDs via a coupling linker, N-hydroxysuccinimide ester-poly(ethylene glycol)10-
maleimide, ensuring a slower and prolonged DOX accumulation in the nucleus,
which results in enhanced anti-tumor efficacy and less side effects compared to free
DOX (Fig. 9B) [126]. Hua et al. utilized the CDs with intrinsic mitochondrial target-
ing ability to deliver PSs to mitochondria after covalent conjugation, and achieved
significantly enhanced PDT efficacy (Fig. 9C) [127]. Zheng et al. developed a novel
theranostic nanomedicine via the condensation reaction between the amine groups
on the CD’s surface and the carboxyl group of Pt(IV) complex (Oxa(IV)–COOH, a
chemotherapeutic prodrug), which may hold great potential for cancer diagnostics
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Fig. 9 A Schematic illustration of the preparation of carbon nanodots from α-cyclodextrin and
targeted PDTwith folic acid-functionalized carbon nanodots loaded with zinc phthalocyanine (CD-
PEG-FA/ZnPc). Reprinted with permission from Ref. [124]. Copyright 2014 Wiley. B Schematic
illustration of the synthesis ofCDs and their applications in cell imaging and anticancer drug delivery
(a). The interaction of CDs–DOXwith cancer cells (b). Reprinted with permission from Ref. [126].
Copyright 2017 Royal Society of Chemistry. C Carbon quantum dots with intrinsic mitochondrial
targeting ability for enhancedmitochondria-based PDT. Reprinted with permission fromRef. [127].
Copyright 2017 Royal Society of Chemistry. D Synthetic scheme for CD-Oxa and its applications
in bioimaging and theranostics. Reprinted with permission from Ref. [128]. Copyright 2014Wiley.
E FRET process between CDs and Ce6. Reprinted with permission from Ref. [129]. Copyright
2012 Wiley. F PEG-chitosan@CDs hybrid nanogels for pH/NIR dual-responsive drug release and
two-photon fluorescence cellular imaging. Reprinted with permission from Ref. [130]. Copyright
2015 Wiley

and therapy (Fig. 9D) [128]. Huang et al. designed novel multifunctional chlorin e6-
conjugated CDs (CDs-Ce6, via amide condensation) as a light-triggerable theranos-
tics agent for simultaneous enhanced-photosensitizer fluorescence detection (PFD)
and PDT by FRET mechanism (Fig. 9E) [129]. The CDs as the carriers to load PSs
or dyes can improve the stability and solubility of PSs or dyes in aqueous/biological
media, extend blood circulation time, and enhance biocompatibility, thus making
CDs-Ce6 a good candidate with excellent imaging and tumor-homing ability for FL
imaging-guided PDT treatment. Furthermore, many pH-, redox-, enzyme-, or light-
responsive CDs-involving complexes have been developed for imaging-guided drug
delivery with enhanced therapeutic efficiency [130–133]. For instance, Wang et al.
designed the biocompatible PEG-chitosan@CDs hybrid nanogels to realize pH and
NIR light dual-responsive drug release and combined chemo-photothermal treatment
(Fig. 9F) [130].

Besides being used as drug carriers, CDs can also be used as nanomedicines. In
2011, Christensen et al. found that CDs can be used as PSs to generate ROS under
the irradiation of blue light in vitro [134]. However, the shallower tissue penetration
of blue light limits the applications of the above CDs in vivo. In 2013, Hsu et al.
validated that CDs without laser have a remarkable inhibitory effect on the growth of
MCF-7 andMDA-MB-231 cancer cells, with lower toxicity to theMCF-10A normal
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cells, which may be explained by the significantly increased cellular ROS levels in
the two types of cancer cells upon CD treatment [135]. Besides, some red-emitting
or red light-excitable CDs have been considered as promising PSs or PT agents. For
example, Ge et al. demonstrated the application of CDs for imaging-guided PDT and
PTT both in vitro and in vivo [136]. The obtained CDs exhibit dual photodynamic
and photothermal effects under 635 nm laser irradiation with a singlet oxygen (1O2)
generation efficiency of 27% and high photothermal conversion efficiency of 36.2%
(Fig. 10a). Since NIR has a deeper tissue penetration as compared with visible light,
NIR-absorbing CDs are more suitable for in vivo bioimaging and PTT. Lan et al.
prepared S, Se-codoped CDs with photothermal conversion efficiency of~58.2%
as new multifunctional phototheranostic agents for the TPE fluorescence imaging
(with the excitation wavelength at 880 nm) and PTT (with the excitation wavelength
at 635 nm) of cancer cells [137]. Another kind of CDs (namedCyCD) showing strong

Fig. 10 a In vitro PDT/PTT. Relative viability of B16-F0 skin cancer cells incubated with various
concentrations of CDs under dark or irradiation by 635 nm laser at power densities of 0.1 W cm−2

(left, PDT) or 2 W cm−2 (right, PDT/PTT) for 10 min. Reprinted with permission from Ref. [136].
Copyright 2015 Wiley. b In vivo PTT. Top: Photographs of a CT26 tumor-bearing mouse after
PTT (the tumor is circled with a red dotted line) and the excised tumors on the 11th day. Bottom:
The tumor volume and body weight of the CT26 cancer bearing mice after different treatments
(saline, CyCD, andCyCD+irradiation). Reprintedwith permission fromRef. [138]. Copyright 2016
American Chemical Society. c Top: Schematic representations of the fabrication of CD nanosphere
(CDNS) from individual CDs and amphipathic SDBS and the application as a nanophotosensitizer
for simultaneous NIR-light-responsive FL imaging and PDT of cancer. Bottom: In vivo FL imaging
and PDT efficacy of CDNS. Reprinted with permission from Ref. [139]. Copyright 2017 Wiley
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absorption and NIR emission within the range from 600 to 900 nm was proved to be
an ideal theragnostic agent for NIR fluorescence imaging and photothermal therapy
in vitro and in vivo (Fig. 10b) [138]. Jia et al. prepared CD nanospheres via the
self-assembly of individual CDs and sodium dodecyl benzene sulfonate (SDBS) to
achieve NIR-light-responsive FL imaging and PDT of cancer (Fig. 10c) [139].

4 Silicon Quantum Dots

Silicon or silicon-containing nanomaterials, a series of important nanomaterials with
attractive properties including huge surface-to-volume ratios, favorable biocompat-
ibility, improved multifunctionality, and excellent electronic/mechanical properties
[140, 141], have been developed for various applications ranging from electron-
ics to biology. Various silicon nanomaterials have been developed, such as silicon
nanorods [142], silicon noanowires [143], and silicon nanodots [144]. Among these
silicon nanomaterials, silicon nanodots or silicon quantum dots (SiQDs) are espe-
cially suitable for bioimaging and cancer therapy due to their ultrasmall size, bright
fluorescence, and good biocompatibility.

4.1 Silicon Quantum Dots for Bioimaging Applications

The room-temperature synthesis of water-soluble silicon quantum dots that exhibit
strong blue photoluminescence (PL) has been reported by Warner et al. [145]. The
ease of synthesis and optical properties make the SiQDs excellent candidates for
the imaging of cancer cells, as demonstrated in HeLa cells. For the applications in
biological imaging and diagnosis, SiQDsmust remain luminescent and be stably dis-
persed in biological fluids with a wide pH range of pH and a high salt concentration.
Erogbogbo et al. reported the preparation of highly stable aqueous suspensions of
SiQDs using phospholipid micelles, where the optical properties of SiQDs are well
retained [146]. The micelle-encapsulated SiQDs were used as luminescent labels for
pancreatic cancer cells in vitro (Fig. 11), thereby highlighting their potential as a
nontoxic optical probe for biomedical diagnostics.

To overcome the shortcomings of severe photobleaching and cytotoxicity asso-
ciated with the traditional dyes and the fluorescent II/VI QDs, He et al. reported a
type of silicon-based nanospheres with the merits of excellent water-dispersibility,
strong photoluminescence, and robust photostability, which can be used for cellular
imaging [147]. To establish their utility as cellular probes, HEK293T human kidney
cells were chosen to be labeled by the as-prepared SiQDs. As shown in Fig. 12, the
confocal images indicate that the PL of the SiQDs-labeled HEK293T cells is intense
and can be directly observed under excitation at different wavelengths. Besides,
robust anti-photobleaching of the obtained SiQDs was verified by comparing with
the fluorescein isothiocyanate (FITC) dye and fluorescent II/VI QDs.
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Fig. 11 Confocal microscopic visualization of live pancreatic cancer cells treated with a amine-
terminated micelle-encapsulated SiQDs, b transferrin-conjugated micelle-encapsulated SiQDs.
Reprinted with permission from Ref. [146]. Copyright 2008 American Chemical Society

A novel kind of oxidized silicon nanospheres (O-SiNSs) prepared via thermal
oxidation of the precursor SiNSs was reported by He et al. [148]. The O-SiNSs
possess the properties of excellent aqueous dispersibility, high PLQY of 25%, wide
pH stability, superior photostability, and favorable biocompatibility. Moreover, the
O-SiNSs are conjugated with antibody (abbreviated as O-SiNSs/antibody bioconju-
gates), which are successfully applied in immunofluorescence cell imaging. More-
over, simultaneous detection of two biological targets and removal of background
autofluorescence can also be realized by antibody-conjugated silicon quantum dot
nanoparticles and organic dyes, which was reported by Tu et al. [149]. To realize
selective cancer imaging using SiQDs, Erogbogbo et al. reported the development of
SiQDsmodifiedwith folate and antimesothelin [150]. The successful targeted cancer
cell imaging will be highly beneficial for targeted cancer diagnosis and therapy.

4.2 Silicon Quantum Dots for Drug Delivery and Cancer
Therapy

Owing to the wide and growing applications of fluorescence in biomedicine and bio-
engineering fields, fluorescence imaging-guided cancer therapy has attracted great
interest. Moreover, due to the low cytotoxicity of silicon materials, SiQDs are good
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Fig. 12 a Fluorescence microscopy images of HEK2-293T cells labeled with the as-prepared
SiQDs. b Comparison of fluorescence signals of HEK293T cells imaging with the nanospheres
(top) and FITC (bottom). c Temporal evolution of fluorescence of the HEK293T cells labeled with
the as-prepared nanospheres (top) and FITC (bottom). d Photostability comparison of fluorescent
II/VI QDs and the obtained SiQDs. Reprinted with permission from Ref. [147]. Copyright 2009
Wiley

carriers for delivering drugs into cells. SiQDs for delivering siRNA into tumor cells
have been realized by Klein et al [151]. The internalization of SiQDs was found
to occur via endocytosis, which was observed by transmission electron microscopy
(TEM) and confocal microscopy.Moreover, the SiQD-siRNA complexes can signifi-
cantly reduce the transporter efficiencies for the P-glycoprotein substrate Rhodamine
[123].



118 F.-G. Wu et al.

Although there are many ways for the modification of SiQDs, attention should
be paid to the organic groups on the surface of SiQDs which can increase toxi-
city. Ruizendaal et al. reported that amine-functionalized SiQDs exhibit cytotoxi-
city, whereas carboxylic acid-terminated analogues do not [152]. Multifunctional
nanocarriers with a core–shell structure for drug delivery have been developed by
Xu et al., in which SiQDs serve as the core and a water-soluble block copolymer
serves as the shell [153]. Besides, as reported by Wang et al., poly(ethylene glycol)-
block-polylactide (PEG-PLA) NPs were also used to encapsulate fluorescent SiQDs
to deliver the anticancer drug quercetin, which suppress human hepatomaHepG2 cell
proliferationmore effectively than the free-standing form [154]. Further, Ji et al. used
the ultrasmall silicon nanoparticles (SiNPs) featuring strong fluorescence, high pho-
tostability, and adjustable drug-loading capacity to load the anticancer drug DOX for
long-term live cell tracking and realize in vivo cancer treatment (Fig. 13) [155]. Very
recently, the applications of SiQDs for fluorescence imaging-guided high photody-
namic cancer therapy have been realized by Liu et al., who selected phthalocyanine
(Pc) as a representative drug and prepared SiQD-based composite nanoparticles.
The as-prepared Si/Pc nanocomposite particles emit dual channel fluorescence sig-
nals and show high photodynamic cancer therapeutic efficiencies both in vitro and
in vivo [156].

5 Black Phosphorus Quantum Dots (BP QDs)

As a new member of two-dimensional (2D) layered materials, black phosphorus
(BP) has attracted considerable research interest and exhibits many potential
applications in various areas such as nanoelectronics, optoelectronics, bioimaging,
and phototherapy [157–160]. In the BP family, zero-dimensional BP quantum
dots (BP QDs, the ultrasmall BP nanosheets) have been successfully synthesized
through chemical methods recently. In 2015, BP QDs were synthesized for the
first time by Zhang’s group through a facile top-down method [161]. Besides,
the approaches of solvothermal synthesis and ultrasonication were reported by
Xu et al. and Gao et al. to prepare BP QDs, respectively [162, 163]. Compared
with traditional semiconductor QDs, BP QDs show superior biocompatibility due
to their in vivo stability and their final nontoxic degradation products (including
phosphate and phosphonate) [164–166]. Consequently, BP QDs may be suitable
for various biomedical applications, such as bioimaging, drug delivery, and cancer
therapy (especially photothermal therapy). Sun et al. reported a new type of BP
QDs (synthesized by a simple liquid exfoliation technique), which possesses
excellent NIR photothermal properties (with a large extinction coefficient of 14.8
Lg−1 cm−1 at 808 nm and a photothermal conversion efficiency of 28.4%), good
biocompatibility, as well as high PTT efficiency, suggesting great potential of the
BP QDs in PTT applications [160]. Besides, Shao et al. synthesized biodegradable
BP-based nanospheres using BP QDs and poly(lactic-co-glycolic acid) (PLGA),
which have improved stability, good biocompatibility, excellent tumor targeting
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Fig. 13 a In vivo fluorescence images of mice at different time points after intratumoral injection
of physiological saline (control), free DOX, SiNP-DOX, and RGD@SiNP-DOX. b Inhibition of
tumor growth at different times points after intratumoral injection of physiological saline (control),
pure SiNP, free DOX, SiNP-DOX, and RGD@SiNP-DOX. Reprinted with permission from Ref.
[155]. Copyright 2015 Wiley

ability, and high PTT efficiency [167]. For cancer imaging application, BP QDs with
excellent fluorescence properties were also obtained by ultrasonication-assisted
solution method, and were successfully utilized in HeLa cell imaging [164].
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6 Germanium Quantum Dots (Ge QDs)

Group IV materials (C, Si, and Ge), especially the Ge quantum dots (Ge QDs),
which were synthesized for the first time in 1982 [168, 169], have attracted much
attention and hold great potential for the applications in the biomedical field [169].
Compared with II–VI (e.g., CdX, X=S, Se, Te), III–V (e.g., GaAs, InP, InAs), and
IV–VI (e.g., PbX, X=S, Se) QDs, Ge QDs possess various superior properties, such
as valuable semiconducting and special optical properties, ultralow cytotoxicity, and
electrochemical stability [169–171].

Based on their excellent fluorescence properties and good biocompatibility, Ge
QDs may have excellent performance in the applications of cancer imaging. Li
et al. developed blue-emitting pH-sensitive Ge QDs via a facile and green aque-
ous solution-based route and employed the Ge QDs to monitor the lysosome pH via
cancer fluorescence imaging [172]. Meanwhile, Ge QDs with core–shell structure
and size of~3 nm were synthesized by Karatutlu et al. using a bench-top colloidal
method [173]. This type of Ge QDs exhibits excitation-dependent fluorescence prop-
erty with excellent photostability and superior biocompatibility and these superior
properties render them a promising fluorescent probe for cancer imaging. In sum-
mary, considering the undesirable toxicity of traditional heavy-metal-based QDs and
poor photostability of various organic dyes, the Ge QDs may hold great promise for
cancer imaging and therapy.

7 Semiconducting Polymer Dots

In recent years, semiconducting polymer nanoparticles have emerged as attractive
fluorescent probes in biomedical applications due to their outstanding optical charac-
teristics [174]. Generally, these nanoparticles refer to nanomaterials consisting of π-
conjugated polymers which in their pristine state are wide-band-gap semiconductors.
These semiconducting polymers possess a direct band gap, resulting in an efficient
absorption or emission at the band edge. According to the semiconductor band the-
ory, an electron is excited from the highest occupied energy band (the π band) to the
lowest unoccupied energy band (theπ* band), which leaves a hole in theπ band. The
recombination of the excited electron with the hole generates a fluorescent photon.
By tuning the π–π* band gaps, different semiconducting polymers can emit fluo-
rescence of various wavelengths [174]. Therefore, semiconducting polymer-based
fluorescent nanomaterials possess tunable electrical and optical properties.

Polymer dots (Pdots), a small subset of semiconducting polymer nanoparticles,
possess a particle size (typically smaller than 20–30 nm) comparable to that of con-
ventional QDs. To distinguish Pdots from conventional dye-loaded latex spheres
or nanoparticles which possess only a small fraction of semiconducting polymers,
Pdots are required to contain semiconducting polymers with a volume or weight
fraction higher than 50%, preferably 80–90% [174]. Besides, Pdots should also con-
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tain a hydrophobic polymer interior which is essential to their colloidal stability,
packing density of fluorophores, and fluorescence brightness. To date, a number of
researches have demonstrated that Pdots exhibit extraordinary fluorescence bright-
ness, fast emission rate, excellent photostability, and nonblinking feature [175–178].
These advantageous optical properties make them well-suited for applications in
light-emitting devices [179]. In addition, the past decade has also witnessed the
rapid development of Pdots in a wide range of biological applications, including cel-
lular imaging [177, 178, 180–183], biological detection (e.g., pH [184], temperature
[185], oxygen [186], and blood glucose level [187]), and high-resolution single-
particle tracking [188]. Particularly, Pdots have attracted considerable interest in
cancer diagnosis and therapeutics, due to their proper size, extraordinary brightness,
and minimal cytotoxicity.

7.1 Cancer Cell-Specific Imaging and in Vivo Tumor
Imaging

Oneof themost important applications of Pdots is thefluorescence imaging for cancer
therapy. Benefiting from their flexible polymer matrix, Pdots can be functionalized
via surface modification to realize cancer cell-specific fluorescence imaging [177,
189, 190]. For example, Zhang et al. prepared streptavidin (SA)-conjugated Pdots
and successfully labeled the cancer cell-surface marker HER2 in human breast can-
cer cells through the specific recognition between biotin and streptavidin (Fig. 14)
[189]. Besides, Geng et al. embedded Pdots into silica nanoparticles for targeted
cellular imaging of HER2-overexpressed SK-BR-3 breast cancer cells [190]. Apart
from cellular imaging, Pdots were also utilized for in vivo tumor targeting [191,
192]. Wu et al. developed a type of highly emissive Pdots (approximately 15 times
brighter than the commercial QDs) modified with a tumor-specific peptide ligand
and demonstrated their specific targeting to malignant brain tumors [192]. In view
of the advantage that NIR light has a large penetration depth in tissue and causes
minimal cellular autofluorescence, Pdots with NIR emission are highly desirable for
bioimaging. To solve this challenge, Wu et al. synthesized squaraine-based Pdots
with large Stokes shifts and narrow-band emissions in the NIR region and employed
the Pdots to label EpCAM receptors on the surface of human breast cancer MCF-7
cells [193].

7.2 Pdots-Based Cancer Therapy

Apart from bioimaging applications, Pdots are also widely used in designing
nanomedicines for cancer treatment, especially PDT. Recently, nanoparticle-based
photosensitizing agents have established their great potential in PDT as a result of
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Fig. 14 Fluorescence images of SK-BR-3 breast cancer cells treated with Pdot–SA probes. a Pos-
itive labeling of cancer cells using PFBT-C2-SA probe. b Negative labeling of cancer cells in the
absence of EDC in the bioconjugation step. c Positive labeling of cancer cells using red-emitting
PFTBT/PFBT-C2-SA probe. Reprinted with permission fromRef. [189]. Copyright 2012American
Chemical Society

the enhanced selectivity toward cancerous tissues and improved therapeutic efficacy
[194, 195]. However, many PDT nanoagents are limited by low absorptivity and less
efficient energy transfer. Owing to the light-harvesting and energy transfer proper-
ties of semiconducting polymers, Pdots provide new opportunities to overcome these
limitations. One strategy is to entrap photosensitizers into Pdots where the polymer
can efficiently absorb and transfer energy to the photosensitizer, thereby enabling
enhanced 1O2 generation [196–199]. For example, Li et al. developed an energy
transfer-mediated Pdot platform doped with amolecular photosensitizer tetraphenyl-
porphyrin (TPP) for in vitro and in vivo PDT studies. In this system, the highly flu-
orescent Pdots are completely quenched, realizing an energy transfer efficiency of
nearly 100% and 1O2 generation quantum yield of~50% [197]. Similarly, Zhang and
co-workers reported folic acid and horseradish peroxidase (HRP)-bifunctionalized
Pdots incorporated with meta-tetra(hydroxyphenyl)-chlorin (m-THPC) for targeted
PDTand cancer cell imaging [198].On the other hand, considering the relatively large
triplet energy values of most semiconducting polymers (typically exceed 0.98 eV),
the energy from the excited state of Pdots can be directly delivered to the ground state
of molecular oxygen, resulting in the generation of 1O2. Therefore, Pdots can serve
as not only imaging agents but also photosensitizers for enhanced PDT. Shi et al.
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Fig. 15 a Chemical structures of phosphorescent conjugated Pdots with the Ir(III) complexes.
b High-resolution transmission electron microscopy (HR-TEM) image of WPF-Ir4 in aqueous
solution. c Schematic illustration of the oxygen sensing and PDT. Reprinted with permission from
Ref. [200]. Copyright 2014 Wiley

have successfully synthesized a series of ultrasmall phosphorescent Pdots composed
of phosphorescent Ir(III) complexes and fluorescent fluorene units [200]. As shown
in Fig. 15, the Pdots can transfer the energy from excited state upon irradiation to
molecular oxygen for ratiometric oxygen sensing as well as photodynamic cancer
therapy.

7.3 Non-conjugated Pdots and Their Biomedical Applications

Recently, non-conjugatedPdotswhich are different from traditional conjugatedPdots
have emerged as a new type of fluorescent materials. Non-conjugated Pdots contain
no typical fluorophore groups but only sub-fluorophores (such as C=O, C=N, and
N=O), and thereby are not supposed to possess strong photoluminescence. Nonethe-
less, the photoluminescence of these sub-fluorophores can be significantly enhanced
via polymerization and crosslinking, hydrothermal treatment, self-assembly, or phys-
ical immobilization, which is called crosslink-enhanced emission (CEE) effect [201].
Such CEE effect endows non-conjugated Pdots with outstanding photoluminescence
property. Besides, these Pdots also possess good stability and low toxicity, which
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promote their applications in the biomedical field, including bioimaging [202] and
drug delivery [203]. For example, Sun et al. utilized a general route to construct mul-
tifunctional non-conjugated Pdots by conjugating polyethyleneiminewith hydropho-
bic polylactide [203]. The as-formed Pdots exhibit ultrabright and multicolorful flu-
orescence with excellent drug-loading capacity. The drug (paclitaxel)-loaded Pdots
show not only improved therapeutic effect but also substantial accumulation around
tumor, demonstrating their great advantage for imaging-guided drug delivery. Unfor-
tunately, the potential application of non-conjugated Pdots in cancer therapy is still
largely unexplored despite of a few reports.

In summary, Pdots hold great promise in bioimaging, especially in cancer cell-
specific imaging, benefiting from their extraordinary fluorescence brightness, fast
emission rate, excellent photostability, and low toxicity. Furthermore, Pdots also
serve as a unique platform for developing multifunctional nanomedicines which
integrate excellent imaging performance as well as improved anticancer effect.

8 Final Remarks and Future Perspective

In this chapter, we have presented a comprehensive overview of recent advancements
in the area of photoluminescent QDs for cancer imaging and therapy. These quantum
dots can be mainly classified into metal-containing or metal-free groups. The most
common QDs, the semiconducting, metal-containing QDs, have been extensively
investigated due to their superior optical properties. To date, several new types of
QDs, especially themetal-freeQDs (such as carbon, silicon, phosphorus, germanium,
and organic molecule-based QDs) have attracted increasing interest from researchers
in the field of cancer theranostics.

There are several issues that must be considered if these QDs are to be used
for cancer imaging and therapy. First, the QDs should have suitable fluorescence
emission property and good aqueous dispersibility and stability. Second, these QDs
should have good biocompatibility, if they are used as fluorescent probes or drug
carriers. Third, they can interact adequately with cells or can reach tumor tissues
via passive targeting or active targeting. All these three issues are related with the
structures and properties of the QDs. To design and synthesize QDs with suitable
core materials, sizes, and surface chemistries are still the main challenges in the
field of cancer theranostics. The development of highly effective, low-cost, and eco-
friendly synthetic approaches and the elaborate control of the chemical, optical,
and biological properties of these QDs are highly desired for future applications of
QDs in the biomedical field. On the other hand, since a deep understanding of the
interactions between QDs and cancer cells or tumor microenvironments will largely
affect the imaging and therapeutic outcomes, developing new imaging techniques or
analytical methods to monitor and decipher the details of the interaction processes
will promote the clinical translation of these QDs.
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Abstract Polymeric nanoparticles have demonstrated to be good candidates as vehi-
cles of drugs or molecules for combined treatment and diagnosis of cancer. In com-
parison with inorganic nanoparticulated systems, they present remarkable benefits in
terms of stability, biocompatibility, biodegradability, tailorability and low cost. Poly-
meric nanoparticles can be design to passively or actively accumulate in tumor sites
by controlling their hydrodynamic properties or functionalizing their surface with
targeting molecules. Moreover, polymers responding to particular tumor microen-
vironment conditions like reduced pH, high levels of reactive oxygen species or
overexpressed enzymes, can be used to trigger a controlled drug delivery, a contrast
agent exposure, or to enhance the therapeutic effect of a theranostic system. This
chapter focuses on the most recent advances in this field by discussing in depth
examples of nanoparticles that, exploiting all these strategies, can be visualized with
one or more imaging techniques: optical imaging, MRI, US, PA, PET, SPECT or
CT; and present therapeutic effect (i.e. chemotherapy, gene therapy, photothermal or
photodynamic therapy) due to the presence of active moieties.
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1 Introduction

Polymer chemistry allows the design of on-demand macromolecules that combine
multiple bioactive elements into a single system. The great versatility of the synthetic
processes, such as the reversible addition-fragmentation chain transfer (RAFT) poly-
merization or the atom transfer radical polymerization (ATRP), let a precise control
of themolecular architecture and functionality of the polymers. The polymer chemist
can design and synthesizemacromoleculeswith an appropriatemonomer distribution
forming amphiphilic macromolecules that self-assemble in appropriate conditions
developing polymeric nanoparticles (NPs). The NPs can serve as vehicles of drugs or
molecules for the treatment and diagnosis of cancer. Moreover, the surface of these
NPs can also be decorated with multiple targeting moieties in order to have a more
selective and more active theranostic system with reduced undesired side effects of
the treatment. In addition, polymeric systems present remarkable benefits in terms
of stability, biocompatibility, biodegradability, tailorability, and low cost [1].

This chapter focuses on polymer-based nanoparticulated systems for theranostics
of cancer highlighting the most relevant advances achieved in this field during the
last decade. To set the basis for the design of these polymeric nanocarriers, it is
important to identify the biomarkers of the tumor microenvironment and the main
differences in healthy tissue. One important hallmark of cancer tissue is the increased
permeability of the blood vessels due to an accelerated and uncontrolled angiogene-
sis. The fenestrated leaky vessels present endothelial gaps between 10 and 100 times
larger in tumor models than in normal tissue (200–1000 nm and 10 nm, respectively)
[2]. The leakiness together with the lack of lymphatic drainage favors the passive
accumulation of highmolecularweight (≥40 kDa), long-circulatingmacromolecules
into the tumor site, a phenomenon known as enhanced permeability and retention
(EPR) effect [3]. PEGylation is the main strategy used to increase the circulation
time of organic and inorganic nanoparticulated theranostic systems favoring their
passive accumulation into tumor sites and enhancing both imaging and therapy [1].
The carriers are designed to present an external layer of poly(ethylene glycol) (PEG),
a highly hydrophilic polymer, that avoids opsonization and so an early recognition
and elimination by the reticuloendothelial system (RES).

Therefore, cancer theranostic systems should present sizes in the nanoscale but
larger than 10 nm.Moreover, it has been described that particles smaller than 100 nm
are rapidly eliminated from the circulation by the RES presenting a low rate of
extravasation into permeable tissues, and those particles larger than 200 nm have
difficulties to be endocyted by the cells. Therefore, the optimal size to take advantage
of the EPR effect is between 100 and 200 nm.

Accumulation of nanocarriers in the tumor site can also be achieved by active
targeting by the incorporation of aptamers, antibodies, proteins, peptides, nucleic
acids, or small molecules that specifically interact with receptors or surface ligands
at the region of interest [2, 4].

The particular tumor microenvironment conditions can be used to trigger a con-
trolled drug delivery, a contrast agent (CA) exposure, or to enhance the therapeutic
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effect of a theranostic system using smart polymers (i.e., polymers that change their
physicochemical characteristics in response to specific external stimuli) [5]. Themost
commonly used are pH-responsive polymers that undergo changes in response to the
acidic pH of the tumor sites (between pH 4.5 and 6.0) [6–9], ROS-responsive poly-
mers especially disulfide-based structures [10], and enzyme-responsive polymers
that can be cleaved by cancer overexpressed enzymes like matrix metalloproteinases
(MMPs) or cathepsins [11].

Optical imaging, magnetic resonance imaging (MRI), ultrasound (US), photoa-
coustic (PA) imaging, positron emission tomography (PET), single-photon emission
computed tomography (SPECT), and X-ray computed tomography (CT) are the
most commonly used techniques for cancer diagnosis. This chapter focuses on the
polymer-based nanoparticulated theranostic systems that can be visualized with one
or more of these imaging techniques and present therapeutic effect due to the pres-
ence of active moieties to perform chemotherapy, gene therapy, photothermal, or
photodynamic therapy.

2 Optical Imaging

Optical imaging is one of the most widely used imaging techniques for cancer detec-
tion, providing great information related to the tumor anatomical structure as well
as the tumor metabolism and biochemistry. Among the optical imaging technolo-
gies, near-infrared (NIR) fluorescence has been extensively explored owing to the
extremely low absorption and autofluorescence of biological tissues in the wave-
length range from 700 to 1000 nm. These characteristics significantly enhance the
image sensitivity, minimizing background interference, and increasing tissue depth
penetration [12].

Currently,most commonNIRcontrastmolecules are inorganic compounds such as
different noble metals, quantum dots, and oxide nanoparticles (NPs), among others.
However, all these different alternatives are characterized by a nondegradable nature,
nonspecific biodistribution, and long-term toxicity. As a consequence, organic NIR
contrast molecules have gained special attention in the recent years. NIR fluores-
cent probes, such as cyanine compounds [13–15], are small organic molecules with
excellent optical properties (high molar absorptivity, good photostability, and strong
fluorescent emission in the NIR region). These molecules absorb NIR wavelengths
to reach an excited singlet state being part of this energy dissipated in the form of
fluorescence, part transformed into heat, and part producing free radicals or reactive
oxygen species (ROS). Depending on the efficiency of these processes, NIR dyes can
be used as promising agents not only for imaging purposes but also for photothermal
(PTT) [16] and photodynamic (PDT) [17] therapy.

Indocyanine green (ICG) is aU.S. Food andDrugAdministration (FDA)-approved
dye that effectively fluoresces in the region of 650–850 nm, also producing heat
upon NIR irradiation. Other remarkable cyanines are pentamethine and heptame-
thine derivatives (such as Cy5, Cy5.5, andCy7, among others) that exhibit highmolar
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absorption coefficient andfluorescence quantumyield.However, thesemolecules can
be easily degraded in aqueous medium and are characterized by a short circulation
time in physiological conditions. To palliate these drawbacks, a wide range of cya-
nines have been incorporated into different polymeric formulations with the aim to
improve its bioavailability and stability [18]. For example, ICG has been encapsu-
lated in the core of polymeric nanoparticles that also incorporated chemotherapeutics
drugs as doxorubicin (DOX) in their inner core. Some interesting examples of these
polymeric formulations are poly(ethylene glycol) and decylamine-grafted poly(l-
aspartic acid) (mPEG-b-PAsp) [19], poly(lactic-co-glycolic acid) (PLGA)-lecithin-
PEG NPs [20], and pH-sensitive terpolymer based on poly(ethylene glycol)-poly(ε-
caprolactone)-poly(N-isopropylacrylamide) (PEG-PCL-PNIPA) [21]. Additionally,
Cy5.5 was conjugated to mPEG-denatured bovine serum albumin (dBSA) NPs
[22] and encapsulated into NPs based on amphiphilic block N-(2-hydroxypropyl)
methacrylamide (HPMA) copolymer and gemcitabine conjugate [23]. Natural poly-
mers have been also considered for these polymeric formulations. Particularly, ICG
was physically entrapped and Cy7.5 covalently conjugated to nanoformulations
derived from hyaluronic acid (HA) [24]. In all these examples, theranostic NPs
demonstrated great potential in cancer imaging and chemo-photothermal synergized
tumor ablation.

Actively targeted systems have also been extensively described in the last decade,
incorporating active targeted molecules such as folic acid or monoclonal antibodies
(mAbs) into cyanine-based polymeric NPs. For example, Lee et al. encapsulated ICG
in the inner core of polyethylene glycol-coated poly(lactic-co-glycolic acid) NPs.
These authors also successfully conjugated anti-HER2-mAbs on the surface of PEG-
coated NPs. This strategy allowed to increase the circulation time in the bloodstream
of these targeted NPs and to improve the anticancer activity in comparison to free
ICG [25].

Smart polymers that exploit the acidic pH of the tumor microenvironment to facil-
itate the release chemotherapeutic drugs and cyanines have also been described in the
literature. For instance, Hung et al. successfully synthesized polymeric NPs based
on PLGA hydrophobic core where ICG and DOX were effectively encapsulated.
These PLGA NPs were coated with pH-responsive N-acetyl histidine-modified d-
α-tocopheryl polyethylene glycol 1000 succinate (NAcHis-TPGS), enhancing the
selective release of encapsulated molecules into the acidic tumor area, owing to the
protonation of the NAcHismoieties (see Fig. 1) [26]. Fu et al. conjugated folic acid to
a triblock amphiphilic polymer that was synthesized by the combination of reversible
addition-fragmentation chain transfer (RAFT) polymerization and ring opening poly-
merization using 2-(N-tert-butoxycarbonylamino)ethyl methacrylate (BEMA) and
oligo(ethylene glycol)methacrylate (OEGMA). An amino-modified cyanine dye was
conjugated to the polymer and DOX was successfully encapsulated. The folic acid
targeted on the NP surface enhanced their endocytosis by tumor cells and the pH
sensitivity of these NPs significantly favored the controlled release of DOX [27].

In order to enhance the photothermal treatment of tumor, the preparation of ther-
mosensitive polymers has also been investigated. In this context, He et al. designed
poly(ether amine)-based NPs with a phase transition temperature of 43 °C where
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Fig. 1 Schematic diagram of uptake of theranostic NPs with pH sensitivity loaded with DOX and
mixed with 131I-labeled hyaluronic acid (131I-HA) for photothermal therapy and chemotherapy.
Reproduced with permission from [26]. Copyright Ivyspring International Publisher

ICG was successfully encapsulated in their inner core. Under NIR irradiation, the
size of these nanoparticles increased as a result of their phase transition, favoring
their accumulation in tumor tissues [28].

All these strategies to improve the effective administration of cyanines for cancer
treatments have some limitations that hinder their transfer into clinical studies. In
this sense, the specificity, affinity, and distribution of NIR-targeted NPs in cells and
tissues are still unpredictable. For that reason, the research in this area is focused on
the development of innovative strategies to overcome the limitations ofmost common
NIR dyes.

Recently, novel NIR polymethine cyanine dyes have been synthesized, including
a rigid carbocyclic ring in the middle of the polymethine linker. This structural modi-
fication significantly enhances the aqueous stability, fluorescence quantum yield, and
photostability of these dyes. However, the high number of π-conjugated bonds into
the chemical structure of these NIR dyes increases significantly their hydrophobicity,
causing aggregation and poor water solubility. To mitigate these drawbacks, differ-
ent NIR polymethine cyanines have been incorporated into polymeric self-assembled
NPs [13, 14]. Some interesting examples of different researches described in the liter-
ature are recapitulated in Table 1. For example, IR820 and IR825 are two interesting
examples of these studies. These molecules have a chemical structure similar to ICG.
However, their chemical stability in vitro and in vivo is significantly improved in
comparison to ICG. Fernandez et al. chemically conjugated IR825 to PEG-diamine,
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Table 1 Summary of the most representative example of polymeric NPs that incorporates different
NIR polymethine cyanines in their structure for theranostic purposes
Dye Polymeric

formulation
NP size
(d.nm)

Therapeutic
molecules

Type of
therapy

Biological
experiments

Type of
cancer

References

IR-820 PEG-diamine 150 – Diagnosis
PTT

In vitro and
in vivo

Ovarian and
uterine

[29]

IR825 Poly(maleic
anhydride-alt-
1-octadecene)
-PEG-amine

100-200 Gadolinium
Ce6

Triple modal
imaging
PTT PDT

In vitro and
in vivo

Breast cancer [38]

IR-775/797 PEG-b-PCL 40 – Diagnosis
PDT PTT

In vitro and
in vivo

Ovarian
cancer

[30]

IR-780 Heparin–folic
acid
conjugate

80-120 – Diagnosis
PTT

In vitro and
in vivo

Breast cancer [36]

IR780 PEG2000 100 – Diagnosis
PTT

In vitro and
in vivo

Colon cancer [35]

IR780 PEG-b-
MTOS

110-160 IR-780 Dignosis,
PTT and PDT

In vitro Breast cancer [37]

IR780 DSPE-PEG 100-130 FA
conjugated

Diagnosis,
smart
responsive,
PTT

In vitro and
in vivo

Lung cancer [39]

forming micelles with a promising potential for diagnosis by fluorescence imaging
and PTT [29].

Currently, NIR heptamethine indocyanine has also gained special attention for
the development of theranostic NPs for cancer treatment [14]. Very recently, Doung
et al. designed biodegradable and biocompatible PEG-b-PCL polymeric NPs for
the encapsulation of IR775 that is a non-soluble cyanine dye with photodynamic
activity and optimal fluorescence for diagnosis. Authors demonstrated that IR775-
NPs accumulated in the tumor after systemic administration, successfully delineated
them with NIR fluorescence signal, and completely eradicated tumor areas after a
single dose of combinatorial phototherapy. IR775-NPs presented higher efficacy than
promising water-soluble heptamethine dye, IR783, and the FD- approved ICG (see
Fig. 2) [30].

Additionally, some NIR heptamethine indocyanines have demonstrated prefer-
ential tumor accumulation without the conjugation of actively targeted ligands [14,
31]. In this sense, IR-780 dye is a lipophilic cation heptamethine dye with a rigid
cyclohexenyl ring in the heptamethine chain and a central chlorine atom, which
enhance photostability in comparison to other NIR nanoabsorbers [32]. Moreover,
different studies have also demonstrated that this dye can preferentially accumulate
into the mitochondria of tumor cells as a result of its lipophilic cationic nature and
it shows high affinity for organic anion transporter peptides (OATPs), frequently
overexpressed in tumor cells [33]. Nevertheless, the high hydrophobicity of this dye
significantly hinders their real clinical application [34].

To overcome these limitations, IR-780 dye has been encapsulated and also con-
jugated into polymeric multifunctional micelles, as is summarized in Table 1. For
example, Yuan et al. modified the structure of IR-780 using the central chlorine atom
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Fig. 2 a Schematic representation of PEG-b-PCL polymeric NPs where IR775 and IR797 were
encapsulated. b The efficacy of these NPs was compared to analogous water-soluble dyes, ICG and
I783. c IR775-NPs successfully eradicated tumor areas with high efficacy due to a phototherapeutic
mechanism [30]. Copyright (2017), with permission from Elsevier

with the aim to conjugate a hydrophilic PEG2000 [35]. This conjugate was able to
form micelles that significantly improved the water solubility of the dye, favoring its
preferential tumor accumulation due to the EPR effect. Moreover, Yue et al. encapsu-
lated IR780 into polymeric NPs with unsoluble folic acid hydrophobic core, heparin
as hydrophilic shell, and water-soluble folic acid targeted into their surface. These
micelles are promising nanoformulations for NIR fluorescence imaging and pho-
tothermal therapy in vitro and in vivo for the treatment of folate-overexpressed tumors
[36]. Finally, Palao-Suay et al. explored the design of synthetic nanoassemblies based
on amphiphilic block copolymers obtained by RAFT polymerization. Particularly,
these authors conjugated IR780 dye to the hydrophilic segment of copolymer based
on PEGand amethacrylic derivative ofα-tocopheryl succinate (MTOS) that is awell-
known anticancer compound. These copolymers were able to form micelles and to
encapsulate additional free dye in their inner core. In vitro biological assays demon-
strated an excellent phototoxicity of these fluorescence NPs against breast cancer
cells that could be associated with photothermal and photodynamic events [37].

Finally, borondipyrromethane (BODYPI) and porphyrin derivatives are other
interesting examples of NIR dyes with promising potential for the development of
theranostic nanoplatforms for cancer treatment in clinic. On the one hand, BODIPY
dyes exhibit high quantum yield and excellent thermal and photochemical stabil-
ity. However, their fluorescence emission from yellow to deep-red emission is rel-
atively short with low extinction coefficients. In spite of these drawbacks, different
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BODYPIs have been incorporated into biodegradable polymeric formulations based
on PLGA and PEG, among others. Additionally, this dye has been also encapsulated
in the inner core of pH-sensitive DOX-conjugated polymeric micelles, demonstrat-
ing an excellent potential for in vitro and in vivo studies [40, 41]. On the other
hand, a wide range of phthalocyanines and porphyrin derivatives have been exten-
sively explored as effective photosensitizers for photodynamic therapy [17]. Meta-
tetra(hydroxyphenyl)porphyrin (m-THPP), 5,10,15,20-tetrakis(4-sulfanatophenyl)-
21H,23H-porphyrin (TPPS4), Ce6, and Verteporfin [42] are interesting examples of
photosensitizers that have been incorporated in polymeric nanoformulations based
on different polysaccharides [43, 44], polyesters [45–47], polyacrylamides [48], and
pluronics [49, 50].

3 Magnetic Resonance Imaging (MRI)

MRI is a commonly used imaging technique that offers high spatial resolution (1mm)
avoiding the use of the dangerous ionizing radiation. It is based on the magnetization
properties of atomic nuclei [1]. Briefly, an external magnetic field is applied to align
the magnetic moments of hydrogen atoms in tissues and this alignment is then dis-
rupted by the application of an external radio frequency. As the magnetic moments
of protons return to their ground state through various relaxation processes, they
emit a radiofrequency signal that is detected and transformed into an image [51].
The contrast is achieved, thanks to the different relaxation times (i.e., time taken for
the magnetic moments to return to their ground state) of each tissue’s protons [4].

However, the application of this technique for cancer diagnosis is limited due
to the low sensitivity or poor contrast [4]. Therefore, it is essential the use of MRI
contrast agents (CAs) that have the capacity to alter relaxation times of protons in
different tissues by their interaction with the external magnetic field [1].

There are two main types of CAs: (a) T1-weighed CAs, like Gd3+, Mn2+, or
Cu2+-based compounds, with positive contrast enhancement (i.e., white signal) by
increasing the longitudinal relaxation time (T1) of the surrounding protons; and (b)
T2-weighed CAs, mainly superparamagnetic iron oxide nanoparticles (SPIONs),
with negative contrast enhancement (i.e., black signal) by increasing the transverse
relaxation time (T2) of the surrounding protons.

Low molecular weight complexes of these metals do not provide accurate tumor
MRI imaging because of their lowmolecular relaxivity together with their low selec-
tivity to tumor tissue as they are quickly excreted by the organism having no time to
accumulate at disease sites. Moreover, the need of high doses to provide improved
images of tumors significantly increases the risk of systemic toxicity [4]. There-
fore, the main challenges of MRI-based cancer diagnosis are tumor targeting and
the improvement of T1 and T2 relaxivity to increase contrast and to minimize the
dosage of MRI CAs [52]. The encapsulation or chelation of these CAs by polymeric
nanoparticles has demonstrated great potential to overcome these drawbacks [51].
Apart from the already mentioned advantages that polymeric systems present with
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respect to those based on other materials, with an appropriate design, polymeric
nanocarriers have shown to improve accumulation in tumor areas of MRI CAs by
passive or active targeting while protecting CAs from degradation [1]. Besides, the
joint encapsulation of the CAs and chemotherapeutics allows the minimization of
the dose and, therefore, the reduction of the systemic toxicity [51].

Moreover, smart polymers responding to tumor-specific stimuli (i.e., acidic pH,
overexpressed ROS, etc. ) have successfully been used to specifically trigger a con-
trolled delivery of drugs, genetic material, and/or activate CAs exposure at tumor
sites enhancing theranostic capabilities [53, 54].

Here, it is summarized the most recent bibliography of polymer-based theranostic
systems using MRI CAs. The main polymeric architectures found in the literature
for theranostic purposes include nanogels [55, 56], nanocomplexes [57], micelles
[58–60], and polymersomes [52, 61].

Regarding T2-weighed CAs, the recent literature focuses on SPION-containing
drug delivery systems for combined MRI imaging and chemotherapy [52], gene
therapy [62], or cancer thermotherapy, thanks to their magnetically induced hyper-
thermia capability [63]. Although the negative contrast enhancement by T2-weighed
CAs is not always easy to interpret [4], SPIONs have emerged as a promising MRI
imaging CA in the recent years as they present higher biocompatibility and provide
an enhanced magnetic relaxivity when compared to gadolinium complexes, the most
common T1-weighed CAs [64].

The simplest designs are passively targeted nanocarriers based on biodegrad-
able polymers like poly ( 2-caprolactone) (PCL) or poly(lactic-co-glycolic acid) that
accumulate into cancer tissue by EPR effect. For example, Schleich et al. [65]
developed a paclitaxel (PTX)/SPION co-loaded PLGA-based micelles. Authors
demonstrated that co-loaded NPs increased CT26 colon carcinoma cells death
in vitro when compared to SPION-loaded or non-loaded PLGA NPs and they
delayed tumor growth in an in vivo model of CT26-tumor-bearing mice. More-
over, they showed by relaxometry studies and phantom MRI superior properties
with respect to a commercial T2 contrast agent called Resovist®. Some years later,
Qin et al. [64] proposed a new strategy consisting of the conjugation of SPIONs
in the surface of DOX-loaded polymeric vesicles. The outer layer of PAA was
decorated with SPIONs, and the chemotherapeutic drug (i.e., DOX) was loaded
into the vesicle that presented a biodegradable membrane of PCL. The system
was tested, in vitro and in vivo, as MRI CAs presenting high T2-relaxivity and
its in vitro anticancer activity were also demonstrated against HeLa cells. Yoon
et al. [66] designed PTX/SPION co-loaded hydrotropic micelles based on an
amphiphilic hydrotropic block copolymer, PEG-block-poly(2-[4-vinylbenzyloxy]-
N ,N-diethylnicotinamide(PEG-b-P(VBODENA)). The nanoparticles showed higher
cytotoxicity against SCC7 squamous carcinoma cells in vitro in comparison to
SPION-loaded nanoparticles but lower than PTX alone. The authors attributed this
effect to the controlled release of PTX from the nanocarriers and they demonstrated
that the co-loadedNPs led to a significantly higher long-term tumor volume reduction
than the drug alone in an in vivo model of SC7-tumor-bearing mice.
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In addition, passively targeted PLA-b-PEG-based micelles coated with PEI and
chitosan have been successfully tested in vivo for gene therapy and enhanced MRI-
combined cancer theranostics [62].

Actively targeted systems have also been extensively described in the last decade
and mainly those incorporating folic acid (FA) [53, 54, 67] as it has been demon-
strated a significant upregulation of folate receptor in cancer cells. As a recent
example, Liu et al. [52] developed superparamagnetic polymersomes based on a
folate-functionalized biodegradable diblock copolymer, folic acid-poly(l-glutamic
acid)-block-poly(ε-caprolactone) [FA-PGA-b-PCL]. The SPIONs were in situ gen-
erated by chemical precipitation of Fe3O4 in the hydrophilic PGA corona and DOX
was loaded into the inner core of the vesicles. The nanocarriers showed extremely
high T2-relaxivity when compared to commercially available SPION-based CAs.
Moreover, in vivo studies in nude mice bearing HeLa tumor showed higher accumu-
lation of folate-functionalized polymersomes in tumor site and significantly higher
tumor size reduction when compared with non-targeted polymeric vesicles.

Other actively targeted systems include stem cell antigen antibodies (scAbPSCA)-
functionalizedPEGylatedPLGApolymersomes co-encapsulating docetaxel (DTXL)
and SPIONs [68] or co-loaded with DTXL or silibinin and SPIONs [69] targeting
breast cancer cells through LHRH (i.e., a decapeptide hormone secreted by hypotha-
lamus upregulated on cancer cells). Lung cancer cells were also successfully targeted
via lung cancer-targeting peptide (LCP)-presenting DOX/SPION co-loaded PEGy-
lated PLA nanomicelles [70]. All these systems showed a promising theranostic
capacity in vitro. In 2017, C26 colon carcinoma cells targeting aptamers were used to
functionalize PLGA-based SPIONs/DOX co-loaded micelles demonstrating in vivo
enhancement of MRI images in tumor site and higher tumor inhibition and animal
survival in mice-bearing C26 colon carcinoma xenografts [71]. Finally, Situ et al.
[72] coated SPION/DOX co-loaded PLGA micelles with a highly hydrophilic poly-
mer, dextran, functionalized with A54 peptide. In this case, the in vivo MR imaging
experiments validated the targeting capacity of the system and the antitumor activity
was demonstrated in vitro and in vivo.

Smart polymers that suffer physicochemical changes with the intrinsic features
of the tumor microenvironment have raised much attention in the last decades
as promising vehicles for MRI CAs. For example, Yang et al. [54] developed
folate-functionalized SPIO-loaded polymeric vesicles incorporating DOX through
an acid-cleavable hydrazone bond in such a way that, at the acidic pH encoun-
tered in tumor microenvironments, the drug is released in a controlled manner. Li
et al. [53] described DOX/SPIONs co-loaded micelles based on FA-PEG-b-poly[N-
(N ′,N ′-diisopropylaminoethyl)glutamine] (FA-PEG-P[GA-DIP]) amphiphilic block
copolymer that presents an acid-triggered core crosslinked. At acidic pH, the core
becomes uncrosslinked and both the drug and the CA are delivered. Besides, ROS-
responsive systems have also been described. In 2017, Yang et al. [73] designed
nanovehicles based on poly(3-caprolactone)-b-glycopolypeptides (PCL–SS–GPPs)
bearing disulfidebonds that encapsulateDOXandSPIONs.Thedrug andCAdelivery
were demonstrated to be enhanced in the presence of glutathione, a thiol-containing
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tripeptide highly abundant in the cytoplasm of cancer cells and capable of cleaving
disulfide bonds by a redox reaction.

External stimuli including light or magnetic field-generated heat are also
exploited for theranostic purposes. For example, a very recent paper describes
the preparation of SPION/DOX co-loaded nanoparticles based on a photo-
sensitive amphiphilic diblock copolymer poly(ethylene oxide)-b-poly(2-((((2-
nitrobenzyl)oxy)carbonyl)amino)ethyl methacrylate) (PEO-b-PNBOC) [74]. Under
UV radiation, the system underwent traceless crosslinking and triggered
hydrophobic-to-hydrophilic transition leading to improvedMRI contrast by avoiding
SPION leakage and increasing water accessibility. Moreover, authors demonstrated
DOX photoradiation-triggered release and therapeutic effect in vitro and in vivo.
In another work, the development of magneto-thermo-responsive nanohydrogels
based on poly(N-isopropylacrylamide) (PNIPA) encapsulating SPIONs and DOX
was reported [75]. In this case, the system exhibited enhanced MRI contrast and
drug release with radio frequency (RF) exposure as the hydrogel structure is com-
promised by the magnetic vibrations generated by the applied RF field.

Furthermore, some systems combine cancer thermal therapy and chemotherapy
by temperature-triggered controlled release based on the hyperthermia capability that
SPIONs show when high-frequency magnetic fields (HFMF) are applied [76, 77]. A
good example is the system described by Chiang et al. [77], a hollow nanogel with
an inner aqueous chamber containing SPIONs and a PEGylated PNIPA/PAA-based
corona embedding DOX. The system delivered the cargo (i.e., SPIONs and DOX) in
response to the acidic pH of tumor tissue and to the high temperature generated by
SPIONs when subjected to HFMF. The authors demonstrated an enhanced in vitro
T2-type MRI contrast and in vitro high HeLa cells uptake, controlled drug release,
and increased cytotoxicity with respect to the free drug.

Several T1-weighed MRI CAs are described in the literature being gadolinium
(Gd3+) the most commonly used. Gd3+ ions are typically found forming complexes
with diethylenetriamine pentaacetic acid (DTPA)or 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid (DOTA).

As an example of successful passively targeted Gd-chelating theranostic systems,
Vinh et al. developed in 2015 [11] polymericmicelles based on PEG-b-poly(glutamic
acid) (PGA) copolymer that co-encapsulate DTPA-Gd complexes and the anticancer
drug oxaliplatin with MRI imaging and chemotherapeutic purposes. The micelles
exhibited strong and tumor-specific MRI contrast enhancement and significant sup-
pression of tumor growth in an in vivo orthotropic rat model of hepatocellular carci-
noma.

Actively targeted theranostic systems chelating Gd3+ have also been described.
As in the case of T2-weighed CAs, FA is the most common targeting ligand [7, 78,
79]. For example, Liu et al. [78] designed asymmetrical polymer vesicles based on
a biodegradable copolymer (i.e., R-PGA-b-PCL (R=FA or DTPA)) that presented a
cancer-targeting outer corona relying on FA and a Gd3+-chelating and DOX-loading
inner corona. The folate-decorated vesicles demonstrated to have in vitro and in vivo
tumor-targeting capability, high T1-relaxivity, and twofold better tumor activity than
the free drug.
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Nanoparticles based on tumor microenvironment-responsive polymers like
enzyme-responsive [80], ROS-responsive [10], and mainly pH-responsive [6–8, 81,
82] are also widely described in the bibliography. For example, the (Gd-DTPA)-
chelated cationic poly(urethane amide) (CPUAs) having redox-responsive disulfide
bonds [10]. The system was demonstrated to possess transfection ability in vitro
and to be efficient for a combined MRI imaging and gene therapy of cancer. Liu
et al. [8] described a pH-sensitive nanospherical system based on PEG-b-poly(l-
histidine) cationic copolymer that combined dual drug (sorafenib)/imaging agent
(Gd-DTPA) loading, pH-sensitive release, and active targeting functions through
vascular endothelial growth factor (VEGF). The MRI contrast agent and antitumor
capacity were evaluated in vivo in an H22 hepatocarcinoma tumor-bearing mouse
model. Finally, an example of enzyme-responsive systems, which are the less com-
mon in the literature, is the hydroxyl propylmethacylate (HPMA)-based nanopartic-
ulated micelles having DOX covalently linked to the polymeric backbone through a
lysozyme-cleavable peptide (GFLG) and Gd-DOTA also covalently attached to the
polymer. In this case, the system exhibited promising T1-relaxivity, stability, and
antitumor capacity in vitro [80].

External stimuli like magnetic field, temperature, or light have also been used
to achieve controlled drug delivery and MRI-enhanced contrast. For example, Li
et al. [83] synthesizedPOEGMA-b-poly(NIPA-co-NBA-co-Gd) amphiphilic diblock
copolymer-based nanoparticles encapsulating DOX (see Fig. 3). They confirmed
that after UV radiation the hydrophobic–hydrophilic transition of NBA led to a
quick drug release and enhanced MRI contrast in vitro. Furthermore, biocompati-
ble polymericmicelles based on 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid-poly(ethyleneglycol)-block-poly(acrylamide-co-acrylonitrile) (DOTA-PEG-b-
poly(AAm-co-AN)) were prepared presenting chelatedGd on the hydrophilic corona
and DOX encapsulated in the core. These theranostic micelles presented noticeably
accelerated drug release, antitumor activity, and MRI contrast enhancement at high
temperatures in vitro [84].

More recent works have exploited the Gd-chelating capacity of bovine serum
albumin (BSA) to prepare nanoparticulated theranostic system that combines MRI
imaging and cancer therapy. In 2014, PEG-b-PLGA-based nanoparticles were pre-
pared and co-loaded with DOX and BSA-Gd complexes. They showed high T1-
relaxivity in vitro and in vivo and antitumor capacity in vitro. In addition, in 2016,
BSA-based NPs with Gd chelated in the corona and encapsulating Ce6, a photosen-
sitizer, showed very promising results both in vivo and in vitro [85]. MR images of
the system in vivo showed enhanced passive targeting to tumor site and complete
cure of tumor-bearing mice after intravenous injection.

However, Gd3+ has been associated with potential renal side effects and several
safety concerns have arisen about its use in theranostic nanoparticulated systems [86].
Manganese (Mn2+) has emerged as a promising alternative because of its favorable
electronic configuration and biochemical features [87]. In particular, Mn chelation
andMnO2 encapsulation within theranostic nanoparticles have been themost studied
strategies to achieve high T2-type MRI-enhanced contrast.
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Fig. 3 Schematic representation of the preparation of POEGMA-b-poly(NIPA-co-NBA-co-Gd)
amphiphilic diblock copolymer. Reprinted with permission from [83]. Copyright (2012) American
Chemical Society

In 2013, Jing et al. [88] fabricated theranostic DOX-loaded PLA nanoparticles
conjugating Mn porphyrin onto their surface (see Fig. 4). The authors demonstrated
the MRI contrast enhancement with respect to commercially available Mn-based
MRI CAs in vitro and in vivo, as well as the acidic pH-dependent DOX release
and antitumor activity against HeLa cells and human colon adenocarcinoma HT-29
cells in vitro. More modern studies take advantage of the recently reported high pho-
tothermal conversion efficiency of polydopamine (PDA) and its ability of directly
chelating metal ions, thanks to the rich functional groups it presents (i.e., catechol,
carboxyl, and amino) [89]. For example, PEGylated Mn-chelated PDA nanoparti-
cles have been successfully tested in vitro for photothermal ablation of HeLa cells
at the time that they have exhibited MRI signal enhancement in vitro and in vivo
[90]. More sophisticated systems like the PLGA-based nanovehicles described by
Xi et al. [89] exhibited a synergistic effect by combining photothermal therapy and
ion-chelating capacity of PDA and chemotherapy by encapsulating DOX. The sys-
tem showed MRI contrast enhancement and therapeutic efficacy in vitro and in vivo.
Zhao et al. [91] employed the same strategy incorporating DOX to PEGylated PDA
nanoparticles but conferred the system redox-responsive MRI contrast enhancement
by linking Mn to the particles through a disulfide-containing organic ligand. The
linkage was cleaved in the presence of glutathione, an overexpressed enzyme in the
tumor microenvironment, achieving targeted MRI contrast. In addition, the nanove-
hicles exhibited improved in vivo therapeutic outcome when compared to the free
drug. Folate-functionalized PEGylated PDA nanoparticles encapsulating DOX have
also shown very promising theranostic behavior in vitro and in vivo [92].

Another interesting approach is the one exploiting the synergistic effect of
MnO2 nanoparticles and photodynamic therapy. Hao et al. [93] described this year
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Fig. 4 Schematic representation of the preparation of PEGylated Mn2+−PDA nanoparticles [88].
Copyright (2013), with permission from Elsevier

MnO2-coated PLGA nanoparticles loaded with hematoporphyrin monomethyl ether
(HMME), a new effective porphyrin-related photosensitizer. The idea is for MnO2

(a) to perform a catalytic function promoting the production of O2 from tumor-
overexpressed H2O2 amplifying photodynamic therapeutic effect after irradiation;
and (b) to be degraded in the presence of glutathione to Mn2+ ions that may serve as
MRI CAs. The system was tested in tumor model mice exhibiting both MR image
enhancement and anticancer activity after irradiation.

Moreover, Cu2+ has also been investigated as a good T1-weighed CA in cancer
theranostic nanoparticles. Very recently Ge et al. [28] have described Cu2+-loaded
PDA nanoparticles for thermo-chemotherapy employing Cu2+ as the CAs and the
chemotherapeutic drug at the same time relying on its intrinsic cytotoxicity. The
system exhibited a remarkable synergistic effect in eliminating tumors and MRI-
enhanced contrast in vivo.

And to conclude with T1-weighedMRI CAs, it is interesting tomention a new and
not much studied alternative approach involving 19F-MRI instead of the most com-
mon proton MRI. 19F-MRI presents an important advantage which is the reduction
of the signal-to-noise ratio as there is no endogenous 19F-MRI signal from the body.
However, for the image quality to be comparable to the one obtained with 1H-MRI,
the contrast agent should be at a high concentration in the tumor site [94]. Porsch
et al. [95] described, in 2013, a functional breast cancer theranostic nanoparticulated
system based on fluorinated polymers encapsulating DOX as model drug. In vitro
testing of the vehicles showed high 19F-MRI contrast and cytotoxicity effect when
the NPs were loaded with DOX.

The bibliography even describes nanocomplexes that serve as dual-mode CAs
(i.e., combine both types of contrasts T1 and T2). Chen et al. [57] devel-
oped a biodegradable coordination polymer that co-encapsulates DOX and PDA
nanospheres conjugated to iron ions for T1/T2 dual-mode MRI-guided chemo-
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photothermal synergistic therapy. The system exhibited high photothermal conver-
sion efficiency controlled drug release in response to the laser, which results in
prominent chemo-photothermal synergistic cancer cell therapy both in vitro and
in vivo.

4 X-ray Computed Tomography (CT)

X-ray computed tomography (CT) is one of the most commonly used noninvasive
clinical imaging modalities in modern medicine, as a result of the high penetration
ability of X-rays. Currently, more than half of all patients with cancer have been
treated with this technique, also even in combination with other therapies. This
methodology uses ionizing X-rays to generate images by rotating an X-ray tube
and a detector located on opposite sides of a patient. One of the most interesting
advantages of this technique is the ability to precisely depict anatomical features
[96]. However, it is necessary to administer high intensities of radiation beams and
elevated doses of CAs. Additionally, the unique features of different tumors are
relevant factors that determine the efficacy and imaging quality of CT [97–99].

The most widely used contrast agents for CT are iodinated small molecules, basi-
cally derivatives of 1,3,5-triiodobenzene [96]. However, these molecules have a short
circulation in blood, undergoing rapid clearance by the mononuclear phagocyte sys-
tem. For that reason, these radioisotopes are unable to achieve therapeutic effect. In
this sense, polymeric nanoparticles are an excellent alternative to avoid these draw-
backs, increasing the pharmacokinetic properties of iodine molecules and decreasing
their renal clearance [99, 100]. For this purpose, the amine or hydroxyl groups of
different polymers have been used to conjugate iodinated benzoic acids. The covalent
anchorage of these iodinated molecules prevented the loss of sensibility for imaging
and diagnosis. Additionally, the presence of long chains of polymers such as PEG
favors the long circulation time of this iodinated polymeric CT agent in the body,
avoiding their elimination in the liver or spleen [98].

In addition to iodine molecules, heavy metal NPs based on Au, Bi, Ta, or Gd have
been extensively explored as contrast agents for CT. These radioactive NPs can be
used also for therapy because the interaction of X-rays with heavy metals produces
Auger electrons and photoelectrons that can kill tumor cells [101]. Particularly, gold
nanoparticles (AuNPs) represent one of the most representative examples of these
CT agents, owing to the high atomic number (Z�79) and k-edge value (80.7 keV)
of gold. Moreover, this heavy metal provides a higher contribution of photoelec-
tron effect to X-ray attenuation in comparison to iodine molecules. Other important
advantages of gold-based NPs are their high inertness, biocompatibility, and their
ability to be easily functionalized. Moreover, AuNPs can be used as theranostics,
increasing the effect of ionizing radiation against cancer cells [96–98].

Currently, research is focused on the development of polymeric nanovehicles of
AuNPs in order to improve their tumor accumulation, their CT imaging contrast, also
acting as a radiosensitizer. For example, Al Zaki et al. encapsulated AuNPs in the
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inner core of micelles based on amphiphilic diblock copolymer PEG-b-PCL. These
NPs were exhaustively characterized, obtaining hydrodynamic diameters ranging
from 25 to 150 nm. The encapsulation of AuNPs allowed to improve imaging quality
by CT with precise delineation of tumor areas. Additionally, in vivo experiments
demonstrated that the combination of the CT-guided radiation therapy and gold-
mediated radiosensitization using these NPs increased the survival time of tumor-
bearing mice in comparison to mice receiving radiation alone [102].

Currently, the real application of Au-based nanoparticulate CT contrast agents is
limited due to the elevated cost of gold. For that reason, other nanoparticulate X-ray
CT contrast agents have been explored in the last years. In particular, bismuth-based
NPs have been explored as a CT contrast as a result of its high X-ray attenuation
coefficient and its competitive price. Additionally, bismuth is well known for its
low toxicity and is usually incorporated into pharmaceuticals and cosmetics [96, 98,
101]. Yao et al. successfully embedded hydrophobic Bi2S3 NPs into the inner core of
PLGA nanocapsule by water/oil/water (W/O/W) emulsion. These nanocapsules with
a hydrodynamic diameter of 755 nm in aqueous solution demonstrated a remarkable
inhibition of prostate tumor growth under external X-ray irradiation [103].

The stability and toxicity of heavy metal NPs still need to be addressed. For that
reason, different authors have incorporated chelating agents such asDTPAandDOTA
that allow to reduce the toxicity of these metals [98, 104]. Particularly, Heckert et al.
encapsulated Bi-DOTA complexes in a new hyperbranched polyester polymer with
sulfur pendants groups (HBPE-S) in each branching point. Authors demonstrated
that the presence of sulfur pendants in the polymeric formulation facilitated the
incorporation of a high concentration of Bi, increasing the quality of X-ray images.
Moreover, the hydrophobic core of the NPs allowed the encapsulation of taxol, and
the carboxylic acid into their surface was used to conjugate folate receptor targeting
folic acid using click chemistry. This actively targeted theranostic system produced
more than 80% cell death after 24 h with little or no harm to nonmalignant cells (see
Fig. 5) [105].

5 Radionuclide Imaging: PET and SPECT

Radionuclide imaging mainly includes the positron emission computed tomogra-
phy imaging (PET) and single-photon emission computed tomography imaging
(SPECT). PET is one of the most common molecular imaging techniques, owing
to its high sensitivity and resolution. In fact, the high energy of γ rays resulting
from positron annihilation increases the penetration capability in comparison with
CT [106]. Currently, 18F is the most characteristic radionuclide applied for PET.
However, this radionuclide exhibits a relatively short half-life. To avoid this draw-
back, different researches are focused on the development of different polymeric
nanovehicles of this molecule [107].

The direct labeling of micelles with 18F requires high temperature, absence of
water, and long reaction times. In this sense,DiMauro et al. developed a newsynthetic
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Fig. 5 Schematic representation of a new theranostic nanoformulation based on hyperbranched
polyester where Bi-DOTA and taxol were physically entrapped in the inner core and the folate
receptor targeting folic acid conjugated into their surface. Reprinted from [105]. Copyright (2017)
American Chemical Society

strategy to label polymeric NPs. Specifically, these authors synthesized the radiola-
beled active agent 4-[18F] fluorobenzyl-2-bromoacetamide ([18F]FBBA) which was
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later conjugated to block copolymers based on polyesters. The incorporation of poly-
meric sequences into this radiolabeled formulation allowed to significantly reduce
their accumulation in liver due to EPR effect, maintaining an appropriate radiochem-
ical stability and enabling the in vivo guide-imaging diagnosis and the quantification
of biodistributed NPs in rats [107].

Other relevant modification of 18F involves the incorporation of glucose to obtain
2-Deoxy-2-[18F]fluoro-d-glucose (18F-FDG). This molecule is typically used for the
evaluation of glucose metabolism and also as radionuclide in oncology. For imaging
applications, one of the most relevant limitations of 18F-FDG is its low accumu-
lation in tumors [108]. For that reason, Yamamoto et al. successfully modified an
amphiphilic polydepsipeptide, poly(l-lactic acid)-b-poly(sarcosine) “Lactosome”,
with 18F by a film hydration method. The 18F-labeled lactosome exhibited a stable
radioactivity and a higher circulation time after injection in comparison to unlabeled
micelles due to the EPR effect [108].

In addition to the use of 18F, different radiometals such as 68Ga or 64Cu have been
attached to polymericNPs. For this purpose, the use of bifunctional chelators is essen-
tial with the aim to bind the radionuclide and to provide reactive functional groups
for the conjugation to the polymer. Themost typically used bifunctional chelators are
based on derivatives of DOTA and DTPA [107]. For example, Stigliano et al. synthe-
sized polymericmicelles formed by hydrophobic PLGApolymeric core stabilized by
an external monolayer of phospholipids and PEG chains. The phospholipid mono-
layer was successfully used to conjugate radioactive molecules 64Cu(DOTA), and
DTXL and curcumin were physically entrapped in the inner core of these spherical
micelles (see Fig. 6). These theranostic NPs were tested in vitro and in vivo against
glioblastoma cells with promising results. The tumor progression was monitored by
PET with high quality and sensitivity. Moreover, the combinatorial therapy of both
anticancer drugs in a same polymeric nanovehicle demonstrated a higher efficacy in
comparison to the delivery of free drugs. In this sense, the appropriate size of these
micelles, approximately 100 nm, was crucial to favor the release and accumulation
of therapeutic drugs in tumor area due to EPR effect [109].

The real translocation of these different radiolabeled NPs is limited due to the
relatively short half-life of the most common radionuclides. Among the currently
available PET positron emitters, 124I represents an excellent alternative as a result of
the half-life higher than 4 days and the well-investigated behavior of iodine in vivo.
For example, Simone et al. prepared poly(4-vinylphenol) NPs. The backbone of this
polymer was successfully used to conjugate 124I. This strategy allowed the in vivo
and real-time tracking of NPs with high resolution and the complete study of phar-
macokinetic parameters in animals [110].

Despite the progress in the development of radionuclide-based NPs for PET,
Single-photon emission computed tomography (SPECT) is still the most exten-
sively used imaging technique in clinic. In fact, more than 80%of all radio-diagnostic
scans are performed by SPECT, owing to its sensitivity at nanomolar and even pico-
molar level [106]. The most applied gamma-emitting radionuclides are 123I, 111In,
and 99mTc due to their optimal nuclear decay properties, availability, and rational
price [106]. These different radionuclides have been incorporated into polymeric
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Fig. 6 a Molecular structure of amphiphilic block polymer. b Schematic representation of the
preparation of 18F-labeled Lactosome [108]. Copyright (2013), with permission from Elsevier

nanoformulations with the purpose to improve in vivo biodistribution due to the EPR
effect. Miura et al. successfully synthesized poly(ethylene glycol)-b-poly(γ-benzyl
l-glutamate) block copolymer where DOTA chelator was linked to aldehyde termi-
nal functionalization of PEG. This block copolymer was able to self-assembly, and
their inner core was used to encapsulate 111In and/or Gd. The radionuclide NPs with
a mean diameter of 30 nm were able to penetrate into tumor cells with a prolonged
circulation time in blood [111]. In order to avoid the use of chelates that increase the
synthetic procedures and can modify the size of NPs, Laan et al. entrapped 111In in
the inner core of polystyrene-b-poly(ethylene oxide) block copolymer micelles. For
this purpose, tropolone as lipophilic ligand was successfully used as a result of its
complexion with the radionuclide, without affecting the external shell of the NPs.
These NPs were tested in vitro and in vivo, demonstrating an excellent radiolabeling
efficiency and biodistribution with a prolonged circulation in blood post-injection
[112]. More recently, rhenium-188 (188Re) has emerged as a promising alternative
to the most common radionuclide used for SPECT [113]. For example, Peng et al.
prepared mPEG-b-PCL that were radiolabeled with 188Re. Additionally, the core of
these micelles was used to encapsulate an optical imaging agent, IR-780, obtaining
an appropriate nanoformulation for targeting, imaging, and drug delivery [113].
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6 Radiation Internal Therapy

Currently, radiotherapy represents one of the most promising cancer therapies. It is
estimated that more than 70% of treatments of cancer patients will be based on this
therapy in the coming years. Particularly, some heavy metals and different radionu-
clides can emit photoelectrons and Auger electrons that have a demonstrated efficacy
to kill cancer cells as a result of the generation of free radicals that cause apopto-
sis, with little or no harm to non-malignant tissues. Currently, the progress of the
nanomedicine has promoted the development of this technology that significantly
avoids the use of high radiation doses for penetrating tissues that are characteristics
of other technologies such as CT. Nevertheless, one of the most important drawbacks
of this technology is the radioresistance, owing to the defense mechanisms of cancer
cells [114, 115].

Copper-64 (64Cu) and yttrium-90 (90Y) are two of the most commonly used
radionuclides for radiotherapy. In fact, different authors have incorporated these com-
pounds into polymeric formulations, encapsulating also chemotherapeutics drugs and
decorating them with targeted molecules such as folic acid. Specifically, different
studies have proven that the combination of radiotherapy and chemotherapy can
effectively decrease the radioresistance [97, 116]. For example, Rossin et al. synthe-
sized micelles based on poly(acrylic acid-b-methyl acrylate) (PAA-b-PMA) block
copolymer. Additionally, these micelles were successfully functionalized with folate
and labeled with 64Cu. In vivo experiments demonstrated the improved accumulation
of thesemicelles in tumor as a result of the EPR effect and their interactionwith folate
receptor overexpressed in human nasopharyngeal epidermal carcinoma cell [117].
Moreover, Werner et al. prepared core–shell nanoparticles formed by PLGA and
PEG that were effectively labeled with 90Y and targeted with folate for the effective
treatment of ovarian cancer. The inner core of the NPs was also used to entrap pacli-
taxel. Authors confirmed that folate-targeted NPs with 90Y in their structure were
the most effective for the treatment of ovarian cancer peritoneal metastasis [118].
In the same manner, Wang et al. encapsulated DTXL in the core of analogous NPs,
chelating with 111In and 90Y as therapeutic radioisotopes. These biodegradable and
biocompatible NPs exhibited a high therapeutic efficiency as a result of the simul-
taneous delivery of chemotherapy and radiotherapy, demonstrating the potential of
these nanoformulations to be translocated to clinical [119].

Iodine radionuclides have been extensively used for radiotherapy as Auger
electron-emitting nuclides. In particular, these molecules are quite interesting for
this purpose because Auger electrons have short range, only some nanometers, in
biological tissues, favoring their transportation almost solely to tumors, avoiding
radiation exposure to the nonmalignant tissues [106]. Huang et al. successfully
encapsulated DOX in the core of poly(ε-caprolactone-co-1,4,8-trioxa[4.6]spiro-9-
undecanone)-poly(ethyleneglycol)-poly(ε-caprolactone-co-1,4,8 trioxa[4.6]spiro-9-
undecanone) (PECT) triblock copolymer micelles. Additionally, these nanoassem-
blies were mixed with 131I-labeled hyaluronic acid (131I-HA), leading to an aqueous
mixture that exhibited sol-to-gel transition around body temperature. This formu-
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Fig. 7 Schematic illustration of theranostic NPs loaded with DOX and mixed with 131I-labeled
hyaluronic acid (131I-HA) for PECT imaging and chemo-radiotherapy [116]. Copyright (2015),
with permission from Elsevier

lation was internalized by tumor cells where DOX was completely released after 5
weeks at pH 7.4. In vitro and in vivo experiments evidenced the excellent antitumor
activity of DOX-loaded NPs with a noticeable radiosensitization. In this sense, the
radio-response of these NPs was significantly improved with the encapsulation of
DOX that synergistically inhibited the biosynthesis of DNA, decreasing the repair
of radiation-induced DNA damage by 131I-HA (see Fig. 7) [116].

More recently, Schaal et al. reported the preparation of radioactive elastin-like
polypeptide (ELP)micelles. In particular, both 125I and 131Iwere labeled toELPusing
the iodogen oxidative reaction. These authors previously optimized the ELP that was
based on pentapeptide sequence—Val-Pro-Gly-Xaa-Gly, derived from tropoelastin.
Additionally, ELP exhibited a thermosensitivity with a lower critical solution tem-
perature, LCST, of 21 °C. These micelles were structural stabilized into a hydrogel
as a result of 131I emission that induced covalent crosslinking within 24 h. Bio-
logical experiments were performed using prostate and pancreatic tumor models. In
this context, 131I-ELPmicelles exhibited appropriated radioactivity, inhibiting tumor
progression in both types of animal models [120].
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In spite of the progress in the radiolabeled polymers for radiotherapy, the com-
plete eradication of certain human tumors is complex due to the existence of several
mechanisms of radioresistance such as the presence of resistant hypoxic cells. For
that reason, the research is focused on the development of alternative technologies
in order to solve these drawbacks [106]. In this sense, polymeric NPs can be used to
effectively administer radiosensitizing molecules in tumors. For example, etanida-
zole (SR-2508) is a 2-nitroimidazole drug with radiosensitizing properties that is
able to deplete glutathione and to inhibit glutathione transferase, enhancing the cyto-
toxicity of ionizing radiation. In fact, Jin et al. encapsulated SR-2508 into the inner
core of PLGA NPs. These nanoparticles exhibited higher cellular uptake in vitro
and radiation sensitivity against human cervix and breast carcinomas in comparison
to the free drug [121]. In the same manner, Menon et al. prepared polymeric NPs
with shell based on a poly(vinyl alcohol) and PLGA core where the radiosensitizer
8-dibenzothiophen-4-yl-2-morpholin-4-yl-chromen-4-one (NU7441) was success-
fully encapsulated and the cell-penetrating peptide R11 was also effectively con-
jugated. After external radiation, these micelles enhanced the uptake into prostate
cancer cells, inhibiting of DNA double-strand breaks repair kinetics in vitro [122].
Finally, curcumin and paclitaxel PLGANPs [123] and PEG-b-PLGAdiblock copoly-
mer NPs loaded with DTXL and wortmannin [124] are further examples of nanofor-
mulations to administer drugs that were able to increase the radiation sensitivity of
hypoxic cancer cells.

7 Ultrasound (US) Imaging

Ultrasound imaging is a noninvasive, safe, low–cost, and real-time imaging technique
where sound waves at frequencies of 2 MHz or higher are sent to the patient’s body
and they echo off the tissue. These sound waves are reflected by the different tissues
and received by a transducer that transforms this information into black and white
images. Contrast is achieved because the waves are echoed in a dissimilar manner
depending on the density of the tissue and the speed of the sound waves through this
tissue [51] (i.e., acoustic impedance [2]).

The main drawbacks of US imaging modality are the low resolution (50 μm) and
its inability to differentiate the boundary between soft tissues [4]. This is an important
challenge in cancer diagnosis via US imaging because the acoustic impedance of
cancer tissue and soft tissue is extremely similar as they both are mainly composed
of water [2]. Therefore, for an accurate cancer diagnosis using this imagingmodality,
CAs are needed. Microbubbles and nanobubbles (NBs) are the most commonly used
ones because they present high acoustic impedances when compared to most tissues
[1]. Gases different from air (e.g., perfluorocarbons) are chosen for this purpose
because they should present low solubility in biological media to improve contrast
[2].

The most commonly described strategy for cancer theranostics combining can-
cer therapy and US imaging implies the use of passively targeted biodegradable
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polymers like PCL, PLGA, or PLLA. For example, in 2008, Gao and collaborators
[125] prepared DOX-loaded nanoparticles based on biodegradable diblock copoly-
mers PEG-b-PCL and PEG-b-PLLA. Perfluoropentane (PFP) was added to obtain
a mixture of DOX-loaded micelles and DOX-loaded, PFP-encapsulating NBs. The
mixture was demonstrated to passively accumulate in cancer sites in an in vivomodel
of breast cancer and, when subjected to US waves, microbubbles were formed lead-
ing to a controlled drug delivery and US contrast enhancement. Some years later,
Ji et al. [126] described a PEG-b-PCL-based nanoparticulated system also encap-
sulating PFP, but loaded with curcumin as an anticancer drug. Authors showed in
in vivo tumor-bearing mice that upon heating NBs became microbubbles due to
PFP vaporization within the droplet walls improving US imaging contrast. And
moreover, they demonstrated a significant anticancer activity under US because the
nano/microbubbles cavitated and collapsed leading to curcumin-controlled release.
DOX-loaded PLGA NBs formed by entrapping air during a conventional double
emulsion preparation method were also described by Yang et al. [127]. In this case,
the surface of the nanoparticles was modified with PEI to favor the incorporation of
P-gp siRNA into the system by electrostatic interactions in order to combine gene
therapy and US imaging. The nanotheranostic system showed interesting anticancer
capacity and US image contrast enhancement in vitro. In 2016, Meng et al. [128]
encapsulated DOX in PLGA NBs but wrapping carbon tetrafluoride to combine
chemotherapy and US imaging. Authors confirmed the enhanced ultrasonic function
and antitumor properties of the system in vivo.

High intensity-focused ultrasound (HIFU) is a noninvasive technique that is being
used for the treatment of cancer as can induce coagulative necrosis at a precise focal
point by thermal effect. However, this technique is not able to avoid cancer recurrence
and metastasis. Zhang et al. [34] described multifunctional targeted PLGA NBs
that combine the properties of an efficient ultrasound CA and a targeted anticancer
drug nanocarrier. Methotrexate anticancer drug was loaded into the NBs and the
active targetingmonoclonal antibody human leukocyte antigen-G (anti-HLA-G) was
conjugated on the surface. The chemotherapy was combined with HIFU for tumor
ablation showing a synergistic anticancer effect that can kill the residual cancer cells
and inhibit the reoccurrence of tumors during and after HIFU ablation.

Other authors have described passively targeted systems based on natural poly-
mers like alginate [129] or human serum albumin (HSA) [130]. For example, Bagh-
bani and collaborators described DOX-loaded alginate stabilized perfluorohexane
(PFH) nanodroplets [129]. The idea was the same, microbubbles formation by acous-
tic vaporization of the nanodroplets, and particle cavitation leading to controlled drug
release when subjected to US waves. Excellent anticancer effects and improved US
contrast were demonstrated in vivo.

Another interesting strategy described in the literature implies the chemical gen-
eration of gases within the body in response to hallmarks of the tumor microenvi-
ronment. Min et al. [9] described DOX-loaded pH-responsive gas-generating miner-
alized NPs that are able to produce CO2 gas through acidic pH-catalyzed reactions
from CaCO3 (see Fig. 8). The high theranostic capacity of the system was shown
in vitro and in vivo. A year later, the same group designed another anticancer drug-



160 E. Espinosa-Cano et al.

Fig. 8 Schematic illustration of the strategy described by Min et al. a fabrication process of DOX-
CaCO3-MNPs, bmechanism of CO2 generation and drug release, and c bubble generation and drug
release after accumulation of DOX-CaCO3-MNPs at tumor tissues. Reprinted with permission from
[9]. Copyright (2015) American Chemical Society

loaded CO2-generating nanoparticles based on polycarbonate copolymer [131]. The
nanoparticles showedgreat innovation and therapeutic applicability in tumor-targeted
US imaging and US-triggered drug delivery.

Finally, there are also smart polymer-based systems described in the bibliography
like the one designed by Yang et al. [132] entrapping PFH that allowed DOX release
in response to the US by collapse and cavitation; ROS by incorporating a disulfide
bond in their structure and; acidic pH by diminishing the electrostatic interaction
between carboxylic groups of PMMA and DOX.
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8 Photoacoustic Imaging (PAI)

Photoacoustic imaging (PAI) is the most recently discovered and developed imaging
technique [133]. It is based on the PA effect which consists on the production of
localized heat and thermal expansion which generates thermoelastic stress waves
(i.e., US waves) when tissues absorb an optical pulse of a few nanoseconds [2]. It
is a noninvasive technique that offers higher contrast than US imaging and deeper
tissue penetration and higher spatial resolution than optical imaging for theranostics
[133].

In this case, image contrast comes from the difference in optical absorption of the
incident light [133] and CAs can be either endogenous (e.g., melanin or hemoglobin)
or exogenous like inorganic or organic nanomaterials (e.g., gold or semiconducting
polymers, respectively). Furthermore, the generation of local heat produced by light
irradiation required for image generation makes it easy to combine PA imaging with
cancer photothermal therapy (PAI/PTT) [134].

To date, researchers mainly described inorganic nanomaterials as PAI/PTT agents
[135–137]. However, there are increasing concerns about their lack of degrad-
ability and photostability, and possible bio-toxicity. To solve biocompatibility and
biodegradability problems, polymer-based systems seem to be the best alternative
and the recent literature focuses on them [134, 138–141].

Someexamples of recentworks taking advantage of endogenousCAs and showing
good PTT efficacy in vivo include passively targeted HSA-based NPs encapsulat-
ing melanin [138, 139] and heteropoly blue (HPB)-doped poly(4-vinyl pyridine-b-
ethylene oxide) NPs (HPB/P4VP-b-PEO NPs) [139]. HPB is a small molecule dye
with significant heat stability, acid–base stability, and strong absorption with high
potential as CA for PA imaging but presenting short circulation times [139].

Regarding exogenous CAs, Wang et al. [142] described the simplest solution, a
theranostic system combining a polymeric corona of PLGA and encapsulating PFH
and Au NPs in the core. The polymeric coating showed improved biocompatibility
in vitro as well as enhanced anticancer therapy.

In addition, the newest strategy described in bibliography involves exogenous
CAs and, in particular, semiconducting polymer NPs prepared from hydrophobic
semiconducting polymer building blocks [134]. Semiconducting polymers (SPs)
show superior biocompatibility, biodegradability, and photostability being the per-
fect candidates for the preparation of PAI/PTT systems. Some examples include the
biocompatible PEGylated SP-NPs designed by Zhang et al. [134] that presented a
light-harvesting unit to enhance PA brightness and a conjugated electron donor–ac-
ceptor for heat generation in response to light enabling PTT. In vitro and in vivo
results demonstrated the biocompatibility and remarkable anticancer capacity of the
NPs with 100% tumor elimination achieved.

Lyu et al. [141] have also recently described a theranostic system with similar
characteristics. In this case, an amphiphilic triblock polymer (PEG-b-PPG-b-PEG)
is used as coating and poly[2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta-[2,1-b;3,4-
b′]dithiophene)-alt-4,7-(2,1,3 benzothiadiazole)] (PCPDTBT) and (6,6)-phenyl-
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Fig. 9 Schematic illustration of intraparticle molecular orbital engineering design approach for
amplified photoacoustic (PA) imaging and photothermal therapy (PTT). Reprinted with permission
from [141]. Copyright (2016) American Chemical Society

C71-butyric acid methyl ester (PC70BM) were chosen as the primary component
and the secondary dopant, respectively. The system showed amplified PA bright-
ness and PTT efficacy against HeLa cells in vitro and in 4T1-tumor-bearing mice
(see Fig. 9). Moreover, polypyrrole-based nanoparticles stabilized with astaxanthin-
conjugated BSA have been recently described by Bharathuraja and collaborators
[140]. This system showed in vitro a combination of improved PA imaging contrast
and PTT capabilities, thanks to polypyrrole, an organic conductive polymer, and
efficient PDT mediated by astaxanthin, a photosensitizer.

9 Multimodal Imaging

Multimodal imaging theranostics can be obtained by the combination of two or more
imagingmoieties in a single system [2, 4]. Thenumerous tools and thegreat versatility
of organic chemistry make easier the incorporation of multiple imagingmoieties into
polymeric nanoparticles if compared to those based on inorganic materials [4].

Bimodal combination of PAI and optical imaging is commonly found in the liter-
ature. In some cases, the same molecule is used as CA for both imaging modalities
like cyanine [143] and polypyrrole [144]. That is the case of the heptamethine-
loaded PEG2k-b-PLA2k nanoparticles described by Lin et al. [143]. In this work,
poly(heptamethine)was synthesized viamulticomponent Passerini reaction, and then
assembled into nanoparticles in the presence of PEG2k-b-PLA2k reaching high hep-
tamethine loading (>50%). The light absorption of the cyanine derivative enhanced
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PA and fluorescent image contrast and the heat generated after laser irradiation inhib-
ited cervical carcinoma growth in mice.

Another bimodal PA and optical imaging CA is Ce6 that also works as a pho-
tosensitizer. Li et al. [145] designed theranostic nanomicelles based on hyaluronic
acid (HA), a natural polymer, and active ligand of CD44 (i.e., a commonly overex-
pressed cancer cells surface receptor). The Ce6-conjugated HA-based system pre-
sented enzyme-responsive disassembling in the presence of hyaluronidase (i.e., an
enzyme commonly overexpressed in cancer sites) and exhibitedmore effective tumor
suppression via photodynamic therapy than the freeCe6.Additionally, in 2014,Gong
et al. [38] described the use ofCe6 as a chelating agent forGd3+ for the first time. They
described PEGylated poly(maleic anhydride-alt-1-octadecene) (C18PMH) nanomi-
celles for triple modal photoacoustic imaging, magnetic resonance (MR), and fluo-
rescence of tumors. They used Ce6 as PA and optical imaging CA and as chelator
for Gd3+ to also achieve MRI T1-weighed contrast, together with the NIR fluores-
cent dye IR825. The system presented photothermal and photodynamic properties
achieving a synergistic antitumor effect in vitro and in vivo. Two years later, Wang
et al. [146] designed an intracellular acid-switchable nanotheranostic system based
on a pH-responsive diblock copolymer poly(ethylene glycol)-b-poly(diisopropanol
amino ethyl methacrylate cohydroxyl methacrylate) (PEG-b-PDP), a DOX-prodrug,
and Ce6 as photosensitizer. Gd3+ was chelated to Ce6 so that the nanoparticles com-
bined pH-controlled multimodal imaging characteristics, pH-controlled delivery of
DOX, and photodynamic and photothermal properties upon NIR irradiation.

MRI and X-ray present high resolution but low sensitivity, while optical imaging
presents excellent sensitivity and low resolution; therefore, the combination of MRI
or X-ray with optical imaging can result in highly enhanced images with the best
features of each of the techniques.

A relevant example of X-ray/optical bimodal imaging theranostic system was
obtained by the conjugation of functional molecules including polyethylene glycol
(PEG), NIR fluorescent cyanine dye Cy7, DOX, andHA onto the surface of the TaOx
NPs (TaOx@Cy7-DOX-PEG-HANPs) for actively targeting delivery, pH-responsive
drug release, and NIR fluorescence/X-ray CT bimodal imaging [147]. The system
showed simultaneous enhancement of X-ray imaging, thanks to the tantalum oxide
(TaOx) and optical imaging due to the presence of Cy7. Besides, the system actively
targeted CD44 enhancing the accumulation of cancerous tissue and exhibiting an
excellent tumor growth inhibition in vivo.

Other examples using the most common MRI CAs (i.e., Mn2+ [148], Gd3+ [149],
fluoropolymers [150], and SPIONs [151, 152]) can be found in the bibliography.
Regarding T2-weighed MRI CAs, Park et al. [151] described a T-responsive nanogel
based on poly(N-isopropylacrylamide-co-acrylic acid (poly(NiPA-co-AAc)) carry-
ing amine-functionalized iron oxide-coated magnetic nanoparticles as MR CA, and
D282 a lipophilic indocarbocyanine fluorescent dye for optical imaging. The system
was complexed with different genes for gene therapy and showed high transfection
efficiency as well as improved MR and optical image contrast.

Nevertheless, smart monomers responding to pH (i.e., methacrylic Liu et al.
[149]), copolymerizedmethacrylic acid,N-isopropylacrylamide, and styrene, and the



164 E. Espinosa-Cano et al.

resulted polymer was reacted with an europium(III) derived monomer with optimum
optical features. The pH and temperature-responsive amphiphilic polymer were used
to encapsulate DOX as anticancer drug and gadolinium oxide as T1-type MR con-
trast.Authors demonstrated that the paramagnetic, luminescent, and temperature/pH-
responsive polymeric particles (PLTPPs) presented a better T1-weighted relaxivity
than clinicalMagnevist® andMR and optical imaging demonstrated that are effective
as dual probes in vivo.

Abbasi and collaborators [148] co-loaded MnO nanoparticles and DTXL into
the matrix of fluorescent dye labeled amphiphilic block copolymer presenting a
hydrophilic backbone (i.e., poly(isobutylene-alt-maleic anhydride) and hydropho-
bic side chains (i.e., dodecylamine). The system exhibited higher cytotoxicity than
free drug, enhanced MRI contrast, and stained tumor tissue by fluorescence in an
orthotropic MDA-MB-231 breast tumor model.

In a recent work, Vu-Quang et al. [150] presented a theranostic nanoparticu-
lated system combining 19F-MRI and optical imaging modalities. The actively tar-
geted nanoparticles were based on PLGA-PEG-folate and co-encapsulated DOX as
chemotherapeutic drug, perfluorooctyl bromide (PFOB) as 19F-MRI CA, and indo-
cyanine green (ICG) as NIR fluorescent dye. The active targeting system showed
improved in vivoMRand optical image contrast and the in vitro experiments revealed
higher cytotoxicity than non-folate-conjugated particles.

Besides, less common combinations of imaging modalities have been also
reported like X-ray and PA imaging [153], MRI and US [154], or MRI/US/optical
imaging [155].

10 Conclusions and Future Trends

As described in this chapter, polymeric nanoassemblies have demonstrated a great
potential and several advantages to develop nanoplatforms for cancer molecular
imaging and theranostics. Several approaches are currently available to create tar-
geted polymeric NPs that are able to chemically by physically incorporate a wide
range of theranostic molecules [156].

Actually, the number of FDA approvals and clinical trials using NPs has sig-
nificantly increased in last years. However, clinical trials and most of the approved
nanomedicines involve relatively simple nanovehicles based on well-described poly-
meric formulations and approved drugs. Additionally, the majority of approved
nanoplatforms are based on PEGyated liposomes. Exclusively, PEG-b-poly(d,l-
lactic acid) block copolymers micelles (Genexol-PM) that entrap paclitaxel have
been approved for clinical cancer treatment in Korea in 2007 [157]. For theranostic
purposes, AGuIX nanoassemblies are being evaluated in Phase I trials for tumor
radiotherapy. This formulation is composed of polysiloxane network surrounded by
Gd-DOTA. In particular, AGuIX nanoassemblies have been effectively applied for
MR imaging-guided radiotherapy of different tumor models such as glioma, brain,
or melanoma metastasis [158].
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Research in this field still requires to improve the current developments of ther-
anostic and polymeric NPs and overcome their drawbacks [51, 159]. In this sense,
the implantation of controlled synthetic routes of polymers, such as RAFT poly-
merization and ATRP, and the continuous development of smart platforms using
physicochemical or even biological stimuli are promising strategies to reach clinical
transfer of theranostic NPs. Additionally, clinical studies with these NPs imply the
enhancement of their biodistribution, especially regarding pharmacokinetic features
of polymeric nanomaterials, and challenges with the aim to improve their biocompat-
ibility, clearance, and selectivity toward cancer. All these goals involve an extensive
workwithmultidisciplinary experts that work together as a single brain to understand
the imaging techniques, the physicochemical behavior of the nanosystems and the
biological responses of the organism.

Finally, it should also be pointed out that the complexity of the systemsmakes their
regulatory approval and their manufacture extremely difficult. The regulatory agen-
cies are making great efforts in this sense; however, the complexity of the nanosys-
temsmakes each one unique and the already established rules cannot be applied, since
at the nanoscale unexpected properties appear that are not observed at themacroscale.
Moreover, the described polymeric NPs for cancer therapy and bioimaging must be
manufactured under the conditions of goodmanufacturing practice (GMP), and there
are a limited number of certified companies specialized in nanosystems [106].
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Imaging and Treating Cancer with
Carbon Nanotube Technology

Nicholas G. Zaibaq, Sakineh E. Moghaddam and Lon J. Wilson

Abstract Carbon nanotubes (CNTs) are one-dimensional cylindrical tubes of car-
bon atoms bonded together, similar to graphene and have drawn great interest for
their use as medical agents due to their potential for a variety of clinical applica-
tions. Researchers have used CNTs as therapeutic agents, both by taking advantage
of their powerful light-driven effects and using them as carriers for peptide and small
molecule drugs. As progress toward these applications continues, monitoring CNTs
in vivo will also be important to evaluate their potential toxicity, therapeutic activity,
and any physiological side effects that the material may cause in various organs.
Furthermore, CNTs provide a versatile platform for combining therapeutic and diag-
nostic capabilities for so-called theranostic agents, a field which has seen a surge of
activity in recent years. Here, we focus on CNT-based materials functionalized for
therapeutic, diagnostic, and theranostic applications in cancer, while also discussing
the future directions and challenges of CNTmedical agents in general. As evidenced
by the body ofwork presented in this Chapter, CNTsmay have a future asmultimodal
anti-cancer agents, thereby increasing the efficacy of current therapies and imaging
techniques while also decreasing harmful side effects that often impede effective
patient care.

Keywords Carbon nanotubes · Medical imaging · Cancer therapy · Theranostic
agents · Drug delivery

1 Introduction

In order to diagnose and track the progression of diseases, physicians rely on non-
invasive imaging to guide their therapeutic strategies. Medical images most often
elucidate anatomical information using such techniques asmagnetic resonance imag-
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ing (MRI), computed tomography/X-ray (X-ray CT), and ultrasound. Other nuclear
imaging modalities, such as positron emission tomography (PET) and single-photon
emission computed tomography (SPECT), are used to reveal functional information.
Fluorescence imaging is an optical technique that can be used to provide real-time,
wide-field images with high spatial resolution. While MRI and fluorescent imag-
ing methods offer superior resolution without using ionizing radiation, they suffer
from low sensitivity and poor penetration depth, respectively. And whereas nuclear
medicine techniques such as PET and SPECT offer great sensitivity, they suffer from
low resolution. By using some combination of these imaging techniques, physicians
can make accurate diagnoses prior to developing a treatment plan.

For cancer therapy, the main methods used today include surgery, radiation ther-
apy, chemotherapy, or some combination of the three, depending on the type, loca-
tion, and nature of the disease. The goal of any treatment is to destroy malignant cells
while leaving normal cells unaffected. Unfortunately, however, this is not the usual
case for most of the current therapies. Surgery is invasive and risks leaving positive
malignant margins and is not suitable for all patients. Radiation and chemotherapy,
although noninvasive, are rarely sufficiently targeted to solely destroy cancerous tis-
sue, and often come with severe side effects that become a limiting factor in patient
care. Since chemotherapy has the potential to be effective without harming healthy
tissue, there has been intense effort to create formulations in which small molecule
drugs are protected and/or targeted such that side effects are minimized.

Carbon nanotubes (CNTs) can be visualized as single sheets of graphene, rolled
up in such a way that the roll-up vector determines the diameter and chirality of the
CNTs, thereby determining the material’s properties, as shown in Fig. 1 [1]. The
diameters of CNTs can range from less than one nanometer to a few nanometers,
while lengths are often in the order of a few microns [2, 3]. CNTs can be either
single-walled (SWCNTs) or multi-walled (MWCNTs), with MWCNTs containing
between 2 and 30 concentric SWCNTs with outer diameters between 10 and 30 nm.
Of the many nanoparticles (NPs) that can be used for different medical applications,
CNTs are extremely versatile and have been studied extensively in cancer imaging
and therapywith the goal of overcoming the challengesmentioned above. The present
chapter is comprised of the following four interrelated sections: (A) CNT agents for
cancer imaging, (B) CNT agents for cancer therapy, (C) CNT agents for theranostic
medicine, and (D) Future challenges for clinical applications.

2 CNT Agents for Cancer Imaging

Fluorescence Imaging. The biological optical imaging process begins by excitation
photons from a given source traveling through layers of tissue to excite a probe that
emits fluorescence photons. These photons then travel back through the various tis-
sues and are received by a detector, which then generates an image [4]. Throughout
this process, excitation and fluorescence photons can be scattered due to changes
in indices of refraction between air, water, and the various tissues through which
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Fig. 1 Schematic diagrams showing how the angle at which graphene is rolled determines CNT
chirality [1]

they travel. Photons can also be absorbed and dispersed as heat by naturally occur-
ring chromophores in the organism, such as hemoglobins, flavins, aromatic amino
acids, water, and many others [5]. Water has vibrational bands with maxima at 970,
1200, 1450, and >1800 nm, setting a boundary where fluorescence is possible for
deep tissue imaging [6]. Both absorption and scattering processes reduce the signal
that is detected and increase the background noise. Another factor that contributes
to a low signal-to-noise ratio is the inherent non-specific tissue autofluorescence
background. Additionally, fluorescence imaging in the visible region of the spec-
trum (400–700 nm) is limited, since mammalian tissue is opaque to wavelengths
of light in that region [7]. Therefore, researchers have developed probes that are
active in the near-infrared regions of the spectrum (NIR I: 700–900 nm and NIR II:
1000–1700 nm). Apart from advances in instrumentation to improve the efficacy of
deep tissue optical imaging [8], there has been a drive to create fluorescent probes
with enhanced quantum yield, photostability, and biocompatibility for the purpose
of clearly discriminating between malignant and healthy tissue.
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Single-walled carbon nanotubes (SWCNTs) have twomain chiralities, which lead
to either semiconducting or metallic behavior of thematerial. SWCNTs exhibit sharp
maxima of electronic density of states in their energy band diagrams, as a result of
quantum confinement along the transverse direction of the SWCNT [9, 10]. Because
the density of states at the Fermi level in metallic SWCNTs is not zero, excited
state electrons can relax nonradiatively to the valence band after photon absorption,
yielding no photoluminescence. However, in the case of semiconducting SWCNTs,
a gap in the density of states allows for light emission as the excited electrons relax
to lower energy states [11]. First, as a semiconducting SWCNT absorbs a photon, an
electron in the second valence band becomes excited to the second conduction band,
leaving behind a hole. The gap in the density of states prevents other electrons from
filling this hole, which would not result in photoluminescence. The excited electron
and hole form a pair known as an exciton that is held together by the exciton binding
energy (usually around 400 meV). Second, the exciton undergoes rapid nonradiative
relaxation to the lowest energy levels, i.e., the first valence and conduction bands.
The exciton then travels the length of the nanotube until the electron and the hole
radiatively recombine to release a fluorescence photon, with an energy correspond-
ing to the energy gap, E11 minus the energy of the exciton [12–14]. If the exciton
encounters a defect on the SWCNT surface, such as a chemically derivatized site, or
simply the end of the SWCNT, the energy will be released in a nonradiative fash-
ion, thus extinguishing the fluorescence. Therefore, little to no photoluminescence
is seen for SWCNTs shorter than 100 nm [15]. Many groups have utilized the ability
of semiconducting SWCNTs to absorb strongly in the near-infrared range (NIR I,
750–900 nm) and emit fluorescence in the NIR II region (1000–1400 nm), where
there is little to no autofluorescence from biological tissue in order to image cancer
in vivo [16, 17]. The quantum yield of SWCNTs also depends on their diameters,
which is further dependent on the synthetic method used to produce the SWCNTs.
Of the main methods used to produce SWCNTs, HiPco SWCNTs have the highest
quantum yield, and therefore have been used the most for biological imaging in the
NIR II window [16, 18–20].

Furthermore, pristine SWCNTs are essential for any biological imaging to ensure
good quantum yields. It is because these effects are not seen with covalently func-
tionalized or shortened SWCNTs due to the greater number of defect sites inhibiting
exciton movement that surfactants are used to non-covalently suspend SWCNTs to
ensure their fluorescent properties are maintained. For example, Dai and coworkers
have performed extensive work on producing surfactant-wrapped, debundled SWC-
NTs for in vivo fluorescent imaging [17]. One of the methods they reported for
functionalizing SWCNTs used is a surfactant exchange method that minimized the
number of defect sites on the SWCNTs, hence increasing the quantum yield [16]. The
authors first suspended the SWCNTs with sodium cholate by sonication for 1–6 h.
Then, a phospholipid–polyethylene glycol (PL-PEG) derivative was introduced to
the suspended SWCNTs and replaced the sodium cholate. The resulting material
had a quantum yield in order of magnitude greater than SWCNTs directly suspended
with the PL-PEG, while still maintaining biocompatibility. The SWCNTs that were
suspended using solvent exchange (exchange SWCNTs) were also longer (averag-
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Fig. 2 Photograph of tumor-bearing mouse (left). NIR II imaging of a tumor (yellow) using SWC-
NTs (middle). NIR II image using PCA analysis (right) [17]

ing~370±310 nm) than SWCNTs that were suspended directlywith PL-PEG (direct
SWCNTs; averaging~160±85 nm). NIR images of the material were taken in vitro
using malignant glioma (U87MG) cells and in vivo, with LS174T tumor-bearing
mice using intravital microscopy (IVM) to image tumor angiogenesis. Using IVM,
the authors could not only resolve small vessels a few micrometers beneath the skin,
but could also resolve other structures in deeper organs in nontumor-bearing animals.

Another study used intravenously (i.v.)-injected SWCNTs to conduct video-rate
imaging in mice that could clearly resolve anatomical features that are usually very
difficult to image, such as the pancreas [21]. The study reported biodistribution
data over time and could image SWCNTs in the vasculature and in organs of the
reticuloendothelial system (RES), particularly the liver and spleen. Furthermore, the
group used dynamic imaging through principal component analysis (PCA) in order to
visualize organs that are not seen through real-time raw images [22]. This technique
organizes pixels that vary similarly over time, which correspond to the same organ,
as each organ would vary slightly differently in terms of blood flow and movement.
This approach has the potential to image tumors buried underneath larger organs that
would not be visualized using conventional optical methods. For example, PCA was
used to image subcutaneous 4T1breast cancer tumors inmicewhich found longblood
circulation (t1/2 of~30 h) and high tumor uptake of polymer-wrapped SWCNTs, as
shown in Fig. 2 [17]. Due to the difference in blood flow for normal and cancerous
vasculature [23], PCAwas able to discriminate betweenmalignant and nonmalignant
tissue. SWCNTs were seen in the tumor blood vessels as early as 20 s postinjection
using dynamic contrast imaging through PCA. After 60 s postinjection, the tumor
was clearly outlined separating it from surrounding healthy tissue. The authors also
reported ex vivo imaging in order to do 3D reconstruction of the tumor to determine
the depth of tumor penetration. The study found that the SWCNTs remained mainly
in the highly vascularized regions around the edges of the tumor.
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Another report described using bacteriophage-suspended SWCNTs as surgical
NIR II dyes to detect submillimeter tumors during surgery. The authors used anM13
virus that can be genetically modified to express different relevant proteins. In this
case, the M13 virus expressed some peptides to coat and stabilize SWCNTs and
other peptides that bind to SPARC, a matricellular protein that is highly expressed
in certain types of breast, prostate, and ovarian cancer [24]. The targeted probe was
shown, using an orthotopic ovarian cancer mouse model, to be a useful tool for
both pre-surgical imaging and image-guided resection of smaller tumor nodules that
small molecule dyes in the NIR I and visible ranges could not detect. Furthermore,
the study found that the SWCNT-based agent had long-lasting fluorescence without
photobleaching, indicating that the virus-protected SWCNTs remained individually
suspended. The same group also reported that the same virus-protected SWCNT
probe can be targeted to prostate cancer [25]. Additionally, Heller and coworkers
used NIR imaging on semiconducting SWCNTs to determine penetration of the
SWCNTs in twodifferent in vitro 3D spheroid tumormodels, to predict theSWCNT’s
propensity to serve as a drug vector [26]. The study demonstrated that SWCNTs could
penetrate into MCF-7 breast cancer spheroids better than it could SK-136 murine
liver cancer spheroids, due to differences in cellular density and extracellular matrix
(ECM) composition.

CNT/QD Conjugates. Quantum dots (QDs) are fluorescent inorganic nanoparti-
cles that are usually comprised of group II–IV or III–V elements, such as CdTe, CdS,
ZnSe, InP, or InAs [27]. QDs are of interest in biomedical research due to their tun-
able properties and their similar size to biologicalmacromolecules (oligonucleotides,
polypeptides, etc.). Furthermore, they have several advantages over organic fluo-
rophores, such as increased quantum yield and photostability, broad absorption, and
narrow emission spectra, as well as resistance to photobleaching and to changes in
pH. These properties are all dependent on theQD size, shape, elemental composition,
and structure, which can be studied under UV or NIR excitation [28]. QDs are usu-
ally made up of an inorganic core, whose diameter controls the wavelength of light
that is emitted. Inorganic cores constructed from group III–V elements are preferred
for medical applications, since these elements are generally less toxic than group
II–IV elements. Covering the core is an inorganic shell, which contributes to the
QD’s photostability and increases the photoluminescence of the particle. The whole
QD is then coated with a water-soluble polymer or surfactant, which allows the QD
to be suspended in biological media and provides for conjugation to biomolecules
and other nanoparticles for various biomedical applications. There is considerable
interest in conjugating QDs to the large surface area provided by CNTs, due to the
increase in possible functionalities that can be achieved [29, 30].

QDsmay be attached to CNTs either covalently or non-covalently, through the use
of an intermediary linker or directly onto the CNT surface. For covalent attachment,
CNTs are usually first oxidized, producing hydroxyl and carboxylate groups on the
surface, which serve as points for attachment. However, this may lead to an uneven
distribution of functionalization, since CNTs usually preferentially oxidize at their
tips [31]. Another issue with covalent conjugation arises from quenching of the lumi-
nescence of the QD from close contact with the CNT without the use of a molecular
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spacer [32]. In addition to using molecular linkers between the CNT surface and the
QD, another conjugationmethod is to use polymeric surfactants to first coat the CNT,
and then attach the QD to the polymer, either covalently or non-covalently. For exam-
ple, one report used semiconductor QDs covalently attached to an oligonucleotide
that was non-covalently wrapped around SWCNTs [33]. The authors reported that
because they were able to visualize the CNT peaks in the UV/Vis/NIR spectrum,
the QD/CNT hybrids remained well-suspended even after conjugation. This is the
case because quenching occurs when the QD/CNT conjugates bundle from loss of
the surfactant. Furthermore, the researchers reported redshifts in the CNT peaks,
indicating charge transfer from the QDs to the SWCNTs, and therefore, success-
ful conjugation. QDs have also been used to track intracellular delivery using an
MWCNT-functionalized atomic force microscope (AFM) tip [34]. The MWCNTs
acted as a nanoinjector that deposited the QD cargo into the cytosol and fluorescence
imaging was then used to quantify the amount injected and to track the QD cargo
inside HeLa cells. These examples show the practicality of using QD/CNT conju-
gates, since MWCNTs and covalently functionalized SWCNTs exhibit little or no
photoluminescence. However, due to the reduced photoluminescence for QD/CNT
conjugates [35] and the high toxicity of elements ordinarily used in QDs (such as
Cd), biocompatibility of the material is of great concern which requires continued
investigation. QD/CNT conjugates for biomedical applications have been reviewed
in more detail elsewhere [30, 36].

Raman Imaging. Using Raman spectroscopy for biomedical imaging offers a
good alternative to fluorescence imaging, since Raman is a scattering technique, as
opposed to an absorption/emission technique, and there is no spectral overlap as there
can be in fluorescence imaging. Also, Raman spectroscopy is extremely sensitive to
small chemical and structural changes, allowing for narrow spectral lines that can be
imaged with great multiplicity [37]. Raman effects are not subject to photobleaching
or quenching, making imaging probes able to be visualized over longer timescales,
such as months [38]. However, the Raman signal without any enhancement is fairly
weak,which has led researchers to seekways to incorporate surface-enhancedRaman
spectroscopy (SERS) into biomedical imaging probes [39]. CNTs havemany distinct
Raman peaks, such as the radial breathing mode (100–300 cm−1) and the tangential
G band (1580 cm−1), and their peaks are usually very sharp and intense, with a full
width at half maximum usually less than 2 nm, which easily distinguishes them from
background noise. Anothermeans of enhancement is to use a laser energy equal to the
energy required for an electron to transition from the valence band to the conduction
band, known as resonance Raman scattering, and the resonance Raman peaks for
CNTs are highly dependent on their diameter and chirality [40, 41].

The first report of using SWCNTs for biological Raman imaging used oligonu-
cleotide DNA to wrap SWCNTs and image live 3T3 fibroblast and myoblast cells
using fluorescence and Raman scattering [42]. The authors found that the Raman
scattering was still visible through the H&E stain of the cells, whereas organic fluo-
rophores and semiconducting nanoparticles are not, due to the high concentration of
quenching agents in the stain. Furthermore, the scattering from Raman was consis-
tently visible for much longer times than fluorescence imaging. Later, Zavaleta et al.
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Fig. 3 Isotope-dependent Raman imaging [44]

showed that arginine-glycine-aspartic acid (RGD)-targeted SWCNTs were able to
localize to U87MG tumors in a mouse model and were tracked using noninvasive
Raman imaging [43]. Using a mock tissue sample, the authors determined that the
penetration depth of their Ramanmicroscope was 2mm. The tumors were imaged up
to 72 h postinjection, and pharmacokinetic data was acquired using dynamic imag-
ing. Furthermore, it was found that there was significantly more SWCNT uptake in
tumors with an RGD targeting moiety compared to non-targeted SWCNTs.

Due to the spectral overlap observed in fluorescence, it is impossible to image
multiple objects simultaneously, a technique known as multiplexing. For example,
isotopically different SWCNTs completely or partly populated with 13C instead of
12C have showndifferent Raman peaks, and therefore can be used to produce different
“colors.” The study imaged these nanotubes, which were targeted to one of three
different types of cancers: Her1+and Her2+breast cancer and U87MG glioblastoma
cells, as shown in Fig. 3 [44]. The group then incubated a mixture of cells with the
three types of SWCNTs and recorded the Raman spectra at each pixel in the image
before deconvoluting the intensities of the colors representing each different Raman
spectra. They found that each type of SWCNTbound specifically to the type of cancer
it was targeted to, while also giving a different Raman signal from a single excitation
source. Another example of a CNT-based Raman imaging probe was functionalized
non-covalently with a single-strand DNA and gold seeds that grew into nanoshells
along the surface of the SWCNT, providing a SERS effect which decreased the image
time by an order of magnitude [45]. The authors targeted cancer cells with folic acid
(FA) and reported improved anti-cancer photothermal properties of the gold-covered
SWCNTs.

Photoacoustic Imaging. Photoacoustic imaging (PAI; also known as optoacous-
tic imaging) was recently developed and has been used to provide structural and
functional image data about biological systems. As the name suggests, PAI mea-
sures sound instead of light and converts sound into a 2D or 3D image. Briefly,
nanosecond-pulsed laser energy is absorbed by either native molecules in the system
or exogenous contrast agents (CAs) to generate a rapid thermoelastic expansion of
the tissue, which generates a wideband ultrasound wave. This wave is then detected
and a transducer converts the mechanical waves into electrical signals. The photoa-
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coustic signal relays information about the position (time-of-flight) and the strength
(signal intensity) of the absorbing species. The NIR region 700–1000 nm is a suitable
window for PAI, since the penetration depth is in the order of tens of millimeters
and absorption by tissues is modest, yet contrast between tissues is fairly significant.
Hemoglobin absorbs strongly below 600 nm andwater absorbs above 1000 nm,mak-
ing those regions impractical for excitation for photoacoustic tissue imaging [46].
Contrast in PAI is determined by the differences in absorption of the laser energy by
various tissues, and the intensity of the thermoelastic response is directly proportional
to optical absorption [39, 47]. For example, since tumors have higher blood content
and lower oxygen content than normal tissue [48], differences in the absorption of
oxy- and deoxyhemoglobin can be seen using PAI, and this is often used for endoge-
nous photoacoustic contrast. In fact, PAI can image tumor vasculature at comparable
or better resolution than CT perfusion, PET, or dynamic-enhanced MRI. PAI can be
combined with other imaging techniques, such as fluorescence [49], ultrasound [46],
and magneto-acoustic imaging [50], in addition to applications with photodynamic
therapy, in particular [51].

Because of their strong NIR absorbance, SWCNTs have been used as exogenous
CAs for PAI. One study reported that SWCNTs wrapped with 1 wt% Pluronic® F127
surfactant were used to noninvasively image the sentinel lymph node (SLN) in vivo in
a ratmodel [52]. Imaging theSLNusingultrasound is usually difficultwhen searching
for metastasized breast cancer. Using chicken tissue to mimic human breast tissue,
the authors found that the SWCNTs could be imaged at depths greater than 20 mm.
The study also reported that they could image the SLN with a high contrast-to-noise
ratio (CNR: 89) and with a resolution of about 500 μm. Another report enhanced
the sensitivity of SWCNTs in PAI by conjugating indocyanine green dye through
π–π stacking and targeted the material with RGD peptides toward αvβ3 integrins,
which are associated with tumor angiogenesis, as shown in Fig. 4 [53]. When used in
a tumor-bearing mouse model, the material produced 300 times greater PA contrast
in living tissue than SWCNTs without the indocyanine green dye, and the material
also showed greater tumor uptake than untargeted contrast agents. The authors also
reported that thematerial was not taken up by theRES system,which also contributed
to the greater PA signal.

PAI has also been combined with photothermal (PT) tomography for early breast
cancer detection [54]. The hybrid system allows for good spatial resolution as well as
enhanced soft tissue contrast, and can provide images describing the water/ion con-
centration, blood, and oxygen levels in tumors, leading to possible earlier diagnosis.
The same group developed surfactant-wrapped SWCNTs as a multimodal contrast
agent for PA/PT imaging, due to their high radiofrequency (RF) absorption, in addi-
tion to their high NIR absorption [55]. The authors conducted in vitro experiments
and reported a greater than twofold enhancement in PT signal and a greater than
sixfold improvement in the PA signal. Another example of an SWCNT-based multi-
modal PA/PT contrast agent is a gold-plated carbon nanotube developed by Kim and
coworkers [56]. The material is composed of SWCNTs plated with a 4–8-nm-thick
layer of gold which is about 100 nm in length, 11 nm in diameter, and had minimal
gaps along the SWCNT surface to indicate complete gold coverage. These “golden



182 N. G. Zaibaq et al.

Fig. 4 a Ultrasound (gray)
and photoacoustic (green)
images of one vertical slice
through the tumor (dotted
black line) using both
non-targeted control material
(SWCNT–ICG–RAD) and
targeted material
(SWCNT–ICG–RGD). b
Mice injected with
SWNT–ICG–RGD showed
higher PA signal than mice
injected with the untargeted
control (p <0.001) [53]

SWCNTs” were targeted using an antibody specific for the lymphatic endothelial
hyaluronan receptor-1 in order to map lymphatic endothelial cells in mice, which
can be useful in studying tumor progression and metastasis. The material could be
detected at pico- to possibly femtomolar concentrations, while still providing PA/PT
signal improvement. It was also found to be nontoxic from preliminary cell viability
and toxicity studies.

X-ray Computed Tomography. X-ray computed tomography (CT) is one of the
most used clinical imaging techniques today, because it is inexpensive and useful in
diagnosing many different diseases. Unlike the other imaging modalities discussed
above, X-ray CT, along with PET, SPECT, and MRI are full-body-penetrating tech-
niques that do not suffer from penetration depth issues. The CT technique uses
X-rays that are directed through the body at multiple angles, and these projections
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are reconstructed using the differences in attenuation in various tissues to produce
image contrast. For instance, because attenuation is a result of the photoelectron
effect in which elements with higher atomic numbers attenuate more X-rays, hard
tissue such as bone and cartilage appears lighter on CT images compared to soft
tissue. Currently, the only contrast agents approved for human use are barium sulfate
suspensions for gastrointestinal imaging and highly iodinated molecules for vascu-
lar imaging [57]. Although these agents are not optimal X-ray CAs since there are
elements with higher atomic numbers that can provide greater attenuation, these
compounds have good safety profiles and are cost effective. Other materials that
have been shown to have good X-ray attenuation are gold and bismuth sulfide NPs
[58–61].

BecauseCNTsdonot inherently attenuateX-rays, theymust be loadedwithmetals
or other species that do absorb X-rays, and this has limited the amount of research
in this area, since a large amount of contrast is needed to produce a good image and
only a relatively low concentration of CNTs can be suspended in aqueous media
[62]. Despite these limitations, researchers have loaded I2 molecules into ultra-short
(US) SWCNTs (US tubes; 20–80 nm in length) and demonstrated the attenuation
ability of the material, although no biological experiments using the material were
conducted [63]. Because of their greater X-ray attenuation and low toxicity profile
[64], bismuth ions were later loaded into surfactant-wrapped US tubes by the same
group who showed X-ray contrast with 2–3% Bi by weight in mesenchymal stem
cells without inducing toxicity [65]. Later, a second-generation, high-performance
Bi-based US-tube X-ray CA was produced with 20% Bi by weight using a Bi(III)
oxosalicylate cluster containing four Bi3+ ions [66]. Although these reports did not
specifically target cancer, these Bi-based CNT materials could also be utilized for
oncological imaging using X-ray CT.

Magnetic Resonance Imaging. Magnetic resonance imaging (MRI) is a power-
ful, often-used clinical imaging modality that offers higher spatial resolution than
X-ray CT without the use of ionizing radiation. The principle behind MRI originates
from nuclear magnetic resonance (NMR) spectroscopy, which uses a high-intensity
magnetic field that aligns the nuclear spins of water protons in the body in the case
of MRI [67, 68]. An RF field is then applied perpendicular to the magnetic field
which changes direction and spin of the aligned protons in the transverse plane.
When the RF field is removed, the protons realign (or relax) with the magnetic field
in an amount of time known as the relaxation time. This process along the longi-
tudinal plane is referred to as spin–lattice relaxation, or T1, and the recovery along
the transverse plane is referred to as spin–spin relaxation, or T2. Fourier transform
is then used to convert the mathematical data from each point in the body into a
2D or 3D image which relies on differences in water content to distinguish between
various tissues, although it is fairly common to inject external paramagnetic species
to enhance the contrast of the image [69]. These CAs augment the MR image by
influencing surrounding water molecules and shorten T1 or T2, using paramagnetic
or superparamagnetic species, respectively. The efficiency of a CA is described by
the agent’s relaxivity, which is a measure of the shortening of the relaxation time.
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T1 CAs typically make images brighter (positive contrast), whereas T2 CAs make
images darker (negative contrast).

CNTs must be functionalized with MR-active species since they cannot produce
any MR contrast on their own. Most clinically used agents are small molecule Gd3+-
ion chelates. The first MRI active CNT-based agent was produced by Wilson and
coworkers [70], using surfactant-wrapped US tubes that were loaded with Gd3+-ion
clusters into the sidewall defects of the US tubes, and the authors coined the term
“gadonanotubes” (GNTs) for the material. The material consisted of about 3–4 wt%
Gd and exhibited 40–90 times greater relaxivity values over clinically usedMRICAs,
such as Magnevist®. The stability of the ion clusters was found to be pH dependent,
such that no Gd3+ ions leaked from the material at physiological pH values, which is
important given the toxicity of free Gd3+ ions [71–73]. The GNTs have been used for
many in vitro studies to label HeLa cervical cancer cells [74], as well as macrophages
and mesenchymal stem cells to deliver about 109 Gd3+ ions per cell with no observed
cytotoxicity [75–77]. GNTs have also been covalently functionalized using amino
acid substituents to suspend the GNTs in aqueous media up to 2 mg/mL and to label
MCF-7 breast cancer cells [78].

The same group also studied the effects of using chelated Gd3+ ions (instead of
free Gd3+ ions) onmaterial production and its CA performance. One report described
the production of three US-tube-based CAs using three different Gd chelates [79].
The authors found that although there weremore Gd3+ ions byweight in the US tubes
using the chelated metal ions, theMR performance of the original GNTs was greater.
Thiswas determined by examining the number of coordinatedwatermolecules on the
Gd3+-ion center (q), which is one of the factors governing inner sphere T1 relaxivity
of a CA. The GNTs had a q of about 3, while the chelated Gd3+-ion materials had a
q of 0 or 2, depending on the chelate. To further understand the structural foundation
of the uniquely high-performing GNTs, a thorough extended X-ray absorption fine
structure (EXAFS) investigation was conducted, which revealed detailed informa-
tion about the structure of the Gd3+-ion clusters in GNTs [80]. In efforts to afford
the US tubes greater water suspendability, the surface of the US tubes was cova-
lently functionalized with p-carboxyphenyldiazonium (PCP) tetrafluoroborate salt
to attach benzoic acid groups to the US-tube surface [81]. Finally, these covalently
functionalized US tubes were loaded with Gd3+-ion chelates that the authors pre-
viously reported [79], which resulted in high water suspendability (35 mg/mL) and
excellent MR contrast [82].

CNT-based MRI CAs have also been made by introducing Gd into the material at
the stage of SWCNT growth. For example, Gd2O3 nanoparticles were employed as
catalysts to produce SWCNTs through chemical vapor deposition for T1-weighted
MRI [83–86]. The material contained about 6.2 wt% of Gd and was non-covalently
suspended in aqueous media using a PEGylated phospholipid polymer, PEG5400-
DSPE (DSPE: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine). The biodistribu-
tion of the material was determined ex vivo using bright-field optical microscopy,
and it was found that uptake occurred in the lungs, liver, kidneys, brain, and spleen
of rats after i.v. injection. After 24 h, the material left the vasculature and accumu-
lated in the various tissues, and was totally cleared from the body within 10 days
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[86]. MWCNTs were also used as MRI CAs, by conjugating metal chelates to the
surface of the MWCNTs. Marangon et al. produced oxidized MWCNTs (20–30 nm
in diameter and about 400 nm in length) and covalently attached diethylenetriamine-
pentaacetic acid dianhydride (DTPA) to the carboxylic acid groups on the oxidized
material. DTPA was then used to chelate Gd3+ ions, and the resulting material was
tested for T1- and T2-weighted MRI contrast [87]. This CA material was imaged
in vivo using nontumor-bearing mice which found significant uptake in the bladder,
liver, and spleen. Using MR imaging in conjunction with histological data and trans-
mission electron microscopy (TEM), it was determined that the material was cleared
by the kidneys.

In addition to gadolinium, iron species such as superparamagnetic iron oxide
nanoparticles (SPIONs) have been used to make CNT-based CAs. For example,
Fe3O4 NPs were loaded in situ onto full-length MWCNTs using a solvothermal
method. The resulting material had a T2-weighted relaxivity of 175.5 mM−1s−1

with about 41.3% of the hybrid material consisting of Fe3O4 particles [88]. This
material was loaded into MCF-7 human breast adenocarcinoma cells, and it was
found that greater than 80% of the cells were viable after 24 h. Another report of
a SPION-MWCNT conjugate was reported by Liu et al. using oxidized MWCNTs
and poly(diallydimethylammonium chloride) (PDDA) to link the SPIONs to the
MWCNTs using electrostatic interactions [89]. The material was also targeted to
liver cancer and tracked using T2-weighted MRI in an in vivo mouse orthotopic
tumor model. A second-generation material with the SPIONs sequestered inside
the cavities of the MWCNTs was also made by reducing an iron compound with
hydrazine in a microwave reactor [90]. This polymer-wrapped material was used to
image liver cancer in vivo, as shown in Fig. 5. Other CNT-based MRI CAs have also
been reported for different imaging applications; however, the studies are beyond the
scope of this chapter [91–94].

Nuclear Imaging. Nuclear imaging techniques like PET and SPECT are useful
clinical modalities that provide functional information with great sensitivity [95].
SPECT generates an image by first detecting gamma (γ) rays from a decaying
radionuclide within the patient. The energy from the detected rays is then converted
into electrical signals from each point in the body and processed into an image. The
one or two detectors usually used in SPECT can also rotate around the patient to
generate projections from multiple angles that can be reconstructed into a 3D image.
PET imaging also begins with a decaying radionuclide, but differs from that used in
SPECT in the type of particle and its decay pathway. In PET, positrons (β+) are emit-
ted from the radionuclide, which interact with electrons in the vicinity and undergo
an annihilation event, producing two γ rays emitted 180° with respect to one another
of equal energies (511 keV). A ring of detectors surrounding the patient identifies
coincident rays along a line of response frommany points in the body and uses those
points to create an image. CT is also used in conjunction with PET to provide an
attenuation correction in addition to a structural image to complement the functional
image. Because of the many angles from which PET can detect γ rays, 3D image
reconstruction is also possible. Whereas MRI and CT offer high resolution with poor
sensitivity, nuclear techniques offer high sensitivity, while suffering from poor res-



186 N. G. Zaibaq et al.

Fig. 5 TEM image of superparamagnetic iron oxide (SPIO) NPs loaded inside MWCNTs (left)
and MR image of the material in mice, highlighted by the white arrows (right) with water shown
as a control (top right corner) [90]

olution. Because of the greater number of detectors, PET is superior to SPECT in
resolution (2–3 mm in PET compared to 6–8 mm in SPECT) and sensitivity, only
requiring material concentrations in the nano- to picomolar range, while SPECT
requires micromolar concentrations [96, 97].

SWCNTs were covalently functionalized with chelated metal ions for both radio-
imaging and radiotherapy by McDevitt and coworkers [98] using 89Zr4+ (t1/2 �78 h)
for PET imaging in one construct and 225Ac3+ (t1/2 �10 d) for therapy in another
construct. Both the imaging and therapeutic materials were also targeted with tumor
neovasculature-targeting antibody E4G10 and tested in a mouse xenograft model
of human colon adenocarcinoma (LS174T). The study found that the therapeutic
construct lowered tumor volumes and improved survival compared to controls. The
study also showed that the imaging construct exhibited rapid blood clearance (less
than 1 h) and high tumor uptake relative to the antibody alone. By using SWCNTs,
the authors were able to increase the signal-to-noise ratio without compromising
the reactivity of the targeting antibody. Bianco, Tobias, and coworkers also reported
a method to load and seal metals within SWCNTs and covalently functionalizing
the material with antibodies for either targeted radio-imaging, radiotherapy, or both
[99]. Another example was reported by Liu et al. [100] that used non-covalently
functionalized SWCNTs suspended in a PEGylated phospholipid that was attached
to a chelated 64Cu2+ ion (t1/2 �12.7 h) for in vivo biodistribution with PET. The study
was conducted using U87MG tumor-bearing animals and targeted the material using
an RGD peptide. The group found that the material had a long circulation time, no
uptake in RES organs, and high tumor uptake, which was confirmed ex vivo using
the Raman signature of the SWCNTs.

CNTs have also been used for multimodal imaging, combining the strengths of
multiple modalities to achieve the best image possible. For example, SWCNTs were
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Fig. 6 A. Representative SPECT/CT images of tumor-bearing mice at 24 h postinjection of 67Ga-
SWCNT (left) and 67Ga-SWCNT+CD44 (right), with white arrows showing the tumor site in
the mammary fat pad. B. Quantitative radioactivity measurement of 67Ga-SWCNTs and 67Ga-
SWCNT+CD44 in various tissues performed at 2, 24 and 48 h postinjection [101]

conjugated to SPIONs and 67Ga (t1/2 �3.26 d) for combination MRI and SPECT
imaging [101]. The SWCNTs were first oxidized and shortened (~200 nm in length),
PEGylated, and conjugated to SPIONs, a metal ion chelating agent, and CD44 mon-
oclonal antibodies for breast cancer stem cell targeting. SPECT images of tumor-
bearing mice showed uptake in RES organs, specifically the liver and spleen, which
are shown in Fig. 6. Tumor uptake was enhanced with the use of the antibody com-
pared to controls, and the SPECT data was confirmed using MRI and postmortem
quantification of radioactivity using a gamma counter. The authors concluded that
since the biodistributions at 2, 24, and 48 h postinjectionwere not significantly differ-
ent, the material must be cleared very slowly from the body. An additional report of
multimodal SWCNT-based CAs was performed using the Gd3+-ion-filled US tubes
(GNTs) discussed above [102]. The group co-loaded 64Cu2+ and Gd3+ ions within
US tubes (64Cu@GNT) and acquired MR and PET phantom images. Biodistribution
was also conducted in nontumor-bearing mice using PET and found that the material
localized mainly in the lungs, liver, and somewhat in the kidneys with no transmet-
allation or loss of metal ions in vivo. However, no MRI images were obtained due to
the high CA dose required for MRI (~1 mM) and the relatively low suspendability
of the 64Cu@GNT agent.

3 CNT Agents for Cancer Therapy

Over the past two decades, CNTs have attracted great attention as one of the most
desirable nanocarriers for medical applications due to their high surface area, unique
optical and electrical properties, enhanced cellular uptake and the potential to be
easily paired with many drugs, biomolecules, and NPs for enhanced target specificity
and diminished side effects [103]. In this section, we describe achievements related
to the use of CNT agents for various cancer therapies.
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Fig. 7 The CDDP@US-tube platform for enhanced cancer chemotherapy [112]

Small Molecule Drug Vectors

Platinum agents. Pt-based anti-cancer drugs are commonly used to treat various
types of cancers in the clinic today [104]. They form adducts with DNA which
affects key cellular processes, such as transcription and replication, which triggers
apoptosis [105, 106]. Pt(II) agents such as cisplatin (cis-dichlorodiammineplatinum
(II), CDDP) conjugated to CNTs can reduce drug side effects by protecting CDDP
from external reactive species [107–110]. Guven et al. developed a new US-tube-
based drug delivery platform for the treatment of cancer, which was designed to
be a cancer-specific enzyme-activated drug delivery platform that releases its Pt(II)
drug cargo within cancer cells only [111, 112]. Their dialysis studies in phosphate-
buffered saline (PBS) at 37 °C demonstrated that CDDP released from CDDP@US
tubes can be controlled by wrapping the CDDP@US tubes with pluronic F108 sur-
factant. They evaluated the anti-cancer activity of pluronic-wrapped CDDP@US
tubes against two different breast cancer cell lines, MCF-7 and MDA-MB-231, and
observed that the material-enhanced cytotoxicity over free CDDP after 24 h. They
also demonstrated that the CDDP@US tubes exhibited greater efficacy in suppress-
ing tumor growth than free CDDP in both MCF-7 cell line xenograft and BCM-4272
patient-derived xenograft (PDX) models, as shown in Fig. 7. Platinum analysis of
various tissues via inductively coupled plasmamass spectrometry (ICP-MS) revealed
that the CDDP@US tubes also demonstrated a prolonged circulation time compared
to free CDDP which resulted in significantly more CDDP accumulation in tumors.

An SWCNT–CDDP system called the “longboat” was developed by Dhar et al. in
which CDDP was transported across the cell membrane by a non-covalently amine-
functionalized SWCNT platform (SWCNTs–phospholipid–PEG–NH2) [113]. To
prepare the longboat, a platinum complex prodrug covalently linked FA and CDDP
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to the polymer-wrapped SWCNTs, which activated and released CDDP after intra-
cellular reduction. The study found that there is an eightfold increase in activity using
the SWCNTs as vectors compared to cisplatin alone.

Magnetic MWCNTs with magnetite (Fe3O4) NPs on the inner surface of CNTs
was used as a carrier for anti-cancer drugs. Yang et al. developed this system and
showed that chemotherapeutic agents, such as 5-fluorouracil and cisplatin, were
incorporated into the pores of the MWCNTs [114]. The MWCNTs were non-
covalently functionalized by phospholipids with a PEG moiety and an FA terminal
group for enhancing drug delivery. These magnetic MWCNTs were then used for
lymphatic tumor targeting. The authors performed an in vivo study involving the lym-
phatic distribution of the magnetic MWCNTs [115]. The MWCNTs functionalized
with poly(acrylic acid)were subcutaneously administered tomice. The concentration
of the administered magnetic MWCNTs and the degree of black staining of lymph
nodes were found to be dose dependent. No local or systemic toxicity was observed
in the study.

There are a variety of clinical Pt anti-cancer agents such as carboplatin (cis-
diammine (1,1-cyclobutanedicarboxylato) platinum (II), CP) which has been con-
jugated to CNTs [103]. Hampel et al. encapsulated CP into MWCNTs using a wet
chemical approach based on capillary forces after opening the CNTs [116]. Electron
energy loss spectroscopy (EELS) and X-ray photoelectron spectroscopy (XPS) were
used to confirm CP incorporation into the CNTs. In vitro analysis showed that the
CP–MWCNTs stunted the growth of urinary bladder cancer cells, whereas unfilled
MWCNTs had negligible effects on cancer cell growth.

Topoisomerase inhibitors. Another popular method of treating cancer targets
topoisomerases, which are enzymes within the cell nucleus that participate in DNA
replication. Here, topoisomerase inhibitors block the ligation step of the cell cycle,
generating single- and double-stranded breaks in the DNA,which subsequently leads
to apoptosis. There are two types of inhibitors, depending on the number of strands cut
in one round of action [117]. In the clinic, topoisomerase I inhibitors include irinote-
can, topotecan, and camptothecin (CPT) and topoisomerase II inhibitors include
etoposide and teniposide. Some anti-cancer drugs such as the anthracyclines which
include doxorubicin (DOX), epirubicin (EPI), and daunorubicin (DAU) can also
inhibit topoisomerase II. Tian et al. synthesized a topoisomerase I inhibitor by loading
CPT into MWCNTs and wrapping the material with a tri-block copolymer (Pluronic
P123) through π–π stacking interactions [118]. Although in vitro cytotoxicity stud-
ies using Hela cells showed that this material had greater anti-tumor properties when
compared to free CPT, no in vivo data were collected to confirm these results [119].

The chemotherapeutic drug, DOX, has received attention recently due to its rel-
atively easy conjugation to CNTs. The loading and release of DOX from CNTs can
be controlled by pH, CNT coatings, and temperature [120–128]. One study investi-
gated a drug delivery system using PEG-functionalized SWCNTs attached to DOX
[129]. PEGylated SWCNTs showed a particularly high loading capacity of DOX
(~400%). It is notable that the CNT diameter-dependent binding and release of the
drug from SWCNTs, as well as the conjugate’s stability in physiological and acidic
media, showed the potential for multiple avenues by which drugs can be delivered.
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However, only cytotoxicity using U87MG and MCF-7 cell lines was studied. To
enhance the therapeutic efficacy and the targeting properties of DOX, the drug can
be conjugated with FA, estradiol, dexamethasone, or antibodies [129–134]. Zhang
et al. investigated a material for targeted delivery using an SWCNT–DOX conjugate
[135]. Polysaccharides were wrapped around the SWCNTs and remained bound at
physiological pH. However, at lower pH, which is the situation often found in local
tumor environments, the polysaccharides unraveled, which efficiently releasedDOX.

Because of the high surface area and hydrogen bonding interactions, carboxy-
lated MWCNTs (c-MWCNTs) show higher adsorption efficiency and stability com-
paring to functionalized MWCNTs and SWCNTs. Chen and coworkers investigated
the loading of anti-cancer agent, epirubicin hydrochloride (EPI) onto c-MWCNTs
[136]. The adsorption capacity of EPI onto c-MWCNTs increased at higher pH.
However, in vitro and in vivo studies of the EPI-loaded c-MWCNT materials were
not conducted.

Anti-microtubules. Because they play an essential role in cell division, micro-
tubules have become an attractive target for small molecule drugs to slow the growth
and replication of cancer cells [137]. Among many anti-microtubule agents, pacli-
taxel (PTX) anddocetaxel (DTX)have been studied extensively [138–144].However,
the poor solubility of PTX is a challenge which needs further attention. Although
using Cremophor EL improves water solubility of PTX, it is not inert and increases
toxicity of the formulation. One group developed a hyperbranched poly(citric acid)
(PCA)-functionalized MWCNTs system with high hydrophilicity and conjugated it
to PTX [145]. Their cytotoxicity studies, using A549 and SKOV3 cell lines, showed
that PTX conjugated to the PCA-functionalized MWCNTs demonstrated greater
cytotoxicity than the free drug over a shorter period of time. CNT materials are also
good candidate for prolonging the circulation time of anti-cancer agents in the blood.
For example, Liu et al. demonstrated that chemically functionalized SWCNT conju-
gated with PTX via branched PEG chains is a new approach for tumor accumulation
of the drug with low systemic toxicity [146]. In in vivo experiments, PTX uptake
into the tumor as a PTX–SWCNT conjugate was tenfold greater than PTX alone in
a murine 4T1 breast cancer model, and the blood circulation time of PTX–SWCNT
was longer than that of the free drug. Overall, this study showed that PTX–SWCNT
constructs are highly efficient at suppressing tumor growth.

SWCNTs have also been used not only to deliver PTXbut also used in conjunction
to sensitize cells to chemotherapy, shown by a study that reported a synergistic effect
of a CNT–PTX system on A549 and NCI-H460 lung cancer cell lines [147]. They
discovered that SWCNTs and graphene oxide produce reactive oxygen species (ROS)
in cells, which made the cells more susceptible to apoptosis by PTX. A similar study
investigated the synergism between SWCNTs and PTXon ovarian cancer cells [148].
They concluded that PTX-conjugated SWCNTs sensitized human ovarian cancer
OVCAR3 cells which resulted in greater cytotoxicity. These results indicate that co-
treatment of SWCNTs and chemotherapeutic drugs might be a promising approach
for improving cancer treatment.

DTX, which has less side effects than PTX, was also used for breast and lung
cancer treatment with Asn–Gly–Arg (NGR)-linked SWCNTs. Wang et al. described
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how DTX–NGR–SWCNTs caused a greater suppression of tumor growth than free
DTX in a murine S180 mouse cancer model [144]. The authors also irradiated the
material using a NIR laser for combination drug delivery and photothermal therapy.
The tumor size in this experiment decreased significantly under NIR irradiation
compared to controls. This study demonstrated that the DTX–NGR–SWCNT drug
delivery system is an effective anti-cancer therapy with more drug in the tumor, and
hence less toxicity for off-target organs.

Gene Therapy

Gene therapy aims to introduce genetic material into cells to counteract abnormal
genes or to generate beneficial proteins. The therapy has been used for a number
of medical applications using a wide range of nucleic acid and peptide-based mate-
rials such as plasmid DNA (p-DNA), small interfering RNA (siRNA), antisense
oligodeoxynucleotides (ODNs), aptamers, and proteins [149–161]. A number of
gene therapy strategies are being evaluated in cancer patients using viral and non-
viral vectors. In gene therapy, gene delivery to target cells across cellular barriers is
challenging because of the hydrophilicity of DNA, the largemolecular size of nucleic
acids, and risk of destruction by nucleases before reaching the target. Despite being
less efficient than viral delivery, the advantage of using nonviral vectors, including
CNTs, is that they are safe and can deliver genes without size limitation [162, 163].

Plasmid DNA (p-DNA). A plasmid is a small piece of double-stranded DNA
that can replicate independently of chromosomal DNA. Their application in genetic
engineering as vector DNA make them good candidates as genes carriers [119].
Various functionalized CNTs have been designed and synthesized to deliver p-DNA
using amine groups, polyethylenimine (PEI), polyamidoamine hybrids, cationic gly-
copolymers, and ethylenediamine. Pantarotto and coworkers developed ammonium-
functionalized SWCNTs to deliver p-DNA that was internalized into mammalian
cells with low cytotoxicity [164]. The gene expression level demonstrated by func-
tionalized SWCNT containing p-DNA was tenfold greater than for DNA alone.
Another study optimized amine-functionalized SWCNTs and MWCNTs, as well
as lysine-functionalized SWCNTs as gene delivery vehicles for p-DNA [165]. The
results showed that CNT surface area and charge density determined the electrostatic
interaction between functionalizedCNTs andDNA.Experiments using amammalian
cell line showed that all three CNT derivatives upregulated gene expression markers
much better than DNA alone.

Similar amine-functionalized MWCNTs were used to also deliver small interfer-
ing RNA (siRNA) that showed good tumor suppression as well as good survival of
tumor-bearing animals [166]. Also, polymers have been used to non-covalently bind
SWCNTs and p-DNA. For example, it was reported that PEI-functionalized CNTs
showed good stability and dispersion in aqueous media [167]. A p-DNA condensing
test showed that CNTs were sufficiently potent as gene delivery agents with up to
19-fold better transfection than that of polymer alone as shown by in vivo studies.
Another group employed ethylenediamine-functionalized SWCNTs, using the onco-
gene suppressor p53 for breast cancer treatment [168]. Their study showed that about
40% ofMCF-7 cancer cells were dead after 72 h of treatment with the SWCNTs-p53
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conjugate, which was fourfold better than cell death in the p53 and SWCNTs con-
trol groups. They also found significantly increased caspase-3 activity, indicating
apoptosis, following treatment with the functionalized SWCNTs–p53 material. In
addition to DNA, CNTs can also be used to deliver RNA in the same fashion. For
instance, one group conjugated functionalized SWCNTs with telomerase reverse
transcriptase siRNA to suppress tumor growth [169]. In vitro studies using murine
tumor cells demonstrated reduced expression of telomerase reverse transcriptase and
more importantly, tumor size reduction was observed after in vivo experiments in
mice.

Antisense oligonucleotides. Antisense oligonucleotides (ODNs) are synthetic
polymers in which the monomers are chemically modified nucleotides like those
in DNA or RNA. Antisense therapy is known as an important technique for treat-
ing tumors or genetic disorders using antisense oligodeoxynucleotides (ASODNs),
which inhibits gene expression at the protein level [170]. Pan et al. applied polyami-
doamine dendrimer-modified MWCNTs as a platform for ASODNs to improve the
delivery efficiency of genes [170]. These materials exhibited significant transfec-
tion efficiency and inhibition of MCF-7 and MDA-MB-435 breast cancer cells and
HepG2 liver cancer cells.

Aptamers. Aptamers are RNA- or DNA-based oligonucleotides that can fold
into a 3D conformation to bind to specific molecular targets. Aptamers can inhibit
intracellular pathways by disrupting protein–protein interactions and are potential
candidates for various therapies [160]. Van den Bossche et al. attached aptamers
onto carboxylated CNTs as a vector to efficiently facilitate intracellular delivery
into the cytosol of different cell types [160]. Another study examined the activity of
RNA aptamers against the epithelial cell adhesion molecule (EpCAM) (EpDT3) and
attached the aptamers to piperazine–PEI-conjugated SWCNTs [171]. The siRNA
and DNA transfection efficiency of the SWCNTs–PEI–piperazine conjugate was
investigated against the upregulation of BCL9 l, which is involved with colorectal
and breast cancers. For EpCAM cells, the conjugate specifically induced apoptosis
by more than 20% in EpCAM-positive cells. These results demonstrated the targeted
silencing activity of the aptamer-containing SWCNT conjugates.

Protein carriers. CNTs have been studied as a protein delivery system for cancer
therapy and as a tool for immunotherapy throughantibodydelivery and theproduction
of artificial antigen-presenting cells (APCs). These therapeutic modalities induce,
enhance, or suppress the immune response [172–179]. Although some proteins, such
as streptavidin, show anti-cancer properties, their large molecular weight inhibits
cellular uptake. One study reported streptavidin conjugated to an SWCNT–biotin
transporter to internalize streptavidin into HL60 promyelocytic leukemia cells and
human Jurkat T-cells by endocytosis [180]. CNTs also served as transporters for
selective destruction of tumor cells, attacking themwith the toxic protein recombined
ricin A (RTA) [181]. The conjugate of MWCNTs and RTA was transfected into the
cytoplasm of various cell lines, which led to cell death. Cell death rates for L-929,
HeLa, HL7702, MCF-7, and COS-7 cells caused by the RTA–MWCNT conjugates
were threefold higher than those achieved without the MWCNT vector. Moreover,
selective destruction of certain breast cancer cells was obtained by coupling the
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MWCNT–RTA construct to human epidermal growth factor receptor 2 (HER2) for
targeting.

Immunotherapy is another potential approach for cancer therapy and CNT-based
anti-tumor immunotherapy has been evaluated. What makes immunotherapy partic-
ularly difficult is the fact that cancer cells can secrete immunosuppressive proteins
such as prostaglandins E and interleukin (IL)-10 in order to evade the host immune
system [182–184]. To counter this, Meng and coworkers used oxidized MWCNTs
(0.5-1μm in length, 20–30 nm in diameter) to enhance immune system activity in an
H22 hepatocellular carcinoma in vivo model [185]. MWCNTs were injected subcu-
taneously in the vicinity of the tumor and were phagocytized by macrophages. The
authors report that since the MWCNTs act as a foreign pathogen to the mouse, the
immune system was activated and attacked the tumor, even though no CNTs were
seen in the cancer tissue after histological analysis. The same group also reported
that tumor lysate proteins that were covalently conjugated to the oxidized MWCNTs
enhanced the efficacy of immunotherapy of tumor cell vaccines [186]. Another exam-
ple of CNT-based immunotherapy was reported by Fadel et al. where they produced
a CNT–polymer composite loaded with magnetite particles and the T-cell growth
factor IL-2 [187]. The material acted like an antigen-presenting cell and magnetic
cell separation indicated an increase in the number of T-cells in circulation to be
1000-fold greater than for IL-2 alone as a result of the large surface area that the
CNTs offered. The material was shown to stunt tumor growth in a murine melanoma
model 2 weeks after tumor injection.

Remotely Stimulated Therapy

In addition to serving as carriers of molecular anti-cancer agents, the inherent proper-
ties of CNTs can also be leveraged for different therapeutic strategies. Photothermal
therapy (PTT) and photodynamic therapy (PDT) are two methods that use the prop-
erties of CNTs to generate singlet oxygen through photochemistry or to generate
significant amounts of heat upon excitation with NIR radiation, as shown schemat-
ically in Fig. 8. These two therapeutic techniques can be used against cancer with
minimal side effects relative to current standards of care [188]. However, it has been
difficult to identify materials that show both efficacy and safety, but some examples
are discussed here.

Thermal and Photothermal Therapy. CNTs effectively absorb NIR radiation
to generate heat, which can be transmitted to the body from an external light source
[189], and because of this property, CNTs have been explored for the thermal abla-
tion of cancer cells [190–192]. According to the antenna theory, surface defects
can enhance this CNT–NIR interaction and various approaches have been used to
achieve CNT sidewall defects for this purpose [193]. Gannon et al. discovered that
SWCNTs also generate heat in an RF field [194]. They prepared water-suspendable
SWCNTs using Kentera (a polyphenylene ethynylene-based polymer) and injected
the material directly into hepatic Vx2 tumors in rabbits, followed by an immediate
noninvasive RF treatment. After 48 h, tumors treated with the material were com-
pletely necrotic, whereas control groups injectedwithKentera alonewere completely
viable after treatment with the RF field, as were SWCNT-treated tumors without RF
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treatment. These results suggested that SWCNTs might permit noninvasive RF abla-
tion of malignant cells. Later, Corr and coworkers studied separated metallic and
semiconducting SWCNTs under RF radiation to show that both produced heat with
the formation of assembled columns of aggregated SWCNTs, in agreement with the
antenna theory for SWCNTs [195].

Another study used a photo-ablative approach using MWCNTs and NIR light for
kidney cancer treatment [193]. The authors found that a successful NIR coupling
effect occurs at MWCNT lengths exceeding half of the wavelength of the radiation,
again demonstrating the antenna theory. This radiation heated theMWCNTs through
induction and the material was able to continuously destroy cancer cells, even at low
radiation doses. Their work showed that lengths between 700 and 1100 nm were the
most effective for tumor ablation. Zhou and colleagues utilized SWCNTs of a uni-
form diameter (~0.81 nm) targeted with FA and a narrow absorption peak at 980 nm
for selective PTT to ablate EMT6 breast cancer cells [196]. After conducting in vitro
and in vivo experiments, it was shown that the material markedly improved the
photothermal ablation of cancer cells while noticeably reducing the thermal effects
to normal cells. The same group also reported a therapeutic model involving tar-
geting mitochondria using PEGylated SWCNTs [197]. This photothermal method
induced mitochondrial depolarization, cytochrome c release, and caspase-3 activa-
tion. The combination of radiation and SWCNTs showed notable efficacy for slowing
breast cancer growth with tumor regression. Furthermore, the group developed an
immunologically modified SWCNT system using an immunoadjuvant, glycated chi-
tosan (GC), and SWCNTs [198]. Using GC–SWCNTs and the same laser system,
they investigated the thermal and immunological effects on tumors both in vitro and
in vivo. The combination of GC-SWCNTs and NIR irradiation exhibited signifi-
cant growth suppression in animal models and led to complete tumor regression and
long-term survival in many cases.

Wang et al. attached disialoganglioside (GD2) monoclonal antibody (anti-GD2)
to oxidized MWCNTs to target neuroblastoma stNB-V1 cells [199]. To track the
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anti-GD2-bound MWCNTs, rhodamine B was attached to the carboxylated CNTs
functionalized with and without anti-GD2. After incubation of antiGD2-conjugated
MWCNTs with neuroblastoma cells, MWCNT-laden cells were irradiated with an
808-nm NIR laser, in a two-step irradiation process. The stNB-V1 cells became
necrotic after the second laser treatment, while all non-GD2-expressing PC-12 cells
remained viable. Based on these findings, MWCNTs bound to anti-GD2 showed
promise as a PTT agent. Another study also used MWCNTs for NIR thermal abla-
tion of kidney cancer, both in vitro and in vivo [200]. They measured the thermal
effects using heat-shock protein-reactive immunohistochemistry and magnetic res-
onance temperature mapping. In these studies, the researchers found that MWCNTs
ablated tumors at low laser power (3 W/cm2) and a short treatment time (30 s), with
minimal local damage to the surroundings. These treatment parameters resulted in
cancer remission of 3.5 months in 80% of mice with 100μgMWCNT dose per treat-
ment. Another example was reported using NIR irradiation to destroy Ehrlich ascites
carcinoma (EAC) cells and found that 95% of the EAC cells treated with MWCNTs
were dead after 1.5 min of NIR treatment that generated an ablation temperature
of~50 °C [201].

Additional studies have shown that DNA encasement enhanced MWCNT heat
emission byNIR irradiation and that DNA-encasedMWCNTs can be used to destroy
tumors in vivo [202]. At increasing temperatures, the performance of the material
was threefold greater than that of non-wrappedMWCNTs. Treatment of PC-3 human
prostate tumors using an intratumoral injection of MWCNTs followed by NIR treat-
ment (1064 nm, 2.5 W/cm2) completely ablated tumors in all mice. In addition,
normal tissue did not sustain long-term damage following treatment. Moon et al.
studied the SWCNT-induced PPT of solid tumors in vivo, as shown in Fig. 9 [190].
The tumors were completely destroyed in mice in the PTT treatment group, and no
harmful side effects or tumor recurrence were observed over 6 months. However,
tumors in only SWCNTs or only radiation control groups continued to grow until
the animals eventually died. Another PPT study using SWCNTs in a squamous cell
carcinoma in vivo model also used Raman to image the tissues and found that the
SWCNT material remained in the tumor microenvironment for 3-month postinjec-
tion [191].

Photodynamic therapy. For PDT to occur, a light source, a photosensitizer, and
molecular oxygen are required. First, the photosensitizer is taken up into a cell and
activated by light at a specific wavelength. The excited photosensitizer then transmits
energy to an oxygen molecule. The energy absorbed by the oxygen in the triplet
ground state (3O2) excites it to the excited singlet state (1O2) which is cytotoxic at
high concentrations [203]. CNTs show considerable potential as photosensitizers, as
shown by a PDT agent that was developed using SWCNTs and spermine-conjugated
zincmonocarboxyphenoxyphthalocyanine (ZnMCPPc) inMCF-7 breast cancer cells
[204]. The ZnMCPPc–spermine–SWCNT conjugate increased the singlet oxygen
quantumyields by50%compared toZnMCPPcalone.After incubationofZnMCPPc,
ZnMCPPc–spermine, and ZnMCPPc–spermine–SWCNTs with MCF-7 cancer cells
for 24 h in the dark, all materials were found to be nontoxic. The PDT effect with
ZnMCPPc showed only a 64% decrease in cell viability, but the PDT effect with
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Fig. 9 a Schematic of the PTT procedure using PEG-SWCNTs in mice. b Photograph of the
tumor-bearing mouse. c. Photograph of the tumor-bearing mouse after intratumoral injection of the
material. d Photograph of NIR irradiation of the tumor region [190]

the ZnMCPPc–spermine and ZnMCPPc–spermine–SWCNT conjugates at the same
concentrations resulted in a 97% decrease and a 95% decrease in cell viability,
respectively.

Wang and associates produced two SWCNT derivatives, one covalently function-
alized using polymerized PEI in the presence of amine-derivatized SWCNTs and
a non-covalently functionalized SWCNT material wrapped in polyvinylpyrrolidone
(PVPk30) for visible light-induced PDT both in vitro and in vivo [205]. The group
found that both materials were taken up by mouse melanoma B16-F10 cells and
that the materials could translocate to the nucleus. They also tested the DNA damage
done by ROS generated by the conjugates, and it was demonstrated that the materials
did not induce DNA damage without the use of visible light. In vivo studies demon-
strated that PDT using the materials had a significant effect on shrinking tumor size,
with the covalently functionalized SWCNT material showing the greatest effect.

Zhu et al. developed DNA aptamers attached to the heterocyclic molecule chlorin
6 (Ce6) and wrapped their aptamers in SWCNTs to control the generation of singlet
oxygen [206]. In the absence of an aptamer target (e.g., thrombin), singlet oxygen
generation (SOG) was stopped because the photosensitizing activity of Ce6 was
quenched by the surrounding SWCNTs. When the aptamers were bound to a target,
the SWCNTs no longer could quench the Ce6, and SOG occurred. Based on these
experiments, addition of 2.0 μM thrombin generated a 13-fold increase of SOG.
There have been other reports of using SWCNTs as vectors for photosensitizers that
show promise for cancer PDT [207, 208]. There have also been reports of CNT-based
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therapies using a combination of PTT and PDT, which have shown greater efficacy
than for either of the two modalities alone [209–211].

4 CNT Agents for Theranostic Medicine

Theranostic nanomedicine is emerging as a promising therapeutic paradigm. It takes
advantage of the high capacity of nanoplatforms to carry cargo for both diagnostic
and therapeutic functions, shown in Fig. 10. The resulting nanosystems, capable of
diagnosis, drug delivery, and monitoring of therapeutic response are expected to play
an ever-growing role in the dawning era of personalized medicine, and considerable
research effort has been devoted toward this goal [212]. There are many reasons
for using CNTs for theranostic applications. They show interesting inherent optical
properties, making them useful CAs for optical imaging and sensing. In addition, the
excellent electrical properties of CNTs allow them to be extensively used in a wide
range of biosensing platforms, and most importantly, they have ultra-high surface
areas available for efficient drug loading and bioconjugation [213].

Magnetic MWCNTs were projected to act as both a structure for targeted cancer
treatment and as a CA for MRI [214]. To functionalize the MWCNTs, iron NPs
were loaded into the CNTs, and functionalized gadolinium was added to the side-
walls of the MWCNTs. The heating functionality of the Gd-doped magnetic CNTs
was confirmed using a specific magnetic field. Their results indicated that func-
tionalized CNTs have potential as both MRI CAs for cancer diagnosis and cancer
therapy by magnetic hyperthermia. Another report described a CNT-based magnetic
dual-targeted nanocarrier for drug delivery [215]. Under the guidance of a magnetic
field and ligand–receptor interactions, dual-targeted delivery of DOX into cancer
cells was successfully performed. DOX was loaded into MWCNTs and released
into the cytoplasm with high efficiency to show enhanced cytotoxicity against U87
human glioblastoma cells. These results demonstrated the potential of using mag-
netic nanocarriers for targeted delivery of DOX against cancer. Wu et al. synthesized
MWCNTs/cobalt ferrite (CoFe2O4) magnetic hybrids using a solvothermal method.
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The DOX-loaded magnetic hybrids showed notable cytotoxicity for HeLa cancer
cells following the intracellular release of DOX. The magnetic hybrids also showed
a high T2 relaxivity of 153 mM−1 s−1 and significant negative contrast enhancement.

Another study used QDs to track intracellular delivery of antisense DNA using
MWCNTs [216]. The CNTs were oxidized and then conjugated to various cationic
polymers using carboxylate groups on the MWCNTs. When the MWCNTs wrapped
with the different polymers were tested for cytotoxicity, it was shown that PEI
exhibited the greatest cell viability compared to controls, and therefore it was used
for subsequent experiments. The authors then attached CdTe QDs to an antisense
oligodeoxynucleotide, which was then conjugated to the PEI–MWCNTs. Using the
QDs to track the material, the study demonstrated that the nanoconstruct was effec-
tive at transporting the antisense oligonucleotide into the nucleus of HeLa cancer
cells to produce significant anti-cancer activity over controls. Another example of
fluorescence guidance used magnetic CNTs that were conjugated with silica-coated
QDs and molecular targeting moieties to produce an image-guided drug delivery
vector that was also tested using HeLa cells [217].

Al Faraj and colleagues produced a theranostic agent, using iron chloride salts and
ammonium hydroxide to grow ferrous NPs on oxidized SWCNTs (200–300 nm in
length) [218, 219].With 40% byweight of the material consisting of the ferrous NPs,
the material was used for MR contrast as well as magnetic targeting to breast cancer
tumors in mice. The agent also consisted of mouse Endoglin/CD105 monoclonal
antibody and DOX. An external magnet was placed over the tumor site, and tumor
growth and progression were monitored using MRI. The authors found that DOX
delivery was enhanced with the targeted SWCNT vector, as indicated by shrinking
tumor size.

To increase water dispersibility and anti-tumor activity, 10-hydroxycamptothecin
(HCPT), which is similar to CPT, was utilized to develop an MWCNT-based drug
delivery platform [220]. The newconjugate showed superior anti-tumor activity com-
pared to clinical HCPT formulations in both in vitro and in vivo experiments. In vivo
SPECT and ex vivo gamma-scintillation counting analyses using 99mTc (t1/2 �6 h)
showed that the conjugates had a long circulation time (~3.6 h) in the blood and a
high accumulation level in a tumor (~3.6% injected dose per gram of tissue). Finally,
Xiao and coworkers prepared a HER2 IgY-SWCNT conjugate and examined the
detection and selective destruction of cancer cells using the conjugate in an in vitro
experiment [221]. Raman signals from the SWCNTs were detected using 785-nm
laser excitation, and NIR irradiation was performed at 808 nm with 5 W/cm2 for
2 min. Raman signals showed the selectivity of the conjugate-treated SK-BR-3 cells
(HER2-positive), and NIR irradiation showed selective ablation of the conjugate-
targeted breast cancer cells without damaging untargeted cells. Therefore, a com-
bination of the intrinsic imaging and photothermal properties of SWCNTs and the
targeting capabilities of the IgY antibody offered another method for simultaneous
cancer detection and therapy.

From the examples discussed above, it is clear that CNT-based theranostic
medicine will likely continue to grow in importance in the developing field of diag-
nostic and therapeutic nano-oncology. It should be an exciting future to behold.
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5 Future Challenges for Clinical Applications

Assuming that the future direction of CNT-based agents for cancer detection and
therapy continues to move toward multifunctional theranostic agents, there is still
much work to be done to achieve their full potential. Some of the currently accepted
criteria for such agents are that they (1) are safe (nontoxic), (2) have sufficiently high
performance for the needed function, and (3) are stable long enough until biodegra-
dation or eventual clearance from the body. In fact, recent studies have focused on
peroxidase-induced biodegradation of CNTs, and other natural enzymatic processes
[222–224]. Finally, and most importantly, the agents must be produced using good
manufacturing practices as required by appropriate regulatory agencies. From this,
it follows that SWCNTs are superior to MWCNTs for translational medicine simply
because MWCNTs are a much less uniform material.

While several SWCNT-based materials have already satisfied most of the above
criteria, two major problems remain: (1) more work is needed to create a more
uniform NP distribution in both length and degree of functionalization, and (2) more
preclinical data are needed to establish total excretion or safe degradation in the
body of the agents over time. Although these challenges are formidable, they seem
worthy of pursuit due to the promise already demonstrated by the CNT-based agents
described in this chapter.
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Micellar-Based Nanoparticles for Cancer
Therapy and Bioimaging
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Abstract Micelles are versatile nanosized systems composed by amphiphilic
molecules. Their small size and capacity to encapsulate both hydrophilic and
hydrophobic compounds, as well as their easier functionalization, are some of the
characteristics responsible for their multifunctionality, and their potential use in dif-
ferent clinical settings. In fact, micelles have important applications in cancer ther-
apy because of their capacity to deliver hydrophobic anticancer drugs to tumor sites.
In recent years, applications beyond the delivery of hydrophobic drugs have been
explored. In this chapter, wewill discuss themain features ofmicelles thatmake them
good candidates in the development of systems for cancer therapy and bioimaging.
The state-of-the-art and recent advances in academic research and in clinical appli-
cations will be discussed
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1 Amphiphilic Compounds and Micelles: Characteristics
that Make Them Suitable for Clinical Applications

Amphiphilic compounds are heterogeneous composites of both hydrophilic and
hydrophobic units, that could be of lipidic (phospholipids) or polymeric (amphiphilic
polymers) nature. Changing characteristics like unit composition, chain length, and
conformation, it is possible to modulate polymer properties and consequently, their
suitability for a given pharmaceutical application [1, 2]. Amphiphilic compounds
havebeenwidely used as excipients such as emulsifiers,wetting, thickening and stabi-
lizing agents of suspensions, colloidal dispersions, and gel-forming agents. In the last
decades, however, they had risen an increased interest as new drug delivery systems
(DDS) sustainedby theprogresses seen in pharmaceutical sciences andnanomedicine
[2, 3]. Phospholipids are successfully used in the clinical practice asmain components
of liposomes, emulsions, and some lipidic/surfactant micelles [4], while amphiphilic
polymers have been highlighted, with some products already on the market, due to
their ability to form nanoscopic structures of different morphologies, e.g., polymer-
somes, nanocapsules, nanospheres, and nanogels, even though polymeric micelles
(PM) are the most commonly used and investigated (Fig. 1) [3, 5, 6].

Micelles are spherical nanosized colloidal dispersions having a hydrophobic core
coated by a hydrophilic shell arising from the self-assembly of amphiphilicmolecules
above the criticalmicelle concentration (CMC) and criticalmicellization temperature
(CMT) (Fig. 2) [7, 8]. This process is driven by an increase in entropy of the solvent
molecules in contact with the hydrophobic units of the phospholipid/polymer and a
consequent decrease of free energy (�°Gm) of the system as the hydrophobic compo-
nents are withdrawn from the aqueous media originating the micelle core [9].�°Gm
is given by Eq. 1 where R is the gas constant and T is the temperature of the system.

Fig. 1 Examples of nanosized systems obtained using amphiphilic compounds
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Fig. 2 Schematic representation of a micelle and its formation through self-assembling of polymer
monomers above CMC and CMT

�◦Gm � RT lnCMC (1)

Different parameters have an influence on the self-assembly, namely chemical
composition, molecular weight and architecture (linear versus branched, double
bounds, etc.), concentration, temperature, solvent–polymer interactions, or salt con-
centration. By increasing the temperature of the system, the solvency of hydrophilic
unit as well as the CMC value will decrease, promoting the micelle formation. In the
same way, this phenomenon is favored when the attractive hydrophobic interactions
increase as result of a gain in molecular weight of the hydrophobic domain [10–12].

Micelles have been developed to modify several major intrinsic characteristics of
drugs, including drug aqueous solubility, release pattern, pharmacokinetics, biodis-
tribution, and in vivo stability [7, 13]. They allow the formulation and administration
of highly hydrophobic drugs, otherwise often withdraw from drug development at
an early stage [14], as well as the elimination of excipients such as Cremophor EL®

which causes severe side effects [15]. Despite being mainly proposed to formu-
late hydrophobic drugs, micelles, especially PM, permit the encapsulation of drugs
with different polarities. Hydrophobic drugs are incorporated into the micelle core
being the solubilization capacity of drugs proportional to its hydrophobicity. Further,
water-soluble drugs are adsorbed on the micelle shell and/or its surface. Drugs with
intermediate polarity are distributed along the amphiphilic molecules [16, 17].

PM have higher core hydrophobicity and viscosity then surfactant micelles, con-
ferring them higher thermodynamic and kinetic stability, thus presenting slower and
delayed disintegration and drug release in circulation, even upon dilution belowCMC
value [2]. Due to their small size, generally lower than 200 nm, and hydrophilic
surface, micelles are poorly recognized by the reticuloendothelial system (RES),
presenting high blood circulation half-time and enhanced permeability and reten-
tion (EPR) effect in neovascularized tumors [18–20]. Additionally, they present high
encapsulation efficiency which together with the possibility of being sterilized by
filtration make these systems an interesting alternative for drug (with highlight to
anticancer agents) [7, 16, 21], genetic material [22], and diagnostic agents [23] deliv-
ery.
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Among the different amphiphilic polymers available, the most extensively inves-
tigated to produce DDS are composed by polyethylene glycol (PEG) or poly(N-
vinylpyrrolidone) (PVP) as hydrophilic block and a variety of hydrophobic blocks,
namely: (i) polypropylene oxide (PPO); (ii) poly(ester)s like poly(D,L-lactide-co-
glycolide) (PLGA), poly(D,L-lactide) (PLA), or poly(ε-caprolactone) (PCL); (iii)
poly(amino acid)s such as poly(L-lysine) poly(L-aspartic acid) or poly(L-glutamic
acid); and (iv) lipids [7, 8, 24]. Particular interest has been given to PEG-PPO block
copolymers (poloxamers and poloxamines) due to their recognized capacity to inter-
fere with the activity of P-glycoprotein and multidrug resistance-associated proteins
(MRP), which increases the therapeutic index of anticancer agents in multidrug-
resistant cancer. Not to mention their capacity to increase the transfection efficiency
of genetic material [25–30].

The main characteristics of the majority of amphiphilic compounds that make
them suitable for clinical application are water solubility, biodegradability, bio-
compatibility, low immunogenicity, surface hydrophilicity, stimuli-responsiveness,
among others [2, 3].

Apart from the encapsulation and protection of drugs, the hydrophobic core
of micelles provides appropriate mechanical properties for the desired application
whereas the hydrophilic shell conceals the particle from the biological environment
enhancing its stability [31, 32]. The presence of a hydrophilic layer on the surface of
particles provides them with stealth properties by reducing or delaying opsonization
via steric repulsion forces and macrophage recognition. This increases the plasma
circulation time of particles and the half-life of drugs [33, 34]. PEG and poloxam-
ers are commonly used as hydrophilic polymers to decorate the surface of many
nanoDDS creating the so-called stealth systems [35]. Moreover, the resultant func-
tionalization potential by either chemical modification or bioconjugation could be
used to bind specific targeting moieties to particles surface, allowing a better con-
trol of their biodistribution and increasing the therapeutic index of drugs [36]. A
variety of ligands such as peptides, antibodies, folate, transferrin, or polysaccharides
can be used accordingly to the required application. As an example, transferrin and
arginine-glycine-aspartic acid (RGD) peptide and transferrin improved the cytotoxi-
city of paclitaxel-loaded micelles against transferrin and αvβ3 integrin overexpressed
human cells, respectively [37, 38].

Stimuli-responsiveness grabs high attention among all the characteristics pre-
sented by some amphiphilic polymers for the development of advanced controlled
DDS [39, 40]. Stimuli-responsive polymers are a class of “smart” polymers that
undergo chemical or physical modifications in response to specific stimulus like
temperature, pH, redox potential, enzymatic, magnetic field, and light [40–42].
Acrylate/methacrylate derivatives are commonly used in the production of pH-
responsive polymers, while poloxamers and poly(N-alkylacrylamide) derivatives
produce thermo-responsive systems [40, 43, 44]. Multi-stimuli-responsive polymers
with possible applications in the biomedical field have been also developed [45]. For
example, poly(2-(dimethylamino)ethyl methacrylate-co-6-O-methacryloyl-1,2,3,4-
di-O-isopropylidene-D-galactopyranose)-b-poly(4-(4-methoxyphenylazo)phenoxy
methacrylate) [P(DMAEMA-co-MAIpGP)-b-PMAZO] is an amphiphilic gly-



Micellar-Based Nanoparticles for Cancer Therapy and Bioimaging 215

copolymer presenting triple-stimuli-responsive properties designed for delivery
of biomolecules in the form of micelles [45]. The poly(2-(dimethylamino) ethyl
methacrylate) segments garnish the polymer with thermo- and pH-responsiveness
while the azobenzene moiety is the responsible for light-responsiveness. In the
oncology field, temperature and pH are the main stimuli explored due to the
physiologic differences observed between tumoral and healthy tissues.

2 Micelle-Based Anticancer Drug Delivery Systems

Cancer is becoming the principal cause of death in the Western world and, unfor-
tunately, recent estimates point toward an increase in its worldwide incidence in
the upcoming years [46]. Cell malignant transformation emerges from the conver-
sion of healthy cells into tumor cells through several complex molecular alterations.
Systemic chemotherapy combined with surgical resection or radiation are the most
used approaches in cancer treatment. Despite that, most anticancer drugs used in
the clinics are quite effective against tumor suppression, they often present drastic
life-threatening side effects due to their lack of cell/tissue specificity and also to their
low solubility in biological fluids, impairing its accumulation at desired targets [47].

The use of nanomedicines in the treatment of solid tumors, particularly, micelles
to deliver anticancer drugs, has been widely investigated in recent years. The main
advantages of these carriers over conventional therapies are the possibility to (i)
deliver poorly water-soluble drugs; (ii) use ligands in their surface with high affinity
and specificity for target cells; (iii) induce an efficient cellular endosomal escape
and transport of the drugs to specific organelles; and (iv) circumvent drug resis-
tance mechanisms [48, 49]. Overall, these systems may provide similar or better
therapeutic profiles at lower drug concentrations when compared with classical drug
formulations, while reducing side effects at the same time.

As referred above, micelles are amphiphilic molecules with the ability to incor-
porate both hydrophobic and hydrophilic drugs and can be administered by several
routes, such as oral, intravenous, or rectal. The inner core is where hydrophobic drugs
are encapsulated, improving the stability of the system, providing drug protection
from degradation, and defining drug release kinetics. The outer shell, on the other
hand, is responsible for the in vivo pharmacokinetic behavior of the system and can
be specifically targeted through surface modifications to overexpressed molecules
(receptors/ligands) of targeted cells. Some systems are also able to cross biologi-
cal and mucosal barriers (Fig. 3) [49, 50]. Such moieties allow specific binding to
tumor cells achieving active targeting. However, for a successful delivery, molecules
targeted at the tumor cells surface must be homogeneously overexpressed [49].

Most anticancer drugs showpoorwater solubility and short blood circulation time.
Certainly, the use of micellar solutions can contribute to overcome these drawbacks.
PEG is themost usedpolymer to producePMdue to their hydrophilic character,which
can improve water solubility, and reduce protein adsorption and RES recognition,
which increases the blood circulation time of the system [51].
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Fig. 3 Schematic representation of a multifunctional micelle for drug delivery

Lvet al. [52] designedmicelles basedonmethoxypoly(ethyleneglycol)-b-poly(L-
glutamic acid)-b-poly(L-lysine) decorated with deoxycholate (mPEG-b-PLG-b-
PLL/DOCA) to co-delivery doxorubicin (DOX) and paclitaxel (PTX), which are
the most common chemotherapeutic drugs with different mechanisms of action as
well as different water solubility. The micellar system with both anticancer drugs
was produced by self-assembly in aqueous solution, where DOX and PTX were
encapsulated through electrostatic and hydrophobic interactions, respectively [53].
In vivo antitumor efficacy was tested on A549 human lung tumor-bearing nude mice.
The results showed that the combination of both drugs (free or encapsulated) was
more effective in tumor growth suppression than the single drugs [52]. However, the
stronger tumor growth suppression was seen when DOX and PTXwere encapsulated
in mPEG-b-PLG-b-PLL/DOCA micelles. In addition, co-delivery of DOX and PTX
demonstrated reduced systemic toxicity and higher tumor accumulation, which may
indicate that the use of micelles to co-delivery anticancer drugs is less toxic andmore
effective against cancer cells [52].

PM-based on polysaccharides have also attracted attention due to their low tox-
icity and biodegradable nature. It is known that i.v. administration of PTX presents
serious drawbacks such as low drug stability and high toxicity caused by nonspecific
delivery. Also, oral administration is the choice preferred by most patients. Thus,
oral delivery has been investigated to replace the i.v. administration of drugs, how-
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ever, the most used anticancer drugs do not have oral bioavailability [54]. Mo et al.
[55] synthesized N-octyl-O-sulfate chitosan (NOSC) micelles to improve the oral
absorption of PTX. In this work, the authors demonstrated significant enhancement
of PTXoral bioavailability compared to Taxol® based on the pharmacokinetic studies
performed in vivo [55]. Also, uptake studies in Caco-2 cells revealed a significantly
higher uptake of NOSC micelles compared to Taxol®, being almost 10-fold higher
than Taxol®. Moreover, the potential permeability of PTX across the intestinal bar-
rier indicated an improvement on PTX transport by NOSC micelles compared to the
commercially available product, in Caco-2 monolayers [51].

The design of multifunctional micelles combining different functional capaci-
ties in a single micelle such as active targeting and stimuli-responsiveness is highly
regarded in order to improve selectivity and efficacy of delivered drugs (Fig. 3).
Recently, Zhang et al. [53] have developed a micellar multifunctional systemmixing
Pluronic® P123 and Pluronic® F127 to deliver PTX (PF-PTX). Further, the same
micelles were decorated with folic acid (FPF-PTX) to achieve active targeting to
increase selectivity. In vitro cellular uptake demonstrated higher uptake from FPF-
PTX than PF-PTX in KB and KBv cells. Additionally, in A-549 cells, no differ-
ences were observed, which may indicate that FPF-PTX micelles could enter cells
via receptor-mediated endocytic pathways [53]. In vivo pharmacokinetic studies
showed larger area under the curve (AUC) and longer half-life of the micellar sys-
tem, exhibiting delayed blood clearance, when compared with Taxol®. To assess the
antitumor activity, KBv cells were subcutaneously injected in the right flank of mice
and tumor growth observed. Volume of tumors treated with FPF-PTX were 1.59-
fold and 2.12-fold smaller than those treated with PF-PTX and Taxol, respectively,
showing successful efficacy from the multifunctionality of the system [53].

Several stimuli-responsiveness polymeric micellar systems have been explored
based on internal stimuli, mainly, temperature [56, 57] and pH [58, 59]. Recently,
Guan et al. [60] developed a pH-responsiveness micellar system based on poly(lactic
acid)–poly(L-lysine) (PLA–PLL) with its surface modified with folic acid (FA)
to achieve active targeting. A citric acid (CA) group was also added to obtain a
“negative-to-positive charge reversal system” that favors intracellular uptake and
delivery of DOX (FA–PLL(CA)–PLA/DOX). As known, FA is a ligand with high
binding affinity for the FA receptor which is found overexpressed in many cancer
cells surface [61]. After the uptake of the system by cancer cells, the acidic envi-
ronment found in endosomes and lysosomes disintegrates the system and releases
the drug. The results of this study demonstrated that this system was highly sen-
sitive to pH changes. Further, a negative-to-positive charge reversal was observed
with pH decrease, and cumulative DOX release was observed from the micelles
[60]. In vitro antitumor activity was higher for micelles with FA on the surface,
which may be attributed to the internalization enhancement due to the presence of
FA [60]. The in vivo distribution performed in HeLa tumor-bearing BALB/c nude
mice showed higher accumulation of FA–PLL(CA)–PLA/DOXmicelles at the tumor
sites than micelles without FA or CA (Fig. 4). This was attributed to the active tar-
geting effect and the electrostatic interaction between micelles and cells as a result
of the positive-to-negative charge reversal in the acidic pH of tumor tissue [60]. The
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Fig. 4 In vivo biodistribution of differentmicelles (PLL(CA)–PLA,FA—PLL(SA)–PLAandFA—
PLL(CA)–PLA) labeled by fluorescent probe DIR in HeLa tumor-bearing BALB/c nude mice. a
Fluorescence biodistribution profile at different times postinjection. Tumor sites were enclosed by
red circles. b 3D images of in vivo fluorescence biodistribution. Tumor sites were indicated by red
arrows. c Ex vivo fluorescence imaging of the tissues and organs excised from sacrificial mice at
8 h post injection. Reprinted with permission of Elsevier Limited from Ref. [60]

antitumor activity was also assessed. Tumor volumes were significantly lower when
treated with FA-targeted micelles compared to saline, DOX or micelles without FA
ligands, which might also indicate an active targeting effect. Furthermore, micelles
with both FA ligands and pH-responsiveness were the system showing better tumor
growth suppression and higher mice survival ratio, proving the effectiveness of this
multifunctional system [60].

Due to their promising therapeutic potentiality demonstrated both in vitro and
in vivo, some PM-based formulations have advanced from preclinical assessment
to the enrolled clinical trials (Table 1). In this context, NK911 (Nippon Kayaku,
Co.) was the first micellar system to proceed into clinical evaluation in 2001 [62].
Preclinical data showed longer blood circulation of themicelles with a 29-fold higher
AUC in plasma than freeDOX, and 3.4-fold higher accumulation in tumors compared
to freeDOX inmicemodels of sarcoma, lung, breast, and colon cancer [63]. Based on
the results obtained in Phase I, NK911 micelles had proceeded into Phase II clinical
trials against metastatic pancreatic cancer.

Furthermore, Genexol-PM® (Samyang Co.), first approved in 2007 in Korea,
is now being evaluated/marketed by the European Union and America under the
name of Cynviloq® for the treatment of breast, ovary, and non-small cell lung can-
cers [64–66]. Genexol®-PM is a polymeric micellar system loaded with PTX based
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Table 1 Examples of self-assembled particles under clinical trials evaluation for cancer treatment

Formulation Copolymer Drug Indication Clinical
phase

Reference

SP1049C Pluronic® L61 and
F127

DOX Advanced
adenocarcinoma
of the esophagus,
gastroesophageal
junction, and
stomach

III [95]

Genexol-
PM®/Cynviloq®

PEG-PLA PTX Breast cancer,
non-small cell
lung cancer,
advanced
pancreatic
cancer, and
ovarian cancer

II/III/IV [96–100]

NK012 PEG-poly(L-
glutamic
acid)-SN-38
conjugated

SN-38 Advanced breast
cancer and small
cell lung cancer

II [101,
102]

NK105 PEG-poly(L-
aspartic
acid)

PTX Advanced or
recurrent breast
cancer

III [103]

NK-911 PEG–poly(aspartic
acid)-doxorubicin
conjugated

DOX Solid tumors I [104]

NC-4016 PEG-DACH-platin Oxaliplatin Advanced solid
tumors or
lymphoma

I [105]

NC-6300 PEG-b-
poly(aspartate-
hydrazone)

Epirubicin Advanced solid
tumors or soft
tissue sarcoma

I/II [106]

NC-6004
(Nanoplatin®)

PEG-poly(L-
glutamic
acid)-cisplatin
conjugated

Cisplatin Solid tumors,
non-small cell
lung, biliary, and
bladder cancer,
pancreatic cancer

II/III [107,
108]

IT-101 Polymer-
cyclodextrin-
camptothecin
conjugated

Camptothecin Advanced solid
tumors, ovarian
cancer

I/II [109,
110]

BIND-014 PEG-PLA Docetaxel Non-small cell
lung cancer,
prostate cancer,
advanced solid
tumors

I/II [111–114]

DACH-platin diaminocyclohexane platinum, DOX doxorubicin, PEG polyethylene glycol, PLA
poly(D,L-lactide), PTX paclitaxel
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on monomethoxy poly(ethylene glycol)-block-poly(D,L-lactide) (mPEG-PDLLA).
This system presents advantages compared to Taxol® such as higher drug accumula-
tion in the tumor, low toxicity levels, and effective P-gp inhibition effect [67]. Also,
a Pluronic®-based micellar system to delivery DOX, SP1049C (Surpatek Pharma,
Inc.) has been granted orphan drug designation by FDA for the treatment of gastric
cancer. Even though this system presents similar biodistribution compared to DOX,
SP1049C showed to be more efficient in tumor suppression [68].

NK105 is a PTX-loaded polymeric micellar system based on poly(ethylene
glycol)-poly(aspartic acid) [PEG-P(Asp)] modified with 4-phenyl-1-butanol in order
to increase its hydrophobicity [69]. Preclinical results of NK105 showed a plasma
AUCofmicellar-PTX50-fold higher than free PTX. Further, tumoralAUCofNK105
in subcutaneous human adenocarcinoma tumor models (HT-29) was 25-fold higher
than free PTX [69]. Currently, NK105 has advanced to Phase III clinical trials in order
to compare NK105 with free PTX in patients with metastatic as well as recurrent
breast cancer, and to determine the survival and therapeutic benefits of NK105.

In the future, micelle-based medicines may change the way the anticancer drugs
are used in cancer therapy. By considering fundamental parameters such as the choice
of the polymer, drug encapsulation, or micelle coating decoration, it is possible
to optimize the solubility, biocompatibility, release profile, and pharmacokinetic
behavior of each system. In this way, PM may provide efficient solutions for the
treatment of different cancers.

3 Micelles as Vectors for Gene Therapy

Gene therapy has caught the attention as an opportunity to treat both acquired and
innate diseases. Delivery and subsequent expression of an exogenous oligonucleotide
encoding for a missing or defective gene or to achieve silencing of a particular gene
of interest are different approaches that bring new treatment alternatives for several
diseases, including hematological, immunological, ocular, and neurodegenerative
diseases, and cancer [70].

The use of gene therapy in cancer might be an attractive alternative to over-
come well-known drug-related adverse effects, chemoresistance, and toxicity prob-
lems associated with radiotherapy. However, the clinical use of in vivo delivery of
oligonucleotides (OGN) as gene-based therapies is strongly precluded because of
their vulnerability to enzymatic degradation, poor cellular uptake, and rapid body
clearance. Therefore, successful clinical applications of gene therapy demand new
tools to enable delivery of negatively charged OGN into target cells able to cross
the hydrophobic cell membrane and reach cellular cytoplasm and nucleus (Fig. 5)
[71–73]. Even though nowadays viral vectors are still considered the most efficient
and commonly used delivery system for gene transfer in both pre-clinical and clin-
ical research [70], only Glybera® and Kymriah® have been clinically approved so
far. Glybera® (alipogene tiparvovec using an adeno-associated virus as vector) was
granted market authorization by European Commission in late 2012 to treat lipopro-
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Fig. 5 Schematic representation of OGN-loaded PM endocytosis and endosome release of the
OGN before reach the LE. EE: early endosome; E: endosome; LE: late endosome

tein lipase deficiency [74], andKymriah® (tisagenlecleucel using a lentivirus as a vec-
tor) was approved by FDA in mid-2017 to treat B-cell acute lymphoblastic leukemia.

Thewell-knowndrawbacks relatedwith viral-based vectors such as their immuno-
genicity, mutagenesis, carcinogenesis, limited cargo loading, and time-consuming/
high-cost procedures have boosted the development of safer vehicles using a wide
range of lipids and polymers [75, 76]. Indeed, an enormous outbreak of nonviral
vectors has been seen in recent years [75, 77–80].

The application of amphiphilic polymers as nucleic acid delivery systems is par-
ticularly exciting, after they have demonstrated to improve biological activity while
protecting nucleic acids from degradation and clearance by serum nucleases and
the immune system [2, 3]. With special attention to Pluronic® amphiphilic block
copolymers that have shown high stability and capacity to significantly improve
the transfection efficiency and gene expression via different delivery routes [30, 81,
82]. The mechanism by which poloxamers enhance gene expression is not clearly
understood but seems to be related to its ability to bind cellular membranes and
further activation of cell signaling pathways, such as the Nf-κB pathway. Nf-κB is
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a transcription factor able to bind pDNA in the cytoplasm and transport it to the
nucleus using the nuclear transport machinery. Yang Z, et al. (2008) demonstrated
for the first time that Pluronic® enhances both cellular uptake and nuclear transport
of polyplex-delivered pDNA into NIH 3T3 cells, underlying the role of poloxamers
as biological response modifiers. Moreover, poloxamer did not affect naked DNA
uptake, emphasizing the importance of delivering pDNA using polyplexes [81].

Also,Wang et al. [82] investigated a series of small-size PEI-conjugated Pluronic®

polycarbamates (PCMs) for their ability to modulate the delivery of 2′-O-methyl
phosphorothioate RNA (2′-OMePS) both in vitro and in dystrophic (mdx) mice
for the treatment of muscular dystrophy and other myodegenerative diseases. They
conclude that the effective PCMs, especially those composed of moderate molec-
ular weight(2 k–5 kDa) and intermediate hydrophilic-lipophilic balance (HLB) of
Pluronic®, enhanced exon-skipping of 2′-OMePSwith low toxicity as comparedwith
Lipofectamine® 2000 in vitro or PEI 25 k in vivo [83].

Taking into account different reports, the use of PM-based Pluronic® in the devel-
opment of nonviral gene delivery systems seems to be a simple and safer approach
which enhances in vitro and in vivo gene expression without inducing significant
cytotoxic effects and inflammatory responses.

Emerging technological advances in the area of gene delivery using polymeric
nanoparticles, including those based in amphiphilic polymers, open new opportuni-
ties to introduce them into the clinical practice. In 2008, CALAA-01 became the first
targeted siRNA delivery system to enter phase I clinical trial to treat solid tumors
refractory to standard therapies. CALAA-01, a cyclodextrin-containing polymer
(CDP)-based delivery system loaded with siRNA against ribonucleotide reductase
subunit 2 (RRM2), was designed to inhibit tumor growth. Its formulation also con-
tains PEG as stabilizing agent and human transferrin (Tf) as targeting ligand to bind
overexpressed transferrin receptors (TfR) in cancer cells [84]. Besides CALAA-01,
Calando Pharmaceuticals already announced the development of CALAA-02, based
on the same platform but encapsulating a siRNA against HIF-2alpha.

In the upcoming years, new RNAi and DNA therapeutic strategies based on poly-
meric nonviral vectors using amphiphilic polymers will reach clinical evaluation.
This will contribute to expand the use of gene therapy in the clinical setting. Table 2
summarizes some of the most significant work involving polymeric nanoparticles
for gene delivery and their stage of development.
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Table 2 Examples of PM-based systems for gene delivery at different stages of development

Polymer vector Genetic material Utility State Reference

Dendritic
PLL-block-poly(L-
lactide)-block-dendritic
PLL

pGFP GFP expression In vitro [115]

PEI-PEG-TAT peptide pGFP-N3 GFP expression In vitro [116]

PDMAEMA-PCL-
PDMAEMA triblock
copolymers

VEGF siRNA Anticancer activity
(in combination with
the Paclitaxel)

In vitro [117]

PEG/PCL Bcl2 siRNA Anticancer activity
(in combination with
the Paclitaxel)

In vitro [118]

PLGA/F127 miR-542-3P Anticancer activity
(in combination with
the Doxorrubicin)

In vitro [119]

PLGA/PEI Bcl-XL shRNA Anticancer activity
(in combination with
the Doxorrubicin)

In vitro [120]

PLGA-b.PEG Antisense-miR-
10b and
antisense-miR-
21

Anticancer activity In vivo [121]

PEG- PAsp(AED)-PDPA Bcl2 siRNA Anticancer activity
(in combination with
the Doxorubicin)

In vivo [122, 123]

PDP-PDHA Surviving
shRNA

Anticancer activity
(in combination with
the Doxorubicin)

In vivo [124]

POSS-PDMAEMA-
PMPD

p53 plasmid Anticancer activity
(in combination with
the Doxorubicin)

In vivo [125]

PEG-PLL sFlt-1 pDNA Solid tumors In vivo [126]

PEG-poly[N’-[N-(2-
aminoethyl)-2-
aminoethyl]aspartamide]

pGL4.13 and
sFlt-1 pDNA

Solid tumors In vivo [127, 128]

Pluronic® P85 pGFP GFP expression In vivo [129]

CALAA-01 siRNA against
ribonucleotide
reductase M2

Melanoma Phase I [130, 131]

Poly(2-ethyl-2-
oxazoline)–PLA-g–PEI

mcDNA Anticancer activity
(co-delivery with
Doxorubicin)

In vivo [132]

chitosan-graft-
polyethyleneimine-
candesartan

wild type p53
(wt-p53) gene

Tumor therapy by
antiangiogenesis
effect

In vivo [133]

(continued)
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Table 2 (continued)

Polymer vector Genetic material Utility State Reference

HA-ss-(OA-g-bPEI AURKA
specific siRNA

Anticancer activity
(in combination with
the Paclitaxel)

In vivo [134]

poly(DMAEMA-co-
PPGMA)

GFP Plasmid
DNA

Anticancer activity
(in combination with
the Paclitaxel)

In vitro [135]

MPEG-PCL-g-PEI Msurvivin
T34A gene

Anticancer activity
(in combination with
the Doxorubicin)

In vivo [136]

PLA-b-PDMAEMA miR-21
inhibitor

Anticancer activity
(in combination with
the Doxorubicin)

In vivo [137]

PEI–SS–PCL–SS–PEI p53 plasmid
DNA

Anticancer activity
(in combination with
the Doxorubicin)

In vitro [138]

PSMA micelles PLK-1 siRNA Anticancer activity
(in combination with
the Doxorubicin)

In vivo [139]

MMP2-sensitive
copolymer
(PEG-pp-PEI-PE)

GFP siRNA Anticancer activity
(in combination with
the Paclitaxel)

In vivo [140]

CS chitosan, CTAB cetyltrimethylammonium bromide, GFP green fluorescence protein,
HA Hyaluronic acid, mcDNA minicircle DNA, MMP2 metalloproteinase 2, PAsp(AED)
poly(N-(2,2′-dithiobis(ethylamine) aspartamide, PCL Polycaprolactone, PDMAEMA Poly(2-
(dimethylamino)ethyl methacrylate), PDP:PDHA Poly[(1,4-butanediol)-diacrylate-β-5-
polyethylenimine]-block-poly[(1,4-butanediol)-diacrylate-β-5-hydroxy amylamine], PDPA
poly(2-(diisopropyl amino) ethyl methacrylate), PEG Poly(ethylene glycol), PEI Polyethylen-
imine, PF127 Poloxamer F127, PLGA Poly(Lactide-co-Glycolide), PLL poly(L-lysine), POSS
polyhedral oligomeric silsesquioxane, PSMA styrene-alt-maleic anhydride

4 Micelles as Platforms for Bioimaging Systems

An additional clinical application of micelles is the targeted delivery of diagnostic
imaging agents for nuclear imaging, magnetic resonance imaging (MRI), X-ray
computed tomography (CT), and ultrasonography, among other technologies,
enabling both diagnosis and evaluation of the therapeutic response [24, 85].

For nuclear imaging, gamma-emitting isotopes, such as technetium-99m (99mTc),
iodine-125 (125I) and indium-111 (111In), or positron-emitting isotopes like fluorine-
18 (18F), zirconium-89 (89Zr), and copper-64 (64Cu) are used. In the case of MRI, the
choice relies on paramagnetic elements, such as iron (Fe),manganese (Mn), holmium
(Ho), gadolinium (Gd), or fluorine-19 (19F), while for CT heavy elements such as
iodine (I), barium (Ba), andbromine (Br) are the appropriate contrast agents [85]. PM-
based systems have been explored to deliver such compounds. Through both, passive
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Fig. 6 Schematic representation of the use of PM as systems for bioimaging. PM accumulate pref-
erentially in tumor tissues, allowing in vivo visualization of small tumors and improving diagnostic
resolution

and active targeting, PM could increase the contrast specificity between healthy and
tumor tissues, improving diagnostic resolution and supporting the choice of an appro-
priate therapeutic strategy (Fig. 6). Moreover, these systems could be used to follow
the progress of the disease and assess the efficacy of the therapeutic scheme [24].

The incorporation of diethylenetriaminepentaacetic acid gadolinium (III) (Gd-
DTPA) into 100 nmpoly(ethylene glycol)-b-poly(aspartic acid) (PEG-b-Pasp)-based
micelles allowed increased accumulation of Gd-DTPA in tumors by the EPR effect,
in subcutaneous in vivo models of colon cancer [86]. Moreover, the relaxivity of
Gd-DTPA increased nearly six times from 3.48 mM−1 s−1 of free Gd-DTPA to
22.19 mM−1 s−1 of encapsulated Gd-DTPA, contributing to a higher signal enhance-
ment and contrast ability. In vivo studies, no signal enhancement was observed for
free Gd-DTPA even when administrated with four times higher dose than that of
Gd-DTPA-loaded micelles [86]. These results evidence the importance of the Gd-
DTPA encapsulation in the development of an efficientMRI contrast agent for in vivo
diagnosis.

pH-responsive micelles of 40 nm consisting of methoxy poly(ethylene glycol)-b-
poly(l-histidine) [PEG-p(l-His)] and methoxy poly(ethylene glycol)-b-poly(l-lactic
acid)-diethylenetriaminopenta acetic acid dianhydride-gadolinium chelate (PEG-p
(l-LA)-DTPA-Gd) intended for MRI were developed by Kim et al. (2014). They
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exhibited a highly effective contrast enhancement in an acidic tumor environment
enabling within minutes the in vivo detection of small tumors of ~3 mm3 [87].
In another study, [88] developed targeted micelles with a size inferior to 140 nm
composed by folate-conjugated N-palmitoyl chitosan encapsulating superparamag-
netic iron oxide nanoparticles (SPIONs). The micelles accumulated predominantly
in established folate receptor-positive HeLa-derived tumors in mice, proving to be a
safe and efficient tool to diagnose folate overexpressing tumors [88]. Similar results
were obtained with 44 nm folate-decorated SPIONs-loaded PEG-PCLmicelles [89].

One of the main interesting features of micelles is their multifunctionality and
applicability in theranostics, through the combination of imaging agents and drugs,
and in some cases targeting agents (Table 3).

Kaida et al. [90] encapsulated Gd-DTPA and the anticancer agent
(1,2-diaminocyclohexane)platinum(II) (DACHPt) into poly(ethylene glycol)-b-
poly(glutamic acid) [PEG-b-P(Glu)] micelles [90]. The relaxivity of Gd-DTPA
increased 24 times when encapsulated, improving the detection of solid tumors.
Due to the higher accumulation of the micelles into the tumors through the EPR
effect, a strong therapeutic efficacy was observed in subcutaneous colon and pan-
creatic cancer murine models [90]. The colocalization of Gd-DTPA and DACHPt
at the tumor site confirms the potentiality of Gd-DTPA/DACHPt–loaded micelles to
assess the distribution of the anticancer drug and to follow the clinical outcome of
the treatment.

Lee et al. [91] proposed the development of a multifunctional system for simul-
taneous colon cancer therapy and imaging. PEG-PCL and PDMA-block-poly(ε-
caprolactone) (PDMA-b-PCL) mixed micelles encapsulating SN-38, siRNA against
VEGF and ultrasmall superparamagnetic iron oxide nanoparticles (USPIO) were
able to accumulate in tumors by passive targeting and reduce the tumor size in
xenografted LS174T tumor-bearing mice model. In addition to the double anti-
cancer therapeutic effect provided by SN-38 and siRNA against VEGF, USPIO
granted the system with effective T2-weighted MRI capability, which permit to use
the micelles for diagnostic, treatment monitoring, and disease follow-up (Fig. 7)
[91]. In another study, αvβ3-targeting micelles decorated with cyclo(Arg-Gly-Asp-
D-Phe-Cys) peptide (cRGD) and composed of maleimide-terminated poly(ethylene
glycol)-block-poly(D,L-lactide) (MAL-PEG-PLA) and methoxy-terminated poly-
(ethylene glycol)-block-poly(D,L-lactide) (MPEG-PLA) were developed for ther-
anostics through the encapsulation of SPIONs and doxorubicin [92]. The system
showed improved therapeutic activity of doxorubicin and preferential uptake by
αvβ3-expressing cells [92]. Moreover, it showed higher accumulation in human lung
cancer mice models. The clearly contrasted differences provided by SPIONs allowed
better spatial resolutionmapping and quantification of tumor angiogenic vasculature,
thus garnishing the systemwith promising therapeutic and diagnostic properties [93].

Hoang et al. [94] developed 111In-labeled PEG-PCLmicelles targeting the nucleus
of HER2-overexpressing breast cancer cells due to surface functionalization with
Trastuzumab Fab fragments and 13-mer nuclear localization signal peptides [94]. In
vivo studies showed higher accumulation of the system in a BT-474 tumor model
compared to cells with low levels of HER2. Further, a 43% of the PM were found
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Fig. 7 The in vivo biodistribution and antitumor efficacy of mixed micelleplexes. a Biodistribution
of free 111In-labeled siRNA-PEG conjugates and mixed micelleplexes at 4 and 24 h after i.v
injection. The chart in the inset shows that the accumulation of mixed micelleplexes in the tumor
was higher than that of free siRNA-PEG. Each column represents the mean±SD. b SN-38/USPIO-
loaded siRNA-PEG mixed micelleplexes exhibited significant tumor suppression. The red arrows
indicate the times at which the five administrations were given. (**: P < 0.01) c MRI images of
representativemice fromcontrol and treated grouponday7 show that tumor growthwas significantly
inhibited by multidose treatment. Reprinted with permission of Elsevier Limited from Ref. [91]

within the nucleus, thus indicating the possible application of the system in diagnos-
tics and in delivery of compounds with a nuclear or perinuclear therapeutic action,
such as DNA or DNA-intercalating chemotherapeutic drugs [94].

5 Concluding Remarks and Future Perspectives

The scientific community is fully aware of the challenges rise by current cancer
treatment failures and pitfalls. The progress of nanoscale formulations, particularly
amphiphilic molecules with the possibility to form micelles by self-assembly in
aqueous solution, has undergone great development in recent years.Micellar systems
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have shown that they allow to encapsulate large amounts of drugs improving their
therapeutic efficiency, as well as the delivery of drugs to targeted sites, reducing
systemic toxicities.

Modulation of hydrophobicity, hydrophilicity, and stimuli-responsiveness of the
polymers and corresponding micelles, as well as their surface modification with
active targeting ligands, are widely explored. Because it is possible to optimize the
thermodynamic and kinetic stability of the system, control the size of particles,
encapsulate large amounts of drugs, and decorate the surface of the particles with
ligands for active targeting, PM-based systems may be the key to improved solid
tumors treatments.Moreover, the use of PM-based systems to deliver geneticmaterial
as nonviral vectors has led to the development of a variety of formulations currently
under evaluation. It is expected that some of these products will reach the market, as
new treatments of different types of cancer using gene therapy approaches.

The incorporation of imaging molecules into PM has also been explored to
improve diagnostic techniques as well as the monitoring of disease treatment
responses and follow-ups. These systems are able to encapsulate imaging agents
and to increase the contrast between injured and non-injured tissues due to passive
or active targeting. In addition, the combination of therapeutic and imagingmolecules
within the same formulation allows simultaneous diagnosis and therapy—theranos-
tics. In this way, the choice of a more appropriate and precise treatment for each
patient can be achieved.However, translation into the clinical settingwill be only suc-
cessful if dose optimization, toxicity, and diagnostic/therapy efficacy are guaranteed.

In this chapter, we reviewed the progress observed in the development of PM and
the great interest for these systems in the oncology field. Promising preclinical and
clinical results, combined with the large translational potential of targeted delivery
of anticancer agents, genetic material, and diagnostic agents, have culminated in the
clinical approval of some formulations, with many others currently under clinical
evaluation. Therefore, it is certainly expected that micellar-based nanoparticles will
be able to change the paradigm of cancer treatment and will become a common
reality in the near future, improving the quality of life of our patients.
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Abstract Cancer is the second leading cause of death globally and was responsible
for 8.8 million deaths in 2015. Nearly, 1 in 6 deaths worldwide is due to cancer. An
ancient Egyptian textbook on trauma surgery is the oldest (3000 BC) description of
cancer treatment, which mentioned a tool called the fire drill to remove tumors. Hand
in hand with the development of modern medicine and physiology, other approaches
have appeared although surgery remains the most popular “solution”. During the
twentieth century, our knowledge in cancer was greatly increased. Today, most com-
mon treatments are based on chemotherapy, which may be combined with surgery
and radiation therapy. Despite the extended use of chemotherapeutic drugs, they lack
good selectivity and causemanifold off-target effects. These issues combinedwith the
fact that drug resistances are increasingly more common indicate the need for more
selective drugs with better targeting capabilities. Some of the most promising candi-
dates to develop these more effective drugs are based on the use of nanomaterials, in
particular nanoparticles (NPs). Among the NPs, inorganic NPs are very interesting
because they exhibit unique properties derived from their nanometric size. In the
literature, there are manifold examples about how to take advantage of the properties
of NPs to develop more effective therapies, imaging agents, or biosensors [1]. Since
the beginning interest about how nanomaterials interact with living matter, magnetic
NPs (MNPs) attracted a huge interest. This attention is related to their unique physic-
ochemical properties. The different responses to external magnetic fields (alternating
and non-alternating) or gradients have been applied for different purposes, including
therapy, diagnosis, and theranostics. In this book chapter, synthetic fine tailoring of
MNPs required to work as therapeutic and/or imaging agents will be discussed in
the context of cancer. Most relevant MNP’s applications in therapy and imaging will
be described.
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1 General Considerations About MNPs: Synthesis
and Magnetic Properties

As mentioned above, the unique features of MNPs explain why these NPs have been
used to such an extent in nanomedicine. To understand better how these properties
are related to the material composition, structure, and size, their general properties
and tuning parameters will be briefly explained in the following. Amagnetic material
is defined by few parameters [2]:

• Coercive Field (Hc): this parameter refers to the minimum energy to reverse the
material net magnetization back to zero, and is related to the magnetic anisotropy
(Ka).

• Ka is defined by the NP size and shape, and by the symmetry of the crystal lattice.
This property determines the barrier energy to reverse the direction of themagnetic
dipoles.

• MS, saturation magnetization, is the maximum value of net magnetization under
the influence of a magnetic field.

• MR is the remanent magnetization and represents the residual magnetization with
no applied field.

These parameters can be obtained from the hysteresis loop (i.e., magnetization
vs. applied field), typically obtained bymeasurements in a superconducting quantum
interference device (SQUID). All these parameters depend directly on the size (ratio
of atoms on the NP surface vs. total atoms number), shape, crystalline structure,
and composition of the materials. Fine control over these magnetic features can be
achieved by controlling the synthetic method for their fabrication.

Superparamagnetism is a specific magnetic behavior which only occurs at the
nanometric scale. In general, for spherical MNPs, a specific radius exists, below
which MNPs become superparamagnetic, that is, they are monodomain. This means
that the MNP’s energy due to temperature is able to exceed the energy of mag-
netic stabilization of the MNP. Hence, this type of MNPs in the absence of external
magnetic fields hasMR andHc equal to 0. In principle, this fact makes superparamag-
neticMNPs ideal candidates for bioapplications. The absence of permanentmagnetic
moment prevents from their aggregation, which facilitate their potential applicability
in vivo.

To control and obtain the best response when designingMNPs, the selection of the
right synthetic methodology is of utmost importance. In the last decades, the control
over size, shape, and composition of NPs has been greatly enhanced. Typically, the
synthetic methods might be divided into physical and chemical methods. In general,
physical methods yield bigger amounts of material but with poor properties (e.g.,
homogeneity). Also, thesemethods normally require the use of expensive equipment.
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On the other hand, chemical methods generate smaller product quantities but with
more homogeneous properties and better quality. In general, there aremany chemical
methods; however, we will only discuss the most relevant ones:

(i) Sol–gel synthesis methodologies are used in which MNPs are produced by
the condensation of the precursors upon their heating. Controlling the size and
particle structure is possible using this methodology [3].

(ii) Co-precipitation is the most commonly used methodology to prepare MNPs
within biomedical purposes. This method is based on the co-precipitation of
ferrous and ferric salts; by modifying the stoichiometry of the salts, the ionic
strength, the pH, the temperature, etc., the final size and magnetic behavior
of the MNPs can be controlled. This method benefits from the use of cheap
chemicals, mil reaction conditions, produces water-soluble MNPs that can be
easily further modified, and it is easily scalable. Despite these advantages,
this methodology lacks in good reproducibility, produces MNPs with a broad
size distribution which needs from further purification to narrower their size
distribution and exhibits an uncontrolled oxidation [4].

(iii) Hydrothermal syntheses take place in reactors or autoclaves under high-
pressure conditions and temperatures; factors such as temperature, time, sol-
vents, precursors nature and stoichiometry, etc. will have an influence in the
structure, size, and shape of the final MNPs. As benefits, these methods pro-
duce also water-soluble MNPs, with a better size distribution compared to the
co-precipitation method, but the use of high temperatures is required [5].

(iv) Thermal decomposition consists in the reduction of the metallic precursors
under controlled conditions and at high temperatures (>200 °C), yielding highly
homogeneousMNPs with an exceptional control over its composition and size.
This methodology can be scaled up for the production of grams of NPs. Due to
the high control over the crystalline structure and size, the magnetic properties
are highly tunable. However, the as-synthesizedMNPs are not soluble in water,
and therefore, a phase transfer step is needed. In addition, some of the chemicals
needed are toxic and, as mentioned previously, it requires the use of high
temperatures [6].

As stated above, all thesemethodologies possess advantages anddrawbacks.How-
ever, when designing a “smart” nanomaterial, the control over the size, shape, and
composition is key factors, which define the final behavior and response of the mate-
rial. So, the use of scalable methods that produce homogeneous NPs is highly rec-
ommended. Under these considerations, the best methodology among the previously
mentioned is the thermal decomposition. In Fig. 1, a schematic representation of this
method procedure is presented [7].

There are manymagnetic materials; however, the preferredmaterials for bioappli-
cations are the iron oxide based NPs. These MNPs are typically made of maghemite
(Fe2O3) or magnetite (Fe3O4). Iron oxide materials are biocompatible, and they are
known to be biodegradable and exhibit low toxicity. The US Food and Drug Admin-
istration (FDA) and the European Medicines Agency (EMA) have approved the use
of magnetic oxides NPs including magnetite [4]. They have good magnetic capabil-
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Fig. 1 Schematic of the process by thermal decomposition to produce iron oxide NPs. Figure
reproduced from Hühn et al. [7]

ities [e.g., magnetic saturation values, or specific absorption rate (SAR)]. However,
in some cases, these magnetic properties need to be improved. The most general
method is the doping of these materials with other transitions metals, which result
in better magnetic performances. As example, iron cations can be replaced by others
such as cobalt, manganese, zinc, nickel, magnesium, etc. (c.f. Fig. 2a, d). The inclu-
sion of a small percentage of these other cations drastically affects the final magnetic
properties of the NPs [8] by the alteration of the magnetic saturation, as well as the
magnetic anisotropy. The effect of the alteration of the composition by doping the
NPs during the synthesis can be combined with the production of core–shell struc-
tures (core@shell) of soft and hard magnetic materials, aiming to tune the magnetic
anisotropy by the synergy of the properties (c.f. Fig. 2b, c) [9, 10].

However, the synthesis of anisotropic ferrite-based materials with high quality
remains still a challenge. Controlling the size of spherical and cubic NPs is possible
but the existing methods to produce elongated, branched, or flat NPs [11] are still
lacking good reproducibility and yield. There are still few examples showing this
control over the shape [12]. In Table 1, the most common parameters for different
types of MNPs are summarized.

Another alternative to modulate the magnetic behavior consists of changing the
material composition; an example is the preparation of iron carbide NPs (c.f. Fig. 2e)
which consist of iron (0) and carbon. These NPs exhibit good biocompatibility,
stability, and magnetic response [13, 14]. Typically, the Ms values are higher while
their coercivity is lower than iron oxide NPs, thanks to the Fe (0) core. They are



Magnetic Nanoparticles for Cancer Therapy and Bioimaging 243

Ta
bl
e
1

Su
m
m
ar
y
of

th
e
m
os
tr
el
ev
an
tp

hy
si
co
ch
em

ic
al
ch
ar
ac
te
ri
st
ic
s
an
d
m
ag
ne
tic

be
ha
vi
or

of
M
N
Ps

w
ith

di
ff
er
en
ts
iz
es
,c
om

po
si
tio

ns
,a
nd

sh
ap
es

Sh
ap
e

C
om

po
si
tio

n
C
oa
tin

g
d c

[n
m
]

M
S

[e
m
u/
g]

SA
R
[W

/g
m
ag
ne
tic
]

r 1
[m

M
−1

s−
1
]

r 2
[m

M
−1

s−
1
]

R
ef
er
en
ce
s

Sp
he
re

Fe
3
O
4

O
A

16
60
.5

(5
K
)

–
6.
6

±
0.
3
(0
.5
T
)

12
5.
7

±
5.
6

(0
.5
T
)

[1
2]

Pl
at
e

Fe
3
O
4

O
A

20
44
.9

(5
K
)

–
16
.6

±
0.
4

(0
.5
T
)

86
.5

±
2.
3

(0
.5
T
)

[1
2]

T
ru
nc
at
ed

O
ct
ah
ed
ra

Fe
3
O
4

O
A

14
57
.1

(5
K
)

–
22
.7

±
1.
3

(0
.5
T
)

23
9.
2

±
7.
55

(0
.5
T
)

[1
2]

Te
tr
ah
ed
ra

Fe
3
O
4

O
A

8.
7

52
.7

(5
K
)

–
19
.9

±
0.
7

(0
.5
T
)

17
6.
5

±
5.
22

(0
.5
T
)

[1
2]

C
ub
e

Fe
3
O
4

O
A

6.
1

47
.3

(5
K
)

–
25
.8

±
1.
1(
0.
5T

)
76
.4

±
0.
54

(0
.5
T
)

[1
2]

C
ub
e

Fe
3
O
4

O
A

12
.9

54
.1

(5
K
)

–
19
.3

±
0.
1

(0
.5
T
)

80
.8
4

±
1.
37

(0
.5
T
)

[1
2]

C
ub
e

Fe
3
O
4

O
A

18
.2

56
.1

(5
K
)

–
27
.9

±
1.
6

(0
.5
T
)

29
8.
02

±
5.
8

(0
.5
T
)

[1
2]

C
ub
e

Fe
3
O
4

O
A

25
.9

44
.7

(5
K
)

–
13
.7

±
0.
1

(0
.5
T
)

21
5.
6

±
2.
81

(0
.5
T
)

[1
2]

C
on
ca
ve

cu
be

Fe
3
O
4

O
A

22
.5

42
.9

(5
K
)

–
8.
3

±
0.
3
(0
.5
T
)

22
4.
4

±
4.
6

(0
.5
T
)

[1
2]

B
ra
nc
he
d

Fe
3
O
4

O
A

82
.5

39
.2

(5
K
)

–
4.
9

±
0.
1
(0
.5
T
)

10
3.
9

±
2.
2

(0
.5
T
)

[1
2]

C
o
ro
d@

A
u

C
o@

Sn
Pt
A
u

H
D
A

75
×

6
15
8
(4

K
)

–
–

–
[2
2]

Sp
he
re

M
nF

e 2
O
3

PM
A

14
90
.5

(r
.t.
)

18
4

±
2
(w

at
er
)

(2
4
kA

/m
;

41
2.
5
kH

z)

–
–

[9
]

(c
on
tin

ue
d)



244 E. Polo et al.

Ta
bl
e
1

(c
on
tin

ue
d)

Sh
ap
e

C
om

po
si
tio

n
C
oa
tin

g
d c

[n
m
]

M
S

[e
m
u/
g]

SA
R
[W

/g
m
ag
ne
tic
]

r 1
[m

M
−1

s−
1
]

r 2
[m

M
−1

s−
1
]

R
ef
er
en
ce
s

co
re
@
sh
el
ls
ph
er
e

C
oF

e 2
O
3
@
M
nF

e 2
O
3

PM
A

13
@
7

87
(r
.t.
)

55
3

±
10
(w

at
er
)

(2
4
kA

/m
;

41
2.
5
kH

z)

–
–

[9
]

co
re
@
sh
el
ls
ph
er
e

M
nF

e 2
O
3
@
C
oF

e 2
O
3

PM
A

14
@
7

84
(r
.t.
)

30
2

±
15
(w

at
er
)

(2
4
kA

/m
;

41
2.
5
kH

z)

–
–

[9
]

Sp
he
re

C
oF

e 2
O
4

PM
A

15
80

(r
.t.
)

31
6

±
9
(w

at
er
)

(2
4
kA

/m
;

41
2.
5
kH

z)

–
–

[9
]

co
re
@
sh
el
ls
ph
er
e

Fe
@
Fe

2
C
/F
e 5
C
2

H
D
A

8.
6@

4.
8

20
2(
2
K
)/

19
5(
30
0)

25
8.
7
(2
0

m
T
/M

es
ity

le
ne
)

–
–

[1
3]

E
nd
or
em

®
Fe

3
O
4

D
ex
tr
an

6
–

<
0.
1
(w

at
er
;6

.5
K
A
/m

;3
00

24
(0
.4
7T

)
10
7
(0
.4
7T

)
[9
9]

Ja
nu
s
sp
he
re
s

A
u@

Fe
2
C

O
L
A

12
52
.8

(r
.t.
)

–
21
0.
6
(3
T
)

[2
3]

C
ub
e

Fe
3
O
4

PM
A
O

20
80

(5
K
)

(2
5
m
T;

52
0
kH

z)
–

–
[1
1]

C
ub
e

C
o 0

.5
Fe

2.
5
O
4

PM
A
O

20
60 (2
98

K
)

43
0
(w

at
er
,3
2

kA
/m

;1
05

kH
z)

–
95
0
(0
.5

T
)

[8
]

Sp
he
ri
ca
lN

P
ag
gr
eg
at
es

M
nF

e 2
O
4

PA
A

20
28 (3
10

K
)

11
0
(w

at
er
,2
4

K
A
/m

;1
05

kH
z)

27
.5
(0
.5

T
)

57
1
(0
.5
T
)

[1
5]

R
as
pb
er
ry
-l
ik
e

C
lu
st
er

(C
L
IO

)
γ
-F
e 2
O
3

PE
G

13
(1
00
)

80
–

–
45
0
(1
.4

T
)

[1
38
]

(c
on
tin

ue
d)



Magnetic Nanoparticles for Cancer Therapy and Bioimaging 245

Ta
bl
e
1

(c
on
tin

ue
d)

Sh
ap
e

C
om

po
si
tio

n
C
oa
tin

g
d c

[n
m
]

M
S

[e
m
u/
g]

SA
R
[W

/g
m
ag
ne
tic
]

r 1
[m

M
−1

s−
1
]

r 2
[m

M
−1

s−
1
]

R
ef
er
en
ce
s

Sp
he
re

(Z
n-
do
pe
d)

Z
n 0

.4
M
n 0

.6
Fe

2
O
4

D
M
SA

15
17
0(
30
0)

43
2
(w

at
er
,3
.7

K
A
/m

;5
00

kH
z)

–
86
0
(4
.5

T
)

[1
39
]

Sp
he
re

(M
n-
M
E
IO

)
M
nF

e 2
O
4

D
M
SA

12
11
0

–
–

35
8
(1
.5

T
)

[1
09
]

C
ub
e
(F
IO

N
)

Fe
3
O
4

PE
G
-

ph
os
ph
ol
ip
id
s

42
(3
78
)

10
0
(r
.t.
)

–
–

34
3
(3

T
)

[1
40
]

Sp
he
re

(W
SI
O
N
)

Fe
3
O
4

D
M
SA

9
10
0

–
–

13
0
(1
.5

T
)

[8
6]

Sp
he
re

(E
SI
O
N
)

γ
-F
e 2
O
4

PE
G
-

bi
sp
ho
sp
ho
na
te

2.
2

50
(5

K
)

–
4.
8
(3

T
)

17
.5

(3
T
)

[8
7]

N
an
op
la
te

Fe
3
O
4

D
M
SA

30
×

5
57
.6

(5
K
)

–
43
.2
(0
.5

T
)

18
2.
2
(0
.5

T
)

[1
28
]

Sp
he
re

(W
SI
O
N
)

64
C
u-
N
O
TA

-S
PI
O

PE
G
/N
O
TA

11
–

–
–

10
1.
9
(4
.7
)

[1
24
]

Sp
he
re

C
y5
.5
-C
L
IO

E
pi
ch
lo
ro
hy
dr
in

am
m
on
ia

32
–

–
22

(8
.5
T
)

72
(8
.5

T
)

[1
21
]

Sp
he
re

N
aY

F4
:Y
b3

+
,

T
m

3+
@
Fe

x
O
y

D
op
am

in
e

25
@
5

12
–

–
19
0
(3
T
)

[1
22
]

d c
�

in
or
ga
ni
c
co
re

di
am

et
er
,
@

�
in
di
ca
te
s
th
e
th
ic
kn

es
s
of

ea
ch

pa
rt
in

co
re
@
sh
el
l
st
ru
ct
ur
es
,
th
e
nu

m
be
rs

in
pa
re
nt
he
si
s
in
di
ca
te

th
e
si
ze

of
ag
gr
eg
at
es

bu
ilt

by
sm

al
le
r
N
Ps
;x

�
in
di
ca
te
s
th
e
di
ff
er
en
td

im
en
si
on

s
in

an
is
ot
ro
pi
c
N
Ps
;M

s
�

m
ag
ne
tic

sa
tu
ra
tio

n;
SA

R
�

sp
ec
ifi
c
ab
so
rp
tio

n
ra
te
;O

A
�

ol
ei
c
ac
id
;

H
D
A

�
he
xa
de
cy
la
m
in
e;

PM
A

�
po
ly
(m

al
ei
c-
al
t-
an
hy
dr
id
e)
-g
ra
ft
ed
-d
od
ec
yl
am

in
e;

O
L
A

�
ol
ey
la
m
in
e;

PM
A
O

�
po
ly
(m

al
ei
c
an
hy
dr
id
e)
-1
-o
ct
ad
ec
en
e;

PA
A

�
po

ly
(a
cr
yl
ic
ac
id
);
PE

G
�

po
ly
et
hy
le
ne
gl
yc
ol
;D

M
SA

�
di
m
er
ca
pt
os
uc
ci
ni
c
ac
id
;N

O
TA

�
1,
4,
7-
tr
ia
za
cy
cl
on
on
an
e-
N
,N

,N
-t
ri
ac
et
ic
ac
id



246 E. Polo et al.

Fig. 2 Transmission electron micrographs of different MNPs a ca. 14 nm MnFe2O4; b ca. 14 nm
CoFe2O4@MnFe2O4 core@shell; c ca. 14 nm MnFe2O4@CoFe2O4 core@shell; d ca. 14 nm
CoFe2O4 [9]; e Iron carbide NPs [13]; f Co nanorods coated with Sn, Pt, and Au [22]; anisotropic
magnetite NPs; g hexagonal plates; h truncated cubes; and i tetrahedra [12]

preferred against just iron (0) NPs due to their better stability to corrosion provided
by the presence of carbon in the outer layer.

Not only purely magnetic materials have been used to fight against cancer but also
many efforts have been done in seeking highly active materials. Thus, MNPs have
been combined with both inorganic and organic materials to get interesting nanos-
tructures and more efficient and versatile nanoplatforms. For example, the formation
of controlled aggregates of MNPs using different polymers has been used to enhance
their magnetic response, being a good strategy for the development of responsive
materials. With this approach is possible not only getting higher saturation magneti-
zation while preserving the superparamagnetic nature of the individual NPs but also
generating new optomagnetic features [15]. The controlled aggregates formation can
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also be an interesting approach in order to understand andmimicwhat happens inside
lysosomes after the NPs’ internalization inside cells. After endocytosis, NPs are tight
closely, and therefore strong interactions among them will occur [16]. Depending
on the nature of the polymers used, this NP’s arrangements can respond to external
stimuli such as pH changes [17]. The formation of NPs’ aggregates can also be done
using mesoporous silica NPs as templates to deposit MNPs (e.g., ca. 8 nm Fe3O4

NPs to form ca. 70 nm aggregates) [18].
The controlled depositions in polymeric capsules using the layer-by-layer tech-

nique allow for the combination of MNPs in bigger structures (nano- and micromet-
ric). Gathering together NPs can help to greatly increase themagnetic responsiveness
to external magnetic gradients in order to extract or accumulate locally the capsules,
which might be filled with a drug [19].

The preparation ofmagnetic liposomes has been indeed one of themost successful
strategies to develop magnetic drug delivery systems (DDSs). This might be because
liposomes are the leading DDSs for clinical translation. Currently, there are some
liposomes (not magnetic), which are approved by the FDA to treat cancer. However,
all of them have some limitations such as low capacity for lipophilic drugs, leaking
and stability issues, and the fact that their preparation involves the use of organic
solvents, which might impair the bioactivity of sensitive molecules such as enzymes
[1, 20].

On the other hand, many highly magnetic materials lack biocompatibility. This
fact can be minimized coating them with noble materials such as gold, creating
core@shell nanocomposites. This strategy has been widely employed to coat iron
oxide [21] NPs or cobalt nanorods (c.f. Fig. 2f) [22]. The Au coating provides the
MNPs with resistance to air and water, preventing their corrosion, and therefore the
potential leakage of toxic ions [22]. Moreover, Au has remarkable optical properties
which combined with the magnetic properties of the cores can yield an extremely
versatile platform for theranostic applications.

In the same direction of combining properties of different nanomaterials, exam-
ples of combinations of MNPs with semiconductor NPs to produce fluorescent and
MNPs have been reported. Currently, the combination of materials in the form of
Janus NPs, in which both materials are located in opposed positions of the NPs, is
gaining importance due to a better control in the synthetic processes [23]. Another
additional strategy to protectMNPs and help for theNP stabilization relies on coating
with a silica shell, [24] providing, at the same time, potential anchoring points for
subsequent functionalization steps.

2 General Considerations to Design Suitable MNPs for
Nanomedicine

The ideal NP for nanomedicine applications has to fulfill several requirements [25]:
(i) to be colloidal stable in physiological media (e.g., water media with high ionic
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Fig. 3 a Different scenarios to represent the possible biological fates of inorganic NPs [25]. b
Scheme representing the ligand exchange process on an NP surface [7], c the polymer coating of
NPs [7], and d the structure of polymeric capsules with MNPs soaked on the polymeric walls

strength, high concentrations of proteins, and other biomolecules); (ii) to keep their
magnetic capabilities or keep them unaltered along time in these media; (iii) to
be nontoxic, in general this refers to avoid the leakage of toxic ions; and (iv) to
be active to achieve an effective targeting (ideally active targeting). Therefore, this
ideal nanovehicle will be a hybrid system composed of an organic and an inorganic
domain.

Since the application of nanomaterials is to face medical problems, scientists have
realized thatmany parameters are uncontrolledwhenNPs enter into contactwith cells
and living organisms. This is the main reason to explain why the expectations arisen
by the nanomedicine field have not been accomplished yet [1, 26]. In the case of
MNPs, the nature and quality of the organic layer are even more crucial to prevent
NPs aggregation once an external magnetic gradient is applied. This aggregation
induced by the NPs’ magnetic moments is very dramatic for ferromagnetic NPs,
which exhibit a permanent magnetic moment. This is why the use of these NPs is
typically avoided. However, these MNPs are among the best candidates for some
applications, as it will be discussed later.

Once NPs are immersed in biological media, proteins will be non-specifically
adsorbed on top of themmodifying their surface properties. If their colloidal stability
is preserved, the capabilities provided by the inorganic core (magnetic in this case)
will remain, although they might be affected by this adsorption due to changes in
their hydrodynamic radius (c.f. Fig. 3a) [25]. Yet, the effect of this non-specific
adsorption is not only limited to the colloidal stability, as what cells will “see” will
be determined by this protein corona. Recently, the importance about the orientation
of each particular protein on the NP surface and which epitopes are exposed to the
media, and therefore to the recognition entities or cells (in vivo), is being largely
explored [27].



Magnetic Nanoparticles for Cancer Therapy and Bioimaging 249

As mentioned previously, best quality NPs are obtained using thermal decom-
position methods; however, the resulting NPs are only stable in organic solvents.
Therefore, engineering their surface to obtain “water-soluble” (i.e., colloidally sta-
ble) NPs is needed. In any case, the surfactants used typically in the synthesis do not
provide the NPs with the best colloidal stability and do not allow for their further
modificationwithmolecules of biological relevance, e.g., drugs, antibodies, peptides,
carbohydrates, etc.

One of the most general approaches to transfer the organic-soluble NPs to water
media is the polymer coating technique. This methodology consists of the formation
of a micelle surrounding the NP’s core. The advantages of this method are several,
for example, it can be applied for NPs of any material, shape, or size (c.f. Fig. 3c)
[28, 29]. The only requirement is that the NP surface is coated with aliphatic chains,
e.g., oleic acid or oleylamine, which are normally used as surfactants during the
thermal decomposition. As the second advantage of this methodology, a variety of
amphiphilic polymers can be used yielding NPs with different net charges or even
zwitterionic NPs [30]. Finally, depending on the polymer nature, easy functionaliza-
tion can be done either in the polymer before the NP coating process or once the NPs
are transferred to water.

Another alternative to enhance the stability of the NPs is the ligand exchange,
which consists of the ligand replacement by others that interact stronger with the
NPs (c.f. Fig. 3b) [7]. To obtain the stability of iron oxide NPs, typically ligands
containing several coordination groups are preferred such as dimercaptosuccinic
acid (DMSA) [31, 32] or catechols (e.g., dopamine-based anchoring chains) [33].

Another strategy to water transfer NPs is to encapsulate them into an organic NP.
This process can be used if the synthesis of these organic NPs takes place in a solvent
in which the inorganic NPs are soluble [34]. If this is not possible, the application
of one of the abovementioned processes can be first used to provide the inorganic
NPs with suitable organic/aqueous solubility and afterward be trapped in between
polymeric layers of, for example, layer-by-layer prepared polymeric capsules (c.f.
Fig. 3d) [19].

A current problem to normalize the experiments carried out with different nano-
materials is the metrics used to appropriately compare the doses. This issue has been
proven to be critical when comparing the effect of free and conjugated drugs as
well as when comparing the effects of different nanomaterials [35, 36]. This is a
general issue for any kind of nanomaterial that obviously affects to MNPs. When
comparing the interaction in vitro or in vivo of different carriers based on NPs, the
specific physical features of the NPs have to be considered. Typically, the dose has
been presented by mass per volume (e.g., mg mL−1). This is not a good metric when
comparing, for example, NPs with the same inorganic core and different organic
shells. As described above, inorganic NPs are actually built from organic and inor-
ganic domains. This factor effect becomes more important when decreasing the NP
size. For example, in NP of ca. 5 nm, the weight percentage provided by the organic
layer is in the same order of magnitude than the inorganic core, yielding differences
in NPs concentration even up to a 50% [35]. To solve this problem, a good solution
is to determine the molecular weight of the NPs and convert the mass concentration
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into molar concentration or number of NPs per unit of volume. This is a good metric
to understand the effect of individual NPs (c.f. Fig. 4). However, to calculate pre-
cisely, the molecular weight of some NPs is not always straightforward, especially
when the shape becomes more exotic, e.g., branched NPs. The role of the surface is
another factor to consider since the atoms located on the surface are more reactive.
Therefore, if the NPs are not properly stabilized or they are metabolized by cells or
living organisms [37]; these atoms will be more reactive with their surroundings.

As already discussed above, some iron oxide based drugs are approved by the
FDA, and they are known to be degraded by living organisms. It was demonstrated
that iron oxide NPs are degraded by heme oxygenase-1 to form blood hemoglobin
[38]. A long-term (a year) study about the degradation of NPs in vivo (e.g., mice
model) reported by Kolosnjaj-Tabi et al. [39] demonstrated that eventually the NPs
are excreted from the body. In this study, they prepare hybrid NPs, with a gold
core (ca. 5 nm) and a shell of magnetite with an overall NP size of ca. 13 nm. Two
different coatingswere selected, i.e., an amphiphilic polymer and a catechol-modified
PEG. Results showed that the iron oxide layer was first degraded, and iron storage
proteins were found in the vicinity of the NPs, suggesting their involvement in the
NPs degradation. Gold NPs were degraded more slowly; however, in this timescale,
degradation of these NPs was also observed. Finally, the degradation speed was
affected by the surface coating of the NPs, confirming the important role of this
parameter. Mazuel et al. [40] confirmed this fast degradation of iron oxide NPs using
stem cells composing a tissue-like structure. They observed the degradation of the
MNPs within 1 month. Remarkably, this degradation occurred without affecting the
cellular iron homeostasis. Recently, Chiarelly et al. [41] studied the biodistribution
of PEGylated iron oxide NPs (ca. 12 nm) in macaques and mice, finding that the
distribution was similar in a majority of organs (e.g., liver, spleen, and muscle) and

Fig. 4 Graphical
representation of different
metrics to compare the dose
(from Ref. [35])
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blood, and different in others such as kidneys, bone marrow, and brain. These results
highlight the importance of the animal model to ensure the development of more
efficient translational medicine.

3 Cancer Therapy: Drug Carriers; NPs Accumulation by
External Magnets; Hyperthermia, Magnetogenetics

When the application of nanomaterials to treat diseaseswas envisaged, themajor goal
was the creation of ideal carriers that will specifically target the region of interest
(ROI) aiming to reduce the drug dose required. This would reduce the off-target
effects because only the “sick” cells would be treated. Therefore, the appearance
of multidrug resistance (MDR) cells or tumors will be highly reduced. Currently,
the use of nanomaterials is one of the stronger candidates to develop personalized
therapies.

3.1 MNPs as Drug Carriers

The idea of highly selective drug nanocarriers has so far, however, failed. Revisiting
which percentage of the dose was able to reach a solid tumor in the experimental
works carried out during the last 10 years, in average only a ca. 0.7% of the NPs
were accumulated in the tumor [42]. Despite this very low accumulation in the
target tissue using the current strategies, researchers do not agree about whether this
small accumulation would be enough to be effective. Probably, this dose would be
enough to eliminate small tumors because the localized dose would be high enough.
However, this dose would not be sufficient to treat bigger tumors [43]. Another
important aspect to consider about these numbers is the fact that in many of these
works an active targeting of the tumorwas foreseen. Therefore, the current question is
if active targeting really works in vivo and what is the real relevance of the enhanced
permeability and retention (EPR) effect, which is normally used to promote the tumor
targeting [43]. These are some of the current challenges that nanodrugs are facing.

In particular, for magnetic-based nanodrugs, the iron oxide drugs approved by the
FDA are devoted for treating anemia related to chronic cardiac disease (Venofer®,
Feraheme®, INFed®, Dexferrum®, and Ferrlecit®) or to be used as contrast agents
(Feraheme®, Feridex®, and GastroMARK®). Currently, many drugs based on iron
oxide particles are used in clinical trials such as Nanotherm™, which is currently in
the late stage of clinical trials in the US to treat glioblastoma [44].

The most straightforward application of these NPs is their application as drug
delivery carriers. Recently, the use of ferumoxytol to prevent tumor growth has been
reported. It is known that NPs are internalized by tumor-associated macrophages
(TAMs) [45]. Elemental iron plays an important role, as iron catalyzes the production
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of reactive oxidative species (ROS) through the Fenton reaction [46, 47]. This Fen-
ton reaction is enhanced by the production of hydroxyl radicals by pro-inflammatory
M1 macrophages. Daldrup-Link et al. described the increment of oxidative species
in co-cultures of cancer cells and macrophages in the presence of ferumoxytol com-
pared with the co-cultures alone. This leads to a higher mortality of the cancer cells,
which under the light of their experiments was tightly related to M1 macrophages
polarization. A complementary behavior was observed in vivo, with xenograft mam-
mary tumors in female mice; in the mice treated with ferumoxytol, the tumor volume
was reduced even to the half. A similar behavior was observed to prevent liver and
lung metastases. These findings open the “off-label” therapeutic possibilities of a
currently FDA-approved drug [48].

Recently, MacParland et al. demonstrated that using gold NPs as a model, M2
polarized macrophages, which are related to the cancer-associated inflammation,
exhibited a preferential NP uptake [49]. These results are of interest when design-
ing chemotherapeutic drugs for antitumor strategies. Considering their results, the
presence of M2 macrophages in the tumoral microenvironment would decrease the
capabilities of the drugs, due to their uptake by the macrophages before they have
the chance to interact with the tumoral region. So, to consider the re-education of
macrophages to anM1 phenotype would be a good strategy to increase the benefits of
a high presence of M1 macrophages, while the nanodrugs would have more chances
to reach and thereby treat the tumor [26].

3.2 MNPs for Magnetofection and Magnetic Accumulation

The use of MNPs as carriers has the advantage of the potential possibility of the
application of an external gradient field to promote the spatial accumulation of the
MNPs, which finally will lead to the NP’s internalization by the process typically
known as magnetofection. Magnetofection is currently used to transfect cells, and it
is commercially available by several companies (e.g., Chemicell, Ozbiosciences) as
an alternative to traditional transfection methods. This approach has several advan-
tages such as the great reduction of the vector dose required, the shortening of the
incubation time in order to achieve a high transfection efficiency, and the capabil-
ity of transfection to non-permissive cells [50]. In the literature, many applications
of magnetofection in vitro, in vivo, and ex vivo with different purposes have been
described [51]. For example, lipospheres containing small interfering RNA (siRNA)
were prepared by del Pino et al. as nonviral vectors to transfect cells. The lipospheres
were internalized by the effect of an external magnetic field gradient even under flow
conditions mimicking the bloodstream, and the siRNA was released into the cells
[52]. The combination of cell-penetrating peptides (CPPs) and magnetofection to
enhance the internalization of the NPs upon the exposure of an external gradient
magnetic fields has been also reported in 2D [53] and 3D cell cultures [54] (Fig. 5).

The use of magnetofection in vivo has also found in commercial applications
(e.g., Ozbiosciences) to target different organs such as brain, heart, or liver, as well
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as to target tumors. This technique is based on the localization of a magnet close to
the treatment region; in some cases, this magnet needs to be implanted. The adminis-
tration of the MNPs can be systemic or local, e.g., direct intratumoral administration
[51]. A recent application of the magnetofection in vivo developed by Soto-Sánchez
et al. consists of the transfection of DNA plasmids to promote the sensibilization of
neurons ion channels to be controlled by light stimuli (e.g., optogenetic). The use
of optogenetics allows activating selectively specific parts of the brain by light. The
use of magnetofection compared with the transfection using viral vectors provides
higher transfection rates without the drawbacks of viral vectors [55].

3.3 Magnetic Fluid Hyperthermia (MFH)

The use of alternating magnetic fields to induce local temperature increments is
another major therapeutic application of MNPs. In general, hyperthermia refers to
the treatment in which the target tissue’s temperature is raised to temperatures in
which it is destroyed (above 47 °C, thermal ablation) or the sensitivity of the cells
in the tissue is increased for other treatments such as radiotherapy or chemother-
apy (41–45 °C, thermal sensitization) [56]. The sensitization of the treated tissues
normally is provoked by the increase of blood flow due to the enhanced vascular
permeability induced by temperature, which finally leads to a decrease of hypoxia
in the region and has been proven to promote the cytotoxic effects of many anti-
cancer drugs [57]. This is also a consequence of the fact that tumoral cells are less
capable to respond to increases of temperature [58]. At cellular level, the increment
of temperature produces changes in protein folding, enzymatic activity, and cell
growth and differentiation [59, 60]. Therefore, the combination of hyperthermia and

Fig. 5 Graphical representation of a in vitro and b in vivo magnetofection Nature Nanotechnology
2, 467–468 (2007). Adapted from Ref. [76]
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radio or chemotherapy has been proven to be beneficial for patients by enhancing
the survival rates in many types of cancers (e.g., cervix, bladder, brain, etc.) [56,
61]. The process of increasing temperature in a tissue can be achieved using an
“out-inside” or “inside-out” approach; this is depending on where the heat source is
located. In the case of nanomaterials which are either accumulated or injected in the
tumor, the heat production is due to the NP heating which occurs inside the tumors
(e.g., inside-out) [56]. The “out-inside” hyperthermia produced by radiofrequency,
microwave, or ultrasound methods have several drawbacks such as the inhomoge-
neous heat/temperature distribution [62], which might create hot spots leading to
healthy cell damage [56]. To obtain the required therapeutic temperatures in deep
tumors is also a problem using this approach. The use of “inside-out” magnetic
hyperthermia could also help to overcome this issue. The use of MNPs for hyper-
thermia typically is known as MFH and it is based on the capability of MNPs to
absorb energy from an alternating magnetic field and convert it into heat.

In general, superparamagnetic NPs are preferred for MFH mainly because in the
absence of an external magnetic field the NPs have not a magnetic moment. Briefly,
depending on their physicochemical properties, MNPs will respond to an alternating
external magnetic field by absorbing energy that will be converted by magnetic
inversion to heat. The amount of heat produced by energy absorbed is expressed as
the specific absorption rate (SAR), also known as specific loss power (SLP). SAR is
defined as the absorbed power by mass of MNPs, under an AMF of a fixed frequency
and intensity (Eq. 1) [10].

SAR � Absorbed power

Mass of NPs
(1)

SAR is a magnitude which depends onmany factors such as (i) theMNPs concen-
trationwhichmight be expressed related to theFe (ormagnetic) content as determined
by ICP-MS, for example; or related to the total mass content of the NPs, that is, the
magnetic content plus the oxygen contribution; (ii) the frequency and the intensity of
the AMF; (iii) the physicochemical properties of the NPs; (iv) the dispersion media;
and (v) the NPs’ agglomeration state.

Clinically, some limits were established such as the maximum product of field
strength, H, and frequency, f, (Hf), which Brezovich et al. found to be limited to
Hf < 4.85 × 109 A m−1 s−1. This value was the maximum in which the patients
exhibited not exceeded heating [63]. The typical values found in the reported stud-
ies employed frequencies in a range from 100 to 150 kHz, and amplitudes of
10–30 kA m−1 [38]. However, other combinations might be relevant. In Table 1,
the conditions to measure the SAR for different MNPs are described. Experimen-
tally, the SAR is measured in a setup in which the sample is located inside a coil
Fig. 6a, which is refrigerated. The sample holder must be adiabatic to facilitate the
calculations. If the setup fulfills the requirements, then the following formula may
be applied [9, 64]:
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SAR � Cmedia · ρmedia

ρNPs

dT

dt
(2)

SAR � Cmedia · V
m

dT

dt
(3)

where Cmedia corresponds to the heat capacity of the media where the sample
is immersed (e.g., water � 4.2 J/g C), ρmedia refers to the media density (e.g.,
water � 1 g/cm3), ρNPs is the density of the inorganic part of the MNPs in g/cm3,
and dT/dt is the slope of the curve obtained in the first 5–10 s of heating. V refers to
the sample volume, and m to the mass of iron (or magnetic materials) in the sample.

Considering these equations, it is easy to understand why the dispersion media is
affecting the SAR of the NPs. At this respect, Di Corato et al. studied the influence
of the cellular location. To do so, they selected different types of MNPs synthesized
by different routes and analyzed their magnetic properties. They found out that,
in general, the MNPs lose heating capacity upon cellular internalization. This is
explained by the physical restraint of the NPs inside the cells [64]. This is in line
with other manuscripts in which the MNPs were physically restrained [9].

To elucidate the actual temperature that the MNPs are capable to produce upon
excitation with an AMF, many approaches have been done. One of them, reported by
Dias et al. [65], modifiedMNPs with oligonucleotides with different lengths in order
to measure what was the release efficiency of each of these oligonucleotides upon
the exposure to the AMF. The observed results indicated that the MNPs acted indeed
as nanoheaters provoking the release of the complementary oligonucleotide strands
even when the global temperature was 10 °C below the melting temperature. Using
this methodology, the specific increments of temperature at a specific distance of the
NP surfacewere determined.However, some questions about the releasemechanisms
remain unclear. These experiments were performed using NPs in solution, and the
results were in line with others obtained by Riedinger et al. who used temperature-
sensitive azo bonds to evaluate the local temperature increases [66].

Despite these issues, the use of MFH has been highly reported in vitro, in vivo,
and ex vivo with promising results. One example is the efforts that have been done

Fig. 6 aExperimental setup showing thewater-cooledmagnetic induction coilwith a heat insulator;
sample is located centered inside the coil, to measure SAR in solutions, from Ref. [10]. b Increment
of temperature over time (dT/dt) in an adiabatic or non-adiabatic setup, from Ref. [134]
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for glioma treatment [59]. Glioblastoma is the most malignant and frequent glioma.
Although the incidence of the cancer originated by glial cells that are in the central
nervous system is relatively low (ca. 1.79%), they are related to a high mortality and
morbidity [67]. A review by Silva et al. published in 2011 revised the results obtained
for glioma treatment obtained in 15 articles. For these experiments, in general,
magnetite liposomes and superparamagnetic iron oxide NPs (SPIONs) coated with
aminosilane were used as MNPs, and the experiments compiled data from in vitro,
animal model studies with the implantation of tumors, and two clinical studies [67].
Jordan started the clinical studies of MFH for the gliomablastomas and prostate car-
cinoma [68]. In EU,Magforce (http://www.magforce.de/en/unternehmen/ueber-uns.
html) has received the approval for treating patients with glioma. This company born
in Germany is currently carrying out other clinical trials (e.g., prostate cancer), and
six hospitals of Germany are offering their MFH treatment based on ca. 15 nm core
iron oxide NPs.

Usingmore complexmagneticmaterials such asCoFe2O4@MnFe2O4 core@shell
structures with a very high SAR value (ca. 2280 W g−1), the remission of tumors
in vivo has been described by thermal ablation [10] (c.f. Fig. 7a and b).

Despite these good results, any single treatment for cancer has been proven to be
inefficient to eliminate the whole tumor, and especially to fight against metastasis.
Therefore, combined therapy employing two ormore forms of treatmentmodalities is
being explored. This type of multimodal synergistic therapy consists of the coopera-
tion of different treatments, which are integrated into a single nanoplatform [69]. For
example, Kolosnjaj-Tabi et al. studied the effect of PEGylated iron oxide nanocubes
(ca. 19 nm in diameter) loaded with doxorubicin to induce tumoral destruction (e.g.,
epidermoid carcinoma). They found out that after the direct intratumoral injection of
the nanocubes and the application of MFH, the NPs were responsible for the tumoral

Fig. 7 aMFHsetup formice and b tumor volumeofmice after different treatments, onlyAMF, after
the treatment with doxorubicin, with only core@shell NPs and with the NPs and AMF treatment.
Adapted from Ref. [10]

http://www.magforce.de/en/unternehmen/ueber-uns.html
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microenvironment destruction, which decreased the tumor growth and increased the
sensitivity of the tumor to antitumoral drugs (e.g., doxorubicin) [70]. The combi-
nation of chemotherapy and MFH is currently providing very promising results.
However, there is room for improvement, and more basic studies to learn about how
these materials are affecting the tumoral microenvironment would help to improve
the efficiency of this cancer therapy. Recently, Espinosa et al. [71] have explored
the potential duality of iron oxide nanocubes to act as heating inductors excited by
both and AMF and light. This might be the beginning of a dual hyperthermia ther-
apy that would allow to minimize possible collateral damages. Similar results have
been obtained using more complex systems, such as the formation of supramolecular
MNPs loaded with doxorubicin. These NPs were formed by the agglomeration of
6 nm Zn0.4Fe2.6O4 NPs in aggregates of ca. 160 nm containing doxorubicin. These
assemblies showed exceptional heating capabilities upon AMF excitation, destroy-
ing malignant cells and slowing down in a very efficient manner the tumoral growing
effect which was improved by the controlled release of doxorubicin [72].

Magnetogenetics is another recent, very promising, biomedical approach based
on heating by MNPs [73, 74]. For instance, deciphering how neurocircuit activa-
tion causes particular behaviors requires modulating the activity of specific neurons.
Pralle et al. demonstrated that magnetothermal genetic stimulation provides tether-
less deep brain activation sufficient to evoke motor behavior in awake mice [73].
In this study, alternating magnetic fields were used to heat MNPs anchored on the
neuronal membrane. Neurons, heat-sensitized by expressing thermosensitive chan-
nels, were locally activated with magnetic field application. This approach provides
genetically and spatially targetable, repeatable, and temporarily precise activation of
deep brain circuits without the need for surgical implantation of any device.

4 Imaging: Magnetic Resonance Imaging/Radiolabeling

MRI is the main anatomic tool used in clinical diagnosis including in cancer diagno-
sis, capable of reconstruction of atomic nuclear magnetization signal into 2D images.
It is a noninvasive and radiation-free technique based on the sameprinciple asNuclear
Magnetic Resonance, which presents enhanced soft tissue contrast permitting high
spatial resolution [75].

The fundamental principle of MRI consists of acquiring the restored or resid-
ual magnetization after a specific time cycle by adjusting parameters in either the
longitudinal direction or the transverse plane, showing bright and dark signal con-
trasts (T 1- and T 2-weighted MR images, respectively). The 1H nuclei located at the
specific ROI of a tissue is detected to construct a cross-sectional MR gray scale
image. Under a strong magnetic field (B0), the hydrogen nuclear spins are oriented
in the same directions to themagnetic field (lower energy state) or in opposition to the
magnetic field (higher energy state). The nucleus that acquired a higher energy state
after being irradiated by a resonant radio frequency (1.5 and 3 T are typically used in
clinics) return to the equilibrium state in a process referred as relaxation. Two differ-
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ent types of relaxation mechanisms can occur, longitudinal relaxation (spin–lattice
relaxation) and transverse relaxation (spin–spin relaxation) [76]. The longitudinal
relaxation time—T 1—represents the time required for longitudinal magnetization to
recover (from zero to a value of 63% of the original state). Conversely, the trans-
verse relaxation time—T 2—represents the time for the transverse magnetization to
decrease from the maximum to a 37% of its excited state value (c.f. Fig. 8) [77]. In
this manner, the faster the T 1 relaxation, the brighter the T 1 image; and the faster the
T 2 relaxation, the darker the T 2 image; and vice versa. In general, T 1-weighted MRI
is useful for assessing fat tissue or liquid retaining structures, while T 2-weighted
MRI is suitable for assessing water-rich structures or local inflammation (c.f. Fig. 9).

The main drawback of MRI is that not always the contrast generated is enough
for an accurate diagnosis. Despite the proton density of a tissue is fixed, modifying
the relaxation time by administering a contrast agent can alter the magnetic char-
acteristics of nearby water protons. The signal enhancement produced by a contrast
agent depends on its longitudinal or transverse relaxivities (r1 and r2, respectively),
which are defined as the increase of relaxation rates R1 � 1/T 1 and R2 � 1/T 2,
respectively. A contrast agent can be categorized as T 1 or T 2 contrast agent based
on their relaxation characteristics. Positive (or T 1) contrast agents increase the rate
of longitudinal recovery thereby shortening the T 1 relaxation time and producing

Fig. 8 a The hydrogen nuclear spins align parallel or antiparallel to the external magnetic field
(B0). b After resonant RF irradiation, the longitudinal magnetization (Mz) decrease and transverse
magnetization (Mxy) is generated. c T1 is the time required for longitudinalmagnetization to recover
to 63% of its equilibrium value. d T2 is the time required for transverse magnetization to drop to
37% of its initial magnitude. Adapted from Ref. [77]
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Fig. 9 Relaxation time constants of different tissues in the human body under a magnetic field of
1.5 T. Adapted from Ref. [114]

brighter signals. On the other hand, negative (or T 2) contrast agents increase the rate
of transverse magnetization decays and shorten the T 2, generating a signal darken-
ing on MRI. The signal produced by T 2 contrast agents can be confused sometimes
with some endogenous conditions such as hemorrhage, air, or blood clots. The field
inhomogeneity of the magnetic field led to a new relaxation rate designated as R2*
(1/T 2*) which is larger than R2 value.

The efficacy of a contrast agent is evaluated by the following equation:

Ri � (
1 / Ti,0

)
+ riC (4)

whereRi is the observed relaxation rate (s−1);Ti,0 is the relaxation time before adding
the contrast agent (s), ri is the relaxivity coefficient (mM−1 s−1), and C (mM) is the
contrast agent concentration. The relaxivity coefficient (ri) is the indicator of the
contrast enhancement, and it is obtained as the gradient of the plot of Ri versus the
molarity of the contrast agent [77].

The use of MRI contrast agents (paramagnetic or superparamagnetic metal ions),
which influence the MRI signal properties of surrounding tissue, has made a signifi-
cant impact in the use of MRI for clinical applications [78]. In particular, superpara-
magnetic iron oxide NPs (SPION) have been extensively studied as contrast agents
for MRI in cancer, cardiovascular, and inflammation diseases [79]. They are promis-
ing candidates to substitute gadolinium-based agents (a typical SPION agent has a
T 2 relaxivity of 100 mM−1 s−1 and a T 1 relaxivity of 30 mM−1 s−1, substantially
larger than gadolinium-based contrast agents with T 2 relaxivity of 6 mM−1 s−1 and
T 1 relaxivity of 4 mM−1 s−1, respectively) [80].
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SPIONs present great advantages as MRI agents for cancer diagnosis due to their
suitable magnetic saturation and superparamagnetic properties [81]. As explained
above, below a single magnetic domain (~20 nm core diameter of iron oxide NPs)
superparamagnetism occurs. These NPs do not retain any remanent magnetization
when the external magnetic field is removed; therefore, their magnetization can be
switched on and off. Nanotechnology offers promising tools to design robust SPION
asMRI contrast agents tomaximize theMRcontrast enhancement effects for accurate
diagnosis [82]. Tuning the SPIONs’ characteristics such as size, shape [83], surface
state [84], and composition of their inorganic core (by replacing Fe2+ ions with
other divalent transition metal ions such as Mn2+, Zn2+, Co2+, etc.) [85] enables the
modulation of their magnetic properties (saturation magnetization Ms and magnetic
anisotropic constant Ka), which play important roles in the water proton relaxation
process [80]. The SPIONs exhibit strong T 1 relaxation properties and also produce a
strong variation in the localmagnetic field,which enhancesT 2 relaxation (cf., Fig. 10)
[86, 87]. For instance, by controlling the NP size to achieve high relaxivity, SPIONs
can be used as biocompatible T 1 contrast agents or ultra-sensitive T 2 contrast agent.

As a consequence of their large size and magnetic moment, most of iron oxide
based MRI contrast agents are detected as a signal loss on T 2-weighted MR images
[86]. The high magnetic susceptibility of SPIONs enables them to be identified as
darker signals on theMRI images being suitable T 2 contrast agents. The T 2 relaxivity
for SPIONs is at least 5–10 fold higher than T 1 relaxivity [88]. An increase in the
NP size leads to an increase in the T 2 relaxivity, and the r2/r1 ratio increases with
increasing NP size [86]. Being R2, the relaxation rate is defined by the following
equation:

R2 � 1

T2
� 256π2γ 2

405
M2

s V x
r2

D
(
1 + L

r

) (5)

Fig. 10 Size effect on the magnetic properties of SPIONs as MRI contrast agents. a As the NP’s
size increases from 4 nm to 12 nm, Ms and r2 increase. Adopted from Ref. [86]. b The T1 contrast
effects of extremely small SPION sizes: T1-weighted MR images of 3 nm SPION and graphical
representation of 1/T1 versus Fe concentration of SPION of 12, 3 and 2.2 nm in diameter. Adopted
from Ref. [87]



Magnetic Nanoparticles for Cancer Therapy and Bioimaging 261

where γ is the gyromagnetic ratio of the protons,Ms is the saturation magnetization
of theNP,V is theNP volume fraction, r is theNP radius,D is the diffusion coefficient
of water molecules, and L is the thickness of the surface coating.

Micrometer-sized iron oxide particles (MPIOs, with diameters of several
microns), which can be detected by high magnetic field, have been also studied as
T 2 contrast agents, being capable of visualizing individual cells [89, 90]. Moreover,
other formulations such asmonocrystalline ironoxideparticles (MIONs), crosslinked
iron oxide particles (CLIOs) [91], or assembly of SPION structures (e.g., nanoclus-
ter formation, controlled agglomerates of iron oxide NPs with polymers, by silica
coating or by micelle encapsulation) [92, 93] can modulate their r2/r1 relaxivities
to enhance the T 2 signal. However, smaller SPIONs are much better T 1 shortening
agents and generate greater contrast enhancement due to the high surface-to-volume
ratio. Ultrasmall superparamagnetic iron oxide particles (USPIONs) have also been
reported with excellent T 1 enhancing properties [94, 95].

In addition to the size, shape, composition, etc., the design of their surface proper-
ties will influence their MNP colloidal stability, biocompatibility, and specific func-
tionality, defining their nanointerface and thus their targeting capabilities and their
synergistic effect for dual imaging modalities and therapeutic strategies [84, 96].

4.1 Applications of SPION as Contrast Agents for Cancer
Diagnosis

The anatomical and structural differences between healthy and non-healthy tissues
enable difference contrast between them[79].These phenomena canbeused in cancer
diagnosis by MRI [97]. First generation of SPIO particles approved by the FDA as
contrast agents for MRI consisted of big agglomerates of mono or polycrystalline
iron oxide cores with diameter of 5–30 nm embedded in a polymer matrix (dextran,
PEG, polysaccharide, etc.). They have been successfully applied as contrasts agent
to detect tumor lesions in the liver (such as Feridex and Resovist, see Table 2) [98].
Due to their size (hydrodynamic diameter of 300 nm), these particles are taken up by
macrophages and rapidly sequestered by the reticuloendothelial (RES) organs such
as liver, spleen, etc. Phagocytized SPIO particles by Kupffer cells (macrophage cells
of the liver) produce a shortening of the T 2 (due to their large r2/r1 ratio) in the liver
tissue causing a reduction of the signal intensity. The signal lost is selective since the
SPIO particles are not accumulated in the lesions due to the absence of Kupffer cells
in the damaged regions, which facilitates the liver tumor detection in early stages
and detection of metastases as small as 2–3 mm [99].

Solid tumors have a leaky and damaged vasculature that enables them to trap
more SPIONs than healthy tissue, due to the enhanced permeation and retention
(EPR) effect [100]. NP-based MR imaging to detect solid cancerous tissue at early
stages tumor ormetastasis has been reported. For instance,Combidex, dextran-coated
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ferumoxtran-10,was employed as contrast agent for prostate cancermetastases detec-
tion.

As explained above, NP size can influence the magnetic properties of SPIONs.
In addition, by decreasing the size of SPION, increasing T 1 contrast effect can be
achieved. Second generation of SPION contrast agents is based on USPION (e.g.,
Clariscan, Supravist, Table 2) that are capable of escape phagocytosis and circulate
longer times, so they can be used for T 1-weighted MRI for magnetic resonance
angiography (MRA). Also, their small size enables them to reach the lymphatic
system by crossing the capillary wall. USPIONs have potential to detect metastatic
involvement of lymph nodes [101]. For instance, it has been reported the capability
of Ferumoxtran-10 to detect and identify lymph node metastases in patients with
prostate cancer [102].

Tumor acidic microenvironment is a characteristic of malignant tumor progres-
sion. Extremely small iron oxide NPs (ESION) with diameter below 3 nm exhibit
weak magnetic properties. Their high r1 and low r2/r1 made them suitable candidates
for T 1 contrast agents [87]. Combination of two parameters such as size (by using
ESION) and coating (using a polymer pH-sensitive) allows modulating their prop-
erties as contrast agents. ESION conjugated with a pH-sensitive polymer can target
tumors via surface charge and switch triggered by the acidic environment [103].
Change in the pH of the surrounding medium led to change the size-clustering for-
mation and, hence, to a different T 1 or T 2 contrast agent. When the pH decreases,
the nanostructures are disassembled into the ESION that turns on T 1 contrast [104].

Finally, a new strategy takes advantages of the SPION phagocytosis by
inflammation-related macrophages via endocytosis after intravenous injection [105].
The incorporation of these NPs in phagocytic monocytes and TAMs provides a valu-
able in vivo tool to locate lesions and predict damage. TAMs are usually associated
with fast cancer progression and short patient survival period. MRI can be used
to monitor involvement of macrophages in inflammatory processes and implement
tumor location and prognostics information. In addition, the macrophageMRI detec-
tion with SPIONs of tumor morphology might facilitate the surgical biopsy of the
tumor.

All these strategies described above are based on passive targeting, where SPI-
ONs can reach interested regions with high angiogenesis (growing tumors) or large
quantities of resident macrophages through the EPR effect. However, NPs should be
delivered to specific regions to detect tumors present in organs, which lack phago-
cytic activity. Surface engineering of SPIONs with selective molecules for active
targeting enables recognition of specific receptors highly expressed on tumor cells
resulting in high NP accumulation. In addition, the cellular metabolism is altered
during cancer growth and malignancy; and therefore, the altered metabolic profile
of tumor (e.g., high increase of glucose uptake by tumor cells) can be also used as a
target.

Next generation of iron oxide particles for MRI consists of small SPION (as T 2

contrast agent) which are modified with a polymer (such as PEG) [106] to prolong
circulation time and conjugated with tumor targeting moieties (antibodies, aptamers,
cell-penetrating peptides, carbohydrates, and other small molecules such as folic
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acid, etc.) [107, 108] in order to give selectivity to the contrast agent, acting as
labels for in vivo targeting of tumors. A plethora of tumor biomarkers and cor-
responding antibodies have been described in the literature. Some biomarkers are
specific of certain tumors, and some biomarkers exist in normal tissues, but they
are overexpressed in the tumor. The selection of suitable tumor markers is cru-
cial to achieve effective tumor targeting. For instance, using Mn-doped iron oxide
NPs functionalized with Herceptin antibody (HER2/neu specific Ab) that can target
breast cancer cells [which overexpress human epidermal growth factor receptor 2
(HER2/neu)] allows for in vivo detection of small tumors with high MR contrast
effect [109, 110]. Aminosilane-coated SPION conjugated with EpCAM aptamers
or USPIONs decorated with antibodies anti-α fetoprotein and anti-glypican 3 have
been reported as successful examples of targeting of hepatocellular carcinoma cells.
Other molecules such as prostate-specific membrane antigen, PSMA (expressed by
the vascular endothelium of all solid sarcomas and carcinomas), and prostate stem
cell antigen, PSCA, are common targets for prostate cancer detection. The utilization
of targeted MRI contrast agents can help to improve the rate of cancer diagnosis in
its earliest stages [111].

These tumor-selective targeting contrast agents are capable of real-time tracking
of tumor angiogenesis and growth. The high number of NP accumulated in the
target tissue allows substantial enhancing of MRI signal. Targeted SPIONs also can
help to detect among different stages of cancer such as (i) detection of receptors
overexpressed on the cancer cell surface, (ii) detection of unusual angiogenesis in
the tumor microenvironment, (iii) detection of circulating tumor cells (CTCs); and
(iv) detection of soluble tumor markers.

SPION-based MRI contrast agents not only provide an excellent imaging system
for cancer but also can be employed for monitoring cell therapy and drug delivery
[112]. They provide enough negative contrast for in vitro and in vivo cellular imaging,
allowing for early discovery of diseases at the molecular and cellular levels. SPIONs
and MRI have been described recently as a promising tool to perform long-term
noninvasive imaging of transplanted cells in vivo tomonitor their survival, migration,
differentiation, and impact [113]. SPION can follow two different strategies for stem
cell imaging and tracking. The first one consists of modifying SPIONs surface with a
targeting ligand that recognizes a motif of the cellular surface. The second strategy is
based on the SPION cell internalization. Some FDA-approved SPION formulations
(such as Resovist, Feridex, Endorem) have been also studied as MRI contrast agents
for stem cell labeling [114].

Although many SPION-based products approved by FDA are no longer used
in clinics, many studies report their synergetic effect in combination with other
molecules for multimodal imaging [115].
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4.2 Multimodal Imaging

MRI has demonstrated great potential to obtain anatomic resolution and contrast;
nevertheless, a single imaging technique cannot provide complete information.More-
over, the elimination of artifacts fromMR images is crucial for a precise interpretation
and accurate diagnosis. Different information about a specific ROI can be obtained
by combination of several diagnostic-imaging techniques [116, 117]. Combination
of MRI with other modalities such as optical fluorescence, computed tomography
(CT), and positron emission tomography (PET), which provide functional informa-
tion with high sensitivity for anatomical information, has shown enormous potential
for accurate cancer diagnosis [115]. MNPs can be used as versatile platforms to
conjugate with another imaging components (such as fluorescent molecules and
radioisotopes) in order to generate signals in different imaging modalities (such
as PET or optical MRI). Their inherent magnetic properties can also be used as a
source of multimodal imaging signal as, for instance, in magnetic particle imag-
ing (MPI), magneto-photoacoustic imaging (MPA), and magneto-motive ultrasound
imaging (MMUS) (cf. Fig. 11). Multimodal SPION-based probes for dual T 1–T 2

MR imaging, radionuclide–MR imaging, CT–MR imaging, optical–MR imaging,
and ultrasound–MR imaging are described in detail in the following reviews [76,
115].

Fig. 11 MNP as versatile platform for multimodal imaging. Schematic representation of: aMNPs
combination with another imaging component to generate multiple imaging signal; b MNPs are
located with techniques such as MPI and MMUS. Adapted from Ref. [115]
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4.2.1 CT–MRI

Computed tomography (CT) offers high spatial resolution and no tissue-penetrating
limit, and is one of the most common imaging techniques used in clinics. CT is based
on the different X-ray attenuations provoked by the various structures of the object
according to their densities. The X-rays are detected from multiple angles and a 3D
image of each slice of the object can be reconstructed. Bimodal CT–MRI probes
can be prepared by combination of MNPs with a few elements such as iodine, gold,
and lanthanides [118, 119]. These bimodal probes can provide information about
tumor-associated vessels and detailed information of the tumor structure.

4.2.2 Optical–MRI

Many studies based on MRI–optical dual-mode imaging agents have been described
by conjugated optically active compounds (such as organic fluorescent dyes) to SPI-
ONs [120]. Although the optically active compounds present important advantages
such as simplicity of use, generating activable signals and the possibility of multi-
colour analysis, themain limitation is the poor tissue penetration than can be achieved
by fluorescence modality.

Crosslinked dextran-coatedMNPs conjugated with a NIR fluorescent dye, (Cy5.5
dye) have been studied for brain tumor imaging (c.f. Fig. 12b) [121]. In addition, core-
satellite structures based on a dye-encapsulated silica core conjugated with multiple
SPIONshavebeen reported as successfully dual imagingprobes capable of increasing
sensitivity in both MRI and fluorescence imaging. More recently, quantum dots
(QDs) and upconversion NPs (UCNPs) have been incorporated to iron oxide based
MRI contrast agents, allowing high fluorescence sensitivity in deeply located organs
(c.f Fig. 12c). NIR-to-NIR upconversion has been employed for in vivo imaging of
lymphatic system [122]. In vivo dual-modal upconversion luminescenceMR imaging
of tumor and lymph node has been also demonstrated after intravenous injection or
intracutaneous injection [120].

4.2.3 PET/SPECT–MRI

Recently, combination of radioisotope-based imaging techniques such as SPECT
(photon emission computed tomography) and PET (positron emission tomogra-
phy) with MRI offers great advantages of high sensitivity, quantitative, and no
tissue-penetrating limit, providing highly resolved tomographic images. These imag-
ing methodologies use a radioactive isotope incorporated in a metabolically active
molecule. These radioactive tracers are injected into the circulating blood and the
image collected represents the accumulation of the compound. Radiolabeling of
SPION also allows for real-time noninvasive monitoring of drug delivery [123]. Iron
oxide NPs coupled with radiometal chelates such as Cu-NOTA (chelating ligand,
1,4,7–triazacyclononane-N ,N ′, N ′′-triacetic acid) and a cRGD peptide have been



Magnetic Nanoparticles for Cancer Therapy and Bioimaging 267

investigated as PET–MRI contrast agents for targeted tumor imaging [124]. Instead
of using chelators to incorporate the radiolabeling molecule, radioisotopes can be
incorporated into the iron oxide core. PET/SPECT–MRI imaging agents have been
applied for in vivo imaging of lymph nodes, cardiovascular organs, and the liver with
high resolution (cf., Fig. 12d, e). Tri-modal imaging probes by attaching PET traces
to dual MRI–optical probes enable monitoring tumor regions.

Some techniques for multimodal imaging such as PET–MRI present main draw-
backs (such as radiation) and limitations, and still remain challenging and time-
consuming. The multiple designs of MNPs make possible to develop multimodal
imaging using only MNPs without the need to incorporate other types of materials
(fluorescent molecules or radioisotopes). MNPs have become a versatile contrast
agent platform for novel emerging imaging technologies such as MPI, MPA, and
MMUS, enhancing the sensitivity, resolution, and accuracy of the image perfor-
mance [115].

Fig. 12 a T1- and T2-weighted raw images of phantoms and final images using an AND logic
algorithmof (i)MagnevistT1 contrast agent, (ii) FeridexT2 contrast agent, and (iii)T1–T2 DMCAs.
Adapted from Ref. [127]. b Iron oxide NPs labeled with fluorescent dyes (Cy5.5) as MRI–optical
dual-mode imaging agents enable visualization of tumorswith highT2 MRI signals andfluorescence
signals. Adapted from Ref. [135]. c Hybrid nanostructures based on NaYF4 UCNP, iron oxide NP,
and gold nanocluster are capable of labeling the lymph node of a mouse via both T2 MRI and
fluorescence imaging [136]. dMRI–PET dual-mode imaging agent based on iron oxide NPs, which
are labeled with radioisotope (64Cu) and chelator molecules (DTCBP) enable detection of lymph
nodes with both MRI and PET signal [137]. eMRI–SPET dual-mode imaging agent based on iron
oxide NP labeled with 99mTc enable visualization of cardiovascular organs such as the heart and
aorta by MRI and SPECT imaging Ref. [94]. (Fig. 12c–e adapted from Ref. [115])
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4.2.4 T1–T2 Dual-Modal MRI

T 1–T 2 dual-modal MRI has proved its capacity to improve the accuracy of MRI
detection by enhancing bright MR signals in positive T 1 mode and dark MR sig-
nals in negative T 2 mode of the region of interest. It enables enhanced diagnostic
accuracy and precision applying the same imaging technique [125]. Combination of
paramagnetic metal ions (such as Gd3+ and Mn2+) with SPIONs has been used in
order to obtained complementary information on T 1-weighted and T 2-weightedMRI
by positive and negative contrast simultaneous acquisition [126]. The paramagnetic
ions and SPIONs are frequently separated by a polymer layer or incorporated in a
silica coating in order to control the magnetic coupling.

Magnetically decoupled T 1–T 2 dual-mode contrast agents (DMCAs) present
relaxivity coefficients approximately 2–3-fold higher than conventional T 1 and T 2

contrast agents. The perturbation of the T 1 contrast effects by the T 2 contrast agent is
modulated by the separation control of the distance between the two materials (e.g.,
by using a silica shell spacer). In addition, T 1–T 2 DMCAs are capable of perform-
ing an AND logic gate algorithm which allows precise interpretation by eliminating
MRI artifacts (c.f. Fig. 12a) [127]. Recently, by controlling the shape of SPIONs,
a strong T 1 and T 2 contrast effects can be achieved when using the same particle.
For instance, varying the thickness of superparamagnetic nanoplates, T 1–T 2 MRI
contrast effect can be modulated [128].

4.2.5 MPI–MRI Imaging

Magnetic particles imaging (MPI) is a quantitative technique capable of directly
visualizing the spatial distribution of MNPs with high image contrast and high sensi-
tivity. The electromagnetic signals, generated after MNPs are exposed to an external
magnetic field, are detected and converted into MPI images [129]. Some commer-
cial SPIONs such as Resovist have been evaluated as bimodal contrast agent and the
in vivo biodistribution monitored for MPI–MRI dual-modal imaging. MPI has no
penetration depth limit and in combination with MRI allows obtaining accurate real-
time information about NP location and high-resolution anatomical imaging [130].
Recently, cancer detection with MPI through passive targeting perfusion and EPR
effect has been demonstrated by using long-circulating SPIO tracers [131].

4.2.6 Ultrasound MR Imaging

Ultrasound imaging is one of the most widely used biomedical imaging techniques
in medicine. Despite this technique offers real advantages such as real-time imag-
ing capability, high resolution, and portability, its sensitivity is very limited. The
US sensitivity can be improved by the combination with MNPs as contrast agents
for multimodal imaging modalities such as US–MRI, MMUS–US, and MPA–US,
leading to visualize biological events at the cellular and molecular level in real time.
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4.3 MMUS (Magneto-Motive Ultrasound Imaging)

A focused high intensity pulsed magnetic field is applied to the MNP, and their
induced motion is monitored by US imaging. This technique allows determining the
distribution of MNP in biological systems. Due to their large magnetic susceptibil-
ity, MNPs respond readily to magnetic fields and move toward the magnetic field.
During the displacement, the NPs experience tissue resistance, against the magnet-
ically induced displacement. Due to these two forces (magneto-motive and tissue
resistance), MNPs induce vibrations that can be detected using US-based motion
tracking technique. The combination of MMUS–US dual imaging allows monitor-
ing the presence ofMNPs along with the anatomical information. High-performance
magneto-active MMUS contrast agents can be designed by synthesizing MNPs with
higher magnetic susceptibilities. SPIONs have been applied to visualize sentinel
lymph nodes by MPI [132]. Although it is still in the primitive stages, this tech-
nique has the potential to be a new imaging approach for cellular and molecular level
dynamic imaging such as lymph node metastasis detection, stem cell tracking, and
drug delivery monitoring.

4.4 MPA (Magneto-Photoacoustic Imaging)

Photoacoustic (PA) imaging is based on detecting ultrasound waves generated by
tissues that absorb laser light and thermo-elastically expand. Using a transducer that
converts acoustic waves into electric signals, the ultrasound wave is detected by a PA
image. The combination with MNPs overcomes the limitation of the technique and
enhances the quality of the images. When a pulsed external magnetic field is applied
during PA acquisition, the MNPs create a vibrating motion that can be distinguished
from the background signal and registered. Also, clusteringMNPs enables higher PA
signals. DesigningmultimodalMPA probes by combiningMNPwith NIR-absorbing
nanomaterials led to powerful contrast agents for MRI and PA [133]. These probes
are capable of capturing circulating tumor cells under flow conditions and detection
by PA imaging. The detection of tumor cells circulating in vivo, which are some
of the important biomarkers of cancer metastasis, tumor recurrence, and prognosis
prediction, can be a powerful tool in cancer diagnosis.

5 Conclusions

The use ofMNPs for cancer diagnosis and treatment has been proven to be a powerful
biomedical tool. There are many promising applications that hopefully will trans-
late to the clinic to increase the number of currently approved drugs based on these
nanomaterials. However, there are still many challenges that need to be overcome,
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such as more efficient targeting in vivo. A better understanding of the underlying
mechanisms in processes such as MFH, and the NPs degradation and interaction
with the tumoral microenvironment will ensure the development of more effective
therapies and diagnostic tools. Currently, the efforts of the scientist working in mate-
rials development are heading to expand the capabilities of the materials as dual
platforms for combined capabilities in therapy and diagnosis (e.g., theranostics plat-
forms) or developingmultimodalmaterials that combine several therapies or imaging
techniques just in one nanoplatform. We envisage that the following years will bring
closer new approaches for clinical translational medicine.
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Dendrimers-Based Nanoparticles for
Cancer Therapy and Bioimaging

Jørn B. Christensen

Abstract Using dendrimers for drug delivery and diagnostics was one of the ear-
liest potential applications. The field has evolved tremendously since and has now
matured to a state, where real applications are getting close. This chapter reviews
the progress in the use of dendrimer-based nanoparticles for cancer therapy and for
bioimaging, and presents selected results published during the last 10 years. Topics
include the EPR-effect, RNA/DNA-therapy, dendrimers as drug delivery devices for
chemotherapy, dendrimers as nanodrugs and dendrimer-based imaging reagents and
theranostics.

Keywords Dendrimers · Nanoparticles · Drug delivery · Nanodrugs · Imaging ·
Theranostics

1 Introduction

Dendrimers aremolecules built by repetitive branching from a core creating structure
built layer wise. They grow rapidly in size and for a larger (the size is usually given
by the generation) dendrimers they have a surface and an interior (Fig. 1).

Dendrimers have many advantages compared to other types of nanoparticles;
they are essentially monodisperse, the size can be controlled by synthesis and an
infinite number of structures are possible combining different AxBy building blocks.
Dendrimers grow rapidly in size (diameter) and have a large number of surface
groups, which can be utilized for multivalent presentation of ligands bound to the
surface. Depending on the branch-cell unit, a dendrimer can have cavities inside
the molecule, which can accommodate small molecules, but small molecules can
also be non-covalently bound to the surface groups of the dendrimer giving rise to
endo- or exo-complexation depending on where the guest molecule is located. So
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Generation 1

Core

Surface group

Fig. 1 Hypothetical generation 2 dendrimer based on an AB4-core with CD2 branch units

dendrimers can be used as drugs (Vivagel® from Starpharma Ltd) or as covalently
bound drug-delivery systems.

Dendrimers have become increasingly popular in the last decade as the next big
thing for the treatment, imaging, and analysis of cancer, which is quite logical con-
sidering the huge success with liposome-based formulations such as Doxil®. There
have been published more than 1800 papers since 2005! This is a huge amount activ-
ity that reflects that dendrimers have aged from being chemical curiosities to slowly
becoming a platform for nanomedicine. This also means that the present chapter
cannot give a complete coverage of all the work done, but gives the major lines of
research, that have been pursued.

2 The EPR-Effect

It is an experimental fact that nanoparticles tend to be concentrated in cancerous
tissue instead of healthy tissue. The phenomenon has been explained as the enhanced
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permeation and retention effect (EPR), which should be due to the presence of leaky
blood vessels in the cancerous tissue due to the fast growth of cancer cells and
a lack of lymphatic drainage. The EPR-effect has, however, been questioned and
although there could be other explanations of the phenomenon, it is still a goodway of
achieving targeted delivery without the need of targeting groups on the nanoparticles
or dendrimers as seen in drugs like Doxil®.

3 RNA and DNA-Therapy Based on Dendritic Carriers

Small interfering RNA is a sequence of double-stranded RNA that interferes with the
expression of specific genes preventing their translation into proteins. In cases where
specific proteins are involved in a disease like cancer, it is possible to shut down their
synthesis and if the correct protein is targeted, the state of disease. siRNA sequences
are short only around 20 base pairs compared to DNA and siRNA does not change
the genome, so it is a very attractive strategy provided that the target proteins can be
identified.

siRNA cannot be administered directly due to the presence of exonucleases but
has to be protected by a carrier, that can also assist in the cellular uptake. Due to the
presence of phosphate groups in the backbone of siRNA and DNA, both can form
complexes with positively charged dendrimers and these complexes (dendriplexes)
are taken up by human cells. The dendriplexes are located in endosomes and the
release of the siRNA/DNA from the dendrimer depends on protonation of the den-
drimer increasing its hydrodynamic ratio due to Coulombic repulsion (also known
as the umbrella or proton sponge model [1] leading to shredding off the coat of
siRNA/DNA as shown in Fig. 2.

Designing the ideal dendritic carrier is a delicate balance, because the dendriplexes
need to be stable enough to reach their target but they should still be able to dissociate
from the siRNA/DNA once inside the cell. Another important aspect is the toxicity
of the carrier due to the charge.

Cenã and co-workers [2] reported the use of an amino-terminated G1 PAMAM-
dendrimer (commercial material with four amino groups on the surface; size of the
core not disclosed) as a vehicle for targeting p42 MAPK in prostate cancer. Good
stability and silencing effect was observed compared to the commercial products
Lipofectamine and HiPerFect, which is interesting because the toxicity of amino-
terminated PAMAM-dendrimers increases with size due to a higher number of amino
groups. Huang et al. [3] synthesized and studied a G5 PAMAM-dendrimer (EDA-
core), where the surface had been converted into 3,5-diamino-triazines (62 out of 128
surface groups; synthesis shown in Fig. 3. This dendrimer formed siRNA-complexes
that showed excellent knockdown both in vitro and in vivo of the expression of the
MDM2-gene, which is involved in non-small cell lung cancer. The in vivo results
were obtained in a PC9-luc tumor xenograft mouse model (Fig. 4).

Carbosilane dendrimers have an internal structure based on carbon–silicon bonds
which have a very flexible structure. Adding quaternary ammonium groups to the
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Fig. 2 Mechanism of dendrimer-mediated siRNA uptake and release [1]
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Fig. 3 The partially triazine-modified G5-PAMAM used by Huang et al. [3]

surface gives compounds that have been tested for in vitro siRNA-delivery against
HIV and hepatocarcinoma [4–6] (Fig. 5).

The flexibility of the dendrimer is important for the stability of siRNA-dendrimer
complexes, because a tight fit of the dendrimer to the phosphate backbone leads
to a higher binding constant and stability of the complex. The interaction between
RNA/DNA and different types of dendrimers have been studied by computational
modeling as exemplified by the work of the groups of Danani [7, 8] and Pricl
[7]. Pavan and co-workers [9] did molecular simulations to study the interactions
between different generations of PAMAM-dendrimers and siRNA and have sug-
gested a parameter to correlate the balance between enthalpy and entropy, which
has been named the energetic flexibility index EF and is defined as EF � �H

T�S , the
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Fig. 4 a In vivo luminescence images of mice bearing PC-9-luc tumors before and after treatment
with PBS, G5-DAT 62/siScr or G5-DAT 62/siMDM2. b The evolution of tumor volumes during
the therapeutic period. c The photograph of the excised tumors after treatment. d The weight of
the excised tumors after treatment. e Body weights of the mice during the treatment. *p <0.05 by
student’s t-test (n �5) [3]

Si N
N(CH3)2R

n
CF3 SO3

2

Fig. 5 Carbosilane dendrimer having 2 quaternary ammonium groups at the surface

parameters �H, and �S can be determined by binding studies and can be a guide
to improving the design of a carrier. A high value of EF indicates the flexibility of
the dendrimer and good binding, while a low value indicates a high entropic penalty
and basically a misfit between the dendrimer and the siRNA.
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Peng and co-workers [1] have been very systematic in their search for good carriers
and have been focusing on dendrimers with a high degree of flexibility for getting an
induced fit to the short and rigidRNA-strands.A selection of their flexible dendrimers
is shown in Fig. 6.

The triethanolamine-cored dendrimers are characterized by having a trivalent core
instead of the usual tetravalent and by replacing some of the amide linkages with
ethers [10] or esters [11] greater flexibility is achieved while keeping solubility in
water and a biomimetic design.

Siegwart and co-workers [12] used a chemically very interesting approach (Figs. 7
and 8) originally developed by Shen and co-workers [13], which gives access
to a large variety of structures relatively easy. Their synthesis is based on the
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Fig. 8 Synthesis of a diaminobutane-cored dendrimer using the iterative method of Shen and co-
workers [13]

differential reactivity of acrylates versus methacrylates in Michael additions. 2-
(Acryloyloxy)ethyl methacrylate is reacted with the desired amine core leaving the
methacrylic ester groups intact. They subsequently react with functionalized thiols
using the “thiol-click” reaction to build the dendrimers, which were tested against
liver cancer in mice showing promising properties.

Anderson and co-workers [14] synthesized a series of amphiphilic dendrimers
from EDA-cored PAMAM- or PPI-dendrimers by reaction with different chain
lengths of 2-alkyloxiranes giving the corresponding hydroxyalkylated dendrimers
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(Fig. 9). The advantage of this design and the work of Siegward et al. is, that a large
number of compounds can easily be synthesized in few steps leading to large com-
pound libraries, that then needs to be screened for activity. In the case of Anderson
et al. [14], knockdown of alpha-fetoprotein in hepatocellular carcinoma cells in vivo
in mice was shown.

The idea of using dendrons that could self-assemble to dendrimerisomes (non-
covalent dendrimers) capable of siRNA-delivery has been studied by Peng and co-
workers [1, 15]. The advantages of this approach is that it eliminates any confor-
mational restrictions induced by the core and it should make elimination from the
body easier because the individual dendrons are smaller and more flexible than the
corresponding covalent dendrimer. There are, however, some potential drawbacks
such as the stability in the bloodstream; a noncovalent system will have a critical
micellar concentration and the entity will be subject to shear stress from the flow in
the bloodstream, which could destabilize the system.

4 Dendrimers as Carriers of Chemotherapeutics

Drug delivery with dendrimers is achievable in two ways: Attaching the drug
molecules covalently to the dendrimer via a linker, that degrade in vivo or by relying
on non-covalently bound guest–host complexes of the drug molecule and a suit-
able dendrimer. Both types of systems have been investigated and special cases of
the covalent systems are the self-immolative dendrimers, which degrade completely
upon breaking a critical bond.

To get a covalently bound dendrimer-drug system, that can release the bound drug
in vivo, it is necessary to have a cleavable linker. Derivatives of cis-aconitinic acid
[10, 15–17], hydrazone-linkers [9, 10, 17–22], both are acid labile and disulfides [23,
17, 24, 25], that are cleaved in a reductive environment, for example, by reaction
with glutathione inside cells, have all been used (Fig. 10).

Self-immolative dendrimers are dendrimers that undergo disintegration upon
cleavage of a critical bond. The concept was first demonstrated by de Groot [26,
27], McGrath [28, 29], and Shabat [30], who independently developed dendrimers
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that easily underwent retro-Michael additions to form smaller molecules upon cleav-
age of a strategic bond.

Most of the systems described rely on the facile formation of quinone methides
by elimination from suitably substituted benzylic amines or phenols and this might
impose some limitations due to solubility issues of the products formed from the
quinone methides, which are reactive intermediates that can polymerize.

In the non-covalent systems, two types of complexes exist: Exo-complexes, where
the guest is bound to the surface and endo-complexes, where the guest is bound to
the interior of the dendrimer. Guest–host chemistry in dendrimers and their use as
drug-delivery systems have been extensively studied and for some general references
see [32, 32, 33, 34].

Platinum(II) complexes have a long history in chemotherapy; they are highly
cytotoxic acting by cross-linking DNA. Unfortunately, these compounds also cause
permanent damage to the nervous tissue in the peripheral system on longer use.
Many of the complexes like cisplatin (Fig. 11) are uncharged and since Pt(II) is a
d8-electron system, they have a square planar configuration with very slow ligand
exchange. Guest–host complexes with dendrimers have been known for a long time
and someexamples are [35, 32, 36–52].Changingoxidation state fromPt(II) to Pt(IV)
gives octahedral d6-complexes, which are also kinetically robust. Covalent binding
of Pt(IV)-complex to a dendrimer has also been studied [53]. A very interesting
study was done by Kulhari et al. [49], who took a critical look at formulations of
carboxy-terminated PAMAM-dendrimers with cisplatin from a drug-delivery point
of view; they studied the degree of loading, the influence of the size of the core of the
dendrimer (1,2-diaminoethane vs. 1,4-butanediamine vs. 1,12-diaminododecane);
batch-to-batch variability, which is critical for any practical use; release profile under
different conditions and stability—unfortunately all are in vitro studies. The stability
studies showed a change in release profile after storage at room temperature for
70 days where only 15% of the drug were releasable again. Taking the slow ligand
exchange in Pt(II)-complexes into account, this could very likely the result of the
formation of a Pt(II)-complex with the dendrimer.

Given the success with cisplatin, other transition metal complexes have also been
tested for anticancer properties [25, 54] as, for example, the complexes between
PPI-dendrimers and Ruthenocene(II) by Rodrigues and co-workers [55], which are
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interesting because the Ruthenium is complexed to the –C≡N nitrogen of a half
generation PPI-nitrile (Fig. 12).

Guest–host systems with other chemotherapeutics have also been reported for
example 5-Fluorouracil (Fig. 11) and peptide dendrimers [20] form guest–host com-
plexes, which showed good skin permeating ability. These systems have subse-
quently been analyzed by molecular dynamics to give insights into the complexation
and the interesting conclusion is, that a neutral dendritic host gives better binding
than charged systems in the case of 5-fluorouracil [56]. Different surface modi-
fied PAMAM-dendrimers has also been studied as pH-responsive systems aiming at
releasing the drugs inside the tumor due to a lower pH [49, 57–59].

Doxorubicin (Fig. 13) is a very popular drug for studying drug-delivery systems
for treatment of cancer; it is highly cyto- and cardiotoxic and is not excreted from
the human organism limiting the total amount of drug that can be given to a patient.
It was also the first real success for nanomedicine in the form of Doxil®, which is a
micellar formulation of doxorubicin that allows the use of smaller amounts of drug to
get the desired effect. Some examples of doxorubicin complexed in or to dendrimers
are [9, 16, 18, 60–63].

5 Dendrimers as Nanodrugs

In the majority of cases, the dendrimers are vehicles for transporting drugs to
a target, but in recent years, examples have started to appear, where the dendrimer
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Fig. 13 Molecular structure of doxorubicin

Fig. 14 Cellular uptake and fate of a spherical (PF) G6-PAMAM-dendrimer and a degraded (SF)
G6-PAMAM-dendrimer

itself acts as a drug. Amino-terminated PAMAM-dendrimers are in general toxic due
to the highly cationic surface, but a recent work by Akhtar et al. [64] have shown
that they also affect EGFR signaling in vitro and in vivo, and might as such be
useful for cancer therapy (Fig. 14). A very interesting aspect of this study is, that
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they are using two different qualities of commercially available amino-terminated
PAMAM-dendrimers (Polyfect® and Superfect® G6-PAMAMs fromQiagen). These
dendrimers differ by the degree of degradation; the Superfect-dendrimers that have
been deliberately degraded by cooking in 1-butanol making them less spherical and
probably converting them into dendrons, so the results do also show that the shape
of dendrimer/dendron is important.

The phosphorous dendrimers explored by the groups of Caminade and Majoral
(Fig. 15) are interesting; the dendrimers themselves have anticancer properties but so
does the Cu(II)-complexes also and by a different mode of action. The phosphorous-
dendrimer acts as a weak activator of caspase-3, while the corresponding Cu(II)-
complexworks throughBAX translocation leading to apoptosis as shown byMignani
and co-workers [65, 66].

PPI-dendrimers decorated with maltotriose-groups on the surface (Fig. 16) show
apoptosis-inducing activity in chronic lymphocytic leukemia cells [67], that is com-
parable with that of the drug fludarabine. This is a very good illustration of the use
of the multivalency of dendrimers to achieve a biological effect.

Amphiphilic lysine-dendrons developed for siRNA-therapy was also found to
have activity against glioblastoma cells without affecting neurons or astrocytes as
demonstrated by Ceña and co-workers [68] (Fig. 17).

The concept of multiple antigenic peptides was developed by Tam and co-workers
[69–71]. Basically, a multivalent scaffold is constructed by peptide synthesis and
decorated on the surface with the desired antigen. This is a good way for boosting
activity that can be used for creating vaccines. Recently Bay and co-workers [72]
reported the large-scale synthesis of an anticancer vaccine based on a peptide dendron
scaffold displaying glycopeptides on the surface (Fig. 18).

6 Imaging Using Dendrimers

Imaging with dendrimers can be done by using them as carriers of imaging agents
and targeting ligands allowing imaging of specific types of tissue or by simply by
using the difference in hydrodynamic size, which is generational dependent, as a
method of limiting the tissue penetration. For a review on imaging with dendrimers
see [73].

Imaging with X-ray techniques such as CT relies on the attenuation of X-rays, and
tissue containing heavier elements such as calcium in bones have a higher natural
contrast than soft tissue. Therefore, contrast agents are needed in order to examine soft
tissue and organs. A contrast agent for X-ray-based techniques needs to incorporate
heavier elements that should be in a nontoxic form. Iodine has been very popular
and a number of contrast agents for CT scanning are poly(iodinated) compounds.
Metal nanoparticles of metals such as gold are also useful, because they are inert
and the only potential issue is excretion from the body. Shi and co-workers [74]
reported recently that a G5 PAMAM-dendrimer, where the surface was modified
with carboxybetaine acrylamide units, could bind gold nanoparticles (Au-DENs)
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to the surface and used them subsequently for lymphatic imaging by CT in mice
(Fig. 19).

MR-imaging relies on mapping the proton density in the tissue by NMR. The
relaxation of the [1] H-nuclei determines the contrast of the image. Shortening the
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relaxation times (T1 and T2) increases the contrast of the image and shortens the
time necessary for collecting the data. Contrast agents for MR can be classified
according to the mechanism of action: Gd3+ and Mn3+ affect T1, while magnetic
iron oxides (magnetites) and Dy3+ affect T2. The problem encountered with contrast
agents for MRI is toxicity of metals such as Gd3+ and Dy3+ as well as biological
activity (and risk for poisoning) of Mn in various oxidation states. This is solved by
administrating them as stable complexes or chelates that can be excreted from the
body. A few typical reagents are shown in Fig. 20.

Methods based on radioactive isotopes have the advantage of very high sensitivity
but require special facilities for preparation and handling. Single Photon Emission-
Computed Tomography (SPECT) and Positron Emission Tomography (PET) are
techniques that can give useful information [75, 76]. The radioactive nuclide is usu-
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ally bound to a suitable ligand, but in the case of PET the half-life of the nuclides
are usually very short minimizing the exposure to radiation for the patient, but on
the other hand also putting restraints on the number of synthetic steps, that can be
performed on the material containing the radioactive nuclide.

The multivalent surface of a dendrimer allows the preparation of “molecular
Xmas-trees”, where a dendrimer is decorated with different types of modalities.
Tsien and co-workers [77, 78] made constructs carrying a cell-penetrating peptide
masked by a peptide sequence specifically cleavable by tumor-specific proteases as

Fig. 17 Four lysin-based dendrons investigated by Ceña and co-workers [68]
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well as fluorescence- and or MR-probes allowing the location of the tumor and its
boundaries to the surrounding healthy tissue (Fig. 21).

Wang and co-workers reported constructs consisting of aG5-PAMAM-dendrimer,
an MR-imaging agent, a tumor-specific antibody against HER-2 and hosting a gold
nanoparticle in the interior of the dendrimer, which acts as a contrast agent for CT
scanning [79] and a trimodal having a folic acid targeting ligand, a gadolium complex
for MR, an interior gold nanoparticle for CT and Cy5.5 for NIR-fluorescence [23].

7 Theranostic Dendrimers

Combining a targeted imaging system with a therapeutical agent gives a thera-
nostic system and a few examples of theranostic dendrimers in the area of cancer are
next discussed.

Terreno and co-workers [80] made a self-assembling dendrimer from a small
Janus face dendrimer and loaded it with a lipophilic Gd-complex for MR-imaging
as well as the drug prednisolone phosphate and showed uptake and activity in a
melanoma tumor model in mice. Another self-assembling system was reported by
Gu and co-workers [81], where the system combined detection by NIR-fluorescence
with dual pH/redox-triggered the release of Pt(II) (Fig. 22).

Fig. 19 CT images and CT values of a rabbit lymph node before (a) and at 2 h b post hoc injection
of [(Au0)100-G5·NHAc-CBAA20] (1), [(Au0)100-G5·NHAc-CBAA80] (2) or [(Au0)100-G5·NHAc-
mPEG20] (3) ([Au]�0.1 M, in 500 µL saline) (n �3). Reproduced from Shi and co-workers [74]
with permission of The Royal Society of Chemistry
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8 Outlook

The area of using dendrimers for diagnostics and treatment of cancer has been
growing exponentially in recent years, and an interesting development has been
the self-assembling dendrimers, which offers a simple shortcut from smaller den-
drons to dendrimers avoiding the synthetic difficulties. It will be interesting to see
how these systems translate into clinical use. Dendrimers having different surface
groups arranged in a well-defined pattern allowing systematic studies of topics such
as uptake mechanisms, therapeutical effect, theranostics, or biodistribution in tumors
are a goal that requires a control in dendrimer synthesis that we do not have at the
present. Understanding the interaction between dendrimers and the immune system
is very important, because some types of cancer seems to be able to avoid discovery
by the immune system, and at present it is known that dendrimers can be anti-, pro-,
and non-inflammatory [82] and thismight be utilized for developingmore dendrimer-
based drugs or theranostics against cancer. Another and more troublesome problem
was presented in a recent commentary on the status of nanomedicine and cancer
entitled “Just so stories: The random acts of anticancer nanomedicine performance”
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Fig. 21 Degree and pattern of enhancement as a function of tumor size. a Representative axial fat-
saturated T1w MR images of mice given ACPPD-Gd (top row) and others imaged before (bottom
row) and after gadobutrol (middle row) with comparable size tumors shown with the same window
and level. Note that while ACPPD-Gd produced homogenous diffuse tumor enhancement (arrows),
gadobutrol enhanced predominantly the tumor rim. Scale bar in each image�5 mm. b, Bar graph
shows mean tumor enhancement±SD for each contrast group as a function of tumor size groups.
* indicates p <0.05, **p <0.01, ***p <0.001
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Fig. 22 Synthesis of a self-assembling theranostic dendrimer as described by Gu and co-workers
[81]

[83]. Many nanomaterials show excellent results in vitro or in mouse models, but
fail or show unpredictable activity and serious side effects, when put to the test in
humans. There can be many reasons for this and it is a challenge for the field of
dendrimers in nanomedicine that will generate a lot of good research in the future.
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Porous Silicon Particles for Cancer
Therapy and Bioimaging

Steven J. P. McInnes, Abel Santos and Tushar Kumeria

Abstract Porous silicon (pSi) engineered by electrochemical etching of silicon has
been explored as a drug delivery carrier with the aim of overcoming the limitations of
traditional therapies andmedical treatments. pSi is biodegradable, non-cytotoxic and
has optoelectronic properties that make this platform material a unique candidate for
developing biomaterials for drug delivery and theranostics therapies. pSi provides
new opportunities to improve existing therapies in different areas, paving the way
for developing advanced theranostic nanomedicines, incorporating payloads of ther-
apeutics with imaging capabilities. However, despite these outstanding advances,
more extensive in-vivo studies are needed to assess the feasibility and reliability
of this technology for real clinical practice. In this Chapter, we present an updated
overview about the recent therapeutic systems based on pSi, with a critical analysis
on the problems and opportunities that this technology faces as well as highlighting
the growing potential of pSi technolgy.
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1 Introduction

Since the beginning of the twentieth century when Paul Ehrlich postulated his vision-
ary concept of “magic bullet” until themodern concept of nanomedicine, an intensive
activity in fundamental research and medical translation has been carried out for the
development of nanomedicines [1–3]. Nanomedicines are drug delivery systems,
where therapeutics are encapsulated within nanocarriers and administered through
different routes in order to release their therapeutic content over diseased cells, tis-
sues, or organs [4, 5]. The aim of drug delivery systems based on nanocarriers is
to selectively target disease-causing organisms, while keeping the rest of the host
organism spared in order to minimize side effects and toxicity associated with drugs.
Furthermore, these systems can also overcome other intrinsic limitations of conven-
tional medicines by enhancing their biodistribution, solubility, selectivity, and phar-
macokinetics [6, 7]. However, the modern concept of nanomedicine goes beyond
simple drug delivery and more sophisticated forms of nanomedicines have been
envisaged. Among them, theranostic agents combine both therapeutic and diagnos-
tic entities into a single drug delivery carrier. This revolutionary concept opened a
plethora of possibilities, not only to treat diseases but also to diagnose and understand
the biological response and progression of living systems to different treatments [8,
9]. Drug nanocarriers with theranostic capabilities enable imaging of nanomedicines
to localize and monitor drug release and assess the therapeutic efficacy by analyz-
ing the response to a given treatment in situ, using numerous imaging modalities.
Many different types of theranostic nanomedicines have been developed over the
recent years [10, 11]. Typically, these nanomedicines are composed of nanocarriers
such as polymers, liposomes, micelles, antibodies, and nanoparticles. In many cases,
these vehicles are endowed with therapeutic and diagnosis capabilities by co-loading
drugs and imaging agents. However, some of these vehicles can feature theranostic
capabilities using the intrinsic properties of the nanocarrier. Among these, porous
silicon (pSi) is considered an excellent theranostic platform due to its unique set of
physical and chemical properties, which may be precisely tuned by engineering its
porosity.

pSi fabrication via the electrochemical etching of silicon was discovered by the
Uhlirs at Bell Laboratories in 1956 [12–15]. Years after, Gösele and Canham iden-
tified quantum confinement effects in pSi structures, opening new opportunities to
expand the application of pSi in optoelectronics [16, 17]. However, while its unique
optoelectronic properties make silicon and its porous forms the material of choice
for microelectronic systems, the discovery of its biocompatibility and biodegrad-
ability by Canham in 1995 boosted and spread its use for drug delivery applications
[18, 19]. Canham demonstrated for the first time the in vitro biocompatibility of pSi
films featuring micro-, meso-, and macro-porosity. His pioneering studies revealed
that the biodegradability and biointegration of pSi structures can be modulated by
means of the level of porosity and the size of its pores. Canham’s works boosted
an increasing activity in the field of pSi for drug delivery applications and enabled
new opportunities to explore the use of this promising material in medicine and



Porous Silicon Particles for Cancer Therapy and Bioimaging 307

related fields [20–22]. More recently, taking advantage of the optoelectronic prop-
erties of pSi, Sailor demonstrated for the first time that pSi-based nanoparticles can
also act as theranostic platforms using a time-gated imaging approach [23–25]. pSi
has lower toxicity than heavy metal-based quantum dots, offers better photosta-
bility than organic fluorophores, emits light in the NIR region (biological window
650–1300 nm), which is optimal to penetrate tissue, it is biodegradable with low
cytotoxicity and can load high doses of therapeutic agents [25]. Furthermore, the
combination of pSi nanoparticles with photosensitizers enables photodynamic ther-
apies for localized treatments to reduce the side effects of anticancer medicines by
the temporal and spatial control of the production of cytotoxic species in diseased
cells, tissues, or organs [24]. As a result, pSi is considered a unique and promising
vehicle platform for theranostic nanomedicines.

Despite these advantages, the bench-to-bedside translation of pSi-based
nanomedicines faces both technical and commercial challenges [20]. Nanomedicines
are increasingly reaching the investors’ attention and it is expected that the invest-
ment in this area will grow strongly during the next decade [26]. However, clinical
developments require considerable financial support from investors and the investors’
enthusiasm in biotechnological companies is mainly limited to later-stage projects
with demonstrated performance, which require extensive clinical trials and detailed
long-term studies. Furthermore, clinical studies may undergo failure and delays and
the unexpected long-term side effects associated with pSi are yet to be assessed in
real clinical practice [27–34].

Herein, we summarize themost recent and significant advances in pSi-based tech-
nology for cancer therapy and bioimaging, providing a comprehensive overview of
the different fabrication methods, properties, and applicability. The different drug
delivery concepts based on pSi are reviewed with a critical overview of their advan-
tages and intrinsic limitations. Furthermore, we provide detailed information about
the recent progress in the clinical translation of pSi-based systems for different ther-
apies. We conclude our chapter with an outlook about the future challenges and
developments in this exciting research field.

2 Fabrication and Properties of Porous Silicon

2.1 Fabrication Methods

pSi structures can be produced by a series ofmethods, including both electrochemical
and chemical etching processes. The most extensively used method is electrochem-
ical etching of crystalline silicon wafers in hydrofluoric acid electrolytes based on
organic solvents such as acetonitrile (CH3CN) or dimethylformamide (C3H7NO)
[13–15]. However, other fabrication methods such as metal-assisted etching and
chemical etching of silicon in mixtures of HF and nitric acid (HNO3) are gain-
ing attention due to their versatility to produce pSi structures featuring complex
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geometrical features (e.g., nanopillars, nanowires, etc.) [35–40]. Furthermore, more
recently, the conversion of natural or synthetic silicon dioxide micro/nanostructures
into silicon replicas has been envisaged as an advantageous approach toward the
development of innovative pSi structures by reduction of silicon dioxide into silicon
[41–44].

2.1.1 Electrochemical Etching

Silicon wafers can be electrochemically etched via anodization [13–15]. In this elec-
trochemical process, the silicon wafer acts as anode and, typically, a platinum wire
is used as cathode. The application of a current bias between anode and cathode
in a suitable electrolyte is translated into the selective dissolution of the crystalline
structure of silicon into its porous form (pSi). The structure of pSi, reported for the
first time by Watanabe and Sakai in 1971, can be readily engineered by the fabri-
cation conditions (i.e., anodization current, type of silicon wafer, level of doping,
illumination, patterning, electrolyte, temperature, etc.) [45]. Table 1 summarizes the
most representative conditions and pore morphologies for pSi structures. During
electrochemical etching, hydrogen-terminated silicon is electrochemically dissolved
by the replacement of superficial H atoms by fluoride ions (F−), which are present
in the electrolyte solution (Eq. 1). Given that the surface of silicon is passivated with
H atoms under open circuit conditions, the application of an anodic current bias is
required to create an electronic hole (h+) for the formation of a neutralized Si-F bond
through polarization induced by the more electronegative F atom over the Si atom.
In this mechanism, a new F atom bounds the Si atom at a different position, resulting
in the generation of hydrogen molecules (H2). The repetition of this process pro-
gressively weakens the Si–Si bonds in the silicon structure by means of the strong
electronegativity of F atoms. This process, known as nucleophilic attack, results in
the formation of pSi structures by electrochemical etching, where silicon atoms are
etched away from the crystalline structure of silicon, engineering a porous structure
from top to bottom.

Si + 4HF−
2 + h+ → SiF2−6 + 2HF + H2 + e− (1)

Although many experimental studies have tried to discern the formation mech-
anism of pSi, a theoretical model that entirely explains this phenomenon is yet to
come. However, it is generally accepted that pores in pSi are a result of different
mechanisms, depending on the etching conditions, including crystallographic face
selectivity, enhanced electric field, tunneling, and quantum confinement.

2.1.2 Metal-Assisted Etching

pSi structures can be fabricated by metal-assisted chemical etching, technique pio-
neered by Dimova and co-workers in 1997, which enables the production of pSi
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Table 1 Compilation of themost representative electrochemical etching conditions used to produce
pSi structures and details of their morphological features

Silicon wafer Current
density
(mA cm−2)

Doping density (cm−3)

1 × 1017 1 × 1018 1 × 1019

p 300 Pore
morphology
and porosity

Sponge like
80%

Narrow long
pores with
dendritic
branches 75%

Wide long
pores with
high wall
roughness
80%

30 Sponge like
70%

Sponge like
60%

Medium long
pores with
dendritic
branches 50%

3 Sponge like
60%

Sponge like
40%

Narrow long
pores with
dendritic
branches 40%

n 300 Pore
morphology
and porosity

Wide long
pores with
low wall
roughness
35%

Wide long
pores with
medium wall
roughness
40%

Narrow long
pores with
dendritic
branches 45%

30 Medium long
pores with
dendritic
branches 10%

Narrow long
pores with
dendritic
branches 15%

Narrow long
pores with
dendritic
branches 20%

3 Sponge like
10%

Sponge like
20%

Sponge like
30%

structures with high surface-to-volume ratio, low level of defects, high crystalline
quality and finely tuned geometric features [46–48]. The characteristics of the result-
ing pSi-based structures are not attainable by traditional electrochemical etching
since metal-assisted etching of silicon enables the control over the etching direction
on the (100) and non-(100) planes produce pSi with slanted pore growth [35–40].
The morphology of the resulting pSi structures can range from pores to wires or pil-
lars, the feature size of which can be tuned from a few nanometers to micrometers.
Metal-assisted etching of silicon occurs when a silicon substrate partially covered
by a noble metal is immersed in an etchant electrolyte containing an oxidative agent,
such as hydrogen peroxide, and hydrofluoric acid. In this process, the silicon beneath
the metal is etched much faster than uncovered silicon and the noble metal film sinks
progressively into the silicon substrate. The control over the metallic film features,
which acts as an etching mask, makes it attainable the production of pores or pillars
in the structure of silicon by this top-down approach. Several chemical and electro-
chemical reactions are involved in the formation of pSi by metal-assisted etching,
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which occurs at the interface between the noble metal and the silicon substrate when
the system is immersed in the etchant solution [49–52]. In this system, the metal acts
as the cathode by reducing hydrogen peroxide (Eqs. 2 and 3).

H2O2 + 2H+ → 2H2O + 2H+ (2)

2H+ → H2 ↑ +2H+ (3)

The silicon wafer, which works as anode, is progressively oxidized during the
metal-assisted etching. Several reaction models have been proposed to explain this
phenomenon: namely; (i) silicon is oxidized to silicon dioxide, which is dissolved
by HF (Eqs. 4 and 5), (ii) silicon is directly dissolved by HF in divalent state (Eq. 6)
and (iii) silicon is dissolved by HF in tetravalent state (Eqs. 7 and 8).

Si + 2H2O → SiO2 + 4H+ + 4e− (4)

SiO2 + 6HF → H2SiF6 + 2H2O (5)

Si + 4HF−
2 → SiF−2

6 + 2HF + H2 ↑ +2e− (6)

Si + 4HF−
2 + 4H+ → SiF4 + 4H+ (7)

SiF4 + 2HF → H2SiF6 (8)

During the chemical etching, a charge transfer phenomenon between the noble
metal and the silicon occurs, initiating the oxidation and dissolution of silicon by
hole injection mechanism [47, 53–58]. Electronic holes generated in the noble metal
during the reduction of the oxidant are subsequently injected into the silicon, which
is oxidized and dissolved by chemical reaction with HF. Therefore, this process is
highly dependent on the doping level of silicon and the composition of the etchant
electrolyte.

2.1.3 Thermal-Assisted Reduction

So far, different methods and approaches have been explored to convert silica (i.e.,
silicon dioxide) structures into silicon. Traditional carbothermal reduction of silica
to form silicon occurs at temperatures above 2000 °C, limiting the application of
this approach to convert 3D porous silica structures into their silicon replicas due
to high temperatures [41–43]. Nevertheless, recent studies have demonstrated that
when silica is thermally treated in the presence of magnesium at 650 °C (i.e., melt-
ing temperature of magnesium), the latter promotes the conversion of bulk silica
structures into their silicon replicas (Eq. 9). The process is finished by a chemical
etching to dissolve magnesium oxide from the crystalline structure of silicon [41].
The resulting silicon structures feature approximately the same structure than that of
the original silica counterpart. These structures have been demonstrated to be opti-
mal for the development of sensors, optical and optoelectronic devices, and batteries
[59–62].
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2Mg(g) + SiO2(s) → 2MgO(s) + Si(s) (9)

2.2 Physical and Chemical Properties

pSi structures can be produced with a plethora of pore morphologies, sizes, and
geometries. Pores in pSi can be engineered not only by means of the electrochem-
ical/chemical etching conditions but also by pre- and post-treatments such as pho-
tolithography, wet chemical etching in alkaline etchants, thermal treatments, etc.
The International Union of Pure and Applied Chemistry (IUPAC) establishes that
pSi structures can be classified into three categories according to their pore size (dp):
namely; (i) micro-pSi (μpSi − dp <2 nm), meso-pSi (mpSi − 2 nm<dp <50 nm),
and macro-pSi (MpSi − dp >50 nm). It is well known that pSi structures can feature
a broad range of morphological details, although the most common structures are
sponge-like pSi with randomly distributed branched pores and pSi with cylindri-
cal pores of rough or smooth walls (Fig. 1) [63]. Typically, μpSi and mpSi present
the former porous morphology while the latter is characteristic of MpSi structures.
All these structures feature a random spatial distribution of pores across the sur-
face of silicon. However, perfectly ordered porous structures based on MpSi can
be produced if the surface of silicon is patterned by lithographic methods prior to
chemical or electrochemical etching [52, 64, 65]. Furthermore, hierarchical porous
structures combining μpSi, mpSi, and MpSi can be produced by different chemical
and electrochemical approaches [66].

As-produced pSi structures, are hydride terminated (Si–H) [67], and are, therefore,
prone to oxidize and degrade when exposed to environmental conditions or biolog-
ical fluids [68]. While this can be an advantage for some applications such as drug
delivery or tissue engineering, this can also prevent the use of pSi in some applica-
tions, where long-term chemical stability under different conditions is desired (e.g.,
in vivo sensors, theranostics, etc.). To overcome this limitation, researchers have

Fig. 1 Images of the surface morphology of the three forms of pSi a macropores with the opening
of 1μm (SEM), bmesopores with pore size>15 nm (SEM) and c nanopores with pore sized<15 nm
(AFM) [63]
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established several chemical and physical modification approaches to endow pSi
structures with chemical stability. The pioneering approach by Linford and Chid-
sey made it possible the covalent functionalization of hydrogen-terminated silicon
surfaces with alkenes and alkynes, opening new opportunities for passivating the
surface of pSi-based structures [69]. For instance, functionalization of nonoxidized
silicon surfaces by organic molecules enables the chemical passivation of pSi by
bound layers such as Si–C, Si–O, and Si–N [70]. Thermal oxidation is a well-known
approach used to passivate the surface of pSi structures by creating an oxide layer
of controlled thickness. However, although this approach makes it possible to keep
the optoelectronic properties of pSi while achieving partial passivation, thermally
oxidized pSi is not stable under humidity [71]. Salonen and co-workers pioneered
the carbonization (i.e., deposition of carbon) of pSi and envisaged this modification
approach as a means of passivating the surface of pSi structures for expanding its
applicability [71]. In this approach, acetylene molecules adsorbed onto the surface of
pSi undergo dissociation at temperatures above 400 °C, upon which, hydrogen des-
orbs from the surface of hydrogen-terminated pSi, being replaced by carbon atoms,
which bind to silicon to form a carbonized Si–C surface [71]. This modification
minimizes the dissolution rate of pSi under physiological and harsh conditions. This
property has been used to extend the drug release from pSi nanocarriers as the dis-
solution rate of these porous structures in biological fluids is significantly reduced
[72]. However, it is worthwhile noting that the characteristic luminescence of pSi
structures vanishes after carbonization treatment, which can prevent its applicability
for other uses such optical sensing or theranostics [71]. The optoelectronic proper-
ties of pSi structures make it an attractive material for a broad range of applications.
pSi was long envisaged as a platform to develop optoelectronic devices since the
discovery of quantum confinement effects by Gösele and Canham [16, 17]. These
properties boosted the use of pSi for a range of sensing systems based on changes in
its optical (e.g., refractive index, photoluminescence, reflection, etc.) or electronic
properties (e.g., resistivity, capacitance, etc.) [73].MpSi has been demonstrated as an
outstanding material for the development of photonic crystal and optical waveguides
structures in the visible and NIR spectral regions [74, 75]. The geometric features
of MpSi can be finely engineered by combining lithography, electrochemical etch-
ing and post-etching, resulting in MpSi structures with perfectly ordered cylindrical
micro-pores, which can be grown from top to bottom with precision [76–80]. Pick-
ering and co-workers reported for the first time the photoluminescence of pSi in
the visible spectrum in 1984 [81]. A few years after, Gösele and Canham identified
quantum confinement effects in μpSi structures, the size and geometry of which can
be approximated to a bundle of silicon nanowires. The size of silicon crystals in
these structures is large enough to have a rich electronic band and small enough to
present an increment of the electron–hole pair (exciton) due to quantum confinement
effect [16, 17]. This increment in bandgap due to size quantization is not limited to
pSi but it is a characteristic of semiconductor materials. More recently, Sailor and
co-workers made good use of this property and demonstrated pSi nanocarriers as
theranostic platforms for imaging and photodynamic therapy [23–25].
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Fig. 2 Images of the morphology of the three types of pSi materials available after the pSi film is
cleaved from the crystalline silicon wafer. aMembranes [82], bmicroparticles, and c nanoparticles
[86]

2.3 Types of pSi Platforms

Once fabricated, pSi films can be further processed into the following 3 additional
formats (Fig. 2):

• Membranes, which are intact films that have been detached from the crystalline
silicon wafer via electropolishing [82];

• Microparticles (pSi MPs), fabricated from “free-standing” membranes by size
reduction methods such as sonication [83] or other mechanical forces, such as ball
milling [84] or controlled perforation of pSi film [85] and

• Nanoparticles (pSi NPs), produced via a combination of perforating the film struc-
ture on the nanoscale and subsequent mechanical force or sonication [86].

2.4 Common Surface Chemistry Modification of Porous
Silicon

As-produced pSi structures are prone to oxidize and degrade when exposed to envi-
ronmental conditions or biological fluids [68]. While this can be an advantage for
some applications such as drug delivery or tissue engineering, this can prevent the
use of pSi from some applications where long-term chemical stability under differ-
ent conditions is desired (e.g., in vivo sensors, theranostics, etc.). To overcome this
limitation, researchers have established several chemical and physical modification
approaches to endow pSi structures with chemical stability [69, 70, 87]. Thermal
oxidation is a well-known approach used to passivate the surface of pSi structures
by creating an oxide layer of controlled thickness. However, although this approach
makes it possible to keep the optoelectronic properties of pSi while achieving partial
passivation, thermally oxidized pSi is not stable under humid conditions. Salonen
and co-workers pioneered the carbonization (i.e., deposition of carbon) of pSi and
envisaged this modification approach as a means of passivating the surface of pSi
structures for expanding its applicability [71]. In this approach, acetylene molecules
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adsorbed onto the surface of pSi undergo dissociation at temperatures above 400 °C.
This modification minimizes the dissolution rate of pSi under physiological and
harsh conditions. This property has been used to extend the drug release from pSi
nanocarriers as the dissolution rate of these porous structures in biological fluids
is significantly reduced [74]. However, it is worthwhile noting that the character-
istic luminescence of pSi structures vanishes after carbonization treatment, which
can prevent its applicability for other uses such optical sensing and theranostics
[73]. However, benefits include increased thermal and electrical conductivity, and
enhanced mechanical strength and chemical stability [71].

Recent advances have also allowed for the dual functionalization of pSi with two
different chemistries both laterally [88, 89] and vertically [90, 91]. To pattern laterally
uses photolithographic techniques and has been used for both silanization [88] and
hydrosilylation [89]. Vertical dual functionalization is performed by exploiting the
wettability of the pSi when functionalizing [90, 91].

Surface passivation of fresh as-produced hydride-terminated (Si–H) pSi, which
is unstable in both air and water, can be performed by the following techniques [92]:

• Ozonolysis; surfaces are exposed to a flow of O3 and converted to Si–OH groups
• Thermal oxidation; surfaces are exposed to hight temperature under ambient con-
ditions and are converted primarily Si–O–Si groups

• Thermal nitridization; surfaces are exposed to a nitrogen-gas-rich atmosphere and
high temperature [93–95], generating a silicon nitride surface

• Thermal carbonization (TC) and thermal hydrocarbonization (THC); surfaces are
exposed N2 and acetylene at high temperatures [96, 97].

• Hydrosilylation; surfaces are exposed to alkene or alkyne groups [92], generating
a Si–C bond, this reaction can be initiated by methods such as thermal [98], chem-
ical [99, 100], photochemical [101, 102], electrochemical [103], and microwave
assisted methods [104].

• Hydrosilanization; surfaces are exposed to a hydrosilane and a Lewis acid catalyst
[105].

Further functionalization of already passivated surfaces can be performed using
the following techniques:

• Silanisation; Si–OH- and Si–O–Si-terminated surfaces can be modified via com-
pounds containing silane groups (Si–OH) or chlorosilanes (Si–Cl), these reactions
can be performed in ambient conditions or at elevated temperatures [106].

Following surface passivation and functionalization via the methods listed above,
various functional groups, such as, amines, isocyanates, methacrylates, and PEG
moieties [88, 107–109] can be introduced via further modification by conventional
organic synthesis routes [110]. This allows for the introduction of various functional
groups and even biomolecules.

The chemistries introduced by silanization can then be used for further modifi-
cation via commercial or custom made cross-linking agents, some even allow for
the direct conjugation to various biomolecules, to promote cell adhesion, protein
absorption, or even anti-fouling surfaces [110, 111].
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pSi surfaces can also be modified through the incorporation of more complex
organic and biomolecular species. There exist many different methods for covalently
attaching molecules such as peptides [112, 113], proteins [114, 115], enzymes [116,
117], antibodies [118, 119], andDNA [120, 121] to pSi. These are typically employed
after the pSi surface has been passivated via oxidation, nitridization, silanization,
hydrosilylation, carbonization, hydrocarbonization, or electrografting.Generally, the
moieties linked to the pSi surfaces react with either amine or thiol groups contained
in the biomolecule being targeted. These species typically include isocyanates [88],
epoxides [122], and N-hydroxysuccinimide [89, 102] while other examples include
and sulfhydryl reactive groups [114, 123]. among many others [124]. The two key
considerations when immobilizing biomolecules are surface coverage and retention
of biological activity and properties for the desired application [110].

Subsequently, pSi can be modified with polymers [125]. Modification of pSi with
polymers can enhance mechanical stability [126] while simultaneously improving
the stability of the pSi in aqueous biological fluids [127]. The ability to cap with
polymeric layers allows for the design of responsive devices that are sensitive to pH
[128], temperature [109, 129], or specific ligands [130]. More recently, pSi surfaces
have been modified with dual chemistries both laterally [88, 102, 131] and vertically
[90, 91]. Lateral patterning relies on photolithographic techniques to the pattern
during a silanization [88, 131] or hydrosilylation [102] reaction. Vertical patterning,
uses liquid masking [91], exploits the wettability [90] or by carefully controlling the
chemical reaction environment [132].

The opportunity to apply modified pSi structures spans areas such as microarrays,
tissue culture and drug delivery, and theranostics.

3 Biocompatibility of Porous Silicon

3.1 Assessment of pSi as a Biocompatible Material

Biocompatibility of a biomaterial is of utmost importance for their safe and harm-
less use in humans due to their direct interaction of the biomaterials with human
tissue. Hence, much work has been directed toward assessing and demonstrating the
biocompatibility of pSi-based biomaterials. The biocompatibility of a biomaterial
dictates it fate in the body, and interaction and responses elicited in the body. An
ideal biomaterial should be compatible with living tissues and not generate toxicity,
injury, or physiological reaction and immunological rejection. Hence, pSi has been
subjected to stringent toxicity and biocompatibility through numerous in vitro and
in vivo studies [111, 133–137]. pSi is not only biocompatible but also biodegrad-
able, it has been demonstrated that pSi is non-cytotoxic in vitro and in vivo [133,
134], making it highly attractive for injectable drug delivery systems. Biocompati-
bility of pSi has been related to its structural (size and porosity) chemical properties
(hydrophobicity and hydrophilicity), and local environment [135, 136, 138]. The
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biomedical applications of pSi picked pace after the first biocompatibility study in
1995, by Canham, which showed successful growth of hydroxyapatite onto the sur-
face [18]. Soon after, degradation of pSi as silicic acid and its clearance via renal
pathway was reported. These two discoveries triggered enormous interest in pSi as
a biomaterial. The ability of pSi to biodegrade [18] is dependent on several factors
including the acidity of the local environment and intrinsic properties such as size,
porosity, and chemical functionality [111, 135–137, 139, 140].

In 1995, the first investigation of pSi biocompatibility showed the successful
growth of hydroxyapatite on pSi substrates [18]. Soon after, Popplewell et al. [141]
determined that orthosilicic acid, a product of pSi degradation in the body, is read-
ily absorbed, gastrointestinally and subsequently excreted via the urinary system,
additionally orthosilicic acid is linked to homeostasis and the regulation of key pro-
cesses in the body [141, 142]. Recent in vitro studies of various pSi formulations
have found effects such as: concentration-dependent cytotoxicity [143], particle size
and concentration-dependent apoptosis and cell damage [138], enhanced cell pro-
liferation and attachment [107], the ability to produce and suppress ROS formation
[144], and the enhanced association of pSi and drug permeation to and across cell
membranes [145, 146]. All these effects are caused by variations in the size, shape,
or surface chemistry of the pSi; highlighting the need for robust in vitro assessment
of the material before moving to further in vivo and clinical studies.

The performance of pSi as a biomaterial is dependent on being able to control
and stabilize its surface chemistry [71]. Chemical instability of pSi is a big challenge
in its biomedical applications, thus the surface chemistry of pSi is one of the most
studied parameters in regard to biocompatibility and cytotoxicity [67, 147]. Inher-
ently the surface of pSi is hydride terminated (Si–H), which is highly reactive and
rapidly oxidizes in air to form a more stable silicon dioxide shell [67]. This reactive
nature of pristine pSi has been associated with cytotoxicity due to the generation of
reactive oxygen species that lead to hindered proliferation and cell death. To promote
a controlled surface chemistry with less variability, pSi surfaces can be intentionally
oxidized with ozonolysis or thermal oxidation to result in stable Si–OH or Si–O–Si
groups on the pSi surface [67, 92]. Low et al. reported that incubation of Human
lens epithelial cells (SRA 01/04) with pristine pSi particles resulted in complete cell
death, whereas oxidized pSi did not elicit any cell death [144]. Using a fluorescent
probe (2′,7′-dichlorofluorescin), they proved generation of ROS in the cell culture
medium as the reason for observed cytotoxicity. They further extended this study by
implanting thermally oxidized pSi in rabbit eye, which showed no toxicity over a
period of 9 weeks. In vitro biocompatibility of pSi has been extensively studied with
other cell lines like Chinese hamster ovary and rat neuronal B50 cells by Bayliss
et al. in 1999 in two studies, who showed pSi is biocompatible and non-cytotoxic
[148, 149]. Santos et al. reported a systematic study demonstrating the effect of
pSi particle size (1.2–75 μm), particle concentration (0.2–4 mg/mL), and surface
chemistry (thermally oxidized, thermally hydrocarbonized, and carbonized) [138].
They discovered concentration-dependent effect of particle size and surface chem-
istry on the viability of CaCo-2 cells. Thermally oxidized particles were the least
toxic with threshhold concentration (<4 mg/mL) compared to the other functional-
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ization (<2 mg/mL) of particles larger than 25 μm. A number of other studies have
evaluated in vitro cytotoxicity and biocompatibility of pSi based on various other
chemical modifications including chloro or alkoxysilanes [88, 150] with amines, iso-
cyanates, methacrylates, and PEGmoieties, oxide layer, polymer grafting, and metal
nanoparticles. These in vitro biocompatibility studies have provided us a wealth of
information about the interaction of cells with pSi in terms of cell toxicity [143], cell
proliferation, attachment [107], differentiation, ability to produce ROS [144], and
drug permeation [151].

pSi can be intrinsically luminescent [152], conjugated with dyes [153], or other
contrast agents [66, 153–155] and these features can be exploited to image target
tissues or organs either in whole animals or after resection from the animal [156].
However, most ex vivo applications of pSi have been studied for tissue engineering
[89] or sensing of biomolecules [152]. The ability of pSi to act as a support for cell
growth [102] lends itself towards the ex vivo regeneration of tissues and eventually
organs [157] with the potential to be used to grow a patient’s own skin for later
autografting or a donor’s cells for allografting onto burns or other serious wounds.
Ex vivo applications with pSi can benefit from manipulating the excellent optical
properties of the underlying pSi for reporting the health of the cells [158], and for
the reporting of the delivery of drugs from within the pSi scaffold [159]. Various
biomolecules and even their metabolites can be detected using ultra-sensitive mass
spectroscopy techniques [110].

Based on the biocompatibility of pSi, established by in vitro and ex vivo studies,
in vivo applications have been found in the treatment of a variety of diseases such as
cancer, diabetes, lung infection, eye diseases, andmanymore [147]. The performance
of pSi in vitro and ex vivo is completely different to in vivo applications due to the
complex, dynamic, and responsive nature of a living animal model. In vivo adminis-
tration of pSi may elicit an immune response, typically via the mononuclear phago-
cyte system (MPS), fibrotic capsulation, enzymatic degradation, and the particleswill
encounter cell membranes, interstitial pressure, and efflux pumps [160, 161]. There
is also the potential for any degradation by-products to cause secondary reactions
[162]. While implantation of pSi in vivo for extended periods can result in inflam-
mation around the implant and may also cause the formation of fibrotic capsules,
meanwhile, the by-products of modified pSi degradation may also cause cascades
of unpredictable events [160, 163]. In vivo studies using pSi-based microparticles,
nanoparticles, and films have provided us a plethora of information about their biodis-
tribution, resorption rate, and chronic/acute toxicity [161, 162]. Bowditch et al., in
1998, tested the biocompatibility of pSi in guinea pigs after subcutaneous injection
over a period of 26 weeks, showing no toxicity [164]. Santos’s group has studied
in vivo resorption and biodistribution of 18F-labeled thermally hydrocarbonized pSi
(THCpSi) particles in rats after oral gavage and parenteral injection [165]. Oral
administration of THCpSi leads to clearance via a renal pathway in 6 h and most of
the administered particles accumulated in Ileum and Cecum, whereas intravenously
administered THCpSi accumulated in the liver, lungs, and spleen and cleared by
renal pathway. In a recent study, the same group tested THCpSi and TOpSi in vivo in
mice withmyocardial infarction. The particles showedminute toxicity and no impact
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on hematological cardiological function. One of the most important studies related
to in vivo biocompatibility of pSi, by Park et al. demonstrated the degradability and
in vivo imaging capability based on its inherent photoluminescence [68].

It is worth noting, that most biocompatibility studies so far using pSi have been
limited to in vitro assessments and only recently in vivo evaluation of pSi have
picked pace in last decade. Therefore, complete and comprehensive knowledge of
in vivo interaction and accumulation of pSiwith different pore sizes, porosity, surface
chemistry, particle size, and payload is still missing. Nevertheless, the future of pSi
as a drug carrier looks bright based on efforts devoted to understanding its biological
properties in the past two decades.

pSi is regarded as one of the most prominent and promising new materials for
biosensing, bioimaging, drug delivery, and other biomedical medical applications.
However, before pSi can reach its true biomedical potential and be widely used it
must pass rigorous in vitro, ex vivo, and in vivo tests, as well as human clinical trials,
to be deemed safe within the human body.

3.2 Modes of In Vivo Porous Silicon Delivery

Each pSi administration route; intravenous, subcutaneous, oral, or other, will vary
in efficiency and bioavailability. Hence, dramatically different biological responses
could be observed when pSi is implanted/administered to different tissues, even for
the exact same material [166].

Intravenous injection (IV) allows for the systemic administration of pSiNPs, lend-
ing itself toward targeted applications. However, IV requires the specific function-
alization of the pSi surface with the correct targeting ligands to direct the pSi and
the payload it is carrying to the desired organ or site of pathology [118, 157]. Once
adequately functionalized with targeting molecules, pSi can adequately hone to spe-
cific sites such as the stroma of pancreatic tumor mouse functionalized with the
Ly6C antibody [167]. Materials administered by IV will suffer opsonization to some
extent. Opsonization occurs when the MPS entraps the material [168] and can be
combatted by appropriately modifying the surface chemistry/properties and/or size
of the particles [169].

Particles administered by subcutaneous (SC) injection are trafficked in a size-
dependent fashion to the lymphatic system [170]. This size dependence occurs due
to large particles being consumed by peripheral antigen-presenting cells (APCs),
and smaller particles being internalized by resident APCs after cell-free trafficking
[170, 171]. Hudson et al. [172] demonstrated little toxicity of mesoporous silicates
following subcutaneous injection in rats. However, intraperitoneal and intravenous
injections caused either death or the animals needed to be euthanized. They reported
the cause of the death was due to the formation of thrombus [172]. Subcutaneous
pSi delivery systems are a particularly attractive option for the delivery of newly
developed peptide drugs, which possess relatively short half-lives [173]. Various
pSi functionalizations (thermally oxidized pSi, undecylenic-acid-modified thermally
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hydrocarbonized pSi and thermally hydrocarbonized pSi) have been investigated for
sustained subcutaneous peptide delivery [173].

Oral administration is themost common route of administration as it is convenient,
safe, and inexpensive. The biggest drawback with oral administration, however, is
the presence of digestive enzymes and the low pH in the stomach. These two factors
in combination with the low permeability of the intestinal walls can lead to further
delivery difficulties. Fortuitously, pSi particles possess more stability at acidic pH’s
than alkali; hence, pSi is somewhat resistant to the gastric fluids of the stomach.
Furthermore, pSi provides a small pore size to confine the drug in a completely
tunable fashion [21, 174, 175] and coating pSi with enteric polymers permits tunable
release at the desired pH [94].

4 Cancer Biology

Cancer, uncontrolled division and spreading of body’s cells, is a deadly disease that
claimed over 9 million lives in 2016 [176, 177]. Cancer disease starts as a benign
tumor with an uncontrolled growth of cells due to genetic changes in genes that
regulate their growth and division due to inherent (hereditary) or exogenous (envi-
ronmental, habits—food, smoking, etc.) causes. Cancer cells are highly resourceful
in recruiting other cells, molecules, and tissues to supply the tumor with oxygen and
nutrients by building new blood vessels and extracellular matrix with dense stroma in
some cases, and evade immune cells. Among the different types of tumors, malignant
tumors are the most dangerous since these can spread into or invade other nearby
tissues by a biological process called “metastasis”. This phenomenon occurs when
benign tumor cells break off from the solid tumor mass and travel to distant tissues
in the body through the blood or the lymphatic system to form new tumors away
from the original tumor site. Metastatic tumors cause severe damage to the patient,
and most cancer patients die of cancer due to metastatic disease.

In general, cancers are categorized based on the type of cells from which they
originate. Some representative examples are: (i) Carcinoma: originated by epithelial
cells that form the body skin and, hence is the most common type of cancer (e.g., skin
cancer); (ii) Sarcoma: produced by bone and soft tissues including muscle, tendons,
blood vessels, lymph vessels, etc. (e.g., osteosarcoma); (iii) Leukemia: originated
from abnormal white blood cells, which do not form a solid tumor (e.g., blood
cancer); (iv) Lymphoma: cancer with lymph origin (lymphocytes—T cells and B
cells) which has twomain types—Hodgkin lymphoma and non-Hodgkin lymphoma;
(v)Myeloma: produced by plasma cells in the bonemarrow that form tumors in bones
all through the body; (vi)Melanoma: cancer originated from the pigment-producing
cells (melanocytes), most of which form on the skin; and (vii) Glaucoma: brain
tumor.

The multivalent and highly complex nature of cancer makes this disease very
difficult to treat and cure [178, 179]. Current treatments and therapeutics are generally
insoluble, highly toxic, nonselective, and cleared rapidly. Therefore, it is imperative
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to develop novel targeted therapies that selectively reach the cancer site and deliver
a powerful and effective treatment for personalized medicine. With the advances in
our understanding of cancer biology over the past decade, a number of cancer cell
surface receptors have been identified, which can be specifically targeted to deliver
the therapeutic agent to the target tumor passively or actively [180, 181].

Passive cancer tissue targeting relies on the leaky nature of the tumor blood
vessels, which is a signature of the nutrient-deprived core of fast-growing tumor.
Nanoparticle-based cancer therapies accumulate preferentially at the tumor site uti-
lizing leaky vessels that allow influx through their enlarged gap junctions. These
enlarged gap junctions can range in size from 100 nm to 2 μm, for various tumor
types. This phenomenon is known as “enhanced permeation and retention” effect
(EPR). A number of EPR effect-based passive targeting drugs like Doxil (poly-
ethylene glycol-coated doxorubicin liposomes) andAbraxane (albumin-bound pacli-
taxel nanoparticles) are already approved by the USFDA [176]. The advantage of
passive accumulation is that it increases the half-life of the drug and the efficiency
of the treatment up to several orders of magnitude. While limitations include the
inability to specifically target cancer cells in all tumor types, due to the variation in
tumor vascularization and porosity of the tumor vessels.

Active targeting relies on specific moieties such as antibodies or antibody frag-
ments, peptides, and aptamers, among others, which endow therapeutics with selec-
tivity toward cancer cells. Although very efficient and selective, active targeting has
had limited clinical success due to the resource and cost intensiveness associated
with the discovery and design of the target proteins for cancer cell surfaces. In addi-
tion, active targeting involves high cost and multistep processes to prepare the active
cancer-targeted formulations. Therefore, active cancer targeting formulations are yet
to be commercialized.

To understand the complex cancer biology and its response tomedical treatment is
a key aspect to develop advanced therapeutic agents to treat this resilient and deadly
disease. The optoelectronic properties of pSi make it an excellent platform to develop
theranostic agents combining both diagnostics and therapeutic capabilities in a single
nanocarrier entity. pSi can be produced in different forms (micro and nanoporous
particles, films, etc.), the physical (pore size, particle size, optical signals, etc.) and
chemical (surface chemistry) properties of which can be precisely engineered for
specific therapeutic applications. pSi offers a plethora of opportunities to investigate
and treat cancer in situ, using both passive and active approaches. However, further
fundamental and applied investigations of pSi using in vitro, ex vivo, and in vivo
models are required to make this technology feasible for real clinical practice.

5 Porous Silicon for Cancer Therapy

pSi in the form of nano- and microparticles have been shown to be highly efficient
in the treatment of a variety of cancers. This is mainly due to control over the size,
surface chemistry, biocompatibility, biodegradability of pSi, and the ability to load
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and deliver a range of therapeutics. The pSi nanoparticles of controlled size (smaller
than 300 nm) and a narrow size distribution can take the advantage of EPR effect
in cancer and passively accumulate at the tumor site. Whereas, larger pSi particles
can be administered locally at the tumor site for local therapy for reduced off-target
effects of the loaded anticancer therapeutics. However, most of the work with pSi has
been carried out using particles less than 2μm and modified with a specific targeting
moiety.

One of the first steps toward the application of a bioactive material as a therapeutic
agent or carrier for cancer treatment is the demonstration of its ability to load and
release anticancer drugs. In this regards, pSi particles have been successfully loaded
and shown to provide a sustained release of a number of anti-tumor drugs including
doxorubicin (DOX), Daunorubicin (DNR), and platinum-based drugs like cisplatin,
carboplatin, and Pt(En)Cl2. Vaccri et al., in 2006 demonstrated that pSi can success-
fully load doxorubicin and provide a sustained release over a period of 72 h, while
the in vitro cytotoxicity assay with LoVo cells showed a significant decrease in cell
survival in 6 h on incubation with DOX-loaded pSi particles (2 μm in size) [182].
Gu et al., on the other hand, used pSi particles impregnated iron oxide nanoparticles
of 5 nm to load with DOX and demonstrated that the effect of DOX can be spatially
modulated on the application of magnetic field. In one of their experiments, a per-
manent magnet is placed at the edge of a Petri dish containing HeLa cells and on
incubation of the cells with DOX-loaded magnetic-pSi particles enhanced cell death
is observed at the edge [183]. This is due to the magnetic field modulated migration
of magnetic-pSi particles, which accumulate in large concentrations at the edge pro-
viding higher local DOX release, whereas the DOX amount in the center of the Petri
dish is depleted. Also, they show that pSis are able to provide a sustained release of
DOX over 8 days. Daunorubicin, another antimitotic cancer drug, has been widely
studied for its loading and release behavior from pSi micro-and nanoparticles. How-
ever, most of the systems combining pSi micro- and nanoparticles with daunorubicin
(DNR) have been focused on the treatment of ocular diseases, since DNR acts as
an anti-proliferative drug to treat proliferative diseases of the eye (Proliferative vit-
reoretinopathy, PVR). Most of the works in this area has been carried out by Prof.
Sailor’s group at University of California, San Diego. The most interesting set of
results on loading of DNR onto pSi is degradation of DNR due to redox activity of
pSi, which can be avoided by thermally oxidizing the pSi particles [184]. Thus, most
of the pSi-based DNR loading and release has been on oxidized or functionalized pSi
or a composite system consisting of polymer and oxidized pSi delivering DNR to the
rabbit eye (in vivo) [31, 33, 185–188]. Platinum-based cancer drugs tend to be highly
cytotoxic like the other anticancer drugs and this it is important to formulate them in
a system that is capable of passive and active targeting, and sustained release. There-
fore, platinum-based anticancer drugs have been formulated by loading onto pSi by
various groups [189–191]. Li et al., packed three platinum-based drugs into calcium
phosphate layers on pSi for sustained release The cisplatin loading was found to
be dependent on the concentration of the loading solution and surface chemistry of
pSi, which was similar for the other platinum-based drugs as well. An interesting
study on controlled cisplatin and transplatin release from Park et al. demonstrated an
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ingenious strategy to cap the pores of cisplatin-loaded pSi particles [191]. They first
loaded the pSi particles with cisplatin, followed by electroless plating with platinum.
The release, in this case, is a function of degradation of the SiO2 matrix and opening
of the pores capped by Pt particles. They were able to get a sustained release of
the two drugs for 16 h and higher targeted toxicity toward human ovarian cancer
cells under in vitro testing conditions. In terms of IC 50 values pSi particles showed
the higher toxicity and IC50 values of 0.004, 0.006, and 0.018 μg (based on mass
of free drug loaded) for the three pSi-based systems (oxidized pSi, undecylenic-
acid-functionalized pSi, and 1-Dodecene-functionalized pSi particles, respectively),
which is 60- and 700-fold lower relative to the free drug (IC 50 cisplatin: 2.9 μg and
transplatin 6 μg).

Direct application of pSi as an anticancer therapeutic agent using its ability to
generate reactive oxygen species (ROS) have also been demonstrated. Pristine pSi is
known to generate ROS, which was shown to be usable as a therapeutic for cancer by
Xiao et al. [192]. The production of ROS was initiated by irradiation with a suitable
wavelength of light (458 nm), Photodynamic therapy. They showed that the rate of
ROS production was much higher in presence of 458 nm trigger as compared to the
samples incubated in the dark. In vitro experiments with HeLa and NIH-3T3 cells
demonstrated 20–40% enhanced cell death on exposure to 458 nm light (at 1.5 or
5 J/cm2) when incubated with pSi, in relation to the cells incubated in dark. While
others have also the photothermal capability of pSi as a treatment for cancer [193,
194]. Lee et al., showed a drastic increase in local temperature when pSi suspension
is irradiated with NIR (780–1400 nm) light, sufficient to ablate cancer cells.

Ferrari’s group has focused their efforts on using precisely shaped disk-like pSi
particles for cancer treatment (Fig. 3). The discoidal pSi particles are made by a
combination of lithography and electrochemical etching process with the capability
to control the size and shape of the particles with very high precision [195]. It
is already known that shape of nanoparticles has a big impact on their biological
properties. Therefore, they studied the biodistribution of the discoidal pSi particles
in vivo [196]. Discoidal pSi particles with a diameter between 500 and 2600 nm,
height ranging between 200 and 700 nm, and pore sizes from 5 to 150 nmwere tested.
The particles of diameter 600 and 1000 nm were tested for their rate of degradation
in the serum, interaction with immune and endothelial cells, and biodistribution
in mice bearing breast tumors. Both the type of particles degraded within 24 h in
serum and did not elicit any immune response with macrophage cells. In terms of
accumulation, the 600 nm pSi particles passively targeted the tumor better than their
spherical counterparts, up to 5 times higher accumulation with 10.2% ID/g reaching
tumor. They have also shown actively targeted discoidal pSi particles systems for
treatment of pancreatic cancer and breast cancer. For pancreatic cancer treatment,
pSi particles were modified with a Ly6C antibody that specifically targets Ly6C
proteins expressed on the pancreatic cell surface [167]. The Ly6C-modified pSi
particles showed almost 20 times better accumulation (~9.8% of the injected dose),
relative to unmodified pSi particles (~0.5% of the injected dose). For breast cancer,
they demonstrated a multistage targeted delivery system in which paclitaxel-loaded
liposomes (PEG-PCL based) were packed into discoidal pSi particles [197]. As pSi
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Fig. 3 Ferrari’s grouphave fabricated precisely shapeddisk-like pSi particles (designated asMSVs)
for cancer treatment. Image and caption adapted from Blanco et al. [197]. a SEMmicrograph show-
ing loading of micelles within pores ofMSVs. The scale bar represents 500 nm. The inset represents
amagnification of the highlighted area of the original. Arrows point tomicelle clusters. The scale bar
in the inset represents 100 nm. b In vitro uptake and efficacy examination of MSVs in breast cancer
cells. Confocal microscopy image of MCF-7 cells incubated with MSVs loaded with BODIPY-
containing micelles 96 h after administration. The scale bar represents 5 microns. c Proposed
mechanism of multistage delivery of micellar nanotherapeutics to tumors. Following navigation in
blood vessels, MSVs marginate in tumor vasculature, accumulating in smaller capillaries. MSVs
then become intravascular drug delivery depots, releasing paclitaxel-containing polymer micelles
in a sustained fashion over time

particles reach and accumulate at the tumor site, either actively or passively, they
locally release the drug-loaded liposomes which tend to be more effective.

A number of studies have demonstrated this ability of pSi. In addition, some
studies even claim and demonstrate pSi as a cancer theranostic agent, which is a
multifunctional systemnot only applicable in therapeutics but also cancer diagnostics
and imaging. This has been made possible by the inherent photoluminescence (PL)
of pSi that can be used for in vitro and in vivo imaging. In this regard, a landmark
study by Park et al. paved the way, which was followed by a number of other studies
[68]. Gu et al., demonstrated that pSi shows long PL lifetime (>100 μsec), which
can be employed for time-gated in vivo imaging of cancer [23]. The long lifetime
of pSi makes it possible to suppress the background autofluorescence that is a major
challenge for in vivo PL imaging. Wang et al. used iRGD-modified pSi particles
for active targeting tumor and monitored the in vivo biodistribution by SPECT in
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an ectopic PC3-MM2 mouse xenograft model [198]. Actively targeting pSi to the
cancer with a number of targeting moieties have been demonstrated in the literature
that includes homing with tumor-homing peptides like mammary-derived growth
inhibitor, hyaluronic acid to target CD-44, Ly6C antibodies, anti-CD326 antibody,
and RGD and iRGD peptides [199–202].

pSi, and othermaterials, can also be used for thermal therapy of cancer by inducing
cell death via the local heating of NPs accumulated in the cancerous tissue [203].
The local heating can be initiated by microwave, ultrasound, radio frequency or laser
stimuli [204, 205]. Photothermal therapy has also been demonstrated with pSi in
colon carcinoma (CT-26) via both in vitro and in vivo excitation with a NIR laser,
reducing viability to just 6.7% [193, 206]. With continued research photothermal
therapy based on pSi could be used to treat deeper non-resectable tumors and could
also be used as two-component treatment systems [207, 208].

Photodynamic therapy is performed using cytotoxic singlet oxygen and ROS gen-
erated from photosensitizers [209]. pSi NPs have been used in a similar manner using
a two-photon method to induce the production of cytotoxic species from porphyrin
modified pSi. This induced cell death in human breast cancer cells while allowing
for targeting as well [24].

Brachytherapy treats tumors via locally emitted radiation. BrachySilTM is a pSi-
based brachytherapy treatment, utilizing radioactive 32P that has been incorporated
into pSi. The material is introduced to the tumors via intratumoral injection, sub-
sequently, a high dose of radiation is delivered locally to the tumor site. The local
effect of delivery relies on the fact that the 32P emits β-radiation which penetrates just
8 mm of tissue [210, 211]. BrachySilTM underwent clinical trials on hepatocellular
carcinomas [212] and reduced the tumors over 24 weeks.

pSi is an ideal candidate for drug delivery based on its key properties, however,
a lot of information is still missing. One of the biggest challenges with pSi is its
stability, which needs to be addressed as it degrades very quickly under physiological
conditions that make it very difficult to attach the targeting moieties. In addition, a
therapeutic should be stable for the period of time it is stored, which is a challenge
at the moment. Also, there is a growing trend toward more personalized (RNA,
DNA, gene editing, etc.) and narrow spectrum therapeutics (proteins, enzymes, etc.),
however, there are very little investigations into the use of pSi for proteins and
nucleotide-based therapeutics for cancer treatment.

6 Porous Silicon for Bioimaging

6.1 Properties of Porous Silicon for Bioimaging

The optoelectronic properties of pSi structures make it an attractive material for a
broad range of applications, the porous structure of pSi allows for the direct inter-
rogation of the release of therapeutics via EOT monitoring or the detection of a
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simple color change. pSi was long envisaged as a platform to develop optoelectronic
devices since the discovery of quantum confinement effects in its structure by Gösele
and Canham [16, 17]. These studies enabled the use of pSi for a range of sensing
systems based on changes in its optical (e.g., refractive index, photoluminescence,
reflection) and electronic properties (e.g., resistivity, capacitance) [74]. pSi has been
demonstrated as an outstanding material for the development of photonic crystal and
optical waveguides structures in the visible and NIR range of the spectrum [75, 76].
The geometric features of pSi can be finely engineered by combining lithography,
electrochemical etching, and post-etching, resulting in pSi structures with perfectly
ordered cylindrical micro-pores, which can be grown precisely grown from top to
bottom [80]. Pickering and co-workers reported for the first time the photolumines-
cence of pSi in the visible spectrum in 1984 [81], and a few short years after, Gösele
and Canham identified quantum confinement effects in pSi structures, the size and
geometry of which can be approximated to a bundle of silicon nanowires. The size
of silicon crystals in these structures is large enough to have a rich electronic band
and small enough to present an increment of the electron–hole pair (exciton) due
to the quantum confinement effect [16, 17]. Recently, Sailor and co-workers made
good use of this property and demonstrated pSi nanocarriers as theranostic agents
for imaging and photodynamic therapy and that pSi-based nanoparticles (pSiNPs)
can also act as imaging agents using a time-gated imaging approach [23–25].

The reflectance of white light from pSi surfaces results in interference patterns,
these patterns can be monitored to elucidate changes in effective optical thickness
(EOT). EOT is also influenced by the influx or efflux of material within the pores
[213]. The capture of specific target molecules will give a positive EOT shift, while
negative shifts are oftenmolecules being released from the surface, or other processes
such as oxidation and degradation [214]. This allows for pSi substrates to be used in
applications such as biosensing [215–217], self-reporting drug delivery [31, 34] and
imaging [68, 218, 219].

As a result of taking advantage of these optoelectronic properties, pSi is con-
sidered a unique and promising vehicle platform for theranostic applications and,
therefore, considered as a unique vehicle platform for theranostic nanomedicines.
Furthermore, given its optoelectronic properties, pSi technology can be easily inte-
grated into implantable and biodegradable electronics, which is perfectly aligned
with existing bionic devices currently used to treat medical conditions.

6.2 pSi Modifications for Bioimaging

In vivo imaging with pSi has been performed in various modes, such as lumines-
cence [68], magnetic resonance imaging (MRI) [154, 155, 220], various computed
tomography (CT) modes [161, 207, 211, 221, 222], and intravital microscopy [223,
224]. pSi NPs are highly advantageous in noninvasive imaging due to their ability
to carry and concentrate contrast agents. The ability of pSi to be used for imaging
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will depend on the ability to correctly modify both surface properties and surface
chemistry.

In vivo imaging using luminescent pSi NPs has been demonstrated [68, 219].
Luminescent pSi NPs with modified surfaces, with species such as PEG [225], have
even demonstrated improved photoluminescence stability and increased circulation
lifetimes. As maximum tissue penetration occurs in the NIR range due to minimal
absorption by species such as hemoglobin, it is best to tune the luminescent pSi to
absorb in the NIR range to allow for the imaging of deep tissue [226]. Luminescent
pSiNPs have been coatedwithDextran and subsequently injected into nudemicewith
tumors, these particles passively accumulated in the tumor anddelivered doxorubicin,
an antitumor agent [68]. Other amine terminated luminescent pSi NPs which are
nontoxic, stable over the pH range of 4–14 and resistant to aging/degradation over
several weeks have been developed [219]. The conjugation of fluorescent dyes to pSi
can also be achieved [218] and these materials can be further enhanced via loading
of materials like quantum dots [227, 228] or silver nanoparticles [229]. Intravitreal
microscopy is used to help visualize biological processes that are occurring in live
animals and is becoming more common [230]. The most common use of pSi for
intravital microscopy is to assess the biodistribution of the fluorescent particles [167,
223, 224].

MRI contrast is able to be enhanced using of gadolinium (Gd)-loaded pSi, due to
the Gd agent enhancing MRI sensitivity via improved longitudinal relaxivity [231].
However, Gizzatov et al. [154] found no enhancement contrast using Gd-loaded pSi
particles to treat ovarian tumor cells, despite their accumulation within the cells.
MRI contrast can also be enhanced by superparamagnetic iron oxide NPs (SPI-
ONs) loaded into pSi MPs by precipitation [232] or entrapment by crosslinked
aminosilanised [155]. SPION-loaded pSi MPs enhance imaging by inducing a
shorter relaxation time, this effect was found to be concentration dependent. The
use of amino-functionalized pSi subsequently allows for the attachment of targeting
molecules such as vascular endothelial growth factor receptor 2 (VEGFR-2) and
platelet endothelial cell adhesion molecule (PECAM) [155].

There are two common modes for nuclear imaging with pSi structures these are
positron emission tomography (PET) and single-photon emission computed tomog-
raphy (SPECT) [222, 233–235]. A radioactive label, commonly 13N, 11C, 68Ga, 18F,
64Cu, and 124I for PET modes and 99mTc, 111In and 125I for SPECT modes [226] is
required for imaging. 18F has been added to pSi via the direct substitution of Si–H or
oxygen in Si–O–Si bonds resulting in Si–F bonds [156]. THCpSi NPs labeled with
18F has been studied as a tracer in mice through the gastrointestinal tract for 6 h at
nanogram quantities [236]. PEGylated pSi NPs have been used for SPECT imaging
after labeling with 125I. These particles were studied for their biodistribution and it
was found that they were very quickly taken into the spleen and liver of healthy mice.
Huhtala et al. [237] also tracked THC pSi labeled with 125I and IGF-1 loaded, they
observed that the IGF-1 remained in the liver to produce a sustained release that was
more advantageous than IGF-1 administered on its own.

The ability to perform dual imaging has also been developed. Gu et al. [238]
achieved this using a combination of fluorescence and magnetic properties. The
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authors used boron-activated luminescent pSiMPs loadedwithSPIONs.TheSPIONs
were trapped in the pSi pores after performing a thermal oxidation, which adds oxide
to the surface and narrows the pores. A small drug payload could be subsequently
loaded into the narrowed pores. This combination of materials allowed for a local
site to be targeted magnetically and the pSi to be tracked fluorescently. Other similar
systems for dual functional pSi include cobalt NPs in luminescent pSi, opening the
possibility for deep tissue imaging [239].

6.3 Advantages and Disadvantages of Porous Silicon for
Bioimaging

As fabricated pSi needs to be functionalized appropriately in order to facilitate the
correct amount of bioavailability andbiostability.Without appropriate chemicalmod-
ification, pSi will rapidly dissolve in the aqueous environments present in the body.
The ability to readily modify pSi with so many different chemistries, however, does
lead to a broad range of applications, while intrinsic optoelectronic properties can
be exploited for imaging or other applications. Furthermore, pSi has lower toxicity
than heavy metal-based quantum dots, offers better photostability than organic flu-
orophores, emits light in the NIR region, which is optimal to penetrate tissue, it is
biodegradable with low cytotoxicity and can load high doses of therapeutic agents
[25]. Furthermore, the combination of pSiNPs with photosensitizers enables photo-
dynamic therapies, which pave the way for localized treatments to reduce the side
effects of anticancer medicines by the temporal and spatial control of the production
of cytotoxic species in diseased cells, tissues, or organs [24].

pSi technologybrings newopportunitieswith the real potential to be translated into
clinical therapies due to its unique properties. pSi can be engineered with versatility
throughout well-established fabrication and modification methods. These methods
also make it possible to engineer the physical and chemical properties of pSi, such as
(e.g., high porosity, high loading capacity, controlled release, biodegradability, bio-
compatibility, biointegration, and self-reporting and imaging). pSi structures have
intrinsic optoelectronic properties, which in combination with existing therapeutic
agents can result in advanced nanomedicines for imaging and photodynamic thera-
pies. This is a significant advantage as compared to other types of nanocarriers and
drug delivery platforms such as liposomes or polymers. These factors make pSi a
promising candidate for a new generation of nanomedicines.
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7 Conclusions and Future Perspectives

As the studies reviewed and discussed throughout this chapter demonstrate, pSi is
a promising platform for the development of a broad variety of nanomedicines and
drug delivery systems, which could address some of the limitations of conventional
therapies for cancer treatment. pSi structures can be produced by well-established
fabrication process developed in the course of the past decades, and a multitude of
pSi-based structures can be fabricated with high precision and tuned chemical and
physical properties. Furthermore, although the long-term toxicity of pSi in real clin-
ical practice is yet to be established, the significant number of in vitro and in vivo
studies on pSi structures are a promising evidence of the biocompatibility of this
material. pSi has a unique set of physical and chemical properties, including high
porosity, controllable dimensions, tuneable surface chemistry, high loading capacity,
biodegradability, biocompatibility, and biointegration. These properties make pSi a
perfect platform to develop advanced and highly versatile drug nanocarriers and
delivery systems, where the release of therapeutics can be engineered with precision
to fulfill the demands of specific medical treatments. Furthermore, the optoelectronic
properties of pSi make this material an excellent candidate for theranostic and pho-
todynamic therapies, which is an advantage over systems based on the combination
of imaging and therapeutic agents.

Despite these promising and outstanding advances in pSi technology for drug
delivery and medical applications, it is worthwhile stressing that this technology
still faces both technical and commercial challenges for its final clinical translation
from bench to bedside. Therefore, more extensive fundamental research assessing
the toxicity and side effects associated with pSi systems and their performance in
terms of clinical efficiency will be needed before this technology becomes feasible
and reliable. However, based on the evidence shown in the studies reviewed here, it
is reasonable to conclude that there is considerable potential for pSi to become an
alternative nanomedicine platform for some therapies such as cancer.
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Metal/Metal Oxide Nanoparticles
for Cancer Therapy

M. P. Vinardell and M. Mitjans

Abstract Cancer includes a large group of affections that are characterized by an
uncontrolled cellular growth and the ability of these cells to spread to distant sites. The
uncontrolled cellular growth in cancer cells is attributed to a failure in programmed
cell death or apoptosis in which a possible role of oxidative stress has been described.
Moreover, oxidative stress is involved in carcinogenesis by influencing intracellular
signal transduction and transcription factors directly or indirectly via antioxidants.
Metal and metal oxide nanoparticles (NPs) have emerged as innovative tools to
address the development of new therapeutic anticancer agents alone or in combination
with the classical treatments. The potential use of suchNPs against cancer is based on
the proapoptotic activity and autophagy, cell growth and metastasis inhibition, and
generation of reactive oxygen species as well as radiosensitizing properties described
in the studies included in this review. Moreover, we address the different strategies
using metal/metal oxide NPs with and without conjugation alone or in combination
with radiotherapy or chemotherapy as adjuvants or synergistic agents. NPs obtained
from copper, cerium, and zinc were themost studied in various cancer types reported.
In many cases, they have been preliminary studies and more research is necessary to
increase the knowledge about the therapeutic activity of the metal oxide NPs studied.
However, the possibilities that these NPs offer are both extensive and interesting.

Keywords Metal oxide nanoparticles · In vitro models · Animal models ·
Apoptosis · Oxidative stress

1 Introduction

Cancer is amajor health problemaround theworldwith an increasing number of cases
diagnosed every year. There are several commonly used cancer therapies, including
chemotherapy, surgery, and radiation therapy, but they all have disadvantages, such
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as limited efficiency and significant side effects. Thus, the search for new therapies is
essential. One new therapy is based on the use of nanoparticles (NPs), which, due to
their small size, can be used to target the cancer tissuemore accurately. InorganicNPs
are usually the smallest, and are increasingly being studied for clinical applications
as anticancer therapy drugs [55]. These inorganic NPs, including metal oxides, are
promising materials for medical applications, such as cell imaging, drug delivery,
and cancer therapy [36, 69]. Metal NPs exhibit unique properties in terms of optical,
magnetic, and electrical activity and in particular, iron, nickel and cobalt NPs are
applied in medical biotechnology because of their magnetic properties. Induction of
oxidative stress, DNA damage, genotoxic effects, and anti-inflammatory responses
are among the effects of metal/ metal oxide NPs that can contribute to their potential
therapeutic anticancer use [53].Moreover,metal oxideNPs have been used as carriers
of anticancer drugs, allowing easier access of the drug to the cancer cells [19, 57].
Finally, synergistic effects of NPs with classical cancer treatments have also been
reported [45, 73].

In this chapter, we focus on the use of metal and/or metal oxide NPs alone or in
combination, exploring their mechanism of action and their application to different
types of cancer. The in vitro methods used to evaluate their anticancer effects using
different types of cancer cell lines are also explored.

2 Metal/Metal Oxide Nanoparticles for Brain Tumors: The
Case of Glioma

Abnormal growth of brain tissue cells leads to the development of brain tumors
that are classified as either primary (developing in the brain itself) or secondary
(due to metastatic cells from other organs). Although primary malignant tumors are
relatively infrequent, they are associated with substantial mortality and morbidity,
causing approximately 25% of deaths among cancer cases in children [59].

Gliomas arise from constituent glial cells of the brain or their precursors and
are the most common primary brain tumor, accounting for about 30% of all brain
tumors and about 80% of all malignant brain tumors [15]. Difficulties identifying
the specific disorder combined with the current treatment options lead to a median
patient survival of 12–15 months after diagnosis [21] and undesirable side effects
of treatment during that time. Nanomedicine offers a good opportunity to develop
relevant therapeutic strategies to improve the inherent challenges of gliomas such as
limitations to crossing the blood–brain barrier by improving its selective permeabil-
ity, which can lead to a higher chance of survival. One strategy involves the use of
metal and/or metal oxide NPs directly as therapeutic tools or as platforms for drug
delivery.

In this context, a recent study demonstrated the beneficial effect of NPs on C6
glioma cells [74], although the use of a traditional anticancer drug such as doxoru-
bicin was still necessary. To reduce the use of traditional anticancer drugs, other
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possibilities such as the use of copper oxide (CuO) NPs have been explored based
on results on the uptake and toxicity of ionic copper by C6 glioma cells [5]. C6
glioma cells rapidly accumulate copper after exposure to cuprous oxide NPs in a
time-, concentration- and temperature-dependent manner, and the increased copper
content is accompanied by severe toxicity to C6 glioma cells [23].

Iron oxideNPs present numerous advantages in tumor treatment, however, several
studies have already shown that the use of NPs has adverse effects on biological cells,
and in particular the generation of reactive oxygen species (ROS) [31]. In contrast,
certain NPs selectively induce autophagy in cancer cells but not in normal cells [25]
and thus NPs can exhibit an intrinsic toxicity specifically toward cancer cells, which
would lead to a high therapeutic effect [38].

The anti-oxidative properties of iron oxide NPs functionalized with caffeic acid
have been investigated in vitro in U87-MG brain cancer cell lines. Moreover, the
intravenous injection ofNPs tomice intracranially xenograftedwithU87-MG tumors
demonstrated that NPs circulate in the bloodstream to reach brain vessels, and pas-
sively accumulate in tumor tissue [43].

Other metal oxide NPs such as silicon oxide and zinc oxide have been studied
in U373MG cells, a cell line obtained from human glioblastoma astrocytoma. The
two metal oxides exhibited cytotoxic effects against these cells, at least partly via the
induction of apoptosis involving caspase activation [27]. To determine whether SiO2

or ZnO NPs induce apoptosis, U373MG cells were treated with silica oxide (SiO2)
or zinc oxide (ZnO) NPs, and caspase-3 activation was assessed by determining
the proteolytic cleavage of poly-(adenosine diphosphate [ADP]-ribose) polymerase
(PARP) from 0 to 9 h after treatment. The treatment of U373MG cells with SiO2

NPs induced PARP cleavage at 1 h after treatment (Fig. 1).
Other studies have focused on the use of metal/metal oxide NPs as radiosensitiz-

ing agents to improve the therapeutic effect of radiotherapy in resistant tumor cells.
In vitro studies with silver NPs (Ag NPs) in the U251 cell line indicated that they
can be a good alternative to the traditional gold NPs [30]. The efficacy of Ag NPs
was attributed to higher proapoptotic activity and autophagy than by gold NPs, lead-
ing to a better therapeutic outcome in the U251 cell line and also in an orthotopic
mouse brain tumor model. Recently, the biocompatible bismuth oxide NPs, which
have both medical and cosmetic applications, have also been assessed as potential
nano-radiosensitizers in the radioresistant L9 gliosarcoma cell line [52]. The authors
focused on this heavy metal because its high atomic number (Z) guarantees toxic
effects. However, their results demonstrated that the effect of NPs not only depends
on their Z but also on other properties such as morphology and aggregation, and thus
further research on the subject should be conducted.

To sum up, the use of metal/metal oxide NPs alone or in combination with tradi-
tional cancer treatments (chemotherapy, radiotherapy) in brain tumors is still in the
preliminary preclinical phase, with cell lines being the main tumor models. Further
steps to demonstrate clinical relevance are mandatory.
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Fig. 1 Injection of γFe2O3@CANP into a U87-MGmouse model of glioblastoma. T2*-weighted
MR images of mouse brain pre- and at different times post-injection of γFe2O3@CA NP. a Tumor
is indicated with a red arrow. b Contrast follow-up between tumor and contralateral healthy zone
versus time. (Upper right corner of b). Example of manual segmentation of tumor and contralateral
healthy zone on one brain slice (from Richard et al. [43] with permission)

3 Metal/Metal Oxide Nanoparticles for Melanoma

Melanoma is a highly aggressive cancer and the most lethal type of skin cancer due
to its high metastatic potential, leaving untreated patients with a median survival
of 12 months [58]. The development of new therapies is a crucial objective because
melanoma has strong resistance to conventional treatment approaches, which include
surgical intervention, radiation, and chemotherapy.Nanomedicines have been emerg-
ing as new treatment options, and include gold NPs, metallic multi-segments, silicon
nanowire, iron core–gold shell NPs, and gold nanorods. CuO NPs have been consid-
ered as potential antitumor drugs because they have been demonstrated not only to
induce apoptosis of tumor cells selectively in vitro but also to inhibit the growth and
metastasis of melanoma with little hepatic and renal toxicity in mice [62].

CD271-positive (CD271+) cells were demonstrated to be “genuine cancer stem
cells” and studies have shown that CD271+ cells can drive melanoma initiation, pro-
gression, immune evasion, and drug resistance [29]. For this reason, a good strategy
to study the anti-melanoma effectiveness of new drugs is to use humanmelanoma cell
lines containing a high percentage of CD271+ cells. In this context, CuO NPs have
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Fig. 2 Graphical representation of the UV-B-protective efficacy of silver, zinc oxide, and titanium
dioxide nanoparticles (from Tyagi et al. [54] with permission)

been demonstrated to induce apoptosis in humanmelanoma stem cells (CD271+/high
cells) in A375 andWM266-4 melanoma cell lines. Moreover, they significantly sup-
pressed the expression of SOX10 and CD271 (considered to be the genes involved
in maintaining the stemness of melanoma stem cells) and downregulated the expres-
sion of MITF (which is involved in the tumorigenesis, growth, metastasis and drug
resistance of melanoma). Cuprous oxide NPs also suppressed the growth of human
melanoma in tumor-bearing non-obese diabetic-severe combined immunodeficiency
(NOD-SCID) mice, which was accompanied by structural necrosis and fibrosis of
the tumor (Fig. 2). All these results suggest that cuprous oxide NPs have significant
potential for clinical therapy of melanoma [72].

Copper oxide NPs could selectively inhibit cancer cell growth at relatively low
concentrations while having no effect on normal cells for various reasons. First,
cancer cells are known to have a higher metabolism than normal cells, and thus
more nanoparticles might be internalized along with growth factors, leading to high
cytotoxicity in cancer cells. Second, normal cells excrete nanoparticles constantly,
while cancer cells do not [61]. The same authors in other studies demonstrated
that CuO NPs can selectively induce melanoma cancer cell apoptosis by targeting
mitochondria, while being less toxic to normal cells [62, 64].

Uveal melanoma, which belongs to a rare subset of all melanomas, is the most
common primary intraocular tumor in adults with approximately 50% patients devel-
oping the metastatic disease over 15 years. The median survival of uveal melanoma
from the time of metastasis is approximately 6–12 months, and there is no effec-
tive therapy to improve overall survival to date [49]. Studies of both malignant and
normal ocular cell lines have demonstrated that CuO NPs were able to impair uveal
melanoma cell migration, invasion, and cytoskeletal assembly, suggesting that these
NPs could selectively suppress uveal melanoma cell migration and invasion while
having little effect on normal cells. CuO NPs were internalized mainly through lipid
raft-mediated endocytosis. Song et al. [51] proposed a mechanism whereby cuprous
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oxide NPs inhibit uveal melanoma cell migration and invasion. Serum proteins cover
cuprous oxide NPs to form a protein corona immediately after CuO NPs are added
into the cell culture medium. When protein corona-coated CuO NPs are close to
uveal melanoma cells, the molecules in the membrane recognize the components in
the corona, which would then mediate cuprous oxide NP internalization through the
lipid raft-mediated pathway. The internalized CuO NPs would then localize in mito-
chondria, autophagolysosomes, and lysosomes, leading to the impairment of mito-
chondria and upregulated levels of ROS with further over-stimulation of autophagy
and apoptosis, thus inhibiting uveal melanoma cell migration and invasion [51].

Cerium oxide (CeO) NPs induce apoptosis and DNA damage in human skin
melanoma cells, which may be mediated through ROS and oxidative stress. The
growth inhibitory effects of these NPs were studied in 518A2 melanoma cells and in
two normal human cell lines for comparative purposes. Normal cells were several-
fold less sensitive than melanoma cells [37]. Similar results were observed by other
authors, demonstrating that cerium oxide NPs induce apoptosis and DNA damage
in human skin melanoma cells [1]. The combination of this class of NPs with the
conventional cancer drug doxorubicin was also addressed in the study performed by
Sack et al. [45], with interesting findings related to their effectiveness against tumor
cells but also their protective capacity when exposed to human dermal fibroblasts
(HDF). Cytotoxicity and ROS production in the human malignant melanoma cell
line A375 was higher in the presence of both antitumor agents than with doxorubicin
or CeO NPs alone, but the genotoxic effects of doxorubicin were also reduced. In
contrast, when studied in HDF a protective effect of NPs against the cytotoxic effects
of doxorubicin was observed. These findings open up the possibility of implementing
novel therapeutic strategies based on the synergistic effects of doxorubicin and CeO
NPs.

Exposure to ultraviolet (UV) radiation and more specifically exposure to UV-B
is considered the most established etiological cause of skin carcinogenesis. UV-B
irradiation harms skin by causing DNA damage, inflammation, cutaneous photoag-
ing, oxidative stress, and immunosuppression, all of which may contribute to the
process of skin carcinogenesis [42]. To limit the exposure of human skin to UV
radiation, topical application of various commercial sunscreen creams is recom-
mended. These sunscreen products contain ingredients that act as UV-B filters by
forming a thin protective film on the skin surface. ZnO NPs and titanium dioxide
(TiO2) NPs are the most commonly used active ingredients in sunscreens due to their
broad-spectrum protection against UV-B (absorption, reflection, and scattering) as
compared to organic compounds that merely absorb UV-B radiation [32]. A recent
study demonstrated the UV-B-protective effects of silver nanoparticles (Ag NPs) in
human immortalized keratinocytes (HaCaT) [2]. The same authors compared the
UV-B-protective efficacy of Ag NPs against more traditional active ingredients such
as ZnO and TiO2 NPs.

The results showed that Ag NPs were superior to TiO2 and ZnONPs in protecting
human skin cells from the deleterious effects of UV-B. The authors proposed the
mechanism of action of the three NPs (Fig. 2).
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UV-B irradiation causes DNA damage by direct absorption, i.e., photo-oxidation,
or indirectly by free radical generation (ROS). Although pretreatment with ZnO and
TiO NPs provides physical protection (by absorbing or reflecting UV-B) it fails to
provide anyprotection fromDNAdamage and even contributes to enhanced oxidative
DNA damage via increased ROS production. However, Ag NPs protected HaCaT
cells against UV-B-induced DNA damage by repairing bulky DNA lesions through
the nucleotide excision repair mechanism. Moreover, Ag NPs are also effective at
protecting HaCaT cells from UV-B-induced oxidative DNA damage by increasing
the activity of the antioxidant enzymes SOD/CAT/GPx. These results suggest that
Ag NPs could serve well as a replacement for current major active ingredients, i.e.,
ZnO and TiO2 NPs, of commercially available sunscreen creams [54].

Nanodiamonds (NDs) have been proposed as alternatives to classical ZnO and
TiO2 NPs, due to their biocompatibility and low toxicity. Wu et al. [66] demon-
strated for the first time that nanodiamonds attenuate UV-B and efficiently protect
cells such as keratinocytes and fibroblasts from UV-B-induced damage. The 100-nm
NDs exhibited superior UV-B attenuation compared with nanosized TiO2, ZnO and
5-nm NDs in the HaCaT keratinocyte model, and both 5- and 100-nm NDs exhib-
ited superior UV-B attenuation compared with nanosized ZnO in the two cell types.
The protective efficiency of 100-nm NDs was comparable to that of nanosized rutile
TiO2 in an animal model. The animal model consisted of C57BL/6J mice subjected
to 20-min UV-B irradiation six times daily for 3 consecutive days, with skin damage
developing from the third day. An enzyme-linked immunosorbent assay (ELISA)
detected the elevation of both tumor necrosis factor-α (TNF-α) and interleukin-1β
(IL-1β), two proinflammatory cytokines. NDs protect C57BL/6J mouse skin from
UV-B-induced inflammation by reducing the production of both cytokines. Addition-
ally, NDs are safematerials as they do not stimulate the production of ROSduringUV
irradiation. These results collectively suggest that NDs could be a “diamond-class”
sunscreen ingredient [66].

Indeed, none of these nanoparticles are used for melanoma treatment but they are
all applied in the prevention of the development of this type of cancer.

4 Metal/Metal Oxide Nanoparticles for Lung Cancer

One of the limitations of the different therapeutic agents against cancer is the devel-
opment of resistant cells in hypoxic conditions. Hypoxia is produced in tumors due to
the high proliferation of cancer cells [11]. The non-small cell lung cancer, which rep-
resents about 85% of all lung tumors, predominantly affects patients with mutations
in certain oncogenes and for these reasons, A549 cells overexpressing these onco-
genes are a good representative of lung cancer biology and represent a good model
for studying lung cancer treatments [44]. On the other hand, A549 cells have strong
invasive capacity that can be enhanced under hypoxic conditions, thus increasing
tumor progression [48].
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Fig. 3 ZnO nanoparticle-induced apoptosis in LTEP-a-2 cells after 4 h of exposure. Morpho-
logic examination of LTEP-a-2 cells by AO/EB fluorescence staining: a control, b 0.05 μg/mL, c
0.1 μg/mL, and d 0.2 μg/mL (from Wang et al. [60] with permission)

In the search for new therapies that do not induce cell resistance new CuO, nickel
oxide (NiO) and ferric oxide (Fe2O3) NPs were synthesized and studied for their
in vitro effects on the growth of A549 cells, a human lung tumor cell line. All three
metal oxide nanoparticles showed strong anticancer activity in media with normal
levels of oxygen and with low levels or hypoxia, with CuO being the most active.
In the case of CuO NPs, the mechanism of nanotoxicity appears to involve ROS
generation, cell cycle arrest, and caspase-independent programmed necrotic death.
The findings suggest that these metal oxide NPs may be used as effective therapeutic
agents, especially in situations where hypoxia induces resistant cells [33].

Other NPs such as ZnO have been evaluated for their capacity for therapy of
lung cancer in another human pulmonary adenocarcinoma cell line, LTEP-a (Fig. 3).
The results show that ZnO NPs induce a decrease in cell viability with specific
morphological changes and apoptosis. The proposed primary mechanism action of
this NPs in LETP-a cells may be oxidative stress, based on the increase in ROS and
depletion of intracellular glutathione in apoptotic cells [60].
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Another strategy in lung cancer therapy is the use of green synthesized nanocom-
posites of silver-decorated highly reduced graphene oxide (PGE-HRG-Ag) [24]. One
of the concerns related to the use of graphene is toxicity, because these materials are
prepared by chemical methods and the reagents involved in their preparation are
hazardous and harmful to both the environment and humans. The green synthesis
of graphene-based materials reduces this toxicity because it involves biocompati-
ble ingredients under physiological conditions. Anticancer evaluation studies of the
PGE-HRG-Ag nanocomposites were performed against A549 human lung cancer
cells using tamoxifen as the reference drug. Based on the studies performed, it can
be concluded that the tested compound induced cell death by apoptosis. A correlation
between the amount of Ag nanoparticles on the surface of highly reduced graphene
oxide (HRGO) and the anticancer activity of the nanocomposite was observed, and
thus an increase in the concentration of Ag nanoparticles on the surface of HRGO
enhances the anticancer activity of the nanocomposite studied.

5 Metal/Metal Oxide Nanoparticles for Gastrointestinal
Cancer

Gastrointestinal (GI) cancer is a term for the group of cancers that affect the gas-
trointestinal tract and accessory organs of the digestive system. This includes cancers
of the esophagus, gallbladder, liver, pancreas, stomach, small intestine, bowel (large
intestine or colon and rectum), and anus.

5.1 Esophageal Cancer

The development of novel metal or metal oxide-based nanoparticle therapies against
esophageal cancer is still in the preliminary stages, because efforts have been focused
on its early detection. However, the use of gold and magnetic nanodevices for this
variety of cancer is more common. Jin et al. [22] reported the synthesis of small-
scale core/shell nanoparticles containing tantalum oxide nanospheres (TaONS), dox-
orubicin, and polypyrrole conjugated with a fluorescent dye. The biocompatibility
of TaONS was demonstrated in vitro using HUVEC cells while the photothermal
activity was assessed in the human esophageal squamous adenocarcinoma cell line
KYSE30. The in vivo model (Balb/c mice subcutaneously injected with KYSE30
cells) demonstrated that TaONS accumulated in the cancerous tumors, as observed
using different imaging techniques (computed tomography, photoacoustic, and fluo-
rescent imaging).Moreover, intravenous administration of TaONS plus near-infrared
laser irradiation in mice when tumor sizes reached almost 100 mm3 showed greater
therapeutic efficacy than chemotherapy or photothermal treatment alone, reducing
tumor volume and leading to complete eradication without recurrence. Finally, the
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local aerosol administration of TaNOS also showed good therapeutic efficacy and
biocompatibility and thus indicated a better therapeutic strategy due to its lower side
effects than intravenous injection.

Gallbladder and small intestinal cancers are relatively uncommon and rare dis-
eases, and no interesting studies were found in our literature review.

5.2 Gastric Cancer

Gastric cancer has special relevance in Eastern Asia and currently, patient survival
remains very low. The use of metal or metal oxide NPs has focused on the use of gold
(Au) NPs, but Xiao et al. [70] looked at the potential use of cerium for its capacity
to mimic some enzymatic activities. In vitro investigations in BGC823 and MKN28
gastric cancer cell lines showed the potential therapeutic activities of synthetic CeO
NPs by reducing cell proliferation and migration. The intrinsic activity of CeO NPs
can be attributed, among other potential cellular pathways, to upregulation of the
DHX15 gene and activation of p38 MAPK. In vivo experiments corroborated the
potential use of CeO NPs, showing a reduction in tumor cell growth and metastasis
inhibition.

5.3 Pancreatic Cancer

Pancreatic cancer has an extremely poor prognosis, with 90% of pancreatic cancers
being malignant and with a 5-year survival after diagnosis. Less than 20% of patients
are candidates for surgical resection; therefore, chemotherapy and radiation therapy
(RT) remain the only other treatment options. Unfortunately, RT induces side effects,
including skin irritation, loss of appetite, fatigue, and nausea, as well as the pain
associated with these conditions. Research to reduce the unwanted side effects of
RT has yielded two categories of compounds: radiation protectants and radiation
sensitizers. However, currently available protectants also induce side effects such as
nausea, vomiting, and hypotension. Therefore, the creation and identification of novel
compounds that improve the efficacy and therapeutic index of RT would directly
improve cancer treatment. CeO NPs have been used as an adjuvant to improve RT
in preclinical trials. The valence state and oxygen defects allow CeO NPs to act as
auto-regenerative redox status modulators. Recently, CeO NPs have been shown to
be capable of entering mammalian cells and have implications in biological systems.

One study examined the ability of CeO NPs to drive ROS accumulation, as well
as the subsequent impact on pancreatic cancer cell survival in vitro and in vivo.
The pro-oxidant activity of CeO NPs drives radiation-induced radical production
selectively in pancreatic cancer cells resulting in radiation sensitization to apoptotic
death and growth inhibition. These results identify CeO NPs as a potentially novel
radiation sensitizer for the treatment of human pancreatic cancer [65].
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5.4 Colorectal Cancer

Colorectal cancer together with breast and prostate cancer is the most commonly
diagnosed and the fourth most common cause of cancer death. Patients suffering
from inflammatory bowel disease are at an increased risk of developing colorectal
cancer, with environmental factors and genetic susceptibility also playing a role in
risk.

Nickel oxide NPs have anti-inflammatory properties and toxic effects against
bacteria by inducing oxidative stress and releasing nickel ions (Ni2+) inside the
cell, and are currently being employed in the field of biomedicine. One possible
application is in cancer therapy, especially in the treatment of colon cancer. For this
reason, the in vitro cytotoxic activity of NiO NPs prepared using Moringa oleifera
plant extract againstHT-29 (colon carcinoma) cell lineswas studied.NiONPs showed
effective cytotoxic activity against HT-29 with alteration of cell morphology and
active generation of ROS, which led to the destruction of cell proteins, DNA, and
cell membrane, resulting in cell death [13]. These are preliminary results that need
to be studied in more depth.

Another preliminary study of ZnO NPs examined its effects on the LoVo human
colon carcinoma cell line, the routes of entry into this cell, and their mechanism
of action. The results demonstrated that the main cytotoxic effect of ZnO NPs on
these cells is due partially to the entry of Zn2+ into the cells. ZnO NPs entered LoVo
cells by either passive diffusion or endocytosis or both, and contact with the acid
pH of lysosomes resulted in the release of Zn2+ ions. The simultaneous presence
of ZnO NPs and Zn2+ ions in the LoVo cells led to the formation of ROS at the
mitochondrial and nuclear level, inducing severe DNA damage and cell death [10].
Zijno et al. [75] using Caco-2 cells as in vitro model of human colon carcinoma,
studied the genotoxic effects of ZnO and TiO2 NPs. The study revealed that ZnO but
not TiO2 NPs were able to compromise the cell defense mechanisms and to provoke
DNAdamage. The genotoxic behavior of ZnONPswas attributed to a significant and
prolonged ROS production that caused direct and indirect genotoxicity. Thus, ROS
could interact physically with DNA but also could affect the intracellular pathways
impairing repair protein functions.

The cytotoxicity of CuO NPs was evaluated in HT-29 and SW620 human colon
cancer cell lines. CuONPs induced apoptosis in these cells at low concentrations by a
mechanismbased on the downregulation ofBcl-2 andBcl-xLprotein expression [26].

6 Metal/Metal Oxide Nanoparticles for Blood Cancer

Blood cancer is an umbrella term for cancers that affect the blood, bone marrow,
and lymphatic system. There are three groups of blood cancer, according to the
hematic cells affected: leukemia, lymphoma, andmyeloma. The potential therapeutic
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application of different metal oxide nanoparticles on the different blood cancers has
been investigated.

6.1 Leukemia

Leukemia is a group of cancers that usually begin in the bone marrow and result in
high numbers of abnormal white blood cells. High levels of ROS are produced in
these malignant disorders resulting in an imbalance in redox homeostasis [41] and a
crucial signaling pathway for the initiation and execution of apoptosis.

The activation of ROS has some therapeutic benefits in arresting cancer cell
growth. In this sense, cobalt oxide nanoparticles (CoO NPs) were found to induce
oxidative stress in different human immortalized lines used as models of leukemia,
such as Jurkat, K562 and KG-1A, relative to normal peripheral blood mononuclear
cells [7]. The CoO NPs have been shown to have important anticancer properties.
The cytotoxicity of CoO NPs in three leukemic cancer cell lines was measured by
MTT assay, showing a similar dose-dependent effect in each line. The toxicity of
cobalt oxide depends on the internalization of cobalt ions, which is higher in cancer
cells than in normal cells. High levels of membrane phospholipids and the greater
negative charge of cancer cells may enhance the attachment of CoO NPs to the cell
membrane and release the cobalt ions and their subsequent uptake into cancer cells.
CoO NPs induced cytotoxicity by activation of the stress-signaling pathway [8].

Besides CoO NPs, other metal/metal oxide nanoparticles have shown their poten-
tial beneficial therapeutic effects against leukemia. Thus, CONPs induce apoptosis
in K562 cells through reactive oxygen species (ROS) generation [47] and ZnO NPs
have the same effect in the HL60 leukemia cell line [39].

6.2 Lymphoma

Lymphoma is a cancer of the immune system and white blood cells. The two main
types are Hodgkin lymphoma and non-Hodgkin lymphoma. Among the different
metal nanoparticles studied for the treatment of such malignant disorders, platinum
nanoparticles have been demonstrated to be effective at inducing cell death in the
U937 human lymphoma cell line; nevertheless, themechanism of cell killing remains
unknown [20].

Moreover, (AgNPs) have been found to prolong lifespan and reduce tumor volume
and body weight in animals with Dalton’s ascites lymphoma (DAL cells), a type of
non-Hodgkin lymphoma. Ag NPs have potent antitumor activity, inducing apoptosis
through mitochondrial-dependent and -independent pathways [18].

In order to minimize the side effects of metal-based drugs on normal cells a phys-
iologically friendly approach must be used. In this respect, a nutraceutical involving
selenium based-therapy seems to be a promising approach with fewer side effects
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than the traditional chemotherapeutic strategies. For this reason selenium nanopar-
ticles have been proposed for the treatment of lymphoma using Dalton’s lymphoma
model [28]. The authors found that the size of the nanoparticles plays an important
role in their biological activity, with smaller NPs beingmore cytotoxic to cancer cells
than larger ones [28].

6.3 Myeloma

In the case of myeloma, there have been few studies of metal oxide nanoparticles
in the treatment of multiple myeloma (MM). Despite an increase in the number of
drugs used in the treatment of this type of blood cancer, multiple myeloma remains
an incurable hematological disorder [73].

Nanoparticles have not been used alone to treat myeloma, but have shown good
results in combination with other traditional treatments. Bortezomib is one of the
drugs used in the treatment of myeloma but induces adverse effects due to the high
dose required, and thus a lower dose of bortezomib in combination with a second
or third agent could be a better strategy. Magnetic nanoparticles of Fe3O4 have
been a major drug delivery system over recent years. For this reason, a nontoxic
concentration of bortezomib with Gambogic acid-polymerized magnetic nanoparti-
cles of Fe3O4 as a drug delivery system has been proposed for combination cancer
chemotherapy, and is a good alternative to traditional chemotherapeutic agents for
targeted therapeutic approaches to treat multiple myeloma. The apoptotic effect of
treatment using this combined approach has been demonstrated in vitro in the human
myeloma RPMI-8226 cell line, with greater effects than in cells treated with borte-
zomib alone by Zhang et al. [73]. In the subcutaneous RPMI-8226 tumor-bearing
nude mouse model, the use of magnetic nanoparticles of Fe3O4 significantly reduced
the tumor volume as reported by the same authors.

In another study, Fe2O3 NPs were used in combination with paclitaxel and anti-
ABCG2 monoclonal antibody to inhibit the growth of cancer stem cells (CSCs)
obtained from the human MM RPMI-8226 cell line in vitro and in their derived
tumors in xenografted mice [71]. In a similar way, graphene oxide nanoparticles
loaded with doxorubicin increased the effect of doxorubicin alone in humanmultiple
myeloma cells (RPMI-8226) [67]. Much effort should still be invested to elucidate
the clinical significance of these studies.

7 Metal/Metal Oxide Nanoparticles for Reproductive
System Cancer

Reproductive cancers refer to those that develop in the organs related to reproduction
located in the pelvis, but also in the mammary gland or breast. In women, these neo-
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plastic diseases can affect the uterus (endometrial cancer being the most common),
cervix, ovaries, vagina, and vulva. Breast cancer can also be considered as a female
reproductive cancer. The most common cancers in men are located in the prostate,
testicles, and penis.

7.1 Endometrial Cancer

Endometrial cancer is relatively frequent among postmenopausal women and treat-
ment can include some form of surgery accompanied by chemotherapy, radiotherapy,
or both. However, it is important to retain reproductive functionwhen premenopausal
women are diagnosed. Nanomedicine is a possible solution that might allow surgery
to be avoided [17]. Nevertheless, current research efforts are focused on liposomal
drugs and no novel metal or metal oxide-based therapies have been reported to date.

7.2 Cervical Cancer

Cervical cancer affects women of reproductive age. Cervical carcinoma is the most
common gynecological malignancy and is one of the main causes of cancer-related
deaths in women. The carcinogenic transformation from human papillomavirus
(HPV) infection to invasive cancer takes a relatively long time. Thus, it is possi-
ble to detect the disease at a stage when treatment could be highly effective [3].

ZnO nanoparticles showed a significant cytotoxic effect in vitro on HeLa human
cervical carcinoma cells, inducing cell apoptosis through increased intracellular
ROS levels and the upregulation of apoptotic gene expression. These results imply
the probable utility of ZnO nanoparticles in the treatment of cervical cancer [34].
The same authors demonstrated the efficacy of copper oxide nanorods at inducing
apoptosis in human cervical carcinoma cells. Apoptotic-related gene expression
increased following treatment, which further confirms the role of apoptosis in this
strategy. All these data suggest the possible utility of CuO nanorods in cervical
tumor treatment [35].

A recent study on cervical carcinoma cell lines and on cervical carcinoma
xenograft nude mice demonstrated the potential therapeutic effects of CuO on cer-
vical carcinoma therapy. CuO NPs strongly inhibit growth and induce apoptosis in
both cultured cells and tumor-bearing mice. The cervical cancer nude mouse subcu-
taneous tumor model was established by transplanting MS751 cells behind the groin
of nude mice. The diameter of the tumors in the CuO NPs-treated group was the
same as in the cisplatin-treated group, but the animal’s weight was not affected by
the CuO treatment in contrast to the cisplatin treatment [68] (Fig. 4).
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Fig. 4 Antitumor effects of CONPs. Representative pictures of the tumors in the different groups.
The diameter of the tumors in the CONP group was equal to that in the DDP group receiving
cisplatin but distinctly smaller than that in the glucose group. The smallest diameter was in the CuO
NPs+DDP group. The weight of the cisplatin group was lower than that of the control group, while
there was no difference in weight between the CONP group and the control group [68]

7.3 Ovarian Cancer

Ovarian cancer is also an important cause of cancer deaths in women because it is
difficult to diagnose and shows chemoresistance and potential malignancy. In this
type of cancer, the use of CuO NPs conjugated with folic acid (NCe-FA) has been
investigated using in vitro and in vivo models [16]. The use of the cell lines A2780,
C200, OVCAR3, and SKOV3 demonstrated higher accumulation of conjugated CuO
NPs but significantly lower reduction of intracellular ROS. However, the conjugated
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NPs reduced cell viability, increased cell death, and activated apoptosis as a result
of higher NP uptake. A recent study concluded that the particle size of CuO NPs
determines their uptake, intracellular distribution, and ROS scavenging activity in
different cell lines [56] and that much effort should be made to transform these
promising therapeutic strategies into reality.

Interestingly, the outcomes of an in vivo study in an ovarianmodel using xenograft
nude mice [16] showed that NCe-FA prevents metastasis of ovarian cancer by reduc-
ing tumor size but without causing vital organ toxicity. Moreover, in the same
xenograft model, the combination of NCe-FA with the anticancer drug cisplatin
had better beneficial effects than the two agents alone, including the reduction of
angiogenesis.

7.4 Vaginal and Vulvar Cancer

Vaginal and vulvar tumors are highly infrequent and sometimes associated with
infection by HPV [17]. In this context, Ag NPs were studied for their antiviral and
antibacterial properties in the prevention of sexually transmitted infections as causes
of gynecological cancers.As the vaginal environment andphysiologymake it difficult
to deliver sustained therapeutic amounts of drug into the vagina, studies are currently
focusing on nanoparticle-based drug delivery platforms to improve their prophylactic
and therapeutic uses [12]. We hope that in a few years novel and challenging studies
will have led to more successful treatments for such cancers.

7.5 Breast Cancer

Breast cancer is one of the most common cancers affecting women worldwide. The
majority of the deaths from breast cancer are due to its drug resistance and poten-
tial metastasis to distant organs. A recent paper reviewed the use of NPs carrying
anticancer agents to target tumors for the treatment of breast cancer [50].

ZnO NPs have been studied in the breast cancer cell line MDA-MB-231, showing
concentration-dependent cytotoxicity, whereas no positive correlation was found
between cytotoxicity and increasing concentration of stress in normal cells [4].

In another study, the use of CeO NPs modified by the chemotherapeutic agent
neogambogic acid (CNP-NGA) increased the effectiveness of radiotherapy in breast
cancer [9]. The effects of such NPs in combination with radiotherapy increased the
cytotoxic effects of the antitumoral treatments alone in theMCF-7 cell line by altering
cell cycling and increasing autophagy and apoptosis. Based on these observations, the
authors concluded that adjuvant therapies are good therapeutic strategies to diminish
adverse effects by allowing a reduction in radiotherapy dose.
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Fig. 5 Antitumor effects of cuprous oxide nanoparticles (CuO NPs therapy on subcutaneous
prostate cancer). a Mice bearing subcutaneous prostate cancer on day 14 of treatment. b Plot
of tumor volume versus time. c Images of excised subcutaneous tumors. d Statistical analysis of the
tumor weight from the CuO NPs and control group after treatment for 16 days. e Body weight of
mice in the CuO NPs and control group. f Ki-67 staining and TUNEL staining images (fromWang
et al. [63] with permission)

7.6 Prostate Cancer

Prostate cancer is the most commonly diagnosed non-cutaneous malignancy and
represents the second most common cause of cancer-related death among men and
the most common cancer in Europe [6]. Androgen-deprivation therapy is the stan-
dard treatment for locally advanced or metastatic prostate cancer, but many patients
develop castration resistance after approximately 2–3 years, with a poor prognosis.
Thus, there is an urgent need for novel therapies for this type of cancer and a bet-
ter understanding of the biology underlying treatment resistance [40]. One possible
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therapy is based on the use of nanoparticles. In this sense, some studies have demon-
strated the high sensitivity of melanoma cells to CuO nanoparticles [62, 64], and
melanoma cancer and prostate cancer present similar copper metabolism disorder
characteristics [46]. CuO NPs may be a good treatment for prostate cancer. Wang
et al. [63] demonstrated that with the subcutaneous prostate cancer mouse model,
CuO NPs showed ideal antitumor capacity, and could inhibit the proliferation and
induce the apoptosis of prostate cancer cells based on Ki-67 staining and TUNEL
staining results. The tumors from the CuO NPs group were significantly smaller
than those from the control group and there was no significant difference in the
body weight of the control and treated animals (Fig. 5). In this study, the authors
also demonstrated that CuO NPs can selectively induce apoptosis in prostate cancer
cells, cause cycle arrest, and inhibit the migration and invasion of these cells in vitro.

7.7 Testicular and Penile Cancer

Testicular and penile cancer are classified as rare cancers due to their low global
incidence, and they show good relative 5-year survival [14]. As a likely consequence,
no important studies dealing with the use of metal/metal oxide NPs as therapeutic
tools were found in our literature review.

8 Conclusions

There have been many studies on the potential effect of different metal oxide NPs
in the treatment of cancer in different organs. These studies have been performed
in vitro using cancer cell lines or in vivowith animalmodels as shown in Table 1. CuO
NPs were the most studied metal oxide NPs, probably due to their ROS scavenging
properties, although their potential therapeutic use has been predominantly described
only in vitro. In a similar way, CeO and ZnO NPs were the focus of an important
number of studies. Different strategies have been investigated, including the use of
metal/metal oxide NPs with and without conjugation alone or in combination with
radiotherapy or chemotherapy as adjuvants or synergistic agents. In many cases,
they have been preliminary studies and more research is necessary to increase the
knowledge about the therapeutic activity of the metal oxide NPs studied. However,
the possibilities that these NPs offer are both extensive and interesting.



Metal/Metal Oxide Nanoparticles for Cancer Therapy 359

Table 1 Metal/metal oxide NPs with anticancer activity against different types of tumor

Tumor Metal oxide Model Reference

Brain
(glioma)

Cuprous oxide In vitro rat glioma C6 cell line Joshi et al. [23]

Zinc oxide
Silicon dioxide

In vitro human glioblastoma U373MG cell
line

Kim et al. [27]

Iron oxide In vitro human glioblastoma U87-MG cell
line
In vivo orthotopic U87-MG tumor in nude
mice

Richard et al.
[43]

Silver In vitro rat glioma U251 cell line
In vivo orthotopic U251 tumor in mice

Liu et al. [30]

Bismuth oxide In vitro rat malignant glioma 9L cell line Stewart et al.
[52]

Melanoma Cerium oxide In vitro human melanoma A375cell line Ali et al. [1]
Sack et al. [45]

In vitro human melanoma 518A2 cell line Pešić et al. [37]

Cuprous oxide In vitro human melanoma A375 and
WM266-4 cell lines
In vivo tumor-bearing non-obese
diabetic-severe combined immunodeficiency
(NOD-SCID) mice

Yu et al. [72]

Lung Cuprous oxide
Nickel oxide
Ferric oxide

In vitro human lung carcinoma A549 cell line Pandey et al.
[33]

Zinc oxide In vitro human lung adenocarcinoma LTEP-a
cell line

Wang et al. [60]

Esophageal Tantalum oxide In vitro human adenocarcinoma KYSE30 cell
line

Jin et al. [22]

Gastric Cerium oxide In vitro human gastric adenocarcinoma
BGC823 and MKN28 cell lines
In vivo xenograft nude mice

Xiao et al. [70]

Pancreatic Cerium oxide In vitro human pancreatic cancer L3.6pl cell
line
In vivo orthotopic injection of pancreatic
cancer cells in athymic nude mice

Wason and
Zhao [65]

Colorectal Zinc oxide In vitro human colorectal adenocarcinoma
LoVo cell line

Condello et al.
[10]

Nickel oxide In vitro human colorectal adenocarcinoma
HT-29 cell line

Ezhilarasi et al.
[13]

Cuprous oxide In vitro human colorectal adenocarcinoma
HT-29 and SW620 cell lines

Khan et al. [26]

Zinc oxide
Titanium oxide

In vitro human colorectal adenocarcinoma
Caco-2 cell line

Zijno et al. [75]

Leukemia Cobalt oxide In vitro human leukemia Jurkat, K562 and
KG-1A cell lines

Chattopadhyay
et al. [7]

Cuprous oxide In vitro human leukemia K562 cell line Chattopadhyay
et al. [8]

(continued)
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Table 1 (continued)

Tumor Metal oxide Model Reference

Lymphoma Platinum In vitro human lymphoma U937 cell line Jawaid et al.
[20]

Silver In vivo mice injected with DAL cells Jacob and
Shanmugam
[18]

Selenium Kumar et al.
[28]

Myeloma Iron oxide In vitro human myeloma RPMI-8226 cell line Zhang et al.
[73]

Ferric oxide Yang et al. [71]

Graphene oxide Wu et al. [67]

Cervical Zinc oxide In vitro human cervical HeLa cell line Parduragan
et al. [34]
Parduragan
et al. [35]

Cuprous oxide In vitro human cervical carcinoma MS751
cell line
In vivo M5751 xenograft nude mice

Xia et al. [68]

Ovarian Cerium oxide In vitro human ovarian cancer A2780, C200,
OVCAR3 and SKOV3 cell lines
In vivo A2780 xenografts nude mice

Hijaz et al. [16]

Breast Zinc oxide In vitro human breast MDA-MB-231
adenocarcinoma cell line

Biplab et al. [4]

Cerium oxide In vitro human breast cancer MCF-7 cell line Chen et al. [9]

Prostate Cuprous oxide In vitro human prostate cancer PC-3 cell line Wang et al. [63]
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cases of cancer per year by around 2030 worldwide, which is a 70% increase from
2012. The molecular key players leading to cancer are heterogeneous in respect
to tissue origin and may vary from patient to patient, calling for an individual-
ized approach. Nucleic acid biopolymers (DNA and RNA) lend themselves toward
applications in personalized therapeutics with high programmability based on their
primary structure of five building blocks as well as biocompatibility based on estab-
lished roles and functional abilities in vivo. Based on the last decades of advances in
synthetic methods and natural functions of RNA, various pathways for the regulation
of gene expression and DNA/RNA protein binding pathways have been uncovered,
leading to the development of novel nanoparticle formulations with governing design
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1 Therapeutic Nucleic Acids (TNAs) for Cancer Treatment

As an information storage medium, the genomic DNA plays a central role in the
life of every cell. Inherited or acquired damage or mutations to encoded genes may
lead to a lack of cell cycle control, leading to cancerogenesis. Despite the intensive
research of genome editing techniques, therapy on the level of the gene sequence
still lies in the future. However, targeting of genes at the transcriptional level,
represented by messenger RNA, through antisense or splice-switching oligonu-
cleotides provides a valuable therapeutic approach. In addition, a growing body
of experimental evidence turns the image of RNA from passive rather to an active
player in a broad spectrum of cellular processes [1]. The remarkable increase of our
knowledge about the diverse functions of noncoding RNAs offers many avenues not
only to exploit them as therapeutic targets but—together with advancements in RNA
structure predictions—to also use nucleic acids as targeted therapeutics [2]. The
concept of therapeutic nucleic acids is based on the application of functional RNA
and/or DNA molecules (ribozymes, decoys, antisense oligonucleotides, mRNAs,
antimiRs, aptamers, siRNAs, microRNAs, etc.) (Fig. 1) as a stand-alone drug or as a
combination of various functional types of nucleic acids [3]. The relative simplicity
of nucleic acid chemical structure allows for the simple linking of two or more
functionally diverse nucleic acids into one chimeric molecule.

This rational design of novel nucleic acids has already shown potential and numer-
ous advantages in their cell-specific delivery along with synergistic activities of
formulations. Chimeric nucleic acids which contain an aptamer that can carry out
the precise targeting of malfunctioned cells are of particular interest for biomedical
applications. The nucleic acid aptamers are short single-stranded oligonucleotides
(RNAs, DNAs, or their chemical analogs) that are selected to specifically bind to
a target with an affinity comparable to monoclonal antibodies. Unlike antibodies,
aptamers are selected in vitro from libraries of up to ~1016 randomly synthesized
sequences that are screened to recognize the specified target molecules under con-
trolled conditions. The aptamer selection method termed systematic evolution of
ligands by exponential enrichment (SELEX) [8, 9] allows for amplification of target
binding sequences in each cycle until few or ideally one sequence with the highest
binding affinity and specificity prevails in population. In comparisonwith antibodies,
the synthesis of aptamers does not require living cells and is an easily scalable and
time-saving process. The significant advantage of SELEX lies in the versatility of
conditions under which we can perform aptamer selection. Specifically, a group of
strategies based on living cell-SELEX, where aptamers are selected to bind certain
cell types, has the potential to develop more efficient modes of cell targeting [10].
They offer the advantage of isolating aptamers which bind therapeutically relevant
cell surface receptors in their native environment or distinguish between specific cell
phenotypes even without prior detailed knowledge of cell surface protein popula-
tion. Just to name a few successful selections, the cell-SELEX has been applied to
discriminate between leukemic cell populations [11], small lung cancer cells versus
large cell lung cancer [12], to detect renal cell carcinoma [13], or metastatic breast
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Fig. 1 The schematic illustration of several interactions of various aptamer-chimeras with gene
expression. From left to right: normal expression leading to a protein production, delivery of siRNA
(or miRNA) inhibits translation of corresponding mRNAwhile delivery of anti-miR blocks endoge-
nous miRNA in binding to target mRNAs [4]. The result of anti-miR application is thus enhanced
production of the specific protein. Decoys are oligonucleotide sequences intended to outcompete
endogenous equivalent strands bound by transcription factor or another DNA/RNA binding protein
[5]. Splice-switching oligonucleotides (SSOs) are short antisense nucleic acids base-pairing with
a pre-mRNA. SSOs impair the normal splicing through blocking the RNA-RNA or protein–RNA
binding interactions [6]. In vitro-selected DNAzymes are catalytically active DNA strands; in this
context, cleaving a specific mRNA leads to downregulation of gene expression [7]

cancer cells [14]. One decade after the first description of a chimeric aptamer-siRNA
application [15], aptamers have been tested to deliver various therapeutic cargos
in vitro and in vivo as widely reviewed [3, 16, 17]. Importantly, in addition to recep-
tor recognition, several aptamers can trigger antagonistic or agonistic responses via
the target with the potential to enhance therapeutic effects [18, 19].

The significant potential in cancer therapy represents the connection of GC-rich
double-stranded DNA (dsDNA) sequences to the aptamer. Single short double-
strandedoligonucleotides or tethered in long train-like structures canbind chemother-
apeutics such as doxorubicin and through the aptamer, specifically deliver it to cancer
cells [20, 21]. While doxorubicin simply intercalates to carrier dsDNA, recently Luo
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et al. have linked aptamerAS1411 to poly (l-γ-glutamyl-glutamine)-paclitaxel conju-
gate and demonstrated accumulation of paclitaxel in glioblastoma tissue in vivo [22].

Progressive tumor growth is facilitated by the evasion of antitumor immune
responses, but the combination of two aptamers to a DNA scaffold provides an
appealing strategy to direct cell–cell interactions between immune and tumor cells
or to activate immune cells upon their crosslinking with proteins characteristic for
tumor stroma [23, 24]. The blood–brain barrier (BBB) is a potential obstacle for the
delivery of TNAs targeting brain cancer. However, a recent study suggests a possi-
ble way of crossing BBB. A DNA aptamer specific to the transferrin receptor can
transcytose the BBB barrier. Therefore, a fusion with an aptamer typical for cancer
cells metastasizing to the brain, such as epithelial cell adhesion molecule (EpCAM),
can bring the bivalent aptamer to a brain tumor [25].

The next logical step in the development of advanced programmable nucleic acid-
based therapeuticswould be an implementation of precisely controlled stoichiometric
combination of functionally diverse nucleic acids embedded in 3D nanoscaffolds.
The shape of the core structure that displays functional RNAs can be derived from
naturally occurring motifs or is designed in silico [26–29]. In addition to RNA moi-
eties, other chemical ligands such as fluorophores and/or proteins can be attached to
the nucleic acid nanoparticle (NANP) [29]. Although currently only under experi-
mental conditions, RNA/DNAnanoassemblies have the potential to act as logic-gated
nanomachines in vivo [30–33].While the function of particles byDouglas et al. relies
on the presence of keys–cell surface receptors that open the release of therapeutic
cargo in the nanoparticle, Halman et al.’s strategy is based on the mutual presence of
two opposite nucleic acid-based nanoparticles (NANPs) that react together. The inter-
action leads to shape-switching which can be used for the production of RNA inter-
face inducers, aptamers, a fluorescent signal, or templates for further transcription.

From the cancer therapy point of view, the introduction of double-stranded parts in
a nanoparticle can serve as a deliverymoiety for chemotherapeutics intercalated in the
double helix [21]. Experimental evidence has shown the feasibility of RNA NANPs
as a therapeutic agent in various models of cancer in vitro or in cancer xenografts.
The field of RNA nanotechnology [28, 34, 35] applies the current knowledge related
to the structure and function of natural RNAs to further address specific biomedi-
cal challenges. Also, the option of both canonical and noncanonical base pairings
tremendously expands the diverse set of RNA structural motifs available as building
blocks [36–38]. For example, by using tertiary RNA interactions, we demonstrated
the computer-assisted design and formation of modular dimers [39–41], trimers [35],
tetramers [42], pentamers [43], 2D and 3D hexamers and decamers, and long RNA
fibers [29, 44–47]. We also designed and verified a series of RNA and RNA/DNA
NANPs that can conditionally respond to the environment and through the subse-
quent conformational changes, activate different functionalities in vitro and in vivo
[33, 48–50]. As another platform, a 3WJ motif derived from the DNA-packaging
RNA (pRNA) motor of bacteriophage phi29 has been proven to be a versatile tool
in RNA nanodesign for biomedical applications [51–53]. The central domain of
monomer pRNA allows for the creation of the tetravalent X-motif where an increase
of siRNA numbers from one up to four continuously enhances downregulation of
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gene expression. Replacement of one the four RNA strands with an RNA fragment
linked to a fluorescent dye along with another with folate which served as a ligand
for binding to the cancer cells revealed that the signal was localized only in the
tumor, but not in other organs of the body [54]. Based on the same pRNA motif,
Shu et al. designed, assembled, and characterized 14 different homogenous NANPs
with a defined size, structure, and stoichiometry [55]. More recently, Shu et al. for-
mulated a pRNA nanoparticle labeled with fluorescent dye for tracking purposes,
RNA aptamer targeting epidermal growth factor receptor (EGFR), and anti-miR-21
as a therapeutic moiety. Systemic administration of designed NANPs in orthotopic
breast cancer tumor-bearing mice inhibited tumor growth (Fig. 2) [52]. Although
experimental data are very promising, the application of NANPs in therapy still may
bring some complex problems as described later in the text.

The systemic delivery of naked therapeutic nucleic acids (TNAs) is very challeng-
ing. From the structural design, in vivo stability, immunogenicity, and cellular uptake
to endosome escape, every mentioned feature affects the efficiency of DNA/RNA
therapeutics. Specifically, RNAs are infamous for their sensitivity to nucleases,which
complicate their in vivo application. However, experimental evidence suggests that
incorporation of chemicallymodified nucleotides or internucleotide linkages extends

Fig. 2 Left upper corner—2D sequence of the nanoparticle equipped with: EGFR RNA aptamer
for targeted delivery, anti-miR-21 for therapy, and Alexa-647 dye for imaging. Right upper cor-
ner—3Dmodel of RNA nanoparticles with extensions using 3WJ core as scaffold and atomic force
microscopy image of the nanoparticles. Below, from left to right—assessment of targeting and
therapeutic effects of nanoparticles in mouse model over the course of five injections. Retention
of targeted NANPs in tumors 8 h postinjection documented by fluorescence [52] (This figure was
usedwith permission and can be found at http://pubs.acs.org/doi/10.1021/acsnano.5b02471. Further
permissions related to this material should be directed to ACS.)

http://pubs.acs.org/doi/10.1021/acsnano.5b02471
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the half-life of short nucleic acids in the bloodstream [56, 57]. As for the RNA
NANPs, it has also been recently confirmed that incorporation of locked nucleic
acid nucleotides, alone or in combination with 2′F, prolongs the survival of NANPs
in vivo [58].

Simple aptamer-chimeras or any advancedNANPsadopt a 3Dstructure that differs
from naturally occurring nucleic acids [59]. It seems that stability/integrity of DNA
nanostructures depend on their 3D structure [60]. However, still, it is hard to predict
what form and what ratio of DNA versus RNA in a nanoparticle will be more or less
stable. The size and structural diversity of nucleic acid nanostructures including the
distribution of ligands on theDNA/RNAnanoparticle determine their renal clearance
and size-dependent extravasation which, together with cellular factors, influence the
rate of the nanoparticle by cellular uptake [61].

In the case of aptamer-driven targeting, binding to the corresponding receptor
directs endocytosed payloads toward degradation in lysosomes, exporting out of the
target cell, or in the best-case scenario, the nanoparticle escapes from the endosome.
Accessing the cytoplasm is themost limiting step for naked nucleic acid therapeutics.
The trafficking of aptamer-nucleic acid therapeutics depends on their concentration,
targeted receptor, cell type, and its physiological status [62, 63]. On the cellular level,
the trafficking of internalized NANPs comes jointly with defense activation.

The TNAs entering the cells can trigger an innate immune response either in the
endolysosomal compartment or in the cytoplasm. Activation of the particular type
of immune surveillance pathway, discussed in detail later in the text, depends on the
cell type [64]. Interestingly, modification of nucleotides can also help RNA particles
to stay under the radar of cellular defense [65]. Vice versa, when necessary, we
can utilize immunostimulatory RNAs to induce innate immune responses [66–68].
Generally, it seems that targeted 2′-F modified RNA NANPs are relatively rapidly
accumulated in targeted tissue with 50% survival up to 7 days without significant
expression of inflammatory cytokines and interferons. However, the difference in
only one nucleotide in a control nonbinding aptamer was sufficient to activate an
increase in expression of both IFN-β/γ [69].

NANPs represent novel arrangements of functional RNA and/or DNA types that,
together with incorporation of other potentially immunostimulatory molecules such
as proteins,may have unpredictable immunogenic properties. Despite rapid advances
in the design and characterization of TNA nanotechnology, unknown immuno-
genic properties of NANPs stall their transition into becoming clinically available
medicines.

1.1 Immunogenic Responses to TNA Presence

Research over recent decades has demonstrated the immunogenicity of simple single-
and double-stranded nucleic acids, yet there is little data reported on the immuno-
genicity of complex multistranded nucleic acid assemblies in general and NANPs
in particular. Recently, there have been efforts to identify key physicochemical con-
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tributors to the immunogenic properties of nucleic acid-based nano-constructs. Our
results demonstrate the link of physicochemical properties such as melting temper-
ature and blood stability to their relative immunogenic properties [70, 71].

Cells sense and react to foreign nucleic acids through a number of different pat-
tern recognition receptors (PRR). One specific class of PRRs are Toll-like receptors
(TLRs)which are responsible for detecting extracellular and endosomal nucleic acids
(as well as a variety of other pathogen-derived structures). For nucleic acids, TLRs
3, 7, 8, 9, and 13 (in mice) are known to bind specifically to double-stranded RNAs,
single-stranded RNAs, single-stranded unmethylated CpGDNAs, and bacterial ribo-
somal RNAs, respectively [72–74]. Stimulation of corresponding TLRs can further
activate the MyD88 pathway (or TRIF for TLR3), leading to the release of a deluge
of cytokines and chemokines with pro-inflammatory properties [75]. Various signal-
ing cascades have developed for cytosolic detection of nucleic acids as well. While
there is a myriad of proteins which can act as sequence- and size-specific sensors for
nucleic acids including Ku70 [76], DHX9 and DXH36 [77], and DAI [78], the best
understood nucleic acid sensors in the cytosol are RIG-I and MDA5 [75, 79–81].
Each of these endolysosomal and cytosolic-based nucleic acid sensors can eventu-
ally activate the secretion of type I interferons and pro-inflammatory cytokines and
chemokines through a series of common pathways (Fig. 3). Although sensors for
simple single- and double-stranded nucleic acids have been identified, mechanistic
activation of an innate immune response via the presence of larger multistranded
NANPs remains to be elucidated.

Understanding the link between size, shape, diameter, melting temperature, blood
stability, and content (regarding both to DNA vs. RNA as well as possible cargo) will
prove invaluable when designing the next wave of novel non-immunogenic NANP-
based TNAs as well as purposeful induction of an immune response for vaccine
adjuvants. Recent research has begun to explore both the characteristics of NANPs
that can modulate a target cell’s immune response as well as functional conjugations
that can modify how the nanoparticle is received by cells.

Understanding this link is especially important for TNAs as the benefit of their
functionmust outweigh any possible immunogenic side effects. The design of nucleic
acid-based cancer therapeutics is limited, in this fashion, to shorter nucleic acids to
limit immune response as longer nucleic acids have been known to elicit greater
immune responses [82, 83]. The most commonly used TNAs include aptamers, siR-
NAs, microRNAs, and shRNAs. One strategy for combining multiple TNAs for
co-delivery is the use of NANPs [29, 34, 43, 45, 84]. We recently demonstrated that
the tuning of the immune response of NANPs can be achieved by altering the ratio of
DNA and RNA [32, 48, 70, 71]. Increasing the amount of RNA versus DNA in cer-
tain types of NANPs can enhance their immunogenicity in an additive fashion. This
recently was demonstrated by our group by using NANPs of various shapes, sizes,
and compositions (Fig. 4) [70]. Specifically, in a hexameric nucleic acid nanocube,
it was demonstrated that replacing DNA strands with RNAs increased transfected
cells’ immune response across a panel of interferons and interleukins increasingly
for each additional RNA [32]. Similarly, multistrand nucleic acid polygons demon-
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Fig. 3 Top: Graph representing how various physicochemical properties alter immunogenic
responses. Bottom: General cellular response to nucleic acids of cells via both endosomal and
cytosolic sensing. Downstream sensing leads to the induction and secretion of various cytokines
and chemokines

strated the same properties, where integrating RNA into their structures increased
their immunogenic properties proportional to the amount of RNA integrated [70].

Beyond alteration of the intrinsic nucleic acid nanostructure, conjugation of func-
tional immunomodulators can act to either enhance or quench an immune response.
CpG (an unmethylated single-stranded DNA) is an immune stimulator which is
recognized by TLR9 and generates a robust immune response [85, 86]. A number
of recent studies have shown that the integration of CpG motifs into established
nucleic acid nanostructures can act to enhance the nanostructures’ immunogenicity
[68, 87–89]. This allows for a multivalent system in which the number of conjugated
CpG motifs can be modified for the desired immune response. Additionally, GpG
(a CpG analog with immune response reducing qualities) has been used to suppress
the immune response of NANPs [90, 91].

Efforts to link various physicochemical properties to a given NANP’s immune
response have recently demonstrated distinct connections. Quantitative structure
activity relationship (QSAR) modeling has been used by our group to try to better
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Fig. 4 a Programmable nucleic acid RNA and b DNA polygons. Each panel presents energy
minimized 3D models of RNA and DNA nanoparticles (identical sequences are colored the same),
with corresponding AFM images, hydrodynamic radii measured by DLS (presented as±SEM), and
ethidium bromide total staining native-PAGE results. “MW standards” denote the low molecular
weight DNA ladder (NEB) used as the size marker [70] (This figure was used with permission
and can be found at http://onlinelibrary.wiley.com/doi/10.1002/smll.201701255/abstract. Further
permissions related to this material should be directed to Small.)

understand this association. This approach allows an input to be weighted compara-
tively to other inputs versus the magnitude of a specific response. In this fashion, one
study has demonstrated the physicochemical properties of a nucleic acid nanoparticle
including size, mass, diameter, melting temperature, and blood stability versus its
specific immune response. In doing so, the authors elucidated key physicochemical
contributors to a nucleic acid nanoparticle’s immunogenicity. Surprisingly, it was
determined that the most immunomodulatory properties of these NANPs are their
relative stabilities (both thermal and versus blood serum) and not as significantly
their size nor shape [70]. Further evaluations using a wider range of NANPs will aid
in clarifying additional features that modulate the immune response.

Although the immunogenicity of NANPs remains obfuscated, recent studies have
demonstrated methods to modify their immunogenicity by altering either their struc-
ture or conjugating active agents. Furthermore, the design of dynamic NANPs,
described in the next section, that are active only in the presence of selected stimuli
has the potential to increase the safety and efficacy of nucleic acid-based therapy.

http://onlinelibrary.wiley.com/doi/10.1002/smll.201701255/abstract
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1.2 Dynamic NANPs and Switches

Reconfigurable and dynamic nucleic acid materials hold much promise for the future
of cancer diagnostics and therapy because their designs can be easily customized and
their physicochemical properties can be fine-tuned.With a naturally occurring toolset
of five ubiquitous nucleotide building blocks, NANPs can be programmed to carry
out a multitude of functions. The thermodynamically driven hybridization of com-
plementary sequences allows for a rapidly growing and diverse set of design motifs
which have progressed from static structures to now include various computational
devices such as DNA circuits capable of initiating strand cascades for transmitting
signals (Fig. 5a), amplifiers which can greatly increase signals for optimized detec-
tion, motors to carry out mechanical work at the molecular level, and reconfigurable
nanostructures and switches which change form upon interacting with a target or
signal to subsequently trigger an observable or therapeutic response [92]. The ratio-
nal design principles incorporated into assembly improve both the reaction kinetics
and the sensitivity of NANPs, allowing for targets such as cancer-causing mRNAs
and long noncoding (lnc)RNA biomarkers to be detected from within complex sam-
ples and cellular environments [93, 94]. DNA structures have been programmed to
respond to changes in pH, light, enzymes, or ion concentration as well as the addition
of nucleic acid strands to activate multiple functionalities such as a switch between
B- and Z-form DNA, RNA digestion, or release of cargo [95–100].

As a major step toward the development of dynamic NANPs, the reassociation of
complementary hybrid strands can be used to activate functionalities such as RNA
interference for specific gene silencing (Fig. 6) [33]. Building upon this, dynamic
nucleic acid nanocubes composed of six individual DNAand/or RNA strands in vary-
ing ratios have been shown to interact as programmed with a cognate nucleic acid
“anti-cube” for a shape switch into six double-stranded duplexes. Upon reassociat-
ing, the system can be programmed for further activation of multiple functionalities
including the completion of a split RNA aptamer, energy transfer between attached
chromophores, transcription initiation via the completion of T7 RNA polymerase
promoters, and the release of Dicer Substrate RNA for triggering RNA interference
(Fig. 5b) [32]. The programmability of DNA and RNA can also be utilized to direct
the assembly of NANPs of other formulations. Proteins, metals, and other functional
components can then be assembled using the same design strategies [101]. DNA
templates have been used for the precise assembly of gold nanoparticles [102] as
well as for control over the crystalline states of inorganic nanoparticles [103]. Pro-
grammability also allows for applications in biosensing by using a known sequence
as a trigger for a measured response. Molecular beacons, for example, are simple
probes consisting of a fluorophore and quencher moiety on opposite ends of an RNA
strand which contains a sequence complementary to a target. Upon recognition of the
target, the molecular beacon unfolds to bind it, thereby separating the fluorophore
and quencher for the production of a fluorescent signal [104].

Precise control over programmability via the conditional activation of dynamic
NANPs reinforces their potential in biomedicine [105]. By only activating functions



Reconfigurable Nucleic Acid Materials for Cancer Therapy 375

Fig. 5 a Strand displacement is commonly used to drive steps in dynamic nucleic acid constructs.
As shown, strand A displaces strand b to bind to its complement, strand a. The released strand b
displaces strand C to bind to its complement, strand B. The released strand C displaces strand d to
bind to its complement, strand c. The final product, strand d, is free to propagate a signal downstream.
b Dynamic nanoparticles such as three-dimensional cubes can carry functionalities for activation
in vivo. As shown, a DNA cube carrying an RNA/DNA hybrid functionality reassociates with
its cognate anti-cube at 37 °C. Upon interacting, the cubes switch into six double-stranded DNA
duplexes plus one Dicer Substrate RNA duplex. In the intracellular environment, this duplex is
cleaved by Dicer for the formation of siRNA and the silencing of targeted genes

upon the recognition of a target, NANPs are optimized for specific treatment to dis-
eased cellswhich not only concentrates the response but alsominimizes the impact on
non-diseased cells in the environment. Furthermore, though early NANPs combined
diagnostic and therapeutic steps into a single motion, more dynamicity through the
customization of triggers and targets can be achieved if diagnostic and therapeutic
responses are temporally separated [49]. For example, conditional switches often
take advantage of RNAi by releasing a Dicer Substrate RNA upon interaction with
a specific RNA biomarker [106–108]. Logic-gated assemblies such as self-cleaving
ribozyme logic gates contain AND, OR, YES, and NOT functions for molecular
circuits which can be implemented in combined biosensing and gene regulation [49,
109–111]. Upon their delivery, dynamic NANPs which are conditionally activated
serve as promising cancer therapeutics.
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Fig. 6 In vivo and ex vivo studies of RNA–DNA hybrids in a tumor xenograft mouse model. a
Time-dependent biodistribution imaging in vivo.At 3 h,wholemouse image, fluorescentmaximums
(in red) correspond to the places of injection (1), tumor (2), and blood withdrawal (3). b Relative
organ uptakes of fluorescently labeled RNA–DNA hybrids and siRNAs in tumor-bearing mice 3 h
post tail-vein injection. A relatively high level of hybrid accumulation occurs in tumor tissue. Error
bars indicate standard deviation (s.d.); N ¼ 3. c Amounts of fluorescent probe (RNA–DNA hybrids
and Dicer Substrate siRNAs labeled with IRDye700) in the mouse bloodstream were measured
3 h post injection. Error bars indicate s.d.; N ¼ 4. d Ex vivo fluorescent imaging of tumors 5 and
13 days post-injection in vivo demonstrate comparable levels of eGFP silencing caused by siRNA
andRNA–DNAhybrids. eExvivo quantification (two animals per experiment) of eGFPexpression 5
and 13 days post injection [33] (This figure was used with permission and can be found at https:
//www.nature.com/articles/nnano.2013.44. Further permissions related to this material should be
directed to Nature Nanotechnology.)

1.3 Exploiting Human Cellular Vesicles-Based Delivery
of TNAs

The delivery of TNAs in vivo remains one of the main challenges precluding their
broad biomedical applications. Various carriers have been investigated by our group
for their potential use for TNA delivery [112–114]. Here, we briefly discuss some
possibilities of exosome-based TNA delivery.

Vesicles derived from human cell membranes represent an interesting carrier
for the delivery of therapeutic agents. If prepared from a patient, they are non-
immunogenic upon application back to the donor’s body and therefore are suitable
for repeated administration. We can consider these phospholipid particles as biolog-
ical liposomes. Currently, two different types of vesicles—erythrocyte ghosts and

https://www.nature.com/articles/nnano.2013.44
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exosomes—are investigated for their potential to serve as therapeutic cargo trans-
portation systems [115, 116]. While ghosts are created artificially from erythrocytes
by breaking their membranes and removing the cytoplasm, exosomes are natural
extracellular vesicles (EV) of endocytic origin. They are secreted by most cells
including tumor cells and they may have a role in intercellular communication [117].

The exosomes horizontally transfer miRNAs and mRNAs to the recipient cells
where delivered RNA is still functional [118, 119]. The natural association of RNA
with exosomes is very inspirational for exploiting exosomes for the delivery of TNAs.
In addition, studies have shown that exosomes are capable of carrying small molec-
ular drugs across the BBB with decreasing mononuclear phagocyte system (MPS)
drug clearance [120], while 98% of potent central nervous system drugs cannot cross
the BBB and their efficacy in clinical trials is not as successful as shown in labora-
tory conditions [121]. In the recent decade, the RNAimachinery has been extensively
investigated due to its potential for gene modulation and treatment of various dis-
eases through the introduction of exogenous synthetic siRNAs [29]. However, one
of the biggest challenges for the application of siRNAs in therapy is the vulnerability
of RNA to degradation by plasma and tissue nucleases [122, 123]. Several studies
have been conducted to test the protection of exogenous RNA by using exosomes as
therapeutic carriers [120]. The pioneering study by Alvarez-Erviti et al. has shown
that exosomes delivered exogenous RNAi to targeted tissues more efficiently than
liposomes and several viruses that are not of endogenous origin [124, 125].Wahlgren
et al. reported the successful transportation of exogenous siRNA to monocytes and
lymphocytes using human plasma exosomes [126]. Shtam et al. provided evidence
of successfully introducing the heterologous siRNAs to HeLa and fibrosarcoma cell
lines (HT1080 cells) using exosomes [127]. Banizs et al. demonstrated that endothe-
lial exosomes have the capability to accommodate and deliver short foreign nucleic
acids into endothelial cells [128]. The use of exosomes fills in the gap of a customized
therapeutic delivery vehicle due to their natural ability to deliver any suitable cargos
from cell to cell with low immunogenicity to the host.

The detailed knowledge of exosome biogenesis can help us to hijack the path-
way and modify it for our purposes. The formation of exosomes results from the
inward budding of endosomal membranes; the resulting endosome and its content
of intraluminal vesicles (ILVs) are referred as a multivesicular body (MVB) [129].
The process of forming MVBs is complicated and involves more than 20 proteins,
most of which are categorized as ESCRT (endosomal sorting complex required for
transport) complexes. There are ESCRT-0, -I, -II, and -III complexes. The ESCRT-0
complex initiates the formation of the MVB. It recognizes and binds to ubiquitinated
membrane proteins on the endosomal membrane. Ubiquitin is critical in sorting
membrane cargos into the MVB. The ESCRT-I complex has several roles such as
transferring the ubiquitinated proteins between the ESCRT-0 and -II complexes, and
it also recruits the ESCRT-III complex. ESCRT-I and -II induce a conformational
change of the endosome membrane at the neck of the nascent vesicle. ESCRT-II and
-III finally pinch off the neck of the nascent vesicle and release it into the MVB
lumen [130]. ESCRT-III associates with an ATPase called Vps4p/SKD1, which par-
ticipates in the recycling of the ESCRT complex and its ATPase activity provides
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the main energy source (Fig. 7) [131]. MVBs can fuse with the cell membrane to
release its ILVs as exosomes or for degradation by the lysosome. The types of MVBs
are various and their biogenesis and fusion with the lysosome or plasma membrane
are still unclear [132, 133]. Under specific conditions such as starvation, rapamycin
treatment [134], or ISGylation of MVB proteins [135], MVBs are promoted to fuse
with the lysosome instead of fusing with the plasma membrane and releasing as
exosomes. Therefore, the final fate of MVBs is not immutable but changes under
different conditions. The intracellular trafficking and communication of exosomes
can occur through several major processes. First, transmembrane proteins on the EV
membrane can interact with receptors on the cell membrane. These receptor–ligand
interactions can then initiate a signaling cascade. EVs can also enter the target cell
through either direct fusion with the cell membrane or endocytosis to release their
cargo, such as nucleic acids and proteins, which are released into the cytosol of the
target cells (Fig. 7). The released mRNA can be translated into a protein while deliv-
ered miRNAs and exogenously modified siRNAs can inhibit mRNA translation and
thus silence the specific genes. The cargo and function of exosomes depend on their
producing cells demonstrating that intercellular trafficking and communication of
exosomes is a dynamic system where producing cells determine the “message” that
exosomes deliver [136].

Proteins, lipids, and nucleic acids are the basic biochemical composition of exo-
somes. The canonical exosomes are lipid-enclosed vesicles with transmembrane

Fig. 7 After endocytosis, intraluminal vesicles (ILVs) are formed by the inward budding of the
plasma membrane of maturing early endosomes (EE) to late endosomes (LE) or multivesicular
bodies (MVB). The ESCRT-dependent mechanism involves ESCRT-0, -I, -II, and -III proteins
together with an ATPase called Vps4p/SKD1 which aids in cargo sorting into ILVs. Some MVBs
are destined for degradation in lysosomes, while other MVBs will fuse with the plasma membrane
(PM) to release ILVs as exosomes. Once in the extracellular space, the secreted exosomes can
travel through biological fluids and reach recipient/target cells, thus releasing their cargos. Such
cell communication can be completed in several ways: (1) direct fusion with recipient/target cell
membrane, (2) internalization through the endocytotic pathway, or (3) ligand/receptor interaction
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proteins exposed at their surface (e.g., MHC class I and II, tetraspanins, integrins,
TfR, flotillins). Inside the cytosol, there are various types of cytosolic proteins (e.g.,
ESCRT components, heterotrimeric G proteins, proteasome, actin, etc.) and nucleic
acids (e.g., miRNA, mRNAs, and other noncoding RNAs) [137].

One of the challenges is to discriminate between exosomes and other MVs. The
novel methods of isolation and purification of exosomes are being developed rapidly.
The traditional methods are ultracentrifugation [138], size exclusion chromatogra-
phy [139–142], and precipitation [143, 144]. The newermethods include affinity cap-
ture beads [145–148], size or immunoaffinity-based dynamic microfluidic systems
[149–154], and time-affinity purification [155] and lipid-nanoprobe systems [156].

Due to the exosomes’ capacity to induce cell signaling, it was under great inves-
tigation for its influence in tumor metastasis [157]. Tumor-derived exosomes are
reported to form the pre-metastatic niche at distanced organs [158–160]. Therefore,
the tumor-derived exosomes have the potential to predict future metastatic sites in
a patient. Tumor-derived exosomes also can be used to distinguish different stages
in cancer development. Melo et al. identified a cell surface proteoglycan glypican-1
which is abundant in tumor-derived exosomes; by using thismarker, theywere able to
detect early- and late-stage pancreatic cancer [161]. Tumor-derived exosomes have
not only the ability to predict developing cancer, but they also have therapeutic poten-
tial. It was reported that engineered dendritic cell-derived exosomes act as anticancer
agents to power the immune cells to fight against cancer [129].

References

1. Cech TR, Steitz JA (2014) The noncoding RNA revolution-trashing old rules to forge new
ones. Cell 157:77–94

2. Wu C et al (2013) Building a multifunctional aptamer-based DNA nanoassembly for targeted
cancer therapy. J Am Chem Soc 135:18644–18650

3. Kruspe S, Giangrande PH (2017) Aptamer-siRNA chimeras: discovery, progress, and future
prospects. Biomedicines 5(3):45

4. Catuogno S et al (2015) Selective delivery of therapeutic single strand antimiRs by aptamer-
based conjugates. J Controlled Release: Official Journal of the Controlled Release Society

5. Porciani D et al (2015) Aptamer-mediated codelivery of doxorubicin and NF-κB decoy
enhances chemosensitivity of pancreatic tumor cells. Mol Ther Nucleic Acids 4:e235

6. Havens MA, Hastings ML (2016) Splice-switching antisense oligonucleotides as therapeutic
drugs. Nucleic Acids Res 44:6549–6563

7. Subramanian N et al (2015) Chimeric nucleolin aptamer with survivin DNAzyme for cancer
cell targeted delivery. Chem Commun (Cambridge, England) 51:6940–6943

8. Tuerk C, Gold L (1990) Systematic evolution of ligands by exponential enrichment: RNA
ligands to bacteriophage T4 DNA polymerase. Science (New York, N.Y.) 249:505–510

9. Ellington AD, Szostak JW (1990) In vitro selection of RNA molecules that bind specific
ligands. Nature 346:818–822

10. Catuogno S, Esposito CL (2017) Aptamer cell-based selection: overview and advances.
Biomedicines 5(3):49

11. Shangguan D et al (2006) Aptamers evolved from live cells as effective molecular probes for
cancer study. Proc Natl Acad Sci USA 103:11838–11843



380 M. Chandler et al.

12. Chen HW et al (2008) Molecular recognition of small-cell lung cancer cells using aptamers.
Chem Med Chem 3:991–1001

13. Wang J et al (2017) In vitro selection of DNA aptamers against renal cell carcinoma using
living cell-SELEX. Talanta 175:235–242

14. Li X et al (2014) In vitro selection of DNA aptamers for metastatic breast cancer cell recog-
nition and tissue imaging. Anal Chem 86:6596–6603

15. McNamara JO et al (2006) Cell type-specific delivery of siRNAs with aptamer-siRNA
chimeras. Nat Biotechnol 24:1005–1015

16. Panigaj M, Reiser J (2016) Aptamer guided delivery of nucleic acid-based nanoparticles.
DNA RNA Nanotechnol 2(1):42–52

17. Zhou J, Rossi J (2017) Aptamers as targeted therapeutics: current potential and challenges.
Nat Rev Drug Discovery 16:181–202

18. Huang B-T et al (2017) A CTLA-4 antagonizing DNA aptamer with antitumor effect. Mol
Ther Nucleic Acids 8:520–528

19. Yunn N-O et al (2015) Agonistic aptamer to the insulin receptor leads to biased signaling and
functional selectivity through allosteric modulation. Nucleic Acids Res 43:7688–7701

20. Liu J et al (2016) Multifunctional aptamer-based nanoparticles for targeted drug delivery to
circumvent cancer resistance. Biomaterials 91:44–56

21. Zhu G et al (2013) Self-assembled, aptamer-tethered DNA nanotrains for targeted transport
of molecular drugs in cancer theranostics. Proc Natl Acad Sci USA 110:7998–8003

22. Luo Z et al (2017) Precise glioblastoma targeting by AS1411 aptamer-functionalized poly
(l-γ-glutamylglutamine)-paclitaxel nanoconjugates. J Colloid Interface Sci 490:783–796

23. Liu X et al (2011) Targeted cell-cell interactions by DNA nanoscaffold-templated multivalent
bispecific aptamers. Small (Weinheim an Der Bergstrasse, Germany) 7:1673–1682

24. Schrand B et al (2014) Targeting 4-1BB costimulation to the tumor stroma with bispecific
aptamer conjugates enhances the therapeutic index of tumor immunotherapy. Cancer Immunol
Res 2:867–877

25. Macdonald J et al (2017) Development of a bifunctional aptamer targeting the transferrin
receptor and epithelial cell adhesion molecule (EpCAM) for the treatment of brain cancer
metastases. ACS Chem Neurosci 8:777–784

26. Jaeger L, Leontis NB (2000) Tecto-RNA: One-Dimensional Self-Assembly through Tertiary
Interactions. Angew Chem Int Ed Engl 39:2521–2524

27. Jaeger L,Westhof E, Leontis NB (2001) TectoRNA: modular assembly units for the construc-
tion of RNA nano-objects. Nucleic Acids Res 29:455–463

28. Guo P (2010) The emerging field of RNA nanotechnology. Nat Nanotechnol 5:833–842
29. Afonin KA et al (2014) Multifunctional RNA nanoparticles. Nano Lett 14:5662–5671
30. Afonin KA et al (2014) Co-transcriptional production of RNA-DNA hybrids for simultaneous

release of multiple split functionalities. Nucleic Acids Res 42:2085–2097
31. Douglas SM, Bachelet I, Church GM (2012) A logic-gated nanorobot for targeted transport

of molecular payloads. Science (New York, N.Y.) 335:831–834
32. Halman JR et al (2017) Functionally-interdependent shape-switching nanoparticles with con-

trollable properties. Nucleic Acids Res 45(4):2210–2220
33. Afonin KA et al (2013) Activation of different split functionalities on re-association of RNA-

DNA hybrids. Nat Nanotechnol 8:296–304
34. Afonin KA et al (2014) In silico design and enzymatic synthesis of functional RNA nanopar-

ticles. Acc Chem Res 47:1731–1741
35. Afonin KA, Lindsay B, Shapiro BA (2013) Engineered RNA nanodesigns for applications in

RNA nanotechnology. RNA Nanotechnol 1:1–15
36. Leontis NB, Westhof E (2003) Analysis of RNA motifs. Curr Opin Struct Biol 13:300–308
37. Leontis NB, Westhof E (2002) The annotation of RNA motifs. Comp Funct Genomics

3:518–524
38. Leontis NB, Lescoute A, Westhof E (2006) The building blocks and motifs of RNA architec-

ture. Curr Opin Struct Biol 16:279–287



Reconfigurable Nucleic Acid Materials for Cancer Therapy 381

39. Afonin KA, Cieply DJ, Leontis NB (2008) Specific RNA self-assembly with minimal parane-
mic motifs. J Am Chem Soc 130:93–102

40. Afonin KA, Leontis NB (2006) Generating new specific RNA interaction interfaces using
C-loops. J Am Chem Soc 128:16131–16137

41. Afonin KA et al (2012) Attenuation of loop-receptor interactions with pseudoknot formation.
Nucleic Acids Res 40:2168–2180

42. Bindewald E et al (2011) Multistrand RNA secondary structure prediction and nanostructure
design including pseudoknots. ACS Nano 5:9542–9551

43. Stewart JM et al (2016) Programmable RNA microstructures for coordinated delivery of
siRNAs. Nanoscale 8:17542–17550

44. Afonin KA et al (2010) In vitro assembly of cubic RNA-based scaffolds designed in silico.
Nat Nanotechnol 5:676–682

45. AfoninKAet al (2011)Design and self-assembly of siRNA-functionalizedRNAnanoparticles
for use in automated nanomedicine. Nat Protoc 6:2022–2034

46. Afonin KA et al (2016) The use of minimal RNA toeholds to trigger the activation of multiple
functionalities. Nano Lett 16:1746–1753

47. Grabow WW et al (2011) Self-assembling RNA nanorings based on RNAI/II inverse kissing
complexes. Nano Lett 11:878–887

48. Afonin KA et al (2015) Triggering of RNA interference with RNA-RNA, RNA-DNA, and
DNA-RNA nanoparticles. ACS Nano 9:251–259

49. Bindewald E et al (2016) Multistrand structure prediction of nucleic acid assemblies and
design of RNA switches. Nano Lett 16:1726–1735

50. Parlea L et al (2016) Cellular delivery of RNA nanoparticles. ACS Comb Sci 18:527–547
51. Binzel DW et al (2016) Specific delivery of miRNA for high efficient inhibition of prostate

cancer by RNA nanotechnology. Mol Ther 24:1267–1277
52. Shu D et al (2015) Systemic delivery of anti-miRNA for suppression of triple negative breast

cancer utilizing RNA nanotechnology. ACS Nano 9:9731–9740
53. Rychahou P et al (2015) Delivery of RNA nanoparticles into colorectal cancer metastases

following systemic administration. ACS Nano 9:1108–1116
54. Haque F et al (2012) Ultrastable synergistic tetravalent RNA nanoparticles for targeting to

cancers. Nano Today 7:245–257
55. Shu Y et al (2013) Fabrication of 14 different RNA nanoparticles for specific tumor targeting

without accumulation in normal organs. RNA (New York, N.Y.) 19:767–777
56. Morrissey DV et al (2005) Activity of stabilized short interfering RNA in a mouse model of

hepatitis B virus replication. Hepatology (Baltimore, Md.) 41:1349–1356
57. Keefe AD, Cload ST (2008) SELEX with modified nucleotides. Curr Opin Chem Biol

12:448–456
58. Piao X et al (2017) Assessment and comparison of thermal stability of phosphorothioate-

DNA, DNA, RNA, 2′-F RNA and LNA in the context of Phi29 pRNA 3WJ. RNA (New York,
N.Y.)

59. Li H, Labean TH, Leong KW (2011) Nucleic acid-based nanoengineering: novel structures
for biomedical applications. Interface Focus 1:702–724

60. Keum J-W, Bermudez H (2009) Enhanced resistance of DNA nanostructures to enzymatic
digestion. Chem Commun (Cambridge, England) 45:7036–7038

61. Toy R et al (2014) Shaping cancer nanomedicine: the effect of particle shape on the in vivo
journey of nanoparticles. Nanomedicine (London, England) 9:121–134

62. JulianoR et al (2008)Mechanisms and strategies for effective delivery of antisense and siRNA
oligonucleotides. Nucleic Acids Res 36:4158–4171

63. Roepstorff K et al (2009) Differential effects of EGFR ligands on endocytic sorting of the
receptor. Traffic (Copenhagen, Denmark) 10:1115–1127

64. Wu J, Chen ZJ (2014) Innate immune sensing and signaling of cytosolic nucleic acids. Annu
Rev Immunol 32:461–488

65. Robbins M, Judge A, MacLachlan I (2009) siRNA and innate immunity. Oligonucleotides
19:89–102



382 M. Chandler et al.

66. Bourquin C et al (2007) Immunostimulatory RNAoligonucleotides trigger an antigen-specific
cytotoxic T-cell and IgG2a response. Blood 109:2953–2960

67. Radovic-Moreno AF et al (2015) Immunomodulatory spherical nucleic acids. Proc Natl Acad
Sci USA 112:3892–3897

68. Khisamutdinov EF et al (2014) Enhancing immunomodulation on innate immunity by shape
transition among RNA triangle, square and pentagon nanovehicles. Nucleic Acids Res
42:9996–10004

69. Dassie JP et al (2014) Targeted inhibition of prostate cancer metastases with an RNA aptamer
to prostate-specific membrane antigen. Mol Ther: The Journal of the American Society of
Gene Therapy 22:1910–1922

70. Johnson MB et al (2017) Programmable nucleic acid based polygons with controlled neu-
roimmunomodulatory properties for predictive QSAR modeling. Small 13:1701255

71. Bui MN et al (2017) Versatile RNA tetra-U helix linking motif as a toolkit for nucleic acid
nanotechnology. Nanomed Nanotechnol Biol Med 13:1137–1146

72. Beutler B et al (2006) Genetic analysis of host resistance: Toll-like receptor signaling and
immunity at large. Annu Rev Immunol 24:353–389

73. Moresco EMY, Beutler B (2011) Special delivery: granulin brings CpG DNA to Toll-like
receptor 9. Immunity 34:453–455

74. Uematsu S, Akira S (2006) Toll-like receptors and innate immunity. J Mol Med (Berlin,
Germany) 84:712–725

75. Motshwene PG et al (2009) An oligomeric signaling platform formed by the Toll-like receptor
signal transducers MyD88 and IRAK-4. J Biol Chem 284:25404–25411

76. Zhang X et al (2011) Cutting edge: Ku70 is a novel cytosolic DNA sensor that induces type
III rather than type I IFN. J Immunol (Baltimore, Md.: 1950) 186:4541–4545

77. Kim T et al (2010) Aspartate-glutamate-alanine-histidine box motif (DEAH)/RNA helicase
A helicases sense microbial DNA in human plasmacytoid dendritic cells. Proc Natl Acad Sci
USA 107:15181–15186

78. Takaoka A et al (2007) DAI (DLM-1/ZBP1) is a cytosolic DNA sensor and an activator of
innate immune response. Nature 448:501–505

79. Pichlmair A et al (2006) RIG-I-mediated antiviral responses to single-stranded RNA bearing
5′-phosphates. Science (New York, N.Y.) 314:997–1001

80. TakeuchiO,Akira S (2008)MDA5/RIG-I andvirus recognition.CurrOpin Immunol 20:17–22
81. Yoneyama M, Fujita T (2009) RNA recognition and signal transduction by RIG-I-like recep-

tors. Immunol Rev 227:54–65
82. Unterholzner L et al (2010) IFI16 is an innate immune sensor for intracellular DNA. Nat

Immunol 11:997–1004
83. Kato H et al (2008) Length-dependent recognition of double-stranded ribonucleic acids by

retinoic acid-inducible gene-I and melanoma differentiation-associated gene 5. J Exp Med
205:1601–1610

84. Dao BN et al (2015) Triggering RNAi with multifunctional RNA nanoparticles and their
delivery. DNA and RNA Nanotechnol 2:1–12

85. Bode C et al (2011) CpG DNA as a vaccine adjuvant. Expert Rev Vaccines 10:499–511
86. Shirota H,KlinmanDM (2014) Recent progress concerningCpGDNAand its use as a vaccine

adjuvant. Expert Rev Vaccines 13:299–312
87. Matsuoka N et al (2010) Structural and immunostimulatory properties of Y-shaped DNA

consisting of phosphodiester and phosphorothioate oligodeoxynucleotides. J Control Release:
Official Journal of the Controlled Release Society 148:311–316

88. Mohri K et al (2012) Design and development of nanosized DNA assemblies in polypod-like
structures as efficient vehicles for immunostimulatory CpG motifs to immune cells. ACS
Nano 6:5931–5940

89. KlinmanDM, Sato T, Shimosato T (2016) Use of nanoparticles to deliver immunomodulatory
oligonucleotides. Wiley Interdiscip Rev. Nanomed Nanobiotechnol 8:631–637

90. Ho PP et al (2003) An immunomodulatory GpG oligonucleotide for the treatment of autoim-
munity via the innate and adaptive immune systems. J Immunol (Baltimore, Md.: 1950)
171:4920–4926



Reconfigurable Nucleic Acid Materials for Cancer Therapy 383

91. Hess KL et al (2017) Polyplexes assembled from self-peptides and regulatory nucleic acids
blunt Toll-like receptor signaling to combat autoimmunity. Biomaterials 118:51–62

92. Zhang DY, Seelig G (2011) Dynamic DNA nanotechnology using strand-displacement reac-
tions. Nat Chem 3:103–113

93. Li D, Song S, Fan C (2010) Target-responsive structural switching for nucleic acid-based
sensors. Acc Chem Res 43(5):631–641

94. KaganDet al (2011) Functionalizedmicromachines for selective and rapid isolation of nucleic
acid targets from complex samples. Nano Lett 11:2083–2087

95. Liu X, Lu CH, Willner I (2014) Switchable reconfiguration of nucleic acid nanostructures by
stimuli-responsive DNA machines. Acc Chem Res 47(6):1673–1680

96. Modi S et al (2009) A DNA nanomachine that maps spatial and temporal pH changes inside
living cells. Nat Nanotechnol 4:325–330

97. Mao C et al (1999) A nanomechanical device based on the B-Z transition of DNA. Nature
397(6715):144–146

98. Zhou M et al (2010) A light-driven DNA nanomachine for the efficient photoswitching of
RNA digestion. Angew Chem Int Ed Engl 49(12):2167–2170

99. Yurke B et al (2000) A DNA-fuelled molecular machine made of DNA. Nature
406(6796):605–608

100. Bath J, Green SJ, Turberfield AJ (2005) A free-running DNA motor powered by a nicking
enzyme. Angew Chem Int Ed Engl 44(28):4358–4361

101. Aldaye FA, Palmer AL, Sleiman HF (2008) Assembling materials with DNA as the guide.
Science 321(5897):1795–1799

102. Aldaye FA, SleimanHF (2007)DynamicDNA templates for discrete gold nanoparticle assem-
blies: control of geometry, modularity, write/erase and structural switching. J Am Chem Soc
129(14):4130–4131

103. Park SY et al (2008) DNA-programmable nanoparticle crystallization. Nature
451(7178):553–556

104. Tyagi S, Kramer FR (1996) Molecular beacons: probes that fluoresce upon hybridization. Nat
Biotechnol 14(3):303–308

105. Sajja S et al (2018) Dynamic behavior of RNA nanoparticles analyzed by AFM on mica/air
interface. Langmuir. https://doi.org/10.1021/acs.langmuir.8b00105

106. Zakrevsky P et al (2017) Preparation of a conditional RNA switch. Methods Mol Biol
1632:303–324

107. Xie Z et al (2010) Logic integration of mRNA signals by an RNAi-based molecular computer.
Nucleic Acids Res 38(8):2692–2701

108. Xie Z et al (2011) Multi-input RNAi-based logic circuit for identification of specific cancer
cells. Science 333(6047):1307–1311

109. Soukup GA, Breaker RR (1999) Nucleic acid molecular switches. Trends Biotechnol
17(12):469–476

110. Rinaudo K et al (2007) A universal RNAi-based logic evaluator that operates in mammalian
cells. Nat Biotechnol 25(7):795–801

111. Penchovsky R, Breaker RR (2005) Computational design and experimental validation of
oligonucleotide-sensing allosteric ribozymes. Nat Biotechnol 23(11):1424–1433

112. GuptaK et al (2015) Bolaamphiphiles as carriers for siRNAdelivery: from chemical syntheses
to practical applications. J Control Release 213:142–151

113. Gupta K et al (2015) Oxime ether lipids containing hydroxylated head groups are more
superior siRNA delivery agents than their nonhydroxylated counterparts. Nanomedicine
10:2805–2818

114. Kim T et al (2013) In silico, in vitro, and in vivo studies indicate the potential use of bolaam-
phiphiles for therapeutic siRNAs delivery. Mol Ther Nucleic Acids 2:e80

115. Byun H-M et al (2004) Erythrocyte ghost-mediated gene delivery for prolonged and blood-
targeted expression. Gene Ther 11:492–496

116. HungME, Leonard JN (2016)Aplatform for actively loading cargo RNA to elucidate limiting
steps in EV-mediated delivery. J Extracell Vesicles 5:31027

https://doi.org/10.1021/acs.langmuir.8b00105


384 M. Chandler et al.

117. Smalheiser NR (2007) Exosomal transfer of proteins and RNAs at synapses in the nervous
system. Biology Direct 2:35

118. Ramachandran S, Palanisamy V (2012) Horizontal transfer of RNAs: exosomes as mediators
of intercellular communication. Wiley Interdiscip Rev RNA 3:286–293

119. Valadi H et al (2007) Exosome-mediated transfer of mRNAs and microRNAs is a novel
mechanism of genetic exchange between cells. Nat Cell Biol 9:654–659

120. Ha D, Yang N, Nadithe V (2016) Exosomes as therapeutic drug carriers and delivery vehicles
across biological membranes: current perspectives and future challenges. Acta Pharmaceutica
Sinica. B 6:287–296

121. Pardridge WM (2012) Drug transport across the blood-brain barrier. J Cereb Blood Flow
Metab: Official Journal of the International Society of Cerebral Blood Flow and Metabolism
32:1959–1972

122. Petrocca F, Lieberman J (2011) Promise and challenge of RNA interference-based therapy
for cancer. J Clin Oncol: Official Journal of the American Society of Clinical Oncolology
29:747–754

123. Shen H, Sun T, Ferrari M (2012) Nanovector delivery of siRNA for cancer therapy. Cancer
Gene Ther 19:367–373

124. Alvarez-Erviti L et al (2011) Delivery of siRNA to the mouse brain by systemic injection of
targeted exosomes. Nat Biotechnol 29:341–345

125. El-Andaloussi S et al (2012) Exosome-mediated delivery of siRNA in vitro and in vivo. Nat
Protoc 7:2112–2126

126. Wahlgren J et al (2012) Plasma exosomes can deliver exogenous short interfering RNA to
monocytes and lymphocytes. Nucleic Acids Res 40:e130

127. Shtam TA et al (2013) Exosomes are natural carriers of exogenous siRNA to human cells
in vitro. Cell communication and signaling: CCS 11:88

128. Banizs AB et al (2014) In vitro evaluation of endothelial exosomes as carriers for small
interfering ribonucleic acid delivery. Int J Nanomed 9:4223–4230

129. Pitt JM et al (2014) Dendritic cell-derived exosomes as immunotherapies in the fight against
cancer. J Immunol (Baltimore, Md.: 1950) 193:1006–1011

130. Schmidt O, Teis D (2012) The ESCRT machinery. Curr Biol 22:R116–R120
131. Wollert T, Hurley JH (2010) Molecular mechanism of multivesicular body biogenesis by

ESCRT complexes. Nature 464:864–869
132. Trajkovic K et al (2008) Ceramide triggers budding of exosome vesicles into multivesicular

endosomes. Science (New York, N.Y.) 319:1244–1247
133. Villarroya-Beltri C et al (2014) Sorting it out: regulation of exosome loading. Semin Cancer

Biol 28:3–13
134. Fader CM et al (2008) Induction of autophagy promotes fusion of multivesicular bodies with

autophagic vacuoles in k562 cells. Traffic (Copenhagen, Denmark) 9:230–250
135. Villarroya-Beltri C et al (2016) ISGylation controls exosome secretion by promoting lysoso-

mal degradation of MVB proteins. Nat Commun 7:13588
136. De Jong OG et al (2014) Extracellular vesicles: potential roles in regenerative medicine. Front

Immunol 5:608
137. Colombo M, Raposo G, Théry C (2014) Biogenesis, secretion, and intercellular interactions

of exosomes and other extracellular vesicles. Annu Rev Cell Dev Biol 30:255–289
138. Théry C et al (2001) Proteomic analysis of dendritic cell-derived exosomes: a secreted sub-

cellular compartment distinct from apoptotic vesicles. J Immunol (Baltimore, Md.: 1950)
166:7309–7318

139. Ogawa Y et al (2008) Exosome-like vesicles with dipeptidyl peptidase IV in human saliva.
Biol Pharm Bull 31:1059–1062

140. Sokolova V et al (2011) Characterisation of exosomes derived from human cells by nanopar-
ticle tracking analysis and scanning electron microscopy. Colloids Surf B, Biointerfaces
87:146–150

141. Böing AN (2014) Single-step isolation of extracellular vesicles by size-exclusion chromatog-
raphy. J Extracell Vesicles 3



Reconfigurable Nucleic Acid Materials for Cancer Therapy 385

142. HongCS et al (2014) Isolation and characterization of CD34+blast-derived exosomes in acute
myeloid leukemia. PLoS ONE 9:e103310

143. Lee C et al (2012) Exosomes mediate the cytoprotective action of mesenchymal stromal cells
on hypoxia-induced pulmonary hypertension. Circulation 126:2601–2611

144. Musante L et al (2012) Biochemical and physical characterisation of urinary nanovesicles
following CHAPS treatment. PLoS ONE 7:e37279

145. Wubbolts R et al (2003) Proteomic and biochemical analyses of human B cell-derived exo-
somes. Potential implications for their function and multivesicular body formation. J Biol
Chem 278:10963–10972

146. CabyM-P et al (2005)Exosomal-like vesicles are present in humanblood plasma. Int Immunol
17:879–887

147. Kim G et al (2012) Noble polymeric surface conjugated with zwitterionic moieties and anti-
bodies for the isolation of exosomes from human serum. Bioconjug Chem 23:2114–2120

148. Balaj L et al (2015) Heparin affinity purification of extracellular vesicles. Scientific Reports
5:10266

149. Chen C et al (2010) Microfluidic isolation and transcriptome analysis of serummicrovesicles.
Lab Chip 10:505–511

150. Davies RT et al (2012) Microfluidic filtration system to isolate extracellular vesicles from
blood. Lab Chip 12:5202–5210

151. Wang Z et al (2013) Ciliated micropillars for the microfluidic-based isolation of nanoscale
lipid vesicles. Lab Chip 13:2879–2882

152. He M et al (2014) Integrated immunoisolation and protein analysis of circulating exosomes
using microfluidic technology. Lab Chip 14:3773–3780

153. Kanwar SS et al (2014) Microfluidic device (ExoChip) for on-chip isolation, quantification
and characterization of circulating exosomes. Lab Chip 14:1891–1900

154. Vaidyanathan R et al (2014) Detecting exosomes specifically: a multiplexed device based on
alternating current electrohydrodynamic induced nanoshearing. Anal Chem 86:11125–11132

155. Nakai W et al (2016) A novel affinity-based method for the isolation of highly purified
extracellular vesicles. Sci Rep 6:33935

156. Wan Y et al (2017) Rapid magnetic isolation of extracellular vesicles via lipid-based
nanoprobes. Nat Biomed Eng 1

157. Lu X, Kang Y (2007) Organotropism of breast cancer metastasis. J Mammary Gland Biol
Neoplasia 12:153–162

158. Costa-Silva B et al (2015) Pancreatic cancer exosomes initiate pre-metastatic niche formation
in the liver. Nat Cell Biol 17:816–826

159. Hoshino A et al (2015) Tumour exosome integrins determine organotropic metastasis. Nature
527:329–335

160. JungYet al (2008)Hematopoietic stem cells regulatemesenchymal stromal cell induction into
osteoblasts thereby participating in the formation of the stem cell niche. Stem cells (Dayton,
Ohio) 26:2042–2051

161. Melo SA et al (2015) Glypican-1 identifies cancer exosomes and detects early pancreatic
cancer. Nature 523:177–182



Fullerenes for Cancer Therapy and
Bioimaging

Xuejiao J. Gao, Xiaomei Shen, Gengmei Xing and Xingfa Gao

Abstract Chemical derivatives of fullerene and endohedral metallofullerenes
(EMFs) not only keep some of the physicochemical properties of their parent
molecules, but can also have water solubility and biocompatibility that are not owned
by their parent molecules. These brilliant properties provide these materials poten-
tials in biomedical applications. Here, we review the atomistic-level structural mod-
els for fullerene derivatives, and their applications as magnetic resonance imaging
(MRI) contrast and cancer therapy agents. Because atomistic level structures are
the base for their physicochemical properties, we first review the structural models
of fullerene derivatives, which are applicable to fullerene derivatives synthesized in
different conditions. Second, we review the widely explored applications of the Gd-
containing EMF derivatives as the safe and efficient MRI contrast agents, thanks to
their special geometries and electronic structures. Reportedly, fullerene-based mate-
rials, like Gd@C82(OH)22 nanoparticles, possess intrinsic antitumor activities. The
recent advance in using fullerene derivatives for cancer therapy through different
pathways, including photodynamic therapy (PDT), reactive oxygen species (ROS)
scavenging, drug delivery, adjuvant activity for cancer vaccines, and reduction of the
nutrient supply to tumor cells, are further summarized. Finally, we briefly discuss
the challenges and perspectives for the future biomedical applications of fullerene
derivatives.
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1 Introduction

Fullerene, which is constructed entirely of sp2−C, is the third allotrope of carbon
atoms in addition to graphite and diamond. In 1985, H. W. Kroto, R. E. Smalley, and
R. F. Curl first discovered fullerene C60 [1], which led to their Nobel Prize in chem-
istry. Fullerenes are cage-like hollow carbon clusters and have cavities approxi-
mately 1 nm in diameter that can cage atoms, ions, or molecules to form endohedral
fullerenes. The encapsulation of metal species inside the hollow fullerene cages pro-
duces novel structures termed as endohedral metallofullerenes (EMFs). La@C60 was
the first experimentally synthesized EMF that was detected by Heath et al. shortly
after the discovery of C60 [2].

The biomedical application is a developing field that provides great opportunities
for fullerenes and EMFs, since relatively small dosages are required for high effi-
ciency. In addition, the nontoxicity of the carbon cage makes fullerenes and EMFs
potentially feasible for medical applications [3, 4]. In EMFs, the internal metals are
effectively isolated from the biological environment, which maintains the high sta-
bility and low toxicity of EMFs and gives them a prominent advantage over the metal
chelate complexes commercially used in radio medicine and diagnostic radiology.

Fullerenes and EMFs have absolutely hydrophobic surfaces and thus have poor
water solubility. Chemical modifications can introduce hydrophilic groups, such as
amino acids [5], carboxylic acids [6], and polyhydroxyl groups [7], onto the surfaces
of fullerenes and EMFs, producing derivatives with improved water solubility and
biocompatibility. Fullerenes, EMFs, and their derivatives make up the fullerene-
based materials. In the past three decades, various fullerene-based nanomaterials
with different functional groups in different sizes have been synthesized and widely
explored for biomedical applications [5–47].

Bioimaging and cancer therapy are two main aspects of the biomedical applica-
tions of fullerene-based nanomaterials. Compared with pristine fullerene and EMFs,
their derivatives have improved water solubility and biocompatibility and thus are
more widely explored. Hydroxylated and malonic acid-substituted fullerenes and
EMFs (fullerenols and carboxyfullerenes) are two major groups of water-soluble
fullerene derivatives, which have been found to have biomedical significance [5–20].
These two groups of fullerene derivatives have been demonstrated to be efficient in
bioimaging [48, 49] and cancer therapy. Many mechanisms for their antitumor activ-
ities have been proposed, including photodynamic therapy (PDT) [24–29], reactive
oxygen species (ROS) scavenging [5–20], drug delivery [30–40], adjuvant activity
for cancer vaccines [41–44], reduction of the nutrient supply to tumor cells [45–47],
and others.

In this chapter, in three sections, we will focus primarily on the geometric struc-
tures of fullerene derivatives, their biomedical applications as bioimaging agents
and their antitumor mechanisms. Finally, we will discuss challenges and perspec-
tives involved in their further exploration.
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2 The Geometrical Structures of Fullerene and
Metallofullerene Derivatives

Fullerenols and metallofullerenols are the main derivatives of fullerene and EMFs.
The hydroxylation reactions of fullerenes in different chemical conditions, e.g., in
acidic [50–52] and in basic [53–55] solution, have been reported. Fullerenols and
metallofullerenols contain many OH groups. For instance, C60(OH)x (x � 12, 22–26,
36–40, and44) [56–58] andCm(OH)n (m�60and82,n�16, 22 and40) [59–62] have
been experimentally synthesized. Gd@C2v-C82(OH)22 nanoparticles have also been
synthesized and widely explored for their antitumor effects and bioimaging applica-
tions. However, the amorphous nature of the experimentally synthesized fullerenols
makes it difficult to purify them and characterize their precise structures. Compu-
tational methods can be applied as a useful tool to predict the geometric structures
of fullerenols and metallofullerenols. A number of fullerenol models with different
numbers of OH groups have already been predicted. In this section, we will summa-
rizemodels of fullerenols andmetallofullerenols that are predicted based on different
rules.

2.1 Fullerenol Models

The purification and characterization of fullerenols are difficult. Although a number
of fullerenols C60(OH)x (x � 12, 22–26, 36–40, and 44) [56–58] and Cm(OH)n (m
� 60 and 82, n� 16, 22 and 40) [59–62] have been experimentally synthesized, only
one X-ray crystal structure of C60(OH)8 was obtained by Gan et al. in 2010 [63].
Theoretical method is a useful tool to predicate the precise structures of fullerenols.
Based on computational calculations, some fullerenol models have been proposed.
Rodríguez-Zavala and Guirado-López reported that at low addition coverages (up to
7 OH groups), OH groups preferred to gather on one pole of the C60 cage, forming
an island, and that at higher addition coverages (8 to 14 OH groups), a second OH
island forms on the opposite pole of C60. [64, 65] Guirado-López and Rincón also
reported that OH groups of C60 fullerenols preferred to distribute aggregatively,
forming OH islands of different sizes to obtain low-energy configurations [66]. For
fullerenols with more than 20 OH groups, e.g., C60(OH)24, Yang et al. constructed
ten isomers with different OH addition patterns and calculated their relative energies.
They found that the isomer with the 24 OH groups located on the equator of the cage
has the lowest energy [67]. A common feature of these low-energy structures is the
aggregation of OH groups on fullerene cages.

The above models are predicted according to the low-energy criterion. The low-
energy criterion can be stated as follows: the most likely species to exist stably are
those with lower energies. The low-energy criterion is widely applied to evaluate the
stabilities of pristine fullerenes and EMFs in forms such as the isolated pentagon
rule (IPR) [68], the maximum pentagon separation rule [69–71], and the maximum
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C60(OH)26 C60(OH)28 C60(OH)30 C60(OH)32 C60(OH)34 C60(OH)36

C60(OH)36 C60(OH)42 C60(OH)48 C60(OH)12 C60(OH)18 C60(OH)24

(a)

(b) (c)

C60(OH)24

Fig. 1 Schlegel diagrams for C60 fullerenols. a Fullerenols with 24–36 hydroxyl groups whose
sp2 substructures are isolated double bonds. b Fullerenols with 36–48 hydroxyl groups whose sp2

substructures are isolated benzene rings. c Fullerenols with 12–24 hydroxyl groups, where sp2

substructures are full Clar’s structures. (Reproduced with permission from [75]. ©2016 American
Chemical Society.)

aromaticity criterion [72]. However, unlike the fullerenes and EMFs, which are syn-
thesized at high temperatures (higher than 1200 °C) and thus have enough energy to
undergo structural relaxation and thereby reach the global minimum on the potential
energy surface (PES), the fullerenols are commonly synthesized based on prepared
fullerene and EMFs under mild conditions [73]. Thus, the wide-gap criterion should
also be considered when predicting the structures of fullerenols. The wide-gap cri-
terion can be stated as follows: molecules with larger highest occupied molecular
orbital−lowest unoccupied molecular orbital (H–L) energy gaps are more inert to
chemical reactions and thus more likely to be separated experimentally.

Based on the wide-gap criterion, Gao et al. have proposed an isolated aromatic
patch (IAP) rule to predict structures with high chemical stabilities for fullerenols
and metallofullerenols. The IAP rule can be stated as follows: only fullerenols or
metallofullerenols whose sp2−C atoms form aromatic patches isolated by sp3−C
atoms have large H–L energy gaps and thus are relatively experimentally separable
[74, 75]. Based on the IAP rule, Gao et al. contrasted a number of models of C60

and C2v-C82 fullerenols C60(OH)n (n � 12–48) and C2v(9)-C82(OH)x (x � 14–58).
Figures 1 and 2 show the Schlegel diagrams for the structures of C60 and C2v-C82

fullerenols, respectively.
The above fullerenol models contain only hydroxyl groups. In fact, the hydrox-

ylation reactions are conducted in acidic or basic conditions, and the species of
functional groups on the fullerenes cage are related to the chemical reactions. Based
on the mechanisms of their synthesis reactions under different chemical conditions,
Gao et al. identified the species and distribution of the functional groups on fullerenol
surfaces and proposed a precise fullerenol model [76, 77]. They reported that epoxy,
carbonyl, carboxyl, and hemiacetal structures also exist on the fullerenol cage in
addition to hydroxyl groups (Fig. 3).
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C82(OH)14 C82(OH)20 C82(OH)26 C82(OH)32

C82(OH)38 C82(OH)40 C82(OH)42 C82(OH)44

C82(OH)30 C82(OH)32 C82(OH)34 C82(OH)36 C82(OH)38

C82(OH)40 C82(OH)46 C82(OH)52 C82(OH)58

3.72 (3.09) 3.82 (3.22) 3.94 (3.03) 3.82 (3.19)

2.72 (1.68) 2.90 (1.73) 3.03 (1.74) 3.27 (1.89)

3.04 (2.95) 3.75 (3.02) 3.72 (2.96) 3.63 (2.99)

2.63 (1.53) 2.68 (1.68) 3.00 (1.76) 2.82 (1.59)

3.13 (1.86)

(a)

(b)

(c)

Fig. 2 Schlegel diagrams forC82 fullerenols. TheH–Lgaps and the first excitation energies (FEEs),
in parentheses, for each structure are under its diagram. The FEE and H–L gap of C2v(9)-C82 are
0.75 and 0.12 eV, respectively. (Reproduced with permission from [75]. ©2016 American Chemical
Society.)

2.2 Metallofullerenol Models

Unlike fullerene, metallofullerene contains ametal atom, and thus the intramolecular
interaction between the inner metal and the outer carbon cage should be considered.
The electronic structures of EMFcan be described using the ionicmodelMx+@C2n

x−
according to previous studies that have consistently demonstrated that in EMFs, the
metals donate electrons to the carbon cages. The number of transferred electrons
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Fig. 3 Schlegel diagrams
for C60 fullerenol containing
hydroxyl, epoxy, carbonyl,
carboxyl and hemiacetal
structures. (Reproduced with
permission from [76], ©2014
Royal Society of Chemistry.)

is mainly dependent on the metal species. For alkaline metals Li, Na, K, or Cs,
x is usually 1 [78–82]. For alkaline-earth metals Be, Ca, Sr, Ba and lanthanide
elements Sm, Eu, Tm, or Yb, x is 2 [83–88]. For Sc, Y, La, Gd, La–Nd, Gd–Er, Lu,
or U, x is 3 [89–92]. The positions of metal atoms inside the fullerene cages are
also investigated. Early in 1998, Nagase and co-workers reported that for the EMF
Mx+@C2n

x−, the favorable positions of Mx+ were the electrostatic potential (ESP)
minima sites inside the Cx−

2n [93]. In addition, the innermetal is commonly considered
to prefer to reside above a hexagonal ring of the fullerene instead of a C–C bond to
maximize the metal–fullerene coordination number. However, Gao et al. conducted
DFT calculations for a series of mono-EMFs based on lanthanides and C60 and
predicted that inside C60, a lanthanide will either sit on the 6/6 bond in a divalent
state or sit on the hexagonal center in a trivalent state [94]. This phenomenon can be
understood based on the IAP rule, which states that the metal atom donates electrons
to the adjacent sp2–C patch following the 4n + 2 rule to maintain aromaticity [74].

Metallofullerenols are metallofullerene multiple adducts (MMAs). Similar to
empty fullerenols, metallofullerenols are difficult to purify and separate. Although
Gd@C82(OH)x (x ≈ 22) is well known for its intrinsic antitumor activity with low
toxicity in vivo and in vitro and for its superior bioimaging function as an MRI
contrast agent, little is known about its molecular structures. It is easy to understand
that molecules with large first excitation energies (FEEs) are chemically stable and
most likely to survive during experimental synthesis. On this basis and on the basis
of the quantum confinement effect, Gao et al. used the IAP rule to quickly predict
whether MMAs have large FEEs: only MMAs whose sp2–C atoms form aromatic
patches isolated by sp3–C atoms have large FEEs. Figure 4 illustrates the IAP rule
used to construct C2n

x− hosting cages for MMAs [74].
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Fig. 4 Constructing IAP-obeying hosting cages Cx−
2n for MMAs. Anionic and neutral patches are

shown in blue and red colors, respectively. The black dots represent sp3–C. (Reproduced with
permission from [74], ©2015 Elsevier Ltd.)

3 Biomedical Applications of EMFs for Bioimaging

Magnetic resonance imaging (MRI) is a mature technique that is commonly used in
clinical practice to obtain pictures of organs and structures inside the body using a
magnetic field and pulses of radio wave energy. MRI is usually used to find problems
such as tumors, bleeding, injury, blood vessel diseases, or infection. Contrast agents
are often used to drastically improve the sharpness of MRI through changing the
proton relaxation times in tissues and body cavities. Gd-based chelate complexes,
such as Gd-DTPA (DTPA: diethylenetriamino-pentaacetic acid), are the most com-
monly used MRI contrast agents. The paramagnetism of Gd3+ is the foundation of
its high efficiency as an MRI contrast agent. The electronic configuration of Gd3+ is
[Xe]4f 7. The seven unpaired 4f electrons with the same spin states are dipoles and
thus have magnetic moments. The magnetic susceptibility of an electron is approx-
imately 660 times that of a proton. When Gd-DTPA is applied during MRI, the
dipole–dipole interaction between proton and electron can dramatically enhance the
proton relaxation effect and thus shorten the proton relaxation timesT 1 andT 2, which
can improve the relaxivity ri, which is defined by the following general equation:

1

Ti , obs
� 1

Ti ,H2O
+

1

Ti , para
� 1

Ti ,H2O
+ ri [M]
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where T 1 and T 2 are the longitudinal and transverse relaxation time, respectively.
The relaxation rate (1/T i, i � 1, 2) is determined by both diamagnetic, i.e., water,
and paramagnetic species, i.e., the contrast agent. The ratio of the paramagnetic
relaxation rate (1/T i, para) to the concentration is the relaxivity (ri) of the paramagnetic
compound, can be experimentally obtained.

The application of Gd-based EMFs as MRI contrast agents has been widely
explored owing to their low toxicity and high relaxivity. In Gd-based EMF, the inter-
nal Gd atom is effectively isolated from the biological environment but still maintains
its paramagnetic electron configuration, which is the foundation of its application
as MRI contrast agent. However the absolute hydrophobic surfaces make Gd-based
EMFs have poor water solubility and biocompatibility. Thus, Gd-based metallo-
fullerenols, i.e. Gd-based EMFs with hydrophilic hydroxyl groups on its surfaces,
are synthesized and widely investigated. In this section, the electronic structure and
recent research progress of metallofullerenols as MRI contrast agents will be sum-
marized.

3.1 The Electronic Structures of Metallofullerenes

The foundation of the function ofGd-basedmetallofullerenols asMRI contrast agents
is their paramagnetic electron configurations. Previous experimental studies have
established that the metal atoms inside the EMF cage donate electrons to the outer
cages, leading to the formation of the specific ionic structures Mx+@C2n

x−. The
numbers of electrons transferred from the metal to the cage depend on the metal
species. For Gd-based EMFs or metallofullerenols, the Gd atom usually donates
three valence electrons to the carbon cage, leading to its [Xe]4f 7 electronic configu-
ration. Using density functional theory (DFT), Gao et al. investigated the geometric
and electronic structures for Gd@C60 [94]. Their results demonstrated that the Gd
atom prefers to reside on a hexagon ring. According to orbital analysis, all the 5d
and 6s orbitals of Gd are empty, which indicates that the three valence electrons are
transferred to the carbon cage and that the Gd@C60 has an electronic structure of
Gd3+@C60

3−. Figure 5 shows the selected molecular orbitals of Gd@C60. The seven
4f orbitals of Gd, numbered (1–7), are half occupied by spin-up electrons (Fig. 5a).
Among the three transferred electrons, two of them make a pair, and the extra spin-
up electron singly occupies a molecular orbital, giving rise to a net spin of 7/2 and
−1/2 on the Gd and C60 cage, respectively. The intramolecular interaction between
the inner Gd atom and the outer cage makes the whole Gd EMF paramagnetic and
thus can be used as MRI contrast agent. The chemical decoration of EMFs, includ-
ing hydroxylation, will not interrupt the electron donation from metals to fullerene
cages and can notably improve their water solubility and biocompatibility. Thus,
Gd-based metallofullerenols, such as Gd@C82(OH)x (x � 22 and 40), and other
water-soluble derivatives, such as Gd@C82O6(OH)16(NHC2–H4CO2H)8, are widely
studied as MRI contrast agents.
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Fig. 5 a Selected molecular orbitals of Gd@C60. The seven 4f orbitals of Gd, numbered (1–7),
are half occupied by spin-up electrons. b The electronic configuration of Gd@C60. The net spin on
Gd and C60 are 7/2 and −1/2, respectively. (Reproduced with permission from [94], ©2014 Royal
Society of Chemistry.)

3.2 Applications of Metallofullerenes as MRI Contrast
Agents

Early in 1996, the application of EMFs as MRI contrast agents was proposed, and
such applications have been extensively studied during the past two decades [59, 62,
95–107]. Thus far, metallofullerenols [59–61, 108, 109], lutetium-based trimetal-
lic nitride-templated (TNT) EMFs [99, 104, 110–115], carboxylated EMF deriva-
tives [96, 98], amino acid derivatives of Gd-EMFs [105, 116], organophosphonate-
functionalized EMs [117], and other fancy EMF structures [118, 119] have been syn-
thesized and investigated as MRI contrast agents. Mechanisms for their extremely
high relaxivity r1 are also proposed [120].

In 2001, Shinohara et al. synthesized Gd-metallofullerenols Gd@C82(OH)40 and
evaluated their paramagnetic properties for MRI in vivo and in vitro. The in vitro
water proton relaxivity r1 of Gd@C82(OH)40 (81mM−1 s−1) is almost 20-fold higher
than that of the commercial MRI contrast agent Gd-DTPA (3.9 m M−1 s−1) at 1.0
T (Fig. 6a). This unusually high r1 of Gd@C82(OH)40 makes it possible to achieve
the highest signal enhancement at much lower concentration [59]. Later, in 2003,
metallofullerenols M@C82(OH)n (M = La, Ce, Gd, Dy, and Er) were systematically
synthesized and characterized asMRI contrast agents by the same group of Shinohara
to get more information for the proton relaxation mechanism [108]. According to
their results, the r1 and r2 values of these metallofullerenols are in the range of
0.8–73 and 1.2–80 m M−1 s−1, respectively, which are much higher than those of
the corresponding free ions and their DTPA chelates (Fig. 6b). The phantom NMR
images of Gd@C82(OH)40, M@C82(OH)n (M = La, Ce, Gd, Dy, and Er) as well as
those lanthanoid-free ions and DTPA chelates are illustrated in Fig. 6a, b. Compared
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Fig. 6 a T1-weighted MRI of Gd@C82(OH)40, Gd-DTPA and pure water phantom at the concen-
tration of 0.05, 0.1, and 0.2mmol Gd/L, respectively, by 4.7 TUnity INOVA. (Reproduced with per-
mission from [59], ©2001American Chemical Society.) b PhantomNMR images ofM@C82(OH)n
(M = La, Ce, Gd, Dy, and Er) as well as their corresponding ions and DTPA complexes solutions
at 1.0, 0.5, and 0.1 mmol metal/L. (Reproduced with permission from [108], ©2003 American
Chemical Society.)

with theGd-free ions and its DTPA chelates, theGd-based fullerenematerials present
distinctly strong contrast enhancement at the same concentration.

Hydroxyl-intense metallofullerenols, like Gd@C82(OH)n with n > 36, usually
have open-caged structures, which leads to the release of highly toxic Gd ions. Thus,
to maintain the integrity and stability of metallofullerenols, Gd@C82(OH)x materials
with lower OH numbers, such as Gd@C82(OH)16 [60] and Gd@C82(OH)22±2 [61,
109], are also synthesized and characterized asMRI contrast agents. Gd@C82(OH)16
was reported to have high proton relaxivity, even higher than that of Gd-DTPA [60].
The bioimaging efficiency ofGd@C82(OH)22±2 were evaluated inmice byZhao et al.
and their results demonstrated thatGd@C82(OH)22±2 exhibited 12-fold enhancement
of r1 than that of Gd-DTPA in vitro and in vivo [61, 109]. The MRI efficiencies
of other water-soluble Gd@C82 derivatives were also evaluated. Wang et al. syn-
thesized Gd@C82O6(OH)16(NHC2–H4CO2H)8, Gd@C82O6(OH)16(NHCH2CH2C
OantiGFP)5, and Gd@C82O2(OH)16(C(PO3Et2)2)10, which all possess greatly
enhanced relaxivity r1 compared with that of Gd-DTPA [116–118].

Carboxylated EMFderivatives are also used asMRI contrast agents. Carboxylated
EMFs have advantages over hydroxylated ones. Metallofullerenols can lead to the
aggregation of erythrocytes in blood while the carboxylated EMFs have favorable
biodistribution in vivo and have comparable MRI efficiencies at the same time. In
2003,Bolskar et al. synthesized the first carboxylatedEMFGd@C60 [C–(COOH)2]10
with a higher relaxivity r1 (4.6 mM−1 s−1 at 20 MHz and 40 °C) than Gd-DTPA
[96]. In 2005, Merbach et al. also reported similar relaxivities r1 of Gd@C60

[C–(COOH)2]10 (6.8–24.0 m M−1 s−1). In addition, they reported that the addi-
tion of salts, such as phosphate and sodium halides, could lead to better dispersion of
both Gd@C60 [C(COOH)2]10 and Gd@C60(OH)27 in aqueous [62].Wilson et al. also
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proved that the aggregation of Gd@C60 [C(COOH)2]10 and Gd@C60(OH)27 could
be disrupted by salt addition and their high relaxivities root in the rapid exchange of
water molecules with the bulk [120].

The applications of TNT EMFs M3N@C2n [99, 104, 110–115] as MRI contrast
agents are also widely studied. Compared with mono-EMFs, TNT EMFsM3N@C2n

have higher stability and the encapsulation of three Gd3+ ions per molecule can
lead to higher imaging efficiency. In 2014, Zhang et al. reported the prepara-
tion and characterization of Gd3N@Cs-C84O6(OH)28 and Gd3N@Ih-C80O11(OH)21
[104]. Gd3N@Cs-C84O6(OH)28 has a higher 1H relaxivity than that of Gd3N@Ih-
C80O11(OH)21 in low (0.47 T), medium (1.4 T), and high (9.4 T) magnetic fields.
The higher relaxivity of Gd3N@Cs-C84O6(OH)28 was ascribed to its higher hydroxyl
content and aggregate size. Experimentally, the yield of Gd3N@C80 was relatively
low thus Gd-containing mixed-metal TNT EMFs were intended to be synthesized. In
2007, two water-soluble hydroxylated derivatives of Gd, Sc-mixed TNT EMFs, i.e.,
Sc2GdN@C80O12(OH)26 and ScGd2N@C80O12(OH)26 were synthesized and their
relaxivity r1 were evaluated to be 20.7 and 17.6 mM−1 s−1 [112], which are lower
than that of pure Gd-based TNT EMFs but still higher than that of Gd-DTPA.

Some other types of Gd3N@C80-based water-soluble MRI contrast agents were
also synthesized by different groups. In 2006, Fatouros et al. prepared the new func-
tionalized TNT EMF species Gd3N@C80 [DiPEG5000(OH)x] where DiPEG5000
represents poly(ethylene glycol) malonate. They demonstrated that the Gd3N@C80

[DiPEG5000(OH)x] nanoparticle can dramatically enhance relaxivity both in vitro
and in vivo. The measured relaxivity r1 are 102, 143, and 32 mM−1 s−1 at 0.35, 2.4,
and 9.4 T, respectively, which are markedly higher than that of gadodiamide. The
T1-weighted MRI images of aqueous solutions of Gd3N@C80 [DiPEG5000(OH)x]
and gadodiamide at different concentrations are compared. The corresponding con-
centrations for the Gd3N@C80 [DiPEG5000(OH)x] agent were at least 30 times
smaller [111]. In 2008, MacFarland et al. synthesized hydrochalarones which are
a series of novel derivatives of Gd3N@C80. The addition of glycol methyl ethers,
ranging from monoethylene glycol to hexaethylene glycol, made hydrochalarones
water soluble. The general structure of the hydrochalarones is Gd3N@C80-Rx, where
R� [N(OH)(CH2CH2O)nCH3]x where n� 1, 3, 6 and x � 10–22. Hydrochalarone-6
had the highest r1 of 205 mM−1 s−1, which is markedly higher than that of Gd-
DTPA (3.8 mM−1 s−1) [121]. In 2009, Dorn et al. synthesized a new TNT EMF,
Gd3N@C80(OH)∼26(CH2CH2COOM)∼16 (M = Na or H), in high yield by a facile
method and determined the relaxivity r1 to be 207 mM−1 s−1 at 2.4 T, which is
50 times larger than that of Magnevist [113]. In 2010, the same group reported
the synthesis of water-soluble PEG-functionalized and hydroxylated Gd3N@C80 ,
i.e. Gd3N@C80 [DiPEG(OH)x], whose molecular weight depends on the PEG con-
tent (350–5000Da). Themeasured relaxivities r1 for the 350/750Da PEGderivatives
are 237/232 mM−1 s−1 (2.4 T), which are approximately 60 times higher than that
of Gd-DTPA [114].s

The phospholipid bilayers of cellular surfaces are negatively charged. Thus, the
fullerene nanoparticles with positive charges will bind more efficiently with the
cellular surface than those with negatively charged carboxyl or hydroxyl groups.
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Thus, amino acid functionalization is considered as another way to make EMFs
or TNT EMFs water soluble and biocompatible because the cage surface bear-
ing positively charged amino groups −NH3+. In 2006, the amino acid deriva-
tives ofGd-basedmetallofullerenesGd@C82Om(OH)n(NHCH2CH2COOH)l (m≈ 6,
n ≈ 16 and l ≈ 8) (AAD-EMFs) were synthesized by Wang et al. The mea-
sured r1 of AAD-EMFs is 9.1 mM−1 s−1 (1.5 T) which is higher than that of
Gd-DTPA (5.6 mM−1 s−1) but lower than that of Gd-based metallofullerenols
(23.1 mM−1 s−1) under the same experimental conditions [116]. In 2015, Dorn et al.
reported the preparation of an amino acid-functionalized TNT EMF characterized
as Gd3N@C80O12(OH)10(NH2)7(NO2)2 [105]. Their results demonstrated that these
positively charged nanoparticles exhibited enhanced charge attraction for GBM cel-
lular endocytosis compared with carboxyl-surface functionalized nanoparticles. The
r1 values of Gd3N@C80O12(OH)10(NH2)7(NO2)2 are 88, 101, and 30.5 mM−1 s−1

at 0.47, 1.4, and 9.4 T, respectively.
Along with the rapid developments in the application of EMFs as MRI contrast

agents, multifunctional EMFs nanomaterials with fancy structures have been pro-
posed to realize the integration of diagnosis and treatment. Very recently, Chen
et al. developed a radionuclide-64Cu-labeled doxorubicin-loaded polydopamine
(PDA)–Gd EMF core–satellite nanotheranostic agent (termed CDPGM) for
MR/photoacoustic (PA)/positron emission tomography (PET) multimodal imaging-
guided combination cancer therapy. In this agent, the near-infrared (NIR)-absorbing
PDA acts as a platform for the assembly of different moieties; Gd3N@C80 acts as a
satellite anchoring it on the surface of PDA. The CDPGM nanoparticles show good
biocompatibility, strong NIR absorption, high relaxivity (r1 � 14.06 mM−1 s−1),
low risk of release of Gd ions, and NIR-triggered drug release. CDPGM can effi-
ciently accumulate in the tumor and the tumor is completely eliminated by NIR laser
irradiation [122].

In this section, we have reviewed the electronic structures of Gd-based EMFs,
which are the foundation for their applications as MRI contrast agents. Additionally,
research progress of mono-EMFs or TNT EMFs acting as MRI contrast agents has
been summarized. Table 1 lists the relaxivities r1 of all reported Gd-based EMFs in
comparison with those of the Gd-DTPA.

3.3 Applications of Metallofullerenes as X-ray Contrast
Agents

The Hounsfield Unit (HU) scale or computed tomography (CT) numbers is a quan-
titative scale for describing radiodensity and commonly applied to X-ray CT data.
HU is defined by the general equation

HU � 1000 × (μ − μwater)/μwater



Fullerenes for Cancer Therapy and Bioimaging 399

Table 1 Relaxivities r1 of endohedral fullerenes in comparison with that of the commercial MRI
contrast agent Gd-DTPA

Fullerene materials r1 (m M−1 s−1) T
Magnetic field

Year References

Gd@C82(OH)40 67 0.47 2001 [59]

81 1.0

31 4.7

Gd@C60(OH)27 14.1–83.2 1.4 2005 [62]

Gd@C82(OH)16 19.3 4.7 2007 [60]

Gd@C60(OH)22±2 37.7 (pH 2) 4.7 2008 [61]

61 (pH 7)

Gd@C82O14(OH)14(NH2)6 47.0 0.5 2013 [123]

41.0 1.5

39.5 3

27.4 7.1

ScGd2N@C80O12(OH)26 20.7 14.1 2007 [112]

Gd3N@C80 [DiPEG5000(OH)x] 102 0.35 2006 [111]

143 2.4

32 9.4

Sc2GdN@C80O12(OH)26 17.6 14.1 2007 [112]

Gd3N@C80-hydrochalarone 205 0.47 2008 [121]

Gd3N@C80(OH)26(CH2CH2COOM)16
(M = Na or H)

154 0.35 2009 [113]

207 2.4

76 9.4

Gd3N@C80 [DiPEG(OH)x ] 107–227 0.35 2010 [114]

139–237 2.4

41.9–68.2 9.4

Gd3N@C80O11(OH)21 137 0.47 2014 [104]

140 1.4

58 9.4

Gd3N@C84O6(OH)28 170 0.47 2014 [104]

173 1.4

63 9.4

Gd@C60 [C(COOH)2]10 6.8–24.0 1.4 2003 [96]

Gd@C82O6(OH)16(NHC2H4CO2H)8 8.1 0.35 2006 [116]

9.1 1.5

Gd@C82O2(OH)16(C(PO3Et2)2)10 37 0.35 2008 [117]

38.9 2.4

19.9 9.4

Gd@C82O6(OH)16(NHCH2CH2COantiGFP)5 12 0.35 2008 [116, 118]

Gd3N@C80O12(OH)10(NH2)7(NO2)2 88 ± 1 0.47 2015 [105]

101 ± 1 1.4

30.5 9.4

CDPGM 14.06 7 2017 [122]

Gd-DTPA 3.8 0.47 1999 [95]

3.9 1.0

3.8 4.7
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whereμ is the attenuation coefficient, andμwater is the attenuation of water. Different
materials have different HUs. For instance, the HU of water and fat are 0 and –100
respectively. TheHUof bones is commonly larger than 500. The soft tissues haveHU
ranging from 0 to 100. However, the HU differences between soft tissues are small,
especially, the HU differences between normal and pathologic tissues are small,
which greatly challenges the contrast resolution of CT scanners. Thus, exogenously
delivered contrast media, i.e., radiocontrast agents, are applied to enhance the dis-
tinguishability of X-ray CT, radiography, and fluoroscopy. Typically, the commonly
used radiocontrast agents in the clinic are iodine or barium compounds.

The application ofGd chelates as a radiocontrast agent for X-ray imaging has been
investigated. However, the attenuation of Gd-DTPA is less than that of iodinated
contrast agent under the same single energy and concentrations. In addition, the
maximum safe administration dose for Gd-DTPA (0.3 mmol/kg) is significantly
lower than that of iodinated contrast agents (3–4 mmol/kg). Thus, the application
of Gd-DTPA for X-ray imaging is very limited. In contrast to Gd chelates, EMFs
can separate the inner metal atom from the environment, leading to its low toxicity,
and thus can be considered as safe contrast agents for X-ray imaging. In 2002,
Lu3N@C80 was reported by Dorn et al. to possess application potential as a good
X-ray contrast [110]. Additionally, they proposed that the mixed-metal TNT EMFs,
Lu3−xMxN@C80, where M is Gd or Ho and x �0–2, can serve as multifunctional
contrast agents for bothX-ray andMR imaging, which can be simultaneously applied
for diagnosis.

4 Biomedical Applications of Fullerenes for Cancer
Therapy

In 2005, Zhao et al. first reported the intrinsic high antitumor activities of
Gd@C82(OH)22 nanoparticles againstH22hepatoma inmicewith low toxicity in vivo
and in vitro [124]. Since then, the antitumor activities of different fullerene mate-
rials targeting different tumor cells have been extensively studied. The absolutely
hydrophobic surfaces of fullerenes and EMFs hinder their direct applications in the
biomedical field, and thus the fullerene materials discussed in this section are com-
monly their water-soluble derivatives.

The biological environments of organisms are complicated, and the biomedi-
cal effects of fullerenes are diverse. On the one hand, fullerenes can be used for
PDT because they can be photoexcited from the ground state to the excited states,
whichwill subsequently transfer energy to peripheral oxygen forming singlet oxygen
[24–29], a vital example of ROS.On the other hand, it is reported that fullerene-based
materials are also effective antioxidants with a superior capacity to scavenge ROS
and thus can be used to treat ROS-related diseases [5–20], including cancer. In addi-
tion to the intrinsic antitumor activities of fullerene derivatives, they can also serve
as drug delivery agents [30–40] and adjuvants to cancer vaccines [41–44] for cancer



Fullerenes for Cancer Therapy and Bioimaging 401

Fig. 7 Schematic representation of Type I (charge transfer) and Type II (energy transfer) photo-
chemical mechanisms (*denotes excited singlet and triplet states of C60). (Reproduced with per-
mission from [25], © 2008 Elsevier Ltd.)

therapy. Fullerenes can also treat cancer via reducing the nutrient supply to tumor
cells [45–47].

Table 2 summarizes the biomedical applications of fullerene derivatives relating
to cancer therapy. In addition, based on extensive studies, different mechanisms have
been proposed for the antitumor activities of fullerenes [125]. In this section, we will
focus on the antitumor effects of fullerenes and summarize the proposedmechanisms:
(i) fullerenes treat cancer via photodynamic therapy; (ii) fullerenes treat cancer as
antioxidants and neuroprotective agents; (iii) fullerenes treat cancer as drug delivery
agents; (iv) fullerenes treat cancer as adjuvants for cancer vaccines; and (v) fullerenes
treat cancer via reducing the nutrient supply to tumor cells.

4.1 Fullerenes Treat Cancer via Photodynamic Therapy

Fullerenes can be photoexcited from the ground state to excited states, which will
subsequently transfer energy to peripheral oxygen to form singlet oxygen (1O2) or
superoxide anion (O ·−

2 )(Fig. 7). These ROS are highly reactive thus can oxidize
biological targets like protein, lipid, DNA, etc., leading to cell damage [24–29].
Therefore, when fullerene is accumulated in the tumor tissue, its photodynamic
effect that generates singlet oxygen under the irradiation with light should suppress
the increase of tumors.

In 1997, Ikada et al. modified C60 with polyethylene glycol (PEG) to obtain the
C60-PEG conjugate, which can preferentially accumulate in a subcutaneous tumor
and suppress the increase in tumor mass with exposure to visible light [26]. In 2006,
Yamakoshi et al. synthesized awater-soluble C60-N-vinylpyrrolidone (NVP) copoly-
mer and indicated that C60-NVP can generate (O ·−

2 ) under visible light to break the
specificDNAand achieve photodynamic therapy [24]. In 2008, Trajkovic et al. inves-
tigated the mechanism of the ROS generation/quenching mediated by C60-based
derivatives. They found that changing the number, species, and addition pattern
of the addends on the fullerene cages will lead to a change in their ROS produc-
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Table 2 Biomedical applications of fullerene materials

Fullerene
materials

Biological effects Year References

Fullerenes treat cancer via photodynamic therapy

C60-PEG C60-PEG can accumulate in subcutaneous tumor and
suppress the increase in tumor mass with exposure to
visible light. (424 μg kg−1, 107 J cm−2)

1997 [26]

C60-NVP C60-NVP can generate O ·−
2 under visible light to break the

specific DNA and achieve photodynamic therapy
2006 [24]

C60-Glc C60-Glc could induce phototoxicity against various cancer
cells but not against normal fibroblast cells.

2010 [27]

FC4S FC4S can induce cytotoxicity with light irradiation
mediated by singlet oxygen

2016 [29]

Fullerenes treat cancer as antioxidants and neuroprotective agents

C60(C(COOH)2)2 These three derivatives could reduce intracellular ROS
production. The relative activities order is Gd@C82(OH)22
> C60(OH)22 > C60(C(COOH)2)2

2009 [6, 7]

C60(OH)22 [7]

Gd@C82(OH)22 [7]

Fullerenes treat cancer as immune system regulators

Polyhydroxy-C60,
N-ethyl-
polyamino-C60

Inhibit the IgE-dependent mediator release and the
IgE-induced elevation in cytoplasmic ROS levels.
(2.5 μg kg−1 in mice)

2007 [11]

C60(OH) 20±2 Fullerenol could attenuate neutrophilic lung inflammation
induced by quartz via blocking ROS generation. (0.01, 0.1,
1 mg kg−1)

2008 [126]

C60(OH)20 Induce TNF-α-mediated cellular immunity to inhibit the
tumor growth. (0.76, 0.53 mg kg−1)

2009 [22]

Gd@C82(OH)22 Gd@C82(OH)22 nanoparticles are a strong
immunomodulator of the activation of T cells and
macrophages. (0.76, 0.53 mg kg−1)

2009 [21]

Gd@C82(OH)22 It could induce DC maturation and activate T1-biased
immune response. (0.5 mg kg−1)

2010 [127]

C60(OH)24 Pretreatment could protect against
ionizing-radiation-induced mortality possibly via
enhancing immune function, decreasing oxidative damage,
and improving mitochondrial function. (40 mg kg−1)

2010 [128]

Fullerene mixture
(C60: 60%, C70:
25%, C75: 15%)

It could selectively induce CD11b+cells (e.g.,
macrophages)-mediated splenic inflammation at day 6 post
administration. (0.2, 2 mg kg−1)

2011 [129]

(continued)
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Table 2 (continued)

Fullerene
materials

Biological effects Year References

Fullerenes treat cancer as drug delivery agents

C60-PTX C60-PTX conjugate has a significant anticancer activity
in vitro

2005 [31]

C60-DOX C60-DOX conjugate is distributed mostly in the cytoplasm 2010 [30, 38]

FA-CD-C60-CBP FA-CD-C60 significantly increased the intracellular uptake
and release of CBP, thereby providing higher cytotoxicity
against the HeLa cells with high expression of folate
receptor

2016 [39]

C60-DOX-NGR C60-DOX-NGR has excellent stability in physiological
solutions and active tumor-targeting capacity

2016 [40]

C60+CIS C60+CIS complex has higher toxicity toward tumor cell
lines in vitro when compared to CIS alone

2017 [33, 34]

C60-DTX The C60-DTX conjugate was able to deliver the drug at the
desired pH to the interiors of the cancer cells with
enhanced efficacy

2017 [35]

DOXO-C82-
cRGD

The DOXO-C82-cRGD nanoparticles showed great
preferential cellular uptake in non-small lung cancer cells
as compared with DOXO-C82 and particularly, DOXO

2017 [37]

Fullerenes treat cancer as adjuvants for cancer vaccines

C60(OH)20 It could serve as vaccine adjuvant mainly via triggering
multiple TLR signaling pathways to enhance the
immunogenicity of HIV-1 DNA antigen. (0.04, 0.2,
1 mg kg−1)

2013 [44]

Fullerenes treat cancer via reducing the nutrient supply to tumor cells

C60(OH)20 C60(OH)20 can markedly reduce the expression of platelet
endothelial cell adhesion molecule and the vessel density
in tumors

2010 [45]

ing/quenching ability and the type of ROS produced/quenched [25]. In 2010, Morita
et al. examined the effect of PDTwith glycoconjugated fullerene (C60-Glc) [27]. They
found that PDT with C60-Glc could induce phototoxicity against various cancer cells
but not against normal fibroblast cells. In addition, C60-Glc-induced apoptosis was
blocked by NaN3, which indicates that the cytotoxicity of C60-Glc resulted from
the generation of 1O2. In 2016, Yu et al. reported the PDT with hexa(sulfo-n-butyl)
[60] fullerene (FC4S) against sarcoma. FC4S can induce cytotoxicity to both human
fibrosarcoma cells and murine sarcoma 180 cells with light irradiation because of
the production of singlet oxygen [29].
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4.2 Fullerenes Treat Cancer as Antioxidants and
Neuroprotective Agents

Oxidative stress, i.e., the generation of ROS, has been proven to be involved in the
progression for many diseases such as arthritis, cancer, amyotrophic lateral sclerosis,
cardiovascular disease, and a number of neurodegenerative disorders [130, 131]. ROS
include superoxide radical anion (O ·−

2 ), hydroxyl radical (HO·), singlet oxygen (1O2),
and hydrogen peroxide (H2O2). ROS can oxidize biological targets like protein, lipid,
and DNA, which may lead to cancer, atherosclerosis, ischemia, inflammation, and
liver injury [132–134]. The microenvironments of cancer or inflammatory cells are
under increased oxidative stress than those of the normal cells. The high level of
ROS can promote cellular proliferation, mutation, and genetic instability [135–137].
Thus, antioxidative enzymes, like superoxide dismutase (SOD), or chemical species
that can scavenge ROS provides opportunities for cancer therapy.

It is well documented that fullerene-based materials possess unique capaci-
ties to scavenge ROS, thereby acting as antioxidants [138–141]. Hydroxylated
and carboxylated fullerenes are two major water-soluble fullerene derivatives that
possess free-radical scavenging activities [5–20]. A series of research works by
Zhao and colleagues and Chen et al. have well established the ability of fullerene
materials to modulate oxidative stress [6, 7, 45, 142–150]. In 2009, using cere-
bral microvessel endothelial cells (CMECs) as an in vitro model of the blood-
–brain barrier (BBB), Lao et al. found that C60(C(COOH)2)2 nanoparticles could
selectively enter oxidized CMECs rather than normal cells and greatly inhibit
the apoptosis of CMECs induced by H2O2, which is related to their modula-
tion of the JNK pathway [6]. The cytoprotective functions of these fullerene
derivatives C60(C(COOH)2)2, C60(OH)22, and Gd@C82(OH)22 were also studied
by the same research group. They found that all these three derivatives could
protect cells against H2O2-induced oxidative damage, stabilize the mitochon-
drial membrane potential, and reduce intracellular ROS production. The relative
activities order is Gd@C82(OH)22 > C60(OH)22 > C60(C(COOH)2)2 [7].

Inflammation is the body’s response to tissue insult. Based on the above reports
that fullerene derivatives possess unique capacities to scavenge ROS, it is proposed
that fullerenesmay inhibit inflammation. In 2007, Ryan et al. investigated the interac-
tions between fullerene derivatives and inflammatory-related cells, human mast cells
(MCs) and peripheral blood basophils (PBBs). They showed that polyhydroxy-C60

and N-ethyl-polyamino-C60 could significantly inhibit the IgE-dependent mediator
release and lower the cytoplasmic ROS levels. Also the allergic responses, including
the histamine release and body temperature are negatively regulated [11]. Subse-
quently in 2009, Dellinger et al. confirmed the inhibitory effect of fullerene deriva-
tives on inflammation induced by phorbol 12-myristate 13-acetate (PMA) [151].
Another study reported that C60 fullerenols could significantly attenuate neutrophilic
lung inflammation via blocking ROS-induced inflammation. [126]

Another important system related to ROS is the immune system. The immune sys-
tem is a defensive barrier to the protection of the organismagainst external stimuli and
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invasion. Undoubtedly, fullerene materials will encounter the immune system after
absorption. It is important to understand the interaction between fullerenes and the
immune system for a comprehensive and accurate understanding of the cancer ther-
apy applications of fullerenes. Fullerene-basedmaterials are reported to have efficient
ROS-scavenging capabilities, and ROS are involved in the cell signaling pathways
that are related to the immune system. For instance, ROS can induce macrophage
activation, leading to the release of cytokines and other inflammatory responses in
adipose tissues [152]. Therefore, it is reasonable to explore the interaction between
fullerene materials and the immune system regarding this aspect.

In 2005, Chen et al. first reported the antitumor activity of the star material
Gd@C82(OH)22. Intrinsically, the Gd@C82(OH)22 nanoparticles were nontoxic to
tumor cells and had a low accumulation in the tumor tissue. In order to understand
the antitumor activity of Gd@C82(OH)22, they conducted a histopathological evalu-
ation and found that there was lymphocyte infiltrated in the tumor tissues after the
treatment of Gd@C82(OH)22. In other words, instead of directly damaging tumor
cells, Gd@C82(OH)22 may manifest antitumor effects via recruitment of immune
cells and regulate immune responses. To uncover the underlying mechanisms for
the effects of fullerene materials on the immune system, the same group system-
atically investigated the interaction process between macrophages and fullerene
materials including the uptake and subcellular distribution of metallofullerenols
in macrophages. Taking advantages of synchrotron-based scanning transmission
X-ray microscopy (STXM) with high spatial resolution of 30 nm, they found that
a large amount of Gd@C82(OH)22 was taken up by peritoneal macrophages after
peritoneal injection into mice for nearly 1 week and that the derivatives were inter-
nalized in a time-dependent manner.Meanwhile, they found that both C60(OH)22 and
Gd@C82(OH)22, especially Gd@C82(OH)22, can significantly activemacrophages to
produce pro-inflammatory cytokines like IL-1β. They proposed two signal pathways
for the secretion of IL-1β after fullerenol exposure: on one hand, fullerenols stimulate
macrophages to express pro-IL-1β via TLRs/MyD88 pathway and subsequently acti-
vate NF-κB; on the other hand, fullerenols activate NLRP3 inflammasome under the
assistance of relative factors includingK+ efflux and P2X7 receptor, which is required
for processing pro-IL-1β intomature IL-1β. This work can help get an insight into the
underlying mechanisms of fullerene derivatives as good immunoregulatory agents
with low toxicity [145].

4.3 Fullerenes Treat Cancer as Drug Delivery Agents

Paclitaxel (PTX, Taxol), carboplatin (CBP), cisplatin (CIS), and DOX have revolu-
tionized cancer treatment in the past decade and are recognized as great advances
in oncological medicine. The standard delivery modalities of intravenous infusion
result in multiple side effects, and targeting of the drug to specific areas within the
body can result in better efficacy and lower toxicity. Fullerene and its derivatives are
star materials for cancer therapy not only owing to their intrinsic antitumor activities
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but also to their applications as drug delivery agents. The employment of fullerenes
for drug delivery is still in an early stage of development. The design and synthesis of
multifunctionalized fullerene systems that can cross cell membranes and efficiently
deliver active molecules is an attractive challenge that involves multidisciplinary
strategies. Promising results have emerged in recent years, bringing fullerenes again
to the forefront of interest. Herein, the state of the art of this emerging field is pre-
sented and illustrated with some of the most representative examples.

In 2005, Wilson et al. designed and synthesized the first C60-PTX conjugate
slow-release system for liposome aerosol delivery to the lung [31]. The PTX was
covalently attached to the C60 via an ester bond, permitting the paclitaxel to retain its
pharmacological activity. Hydrolysis of the ester bond released the drug. Moreover,
it was demonstrated that the C60-PTX conjugate had significant anticancer activ-
ity in vitro when administered with a liposome aerosol formulation even though
the IC50 was 1.6 times higher than that of the analogous formulation containing
the drug alone [31]. In 2010, taking advantage of the optical properties of DOX,
Wang et al. examined the uptake and distribution of the fullerene-DOX conjugate
in cells [30]. They found that compared with free DOX, which is predominantly
distributed in the cell nucleus, the C60-DOX conjugate is distributed mostly in the
cytoplasm. In 2015, Panchuk et al. evaluated the effect of C60-DOX on the growth
and metastasis of Lewis lung carcinoma in mice and performed primary screen-
ing of the potential mechanisms of action of the C60-Dox complex. They reported
that the volume of tumors treated with the C60-Dox complex was 1.4 times less
than that in control untreated animals. The potential mechanisms of the antitumor
effect of C60-Dox complex include both its direct action on tumor cells by inducing
cell death and increased stress sensitivity and an immunomodulating effect [38].
In 2016, Zhang et al. synthesized the folic acid (FA)-cyclodextrin (CD)-C60 conju-
gate as a carrier for tumor-targeted drug delivery to enhance the anticancer effect of
carboplatin (CBP). FA-CD-C60 significantly increased the intracellular uptake and
release of CBP, thereby providing higher cytotoxicity against HeLa cells with high
expression of folate receptor [39]. Wang et al. synthesized C60-DOX-NGR nanopar-
ticles. In this complex, DOX was covalently conjugated to C60 nanoaggregates via a
ROS-sensitive thioketal linker (C60-DOX), and then a hydrophilic shell (NGR) was
attached to the outer surface of C60-DOX, giving C60-DOX-NGR excellent stabil-
ity in physiological solutions in addition to active tumor-targeting capacity [40]. In
2017, the self-organization of C60 and CIS in aqueous solution was investigated by
Prylutska et al. Their results revealed the complexation between the two compounds.
The genotoxicity of C60 fullerene, CIS, and their complex was evaluated in vitro.
The results showed that C60 did not induce DNA strand breaks and did not influ-
ence the genotoxic activity of CIS in vitro. The C60 in the C60+CIS complex did
affect the cell death mode in treated resting lymphocytes from healthy persons and
reduced the fraction of necrotic cells [33]. In a subsequent study, they showed that
the C60 + CIS complex had higher toxicity toward tumor cell lines in vitro than does
CIS alone [34]. Misra et al. functionalized C60 with glycine to make it water solu-
ble and conjugated the C60-Gly with the anticancer drug docetaxel (DTX), forming
C60-DTX. The C60-DTX conjugate was able to deliver the drug at the desired pH to
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the interiors of the cancer cells with enhanced efficacy and substantial erythrocyte
compatibility [35]. Zhao et al. developed an attractive method to prepare a C82-based
drug delivery system modified with doxorubicin (DOXO) and a cyclic RGD motif
(DOXO-C82-cRGD) for potential clinical use in treating solid tumors in lung cancer.
The in vitro results demonstrated that DOXO-C82-cRGD nanoparticles showed great
preferential cellular uptake into non-small lung cancer cells compared with that of
DOXO-C82 and particularly compared with that of DOXO. Moreover, the cell via-
bility results suggested that DOXO-C82-cRGD had significant cytotoxicity to cells
at a low dose [37].

Despite the above promising achievements in research on fullerenes as drug deliv-
ery agents, further research is needed, especially to better understand the possible
harmful effects and the fate of fullerenes after delivering their cargos. It is clear that
fullerenes can offer new opportunities in the upcoming generations of drug delivery
systems.

4.4 Fullerenes Treat Cancer as Adjuvants for Cancer
Vaccines

Preventive or therapeutic cancer vaccines have vast significance for cancer treatment.
Owing to their positive effects on the uptake of antigen and/or modulating immune
cells, especially for antigen-presenting cells (APCs), vaccine adjuvants are essen-
tial to further the immunogenicity of tumor-associated/specific antigens [153]. As
fullerene derivatives could modulate immune cells, especially for macrophages and
APCs, they are considered as a potential candidate of vaccines for crucial infectious
diseases and cancers.

It is reported that fullerene derivatives C60(OH)20 have dual functions: on one
hand, they have distinct self-assembly property [154] to encapsulate the antigen dur-
ing self-assembly; on the other hand, they can improve the immunogenicity of the
antigen via modulating the immune cells [44]. Meanwhile, fullerenol could signifi-
cantly facilitate the phagocytosis capability of peritoneal macrophages of immunized
mice and trigger the generation of effector memory CD8+ T cells (TEM), which are
vital for protection during the early stage of infection. Through high-throughput
screening of toll-like receptor (TLR) signaling pathways using gene knockout mice,
a possible mechanism of fullerenol as a potent adjuvant has been proposed. When
encountering with fullerenols, which serve as vaccine adjuvants, diverse TLR sig-
naling pathways (e.g., TLR2, TLR4, TLR5, TLR8, TLR9) had been triggered to
activate DC maturation and finally enhance the immunogenicity of the vaccine anti-
gen. Therefore, fullerenol may act as a potential adjuvant candidate for vaccines in
clinical practice.
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4.5 Fullerenes Treat Cancer via Reducing the Nutrient
Supply to Tumor Cells

The tumor metastasis, instead of the tumor itself, is a dominated factor of cancer
mortalities. Chemical species that are highly effective in inhibiting tumor metastasis
are promising chemotherapeutics for cancer therapy. Tumor cells need nutrients and
energies to grow and immigrate. Cut off the nutrient supply to tumor cells could
efficiently inhibit its growth and metastasis. In 2010, Chen et al. reported that in a
mouse breast cancermodel, C60(OH)20 could negativelymodulate the oxidative stress
and markedly reduce the expression of platelet endothelial cell adhesion molecule
and the vessel density in tumors. Subsequently, the nutrient supply to tumor cells is
inhibited [45].

5 Conclusion and Perspectives

In this chapter, we have summarized the latest advances in the use of fullerenes
for bioimaging and cancer therapy. First, we focused on the geometric structures
of fullerene derivatives. The structural problem is one of the most important issues
in obtaining a comprehensive understanding of the biological effects of fullerene
materials because the structure determines the physicochemical properties, which
are vital to its applications. The experimental purification and identification of the
precise structures of fullerene-based nanomaterials are difficult because of the gigan-
tic number of its isomers. Theoretical methods are an important tool to predict the
structures of fullerene materials. Based on the synthesis conditions and the fact that
molecules with large HOMO–LUMO gaps are most likely to survive, some models
of fullerene derivatives have been proposed. Second, we have summarized the appli-
cations of fullerene materials as bioimaging agents. Metallofullerenols are widely
studied as MRI contrast agents owing to their low toxicity and high relaxivity. The
paramagnetic electron configurations of Gd-based metallofullerene are the foun-
dation for their high relaxivity. In addition, the geometric structures, in which the
internal Gd atom is effectively isolated from the biological environment, provide
EMFs with high stability and low toxicity. Third, we summarize the application of
fullerene materials as antitumor agents for cancer therapy. Five possible mechanisms
have been summarized based on previous studies: (i) fullerenes treat cancer via pho-
todynamic therapy; (ii) fullerenes treat cancer as antioxidants and neuroprotective
agents; (iii) fullerenes treat cancer as drug delivery agents; (iv) fullerenes treat can-
cer as adjuvants for cancer vaccines; and (v) fullerenes treat cancer via reducing the
nutrient supply to tumor cells. Based on the above achievements, fullerene mate-
rials are promising nanomedicine candidates with feasible uses in the treatment of
diseases.

Based on the abovementioned results, several key issues urgently need to be
addressed. (i) The development of new methods to synthesize, purify, and charac-
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terize fullerene derivatives is an important issue. (ii) The structure–activity relation-
ship needs to be extensively investigated. For instance, the effects of the physico-
chemical properties on the interactions of fullerene nanomaterials with the immune
system need to be extensively investigated. (iii) The toxicology profiles as well
as the biodegradation behaviors of fullerene nanomaterials need to be extensively
studied, although some important pieces of information have been obtained. It is
necessary to adopt new techniques or methods to evaluate the interactions between
fullerene materials and the tumor cells and uncover the underlying mechanisms.
For instance, molecular dynamics simulation may provide some information about
how these materials interact with biomacromolecules. Intense cooperation among
research groups worldwide working in different disciplines will also be very helpful
in addressing this issue within a short time. In summary, with our rapidly growing
understanding of the geometric and electronic structures as well as the underlying
mechanisms of the antitumor activities of fullerene nanomaterials, the rational design
of fullerene nanomaterials with high efficiency and low toxicity for applications of
interest can be realized in the future.
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Carbon Nano-onions for Bioimaging
and Cancer Therapy Applications

Adalberto Camisasca and Silvia Giordani

Abstract Carbon nano-onions (CNOs) are a versatile class of carbon nanomaterials
that recently aroused great interest in the scientific community. Several production
methods have been published, where thermal annealing of detonation nanodiamonds
(DNDs) is the elected method that ensures high yields along with a low cost. Thanks
to their peculiar properties and to the possibilities for functionalizing their surface,
CNOs are employed in different fields. In particular, fluorescently labeled CNOs
are promising candidates in biomedical applications, such as scaffolds for cellular
targeting, imaging, and drug delivery due to their good biocompatibility both in vitro
and in vivo. In this chapter, we will present the unique properties of CNOs and the
different methods used for their synthesis. Additionally, we will review the potential
biological applications of CNOs, and their in vitro and in vivo biosafety assessments.

Keywords Carbon nano-onion · Imaging · Nanomedicine · Fluorescence

1 Introduction

The discovery of a new carbon allotropic form, C60 fullerene, in 1985 by H. Kroto,
R. Curl, and R. Smalley [1], has constituted a turning point in the classical view
of carbon-based structures, composed of diamond and graphite. From that moment,
carbon nanomaterials (CNMs) started arousing great interest in the scientific com-
munity due to their intriguing properties suitable for a large number of applications.
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Fig. 1 HREM image of
CNOs generated by electron
irradiation. Reprinted with
permission from [9].
Copyright 1995 Elsevier Ltd.

This unexpected excitement led, in the last 30 years, to the discovery of a variety
of different CNMs, including carbon nanotubes (CNTs) [2] and graphene [3, 4],
enriching the carbon family [5].

Among the different carbon forms, multi-shell fullerenes also known as carbon
nano-onions (CNOs), or onion-like structures (OLCs), have recently received grow-
ing attention due to their peculiar physicochemical characteristics, such as low den-
sity, large surface area to volume ratio and a graphitic multilayer morphology [6].

CNOs are members of the fullerenes family and exhibit a spherical structure
composed of multiple sp2-hybridized carbon shells forming the particular cage-in-
cage structure (Fig. 1). The spacing between two adjacent shells is approximately
equal to 3.4 Å, slightly different to the distance between two [220] graphitic planes
(3.35 Å) [7]. The innermost shell usually consists of a C60 fullerene, but hollow and
metallic cores have been also reported [8].

Ideally, the carbon atoms which compose the graphitic outer layers increase fol-
lowing the formula 60n2,where n is the number of layers [10].However, the real shape
is typically far from the theoretical one. The presence of amorphous or sp3-hybridized
carbon atoms induces defectiveness in the structure and thus CNOs usually exhibit
a quasi-spherical or polyhedral shape. Furthermore, the size, which typically ranges
from few to tens of nanometers, and the number of concentric graphitic layers depend
on the synthetic procedure used for their production [8].

CNOs were first reported by S. Iijima in 1980; he noted with a high-resolution
transmission electron microscope (HRTEM) the presence of onion-like structured
carbon in the amorphous carbon films, prepared by vacuum evaporation method at
10−6 Torr and 4000 K [11]. However, only a decade later, CNOs started obtaining
attention thanks to D. Ugarte.

In 1992, by irradiating amorphous carbon with an intense electron beam,
he observed the in situ formation of concentric spherical graphitic particles
with well-distinct nucleation centers. The spherical particles formed through an
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irradiation-stimulated graphitization mechanism, which induced the graphitization
and the following curling of the amorphous carbon, exhibited a diameter of about
45 nm and about 70 graphitic shells with an interlayer distance close to that of bulk
graphite [9, 12].

In the perspective to obtain a large-scale fabrication method, a large number of
synthetic strategies for the production of CNOs were developed in the last years,
including arc discharge [13–15], thermal annealing of detonation nanodiamonds
(DNDs) in vacuum [16, 17] and inert atmosphere (i.e., argon [18], nitrogen [19],
hydrogen [20] helium [21, 22], chemical vapor deposition [23, 24], ball-milling [25,
26], ion implantation [27, 28], plasma treatment [29], and laser ablation [30]. The
as-mentioned producing methods are discussed in detail in the next paragraph.

2 Synthesis Methods of Carbon Nano-Onions

Since Ugarte reported a reproducible way to obtain CNOs [12], an intense scientific
research was performed bymany groups with the intent to develop a scalable method
for the production of CNOs with controllable size and shape, with high-yield and
competitive production cost.

After Ugarte’s experiment [12], the production of CNOs by electron beam irra-
diation was investigated by many research groups. Since 1995, Xu et al. conducted
a series of experiments involving electron beam irradiation of amorphous carbon,
demonstrating the formation of giant CNOs from the conversion of amorphous car-
bon film under Al nanoparticles (Fig. 2) [31].

The formation process is divided into three stages: in the first, the nucleus and
the first flake of fullerene are formed under the Al nanoparticle. In the second step,
the fullerene flakes grow into irregular ellipsoidal shells with a large hollow interior;
finally, in the final stage, the formation of quasi-spherical shells is observed by
eliminating the inner hollow. The Al nanoparticles act as nucleation sites promoting
the formation of CNOs with 10–54 graphitic shells and diameter ranging from 4 to
about 38 nm [31].

Thermal annealing of detonation nanodiamonds has emerged as the common
method for the synthesis of small carbon nano-onions, due to the large number of
advantages, such as high yield, high purity, narrow size distribution, and low cost; so
far, this is the only technique that has the potential for industrial application due to
the yield close to 100%. DNDs with average diameter of 5 nm are typically used as
precursor, producing homogeneous, and small carbon nano-onions (typically below
10 nm) approximately consisting of 5–8 carbon shells (Fig. 3).

The high temperatures reached during the annealing process help overcome the
kinetic barrier associated with graphitization. Thermodynamically, the most stable
form of carbon under normal conditions is the graphite and for this reason, the for-
mation of planar graphite should be promoted with respect to a multi-shell structure,
as in the case of carbon nano-onions. This can be explained by the increase of the
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Fig. 2 HRTEM images of the formation of CNOs under Al nanoparticles induced by electron
irradiation at different time: a 0 s, b 540 s, c 900 s, d 1260 s, e 1800, f 2100 s and g 2460 s.
Reprinted with permission from [31]. Copyright 1998 Elsevier Ltd.

contribution of the surface energy of the particle to the total energy in the nanoscale.
The curling of graphitic sheets to form curved structure provides to reduce signifi-
cantly the surface energy of the nanoparticles, removing the dangling bonds present
at the edges of the carbon atoms in the graphitic sheets [32].
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Fig. 3 HRTEM images of a diamond nanoparticles and b spherical carbon onions. Adapted with
permission from [17]. Copyright 2001 American Institute of Physics

Fig. 4 Zipper-like scheme
proposed for the formation
of CNOs from
nanodiamonds. Reprinted
with permission from [33].
Copyright 1999 American
Institute of Physics

In 1994, Kuznetsov first reported the synthesis of CNOs by annealing DNDs in
vacuum [16]. The mechanism of transformation of nanodiamonds to carbon onions
has been reported by the same group in 1999 [33]. The structure of a nanodiamond
contains three different crystal planes, i.e., (111), (110), and (001), which may be
involved in the formation of carbon nano-onions. Based on the analysis of the ener-
getics of the exfoliation of graphite sheets, the transformation of the (001) diamond
planes to form the (002) graphitic planes is more unlikely than that of (111) and
(110) planes due to the more atomic rearrangement required to form graphitic planes
and the much higher cleavage energy.

Based on standard semiempiricalmethod (MNDO) calculations of two-layer clus-
ter models and physical arguments, the (111) diamond planes transform to the (002)
graphitic planes with higher rate than that of diamond (110) planes; therefore, the
preferential exfoliation of the (111) diamond plane is observed.

Based on these results, they proposed a zipper-like scheme (Fig. 4) in which three
(111) diamond planes transform into two (002) graphitic sheets as the graphite–dia-
mond interface migrates into the bulk of the diamond crystal.
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The atoms of the inner diamond layer should take part equally in the formation of
both graphite sheets, ensuring the same length for the two growing graphitic sheets.
Each of the marked groups of atoms provides for the formation of an additional row
of graphite sixfold rings. The process probably proceeds via successive insertion
of two carbon atoms per two sixfold ring of a growing sheet with the intermediate
formation and subsequent reconstruction of eightfold rings [33].

The formation process of carbon nano-onions includes the formation of graphite
fragments, the connection and the curvature of graphite sheets between diamond
(111) planes and closure of graphite layers.

Graphitization preferentially begins at diamond (111) planes,which are composed
of zigzag hexagonal rings that can be easily rearranged into graphite sheet; therefore,
graphite fragmentswith different numbers of carbon atoms exfoliate from the external
surface of any diamond (111) plane and surround diamond particles.

These fragments are rearranged by introducing pentagonal and other polygonal
rings to form a closed shell. The graphite fragments link and tangle around the surface
of the diamondparticle to eliminate danglingbonds, and thengenerate closedgraphite
shells to diminish surface energy. The inner diamond maintains the original shape
and dwindles little by little in the course of transformation. Consequently, graphitic
layers enclose around the diamond surface gradually and carbon nano-onions are
similar to the original particles in shape [34].

The thermal transformation of DNDs to spherical CNOs is a multistep process
(Fig. 5). At temperature below 900 °C, no graphitization occurs and carbon nano-
onions cannot be effectively formed. Annealing performed below this temperature
does not noticeably affect the structure and size of the nanodiamonds and results in the
thermo-desorption of non-carbon impurities. Thermal desorption data and Fourier
transformed infrared spectroscopy indicate that the desorption of water, detachment
of oxygen-containing surface functional groups, and the decomposition of acidic
groups (carboxyl, anhydride, and lactone groups) yielding CO2 and CO gases are
completed at 900 °C. The last non-carbon contaminant (hydrogen) leaves the nan-
odiamond surface at around 850 °C [35, 36].

Experimentally, the graphitization of nanodiamonds should occur at least at
1100–1200 °C because the C–C bonds in inner diamond require enough kinetic
energy to be broken (348 kJ/mol). However, due to the presence of defects and
higher kinetic energy of the surface with respect to the inner part, graphitic fragments
are already formed at 900 °C and increase with increasing annealing temperature,
gradually connecting up into curved graphitic sheets.

At temperatures between 900 and 1100 °C, carbon nano-onions are formedbut still
a small amount of nanodiamonds can be detected within the core of the particles,
suggesting that graphitization of nanodiamonds begins from the particle surface
toward the center. Only above 1400 °C, nanodiamonds are completely transformed
into carbon nano-onions. The main product obtained by this synthetic method is
a perfectly spherical multilayered structure with graphitic shells that ranges from
several to 12 [34].

Parameters such as annealing atmosphere, temperature and holding time are of
critical importance when thermal annealing is selected as synthesis method, because
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Fig. 5 Schematic representation of the transformation from nanodiamonds to carbon onions by
annealing. Reprinted with permission from [8]. Copyright 2016 The Royal Society of Chemistry

from these factors depend shape and number of graphitic layers, and thus the physic-
ochemical properties [37]. The synthesis atmosphere is a very important factor when
producing CNOs. In vacuum, thermal annealing of DNDs produces mainly spherical
CNOs at temperature higher than 1600 °C, while at temperature higher than 1900 °C,
the main product is composed of polyhedral CNOs [38].

In an inert atmosphere such as argon, spherical CNOs are produced at 1500 °C
and increasing the annealing time leads to a growing polygonization of the particles
and the development of ordered graphene-like sheet structures [39]. Furthermore,
the atmosphere in which NDs are annealed is important also in terms of purity of the
product. It has been experimentally demonstrated that annealing in vacuum produces
mainly CNOs, while, in argon, few-layer graphene nanoribbons are formed as by-
products. This is due to the gaseous carbon oxides formed during the decomposition
of the surface functional groups during the annealing; these gases create a partial
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Fig. 6 HRTEM images of the various stages of the transformation of NDs to CNOs. a Initial
stage: The transformation of diamond [111] to graphite planes is evident. b Intermediate stage: a
diamond core is seen within nested nearly spherical shells. c Final stage: carbon onion with a hollow
interior. The numbers are the spacings between the planes indicated by the highlighted parallel lines.
Reprinted with permission from [33]. Copyright 1999 American Institute of Physics

pressure which causes a local carbon etching resulting in the formation of these
graphitic structures [40].

Another important factor is the dimension of the startingNDs: small nanodiamond
particles undergo to the graphitization process at lower temperature compared to
nanoparticles with bigger size due to thermodynamic reason (i.e., higher surface
free energy). Finally, regarding the holding time, it has been observed that a much
prolonged heating time leads to an enhanced graphitization degree even at lower
temperature [37].

In Fig. 6, themain stages of the transformation fromnanodiamond to carbon nano-
onions are shown. Figure 6a shows the presence of graphitic sheets on three sides
of the nanodiamond, confirming that the exfoliation occurs preferentially from the
diamond (111) surfaces. The exfoliated planes tend to merge with the nanodiamond
surface and sometimes with each other to avoid the formation of dangling bonds.
Figure 6b, c shows structures at more advanced stages of graphitization. In Fig. 6b,
a residual nanodiamond core is still observed in the concentric spherical structure.
Figure 6c illustrates a later stage of the transformation in which a carbon nano-onion
is formed, enclosing a hollow fullerene-like sphere [33].

Arc discharge is a traditional method for the synthesis of fullerenes [41] and thus
suitable for CNOs. The main drawback of this method is the inevitable production
of carbonaceous impurities, such as CNTs and amorphous carbon, together with the
desired product, requiring thus purification processes.

In 2001, Sano et al. reported the large-scale synthesis of high-purity spherical
carbon nano-onions by an arc discharge in deionized water [13], providing high yield
without the necessity of a vacuum equipment; the apparatus used for the synthetic
procedure is reported in Fig. 7a. Under a constant and relatively low discharge current
of 30 A, a discharge voltage of 16–17 Vwas applied between two graphite electrodes
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Fig. 7 a Schematic of the apparatus used for arc discharge in water with a digital image of the
discharge. Reprinted with permission from [14]. Copyright 2002 American Institute of Physics; b
HRTEM image of carbon nano-onions floating on the water surface after their production. Scale
bars, 10 nm. Reprinted with permission from [13]. Copyright 2001 Macmillan Magazines Ltd.

submerged in deionizedwater. The as-synthetized carbon nano-onions (Fig. 7b), with
average size of 25–30 nm and composed of 15–30 shells, were recovered as floating
powder on the water surface, separated from the other products through natural
segregation, thus ensuring high-purity material [13].

The same group proposed a model to explain the mechanism of formation of
carbon nano-onions in a water arc [14], schematically shown in Fig. 8.

Between the two electrodes, a hot plasma zone is established; this produces the
vaporization of the surrounding liquid, forming a gas bubble, which surrounds the
plasma zone. At the gas–liquid interface, the reaction of C atomic vapor and H2O
produces CO and H2 as given below

C + H2O → CO + H2

The extremely sharp temperature gradient in the gas bubble from the hot plasma
region (T≈ 4000 K) to the gas–water interface (T� 373 K) causes the rapid solidifi-
cation of the vaporized carbon; this condenses when in contact with the surrounding
cold aqueous environment, producing carbon nano-onions.

The type of product formed depends on which part of the cold zone occurs the
quenching of the carbon vapor. In the zone (I), where the quenching occurs within
the ion current adjacent to the hot plasma zone, elongated structures such as CNTs
are preferentially produced due to the epitaxial growth which occurs in this zone. In
the zone (II), instead, a three-dimensional (3D) isotropic growth occurs because of
the absence of an axis of symmetry, thus producing CNOs [14].

Recently, Borgohain et al. reported the synthesis of carbon nano-onions prepared
via optimized underwater arc discharge [15]. Under new experimental conditions,
they produced high-quality carbon nano-onions (20–25 nm in size) with minimal
impurities and narrow polydispersity (Fig. 9a). Furthermore, they developed an
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Fig. 8 Proposed formation mechanism of CNOs in a water arc. a Relative electric field strength
between a rod anode (17 V) and a flat cathode (ground) in a gas bubble surrounded by water.
b Direction of thermal expansion from plasma to the water interface. c Qualitative ion density
distribution. d Temperature gradient. The formation of elongated nanoparticles in zone (I) and
onions in zone (II) is also shown schematically. Reprinted with permission from [14]. Copyright
2002 American Institute of Physics

efficient purification method to screen out carbonaceous and metal impurities from
carbon nano-onions (Fig. 9b) [15].

Chemical vapor deposition (CVD) is a convenient method for producing CNOs
due to the low cost, high yield, and direct control on the synthesis. In a typical CVD
process, hydrocarbons such as methane are decomposed with the aid of a catalyst to
form both hollow and metal-encapsulated CNOs [42, 43].

In 2006, He et al. reported the production of carbon nano-onions via chemical
vapor deposition (CVD) at a low temperature (600 °C) by the catalytic decomposition
of CH4 on a Ni/Al catalyst [24]. The carbon onions consist of several concentric
carbon layers surrounding either a hollow core or a nickel particle with sizes ranging
from 5 to 50 nm (Fig. 10). The shape of the carbon onions depends on the shape
of the nickel particle: when the nickel particle has a quasi-spherical structure, the
graphite layers roll around the spherical particle and form a similarly spherical carbon
onion; otherwise, when the nickel particle exhibits a polyhedral shape, this results in
a polyhedral carbon onion. They suggest that the formation of carbon nano-onions
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Fig. 9 HRTEM images of a purified CNOs and b carbonaceous impurities. Adapted from [15].
Copyright 2013 Elsevier Ltd.

Fig. 10 High-resolution TEM images of a hollow and b Ni-encapsulated carbon onions. Adapted
from [24]. Copyright 2005 Elsevier Ltd.

occurred directly from the gas phase and the Ni particles acted as catalyst, inducing
curvature in graphite layers, remaining trapped in the carbon shells [24].

He et al. proposed amechanism for the formationofmetal-filled andhollowcarbon
onions (Fig. 11) [44]. In the first case (Fig. 11a), the growth processes involve the
adsorption of carbon vapor on the nickel nanoparticle, followed by the formation of
graphitic layers around its surface (VS mechanism). In the case of CNOs with an
empty core (Fig. 11b), the process is the same but because of the nanometer-size of
the particles, the evaporation of small nickel nanoparticles occurs, forming CNOs
with a hollow core (VL mechanism) [44].

Chen et al. reported the high-yield synthesis of high-purity carbon nano-onions
via radio frequency plasma-enhanced chemical vapor deposition (PE-CVD) by using
a mixture of CH4 and H2 and a cobalt-based catalyst [23]. The product contains only
spherical nanoparticles with size ranging from a few to several tens of nanometers
(Fig. 12).
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Fig. 11 Schematic depiction of growth processes of the carbon onion. a Vapor–solid (VS) mech-
anism and b vapor–liquid (VL) mechanism. Reprinted with permission from [44]. Copyright 2005
Elsevier Ltd.

Fig. 12 HRTEM image of a
typical onion formed on
catalyst, containing several
cores on its center. Reprinted
with permission from [23].
Copyright 2001 Elsevier Ltd.

The low temperatures required in the radio frequency plasma-enhanced CVD
method proved that CNOs could be produced without the help of high-energy levels.

In the process, the formation of many cages in successive stages from the core to
the surface is essential. The nucleus is a dome formed by one part of a C60 molecule
and its growth by addition of hexagons and pentagons leads to the formation of a
first cage. This first cage acts as a substrate on which further layers may nucleate and
grow into a second, third, etc., spherical cage.
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Fig. 13 TEM images of the products from coal: a overall views and b the partially magnified
HRTEM images of (a). Reprinted with permission from [29]. Copyright 2006 Elsevier Ltd.

With the increase of cage surface area, the new secondary surface may involve
pentagons, hexagons, and heptagons, which deposit with various degrees of epitaxial
coherence, resulting in the formation of wavy carbon sheets.

In the classical pyrolytic CVD process, the hydrocarbon is adsorbed and decom-
posed on the front of the metal particles and then the carbon layers form on the back
of the metal particles, resulting encapsulated by carbon layers.

In the case of radio frequencyplasma-enhancedCVD, the hydrocarbon is adsorbed
at the surfaces of the catalytic particles and, in the meantime, the process of glow
discharge leads to CH4 decomposition, resulting in the formation of carbon rings,
which tend to nucleate on the surfaces of the catalyst. Furthermore, in the presence
of atomic hydrogen in the plasma, free carbon valences on the ends of carbon layers
can be stabilized by the formation of C–H bonds.

The product obtained by this method is pure and can be easily separated from the
catalytic particles, which are not encapsulated in the nanoparticles [23].

Radio frequency plasma is another method for the production of CNOs due to the
low cost of the precursors (typically coal and carbon black).

Du et al. reported the synthesis of carbon nano-onions in high yields from coal and
a mixture of coal and graphite by radio frequency plasma [29]. In both cases, the par-
ticles display a clear polyhedral or quasi-spherical morphology with a hollow center,
having an average diameter ranging from 10 to 35 nm and high purity (Fig. 13).

The particles synthesized from coal and graphite display higher degree of graphi-
tization, more regular morphology, smoother and cleaner surfaces, whereas coal-
derived particles show a relatively low degree of graphitization, and the graphite
sheets are wavy. They proposed that graphite sheets act as the building blocks during
the growth: over ten thousand carbon atoms were needed only in the innermost shell
and enough regular aromatic fragments cannot be provided only by the decomposi-
tion of coal within the extremely short time, but the graphite added to the coal sample
can fulfill the work and help to form regular cage structure.

Furthermore, the growth of the carbon nano-onions is supposed to begin at the
innermost shell and progress toward the surface [29].
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Fig. 14 HRTEM images of the closed-shells nanostructures with a a hollow core, b an inner metal
particle. Reprinted with permission from [25]. Copyright 2000 Elsevier Ltd.

In 1999, Huang et al. reported the synthesis of highly curled carbon nanostructures
during high-energy ball-milling of graphite. The direct bending of the flat sp2 sheets
under the heavy mechanical deformation was due to the introduction of strain or
lattice defects in the structure, with bending that fall in the range of a few degrees to
less than 180° [26].

The following year, Chen et al. proposed a two-step model for the as-mentioned
production method [25]. In the first step, the flat graphite sheets are bent or curved
by ball-milling and many defects and dangling bonds are present in the structure.

At a later time, when the ends of the two curved graphite sheets are very close
to each other, the high-energy ball-milling provides enough energy to graphitize for
imperfect graphitic structure and to allow closure of the network.

Anyway, different carbon nanostructures are produced via ball-milling, including
nanoparticles which consist of an inner metal core and outer graphitic shells, making
this method useless to produce high-purity carbon nano-onions (Fig. 14) [25].

In 1995, Cabioc’h et al. reported, for the first time, the synthesis of carbon nano-
onions via carbon ion implantation onto copper substrates [45] and in the following
years, the same groups published different work on this topic.

In 2000, they reported the carbon ion implantation performed onto copper and
silver substrates and demonstrated the potential of the technique in adjusting the size
and controlling the microstructure of the carbon onions.

By varying synthesis parameters such as temperature and ion flux, they obtained
particles with size that ranges from 3 up to 30 nm (Fig. 15). Furthermore, they
discussed the nucleation and growth mechanisms of the carbon onions during the
ion implantation process and concluded that the formation of carbon nano-onions
occurred inside the volume of the metallic substrate silver or copper due to the
immiscibility of carbon in the metal. However, this method showed the disadvantage
of the presence of heteroatoms in the structure [27].
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Fig. 15 HRTEM
micrograph of carbon onions
synthesized by ion
implantation in a silver thin
film deposited on a silica
substrate. Reprinted with
permission from [27].
Copyright 2000 Elsevier Ltd.

Fig. 16 Schematics of the laser ablation chamber design for KrF excimer laser. Chamber schemat-
ics: 1—quartz laser window; 2—quartz tube; 3—electrical oven; 4—target; 5—graphite transfer
rod; 6—cold finger; 7—vacuum gauge. Reprinted with permission from [30]. Copyright 2014
Allerton Press, Inc.

In 2014, Dorobantu et al. reported the production of carbon nano-onions by laser
ablation of commercial pure graphite targets [30]; the schematization of the chamber
used is shown in Fig. 16.

The laser ablation chamber consists of a quartz tube (2), 60 mm in diameter,
mounted inside a hinged tube furnace (3). The temperature of the furnace can be
varied from 30 °C up to 1200 °C and the quartz tube is O-ring sealed to ensure
pressure control from 10−3 Torr up to atmospheric pressure. The ablation gas is
entering the chamber just after the quartz window (1), controlled by a flowmeter (7).
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Fig. 17 HRTEM image of
clustered CNOs. Reprinted
with permission from [30].
Copyright 2014 Allerton
Press, Inc.

The flow can be varied from 0 to 300 L/h and the length of the oven has been
increased to 675 mm, ensuring a quite constant temperature zone or a smaller tem-
perature gradient inside the chamber. Pulsed laser vaporization experiments were
carried out using an excimer laser (wavelength of 248 nm, 25 ns pulse length, and
10 Hz repetition rate) focused on a pure graphite commercial target surface, keeping
the pressure inside the reactor at 7 Torr, while the argon flow at about 300 L/h.

The observed plume resulting from the laser interaction with the graphite target
(4) was 20–30 mm long and the ablation products condensed on the water-cooled
cold finger (6). The temperature of the oven was kept constant at 900 °C during the
entire experiment.

The ablationof the pure graphite target produceswell-defined carbonnano-onions,
both individual and clustered through an amorphous carbon matrix; no amorphous
carbon can be found inside the shell, resulting in highly pure carbon nano-onions
(Fig. 17). The as-synthetized carbon nano-onions are spherically shaped and have a
concentric shell structure formed by 10–20 shells with a regular and very small (less
than 5 nm) hollow core.

The size typically ranges from 10 to 25 nm and the graphitic interlayer distance
was found to be 0.35 nm, which is close to the ideal graphitic interlayer spacing [30].

Several other ways to synthetize carbon nano-onions were published so far.
Bystzejewski et al. reported the catalyst-free synthesis of carbon nano-onions by
thermolysis of a sodium azide (NaN3) and hexachlorobenzene (C6Cl6) mixture.
The production was performed in a modified stainless steel calorimetric bomb
under argon or air atmosphere where the reagents, after mixing in a mechanical
shaker, were loaded in a quartz crucible inside the chamber. The by-products were
completely removed using a simple purification process. This method allowed the
production of carbon nano-onions with an average size between 30 and 100 nm
along with impurities such as amorphous carbon nanoparticles and NaCl, removed
after a purification step. The formation of carbon nano-onions was likely caused by
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a shock wave, a rapid increase of pressure, during thermolysis, which induced the
coalescence of phenyl radicals [46].

In 2012, Choucair et al. reported the gram-scale synthesis of pure carbon nano-
onions by flash pyrolysis of a polyaromatic hydrocarbon (naphthalene) vapor onto a
glass or ceramic substrate. The product was then purified by heating at mild tempera-
tures (ca. 200 °C) under vacuum, resulting in large quantities of carbon nano-onions
with an average size of about 50 nm and composed of 50–54 shells, free of both
impurities and other carbon allotropes [47].

In another work, Du et al. reported the production of carbon nano-onions with a
size ranging from 60 to 90 nm via thermal reduction of a mixture of glycerin and
magnesium at 650 °C in a stainless steel autoclave [48].

In 2003, Hou et al. reported the formation of carbon nano-onions under shock
condition by using SiC as a source of carbon yielding nanoparticles with 10–30 nm
in average size and several to 20 graphitic layers [49].

In 2007, Yan et al. reported the production at low temperature (below 200 °C) of
graphitic carbon nanostructures by solution-phase synthesis methods (solvothermal
synthesis and hot injection) by using commercial mesophase pitches (MPs) as a
carbon precursor. This process allowed the production of carbon nano-onions with
diameters of 30–80 nm along with small carbon nanoparticles (3–6 nm in diameter)
and carbon nanopores (with a length of hundreds of nm and a width of 3–20 nm)
[50].

Ghosh et al. reported the production of CNOs by pyrolysis of wood wool at
600 °C in a muffle furnace under a flow of nitrogen/oxygen (95:5) gas mixture for
2 h [51–53].

Dubey et al. reported the gram-scale synthesis of CNOs by burning common
carbonaceous sources such as camphor and polystyrene foam in the presence of
insufficient amounts of oxygen in the atmosphere [54].

Another way to produce carbon nano-onions is by counterflow diffusion flame
synthesis onto a catalytic Ni substrate, published by Hou and coworkers in 2008.
In details, they focused on the influence of C2H4/CH4/N2 mixed fuel in terms of
ethylene and methane concentrations and oxygen concentrations on the synthesis
of carbon nano-onions. The results showed that only carbon nano-onions (and no
carbon nanotubes) were synthesized with an oxygen concentration of 50%, ethylene
concentration of 5% and methane concentration between 15 and 45%. Additionally,
they showed that the methane concentration strongly influenced the diameters of
carbon nano-onions: the average diameters were increased ranging from 5 to 60 nm
when methane concentration was increased from 15 to 45%, opening the possibility
to control the yield and size by varying the methane concentration [55].

As clearly highlighted from the above discussion, depending on the production
methods, CNOs differ on theirmorphological characteristics and this lead to nanopar-
ticles that own unique physicochemical properties.

In 2007, Echegoyen et al. reported a comparison between carbon nano-onions
synthetized in two different ways in terms of physicochemical properties and
reactivity. Small CNOs (average size of 5 nm and composed of 6–8 shells) were
produced by thermal annealing of DNDs, while the arching of graphite underwater
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led to the formation of larger carbon nano-onions (20–30 shells) with size ranging
between 15 and 25 nm. Nanodiamond-derived CNOs exhibit smaller radii and
consequently higher curvature; this results in a greater reactivity than the larger
carbon nano-onions because it is known that fullerene reactivity is partially dictated
by the degree of surface strain: the higher the curvature, the greater the reactivity.

Raman spectroscopy suggested a more defective outer structure for the small
CNOs, while thermogravimetric analysis (TGA) higher thermal stability. Accord-
ing to this, differences in terms of reactivity and subsequent functionalization are
expected. The authors proved that the smaller carbon nano-onions were successfully
functionalized by [2+1] cycloaddition, free-radical addition, and oxidative reactions,
whereas the bigger carbon nano-onions did not react under the same experimen-
tal conditions. This demonstrated the higher reactivity of the nanodiamond-derived
CNOs due to the larger curvature as well as the higher surface-to-volume ratio [21].

3 Bioimaging Applications of Carbon Nano-onions

All carbon nanomaterials typically display poor solubility in both aqueous and
organic solvents, due to their highly hydrophobic nature. The high tendency to form
aggregates, promoted by strong intermolecular interactions, such as van der Waals
forces, can seriously affect their applicability in different fields. Thus, the introduc-
tion of surface functional groups on the surface of CNMs is very important to make
them suitable for applications; in particular, the improvement of the solubility and
the dispersion properties are important factors for biomedical applications

In the last years, several chemical functionalizations of CNOs introducing dif-
ferent functional groups were reported, including both covalent and non-covalent
pathways, schematized in Fig. 18 [56].

The first covalent functionalization of CNOs was published in 2003 by Prato
et al. [57]. The authors reported an azomethine ylide addition reaction on CNOs,
derived from the raw soot produced by arc discharge, performed in a mixed solution
of amino acid and paraformaldehyde refluxing in toluene. 1H NMR spectroscopy,
MALDI mass spectroscopy, and UV-vis-NIR spectroscopy confirmed the successful
functionalization of CNOs and HRTEM studies revealed an average size between
60 and 300 nm. The modified CNOs displayed enhanced solubility in many organic
solvents, such as chloroform and dichloromethane [57]. Since this work, different
functionalization pathwayswere published, including 1,3-dipolar cycloaddition [58],
oxidation [21, 58–60], cyclopropanation [21], radical addition [21], fluorination [61],
radical addition of diazonium compounds [62], and many others.

The development of several functionalization pathways to incorporate different
functional groups and molecules, such as fluorophores onto the surface, led to the
possibility to use these CNMs in a wide range of applications including electronics
[63], sensing [64], and biology [65–67].
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Fig. 18 Covalent functionalization pathways for CNOs. Reprinted with permission from [56].
Copyright 2014 Bartelmess and Giordani; licensee Beilstein-Institut

Among the different CNMs, fullerenes [68, 69], carbon nanotubes (CNTs) [70,
71], carbon dots [72, 73], and graphene [74] have been the subject of the most intense
research in the biological field as imaging agents and drug delivery vectors.

Besides their unique physical and chemical properties, CNMs present the advan-
tage of a small size, which ranges from a few nanometers up to a few hundred
nanometers. This size is comparable to that of common biological macromolecules,
such as proteins, enzymes, and DNA, making CNMs very suitable for biological
applications. Furthermore, the possibility to use these nanomaterials as vehicle for
specific drugs may pave the way for the development of innovative approaches for
drug delivery [66].

CNOs have been successfully applied in several fields including electronics [8,
37, 75, 76], catalysis [77, 78], and tribology [79, 80]. In the last years, many efforts
have been made to explore CNOs for biological and biomedical applications [81].

The development of nanosystems capable to carry therapeutic agents for specific
targeting holds great potential in nanomedicine, in particular in the treatment of
cancer.

In this framework, CNOs present unique physicochemical properties, making
them suitable as nanoplatforms for intracellular transport. Their small size allows
them to be easily carried in the circulatory system; the high surface area along with
the several decorationmethods available nowadays allowCNOs to be easilymodified
on their surface and be functionalized with fluorophores, or multiple ligands, giving
the possibility for the targeted transport of therapeutic agents [65].
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When exploring this kind of applications, detailed studies on toxicity are required
before a potential use in the living system.

To date, CNO-based systems have shown very promising results both in vitro and
in vivo, such as low cytotoxicity and weak inflammatory potential; in the following
sections, we will discuss in particular the literature involving CNOs as biological
imaging agent and drug delivery system, discussing first the in vitro studies and then
moving to the in vivo.

3.1 In Vitro Investigation of CNOs

The toxicity assessment of CNOs was carried out by Ding et al. in 2005 in a compar-
ative study where human skin fibroblast cell populations were exposed to different
concentrations of CVD-derived multiwall carbon nanotubes (MWCNTs) and multi-
wall carbon nano-onions (MWCNOs), produced by arc discharge method [82]. In a
dose-dependent way, both CNMs were found to be toxic in a dose-dependent way, in
the exposed skin fibroblasts (Fig. 19), generating mRNA level changes and thus seri-
ously affecting the cellular functions in maintenance, growth, and differentiation.
However, a material-dependent cytotoxicity of MWCNOs and no innate immune
responses on the cells were observed [82].

The same MWCNOs, with an average size of around 30 nm, were tested by Xu
et al. on humanumbilical vein endothelial cells (HUVECs) at different concentrations
[83]. At low concentration, MWCNOs showed good cytocompatibility, while, at
higher concentrations, significant toxic effect was observed (Fig. 20) suggesting a
dose-dependent effect of MWCNOs on cell survival, which leads to the inhibition
of the cell growth. Furthermore, MWCNOs showed genotoxic effects and the DNA
damage on HUVECs [83].

In 2010, Luszczyn et al. reported the covalent functionalization of small CNOs
with biomolecules availing of the avidin-biotin interactions [59]. The cytotoxicity of
pristine and functionalized CNOs (oxidized and PEGylated derivatives) was inves-

Fig. 19 Cell viability
measurements after
treatment of skin fibroblast
cells with carbon
nanomaterials at cytotoxic
doses. Adapted with
permission from [82].
Copyright 2005 American
Chemical Society
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Fig. 20 The cell viabilities of MWCNOs on HUVECs at 24 h treated with various concentrations
of MWCNOs. Reprinted with permission from [83]. Copyright 2011 Wiley Periodicals, Inc.

Fig. 21 Viability of fibroblasts after being exposed to three concentrations (white bar: 30mgmL−1,
gray bar: 300 mg mL−1, black bar: 3000 mg mL−1) of pristine CNOs and modified CNOs (CNO-
PEG and ox-CNO). Reprinted with permission from [59]. Copyright 2010Wiley-VCHVerlag 4870
GmbH&Co. KGaA, Weinheim

tigated after exposure of the different CNMs, at three different concentrations, to rat
dermal fibroblasts for 4 h. All the tested CNOs did not induce any toxic effects at
the lower concentration (almost 100% viability), while just a slight reduction (about
15%) was observed at the highest concentration (Fig. 21). This was the first evidence
of the non-cytotoxicity of CNOs synthetized by thermal annealing [59].

Another comparison study of the cellular toxicity between MWCNTs and CNOs
was published by Kang et al. in 2015 [84]; in this work, the CNMs were produced
by CVD and laser irradiated flame aerosol method, respectively. Both nanomaterials
were tested on a human bronchial epithelial cell line, assessing the effects of different
parameters, such as morphology, metal catalysts, hydrophilicity, and ROS, on cyto-
toxicity. CNOs showed higher cytocompatibility (Fig. 22a) compared to MWCNTs.
These resultswere ascribed to the differentmorphologies of the carbon nanoparticles,
suggesting that this parameter plays an important role in these processes. Further-
more, even in the presence of an antioxidant, CNOs displayed a lower generation



438 A. Camisasca and S. Giordani

Fig. 22 a WST-1 assay on 16HBE14o-cells incubated with MWCNTs and SCNPs for 24 h.
ROS formation measurement in 16HBE14o-cells using DCFH-DA for bMWCNTs and c SCNPs.
Adapted with permission from [84]. Copyright 2015 Springer Science+Business Media Dordrecht

of ROS (Fig. 22b) and a higher cell viability than MWCNTs (Fig. 22c), suggest-
ing that the cytotoxicity of MWCNTs was mainly arising from ROS generated by
cell–particle interaction [84].

Recently, Tripathi et al. reported the use of CNOs as imaging agent in Escherichia
coli and Pseudomonas putida cells [85]. CNOs were produced via pyrolysis of veg-
etable ghee and, after an oxidation process, were found to exhibit an intrinsic and
tunable photoluminescence, allowing for their use as imaging fluorescent probes
(Fig. 23). Furthermore, the same nanoparticles were used for the selective sensing of
glucose based on the fluorescence “turn-off/turn-on” mechanism of CNOs, showing
promising results in terms of response time along with a good detection limit [85].

In the last 5 years, our groups reported several examples of CNO-based fluorescent
nanoprobes for biological imaging and drug delivery; CNOs tested in our works were
synthetized by thermal annealing of DNDs. Different surface modification pathways
were employed, in order to enhance the solubility and to attach specific functional
molecules such as fluorophores, allowing for the development of system capable for
both imaging and targeting purposes [81].

In 2013, we investigated the effects of raw, purified and the functionalized single-
walled carbon nanotubes (SWCNTs) and CNOs on the inflammatory and NLRP3
inflammasome activation properties [86]. Purified single-walled carbon nanotubes
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Fig. 23 Fluorescence microscopic images of E. coli (a) and (b) and P. putida (c) and (d) under
488 nm (green) and 562 nm (red) band pass filters, respectively. Reprinted with permission from
[85]. Copyright 2016 The Royal Society of Chemistry

(p-SWCNTs) [87] and carbon nano-onions (p-CNOs) [58] were oxidized following
the one-pot Tour reaction [62, 88, 89] and then coupled with a fluoresceinamine by
amide reaction to yield the fluorescently labeled derivatives (fluo-CNTs/-CNOs). The
fluoresceinamine-functionalized derivatives were efficiently internalized by immor-
talized bone marrow derived mouse macrophages (iBMM) and mouse bone marrow
derived dendritic cells (BMDCs), as suggested by the green fluorescence in Fig. 24;
furthermore, p-SWCNTs,and p-CNOs did not induce any dendritic cell maturation
and any secretion of the inflammatory cytokines.

SWCNTs and CNOs exhibited the ability, in the presence of TLR ligands, to pro-
mote the release of the inflammatory cytokines IL-1 β by BMDCs and to induce the
activation of the NLRP3 inflammasome; CNOs exhibited an in vitro and in vivo low
inflammatory potential. Moreover, compared to SWCNTs, CNOs showed a higher
uptake by antigen-presenting cells and were more efficiently targeted to draining
lymph nodes. We also demonstrated that the chemical functionalization had an
impact on the inflammatory properties, showing that the functionalization signifi-
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Fig. 24 Fluoresceinamine-functionalized CNOs (fluo-CNOs): structure (left) and confocal image
(right) of C57BL/6 BMDCs incubated with fluo-CNOs and stained with wheat germ agglutinin-
Alexa Fluor594 (red) and nuclei stain Hoechst (blue). Reprinted with permission from [81]. Copy-
right 2017 Elsevier Ltd.

cantly reduced the in vitro release of IL-1 β and the in vivo recruitment of innate
inflammatory cells [86].

In 2014, we reported the development of a high-resolution imaging platform,
composed of CNOs and a highly fluorescent boron dipyrromethene dyes (BODIPY-
CNOs), [90]. The boron dipyrromethene (BODIPY) derivative was covalently
attached by ester reaction to the surface of benzoic acidCNOs (benz-CNOs), obtained
by using the modified Tour reaction previously described [62, 88, 89]. The in vitro
toxicity of our nanoprobe was tested on MCF-7 human breast cancer cells, exposed
to different concentrations of CNO derivatives. Cellular viability tests (Fig. 25a,
b) did not show any toxic effects up to 72 h of exposure. Confocal live imaging
showed an excellent internalization of BODIPY-CNOs inside the treated cells and,
furthermore, co-localization experiments, by using a lysotracker probe, demonstrated
that BODIPY-CNOs localized in lysosomal vesicles, as suggested by the yellow co-
localization signals in Fig. 25c [90].

Another CNO-based fluorescent probe was reported in 2015 by our group, with
enhanced water solubility [60]. The chemical oxidation, carried out in a 3M solution
of nitric acid, led to the introduction of a large number of carboxylic acid functionali-
ties onto the surface of p-CNOs. The oxidized CNOs (oxi-CNOs) were then coupled
with fluoresceinamine dyes to produce fluoresceinamine functionalized CNOs (fluo-
CNOs) with high water solubility and good emission properties in cellular media.
The cellular viability of the CNOs derivatives was tested on HeLa cells and no sig-
nificant cytotoxicity was observed for all the tested concentrations (Fig. 26a, b) after
72 h of incubation. Confocal microscopy showed an efficient uptake of fluo-CNOs by
HeLa cells (Fig. 26c–e), with an intense green emission coming from the fluorescent
CNO derivatives internalized by endocytosis [60].
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Fig. 25 Cellular viability of MCF-7 cells treated for 24, 48, and 72 h after exposure to different
CNOs. a with 0.5, 1, and 10 μg mL−1 benz-CNOs and b with 0.5, 1, and 10 μg mL−1 BODIPY-
CNOs. c Cellular uptake of BODIPY-CNO nanoparticles visualized by confocal microscopy imag-
ing in MCF-7 cells incubated for 48 h with 10 μg mL−1 BODIPY-CNOs. Green fluorescent
BODIPY-CNOs (left), lysosomes stained with Lysotracker Red probe (middle) and merged images
(right). Adapted with permission from [90]. Copyright 2014 The Royal Society of Chemistry

In 2015, we reported the dual functionalization of CNOs with imaging and target-
ing ligands [91]. Starting from benzoic acid CNO derivatives (CNO-1), a multiple
covalent functionalization strategy was employed to attach fluorescein (FITC) and
folic acid (FA) units on the surface of CNOs, as imaging and targeting units, respec-
tively. The successful realization of the CNOs conjugates was proved by several
characterization techniques such as XPS, ToF-SIMS, TGA, FT-IR, and fluorescence
spectroscopies. The cytocompatibility of the different CNOs derivatives, including
CNO-1, CNOs with FITC and FA (CNO-4) and CNOs with only FITC (CNO-5),
was tested in HeLa and KB cells and the results showed good viability for both cell
lines (Fig. 27).

Confocal live cell imaging showed an efficient cellular uptake of the fluorescent
CNO derivatives by HeLa cells and their localization in lysosomes. This was further-
more confirmed by correlative imaging analysis (CLEM), which showed the pres-
ence of large aggregates of CNOs inside late-endosome/lysosome vesicles (Fig. 28).
Finally, in order to establish the effect of the conjugated folic acid on cell targeting,
KB cells, which overexpress folate receptors, were incubated with both CNOs con-
jugates. While confocal images of CNO-5 showed low fluorescence signal, CNO-4
bearing FAwasmore efficiently internalized by the cells, accumulating in the vesicles
and displaying a widely spread emission; this suggested a folate-mediated endocyto-
sis pathway for the uptake of CNOs by cancer cells. This evidencewas also confirmed
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Fig. 26 Cellular viability of HeLa cells after exposure to 1, 2, 5 and 10 μg ml−1 ox-CNO (a) and
fluo-CNO (b). Confocal image of HeLa cells after incubation for 24 h with 1 (c), 5 (d) and, 10 (e)
μg ml−1 of fluo-CNO. Adapted with permission from [60]. Copyright 2015 IOP Publishing Ltd.

by minimal internalization of CNO-4 in the presence of free folic acid in solution,
which is the consequence of the competition for the folate receptors on the cell
membranes [91].

In 2015, we reported the first fluorescent CNO nanoprobe based on non-covalent
interactions between CNOs and a synthesized pyrene–BODIPY molecule (3) [92].
This functionalization approach exploited the π–π stacking interactions between
the pyrene unit of 3 and the extended aromatic system on the surface of p-CNOs.
The cellular viability on HeLa cells showed low cytotoxicity for the CNOs hybrids
at all the concentration tested up to 72 h of incubation (Fig. 29a). p-CNO/3 were
efficiently uptaken by cells, as suggested by the strong green fluorescence detected
in the perinuclear region (Fig. 29c); furthermore, a low CNOs hybrids internalization
was observed when incubating cells at 4 °C (inset of Fig. 29c) [92].

In the visible region, tissue and water induce phenomena of absorption and scat-
tering, leading to the attenuation of the signal. For this reason, in the last years, many
researchers have been involved in the development of imaging agents emitting in the
near infrared region (NIR, 650–1450 nm). In this “imaging windows”, tissue exhibits
minimal absorption, resulting in deeper penetration in biological tissues than visible
light [66].
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Fig. 27 a–c Cellular viability of HeLa cells, and d–f KB cells after exposure to 2, 5, 10 and
20 mg mL−1 of CNO-1 (a, d), CNO-4 (b, e) and CNO-5 (c, f). Adapted with permission from [91].
Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

With the aim to increase the imaging properties of CNO-based fluorescent probes,
we reported, in 2014, the in vitro investigation on HeLa cells of an imaging system
based on NIR active boron difluoride azadipyrromethene methoxy-substituted-
functionalized CNOs (CNO-1a) [93]. Cytotoxicity studies showed no significant to
effects up to concentrations of 100μg/mL for 72 h of incubation (Fig. 30a). The NIR
system showed an excellent internalization of CNOs and a very strong NIR emis-
sion, in particular in the perinuclear region (Fig. 30b). Furthermore, the hydroxyl-
substituted NIR-BODIPY functionalized carbon nano-onions exhibited an emission
on/off reversibility modulated in response to pH; the on/off switching ability was
retained in vitro, where, only at acidic pH, a strong NIR emission was observed [93].

An interesting bioimaging system with emission in the far-red/NIR region was
reported in 2015 [94]; the bright nanoprobe based on CNOs was obtained through
the surface functionalization of CNOs with a highly fluorescent bromo-terminated
BODIPY alkyl ether dyes (Fig. 31, left side). Different characterization techniques,
including thermogravimetric analysis, Raman, absorption and fluorescence spectro-
scopies, confirmed the successful development of a promising biological imaging
agent. In particular, the excellent performance in terms of fluorescence was con-
firmed by means of confocal microscopy. After the dispersion of the samples in a
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Fig. 28 Correlative light electron microscopy analysis of HeLa cells doped with 10 μg mL−1 of
CNO-4 for 12 h at 37 °C. a Lowmagnification TEM reconstruction of two cells doped with CNO-4.
b Superimposed fluorescence and TEM reconstruction of the same cells shown in a (imaged in a
different section). The co-localization of CNO-4 (green fluorescence) within lysosomes stained
with Lysotracker (red) results in yellow fluorescence. c Higher magnification TEM image of the
boxed area in b. Note, the two endosomes containing CNO-4. d–g Higher magnification images of
the boxed areas from C imaged, respectively, in defocused TEM (d, f) and in high angular annular
dark field (HAADF) scanning TEM (e, g). The nuclei are labeled with “n”. Scale bars: a, b 4 mm,
c 2.5 mm, d–g 0.5 mm. Adapted with permission from [91]. Copyright 2015 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim

Fig. 29 a Cellular viability of HeLa wt cells after exposure to different concentrations (2, 5, 10,
20 μg mL−1) of p-CNO/3. b Confocal images of fixed HeLa cells incubated for 30 min at 37 °C
with 10 mg mL−1 of p-CNO/3. The insets show the corresponding uptake of p-CNO/3 by HeLa
cells incubated at 4 °C. Adapted with permission from [92]. Copyright 2015 The Royal Society of
Chemistry

drop of water on a polystyrene slide, the 3D z-stacking images (Fig. 31, right side)
showed a bright red fluorescence throughout the whole sample area [94].

Recently, we reported a fluorescent on/off modulated nanoprobes based on the
covalent functionalization of CNOs with a π-extended distyryl-substituted boron
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Fig. 30 a Viability of HeLa cells at 12 h (green bar), 24 h (yellow bar), 48 h (red bar) and 72 h
(blue bar) after exposure to increasing doses (2; 10; 20; 50; 100 μg mL−1) of CNO-1a. b confocal
microscopy images of CNO-1a (red color), internalized in HeLa Kyoto cells in the case of the
confocalmicroscopy image. Adaptedwith permission from [93]. Copyright 2014TheRoyal Society
of Chemistry

Fig. 31 Far red-NIR-BODIPY functionalized CNOs: structure (left) and 3D Laser confocal
microscopy z-stacking image (right) of BODIPY-CNOs aggregates deposited on polystyrene, which
illustrates the intense red fluorescence of the CNOs conjugates. Excitation at 647 nm. Reprinted
with permission from [81]. Copyright 2017 Elsevier Ltd.

dipyrromethene (BODIPY) dye [95]. The emission switching properties, due to the
protonated/non-protonated form of the dimethylamino group attached to the BOD-
IPY core, are activated by an acidic environment, allowing for the development of
pH-dependent probes for diagnostic applications.HeLa cellswere incubatedwith dif-
ferent concentrations of the fluorescent nanoprobes, showingminimal systemic cyto-
toxicity (Fig. 32a). The activation of the emission properties in acidic environment
was confirmed by confocal microscopy. At physiological pH (7.4), no fluorescence
was detected. On the other hand, a widely spread red emission was observed in acidic
pH (4.5) (Fig. 32b), confirming the pH-switchable properties of these nanoprobes
[95].

Another very interesting work was recently published in 2017 by our groups [96].
In this paper, we synthetized a far-red emitting BODIPY dye with high quantum
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Fig. 32 a Cellular viability of HeLa cells treated with different concentrations (1, 2, 5, 10 and
20 μg mL−1) of fluo-CNOs for 12, 24, 28 and 72 h in DMEM (pH 7.4). b Cellular uptake and
localization of fluo-CNOs in HeLa cells in acidic conditions (PBS, pH 4.5) observed by confocal
fluorescence microscopy after incubation for 48 h. Scale bars�20 μm. Adapted with permission
from [95]. Copyright 2017 Lettieri et al.; licensee Beilstein-Institut

yield and we covalently attached it to the surface of CNOs to create new high-
resolution bioimaging agents, namely fluo-CNOs, which exhibited high fluorescence
and dispersibility in aqueous media. MCF-7 cells were incubated with different
concentration of fluo-CNOs and no adverse effects on the cell viabilitywere observed
up to 72 h of incubation (Fig. 33a). These fluorescent nanoprobes were efficiently
uptaken by the cells, as confirmed by the widely spread red emission signal from the
cells in Fig. 33b, with partial localization in the lysosomal compartments.

3.2 In Vivo Investigation of CNOs

In vitro studies demonstrated that CNOs are biocompatible, showing no toxic effects
on tested cells viability and a good cellular uptake. With the aim to use these carbon
nanomaterials in biomedical applications, careful in vivo studies are required, testing
toxicity and biodistribution in living organisms. The group of Sarkar reported differ-
ent in vivo assessment on CNOs prepared by pyrolysis. CNOs were synthetized from
wood wool followed by an oxidation process with concentrated nitric acid, result-
ing in water-soluble and fluorescent CNOs with emission across the visible/NIR
region. In 2011, Sakaer et al. performed in vivo imagings of the entire life cycle of
Drosophila melanogaster upon oral ingestion of the fluorescent nanoparticles mixed
with the dietary food [51]. The toxicity study showed no adverse effects induced
by CNOs from pupal to adult stages (Fig. 34a, b), confirming that CNOs did not
affect the activity of Drosophila melanogaster. The oral ingestion of CNOs allowed
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Fig. 33 a Cellular viability of MCF7 cells treated with different concentrations (0.5, 1, 5, 10 and
20 μg mL−1) of fluo-CNOs for 12, 24, 28 and 72 h. b Confocal image of living MCF7 cells after
incubation for 24 hwith 20mgmL−1 of fluo-CNOs. Scale bars�10mm.Reprintedwith permission
from [96]. Copyright 2017 The Royal Society of Chemistry

mapping of the growth from egg to adulthood by means of a confocal microscopy
(Fig. 34c). Furthermore, CNOs were readily removed from the body, as confirmed
by the fact that the excretion gradually becomes nonfluorescent [51].

Subsequently, Sarkar and coworkers used the same nanoparticles to demonstrate
the ability of CNOs as in vivo imaging inEscherichia coli (E. coli) and inCaenorhab-
ditis elegans (C. elegans), hermaphrodite worm [53]. After exposure to E. coli cells,
no effects were found in terms of bacterial growth and numbers of colonies formed;
moreover, CNOs enabled the imaging of E. coli cells, thanks to their broad emission
properties. No toxic effects were observed on the cell viability and egg laying capac-
ity of treated C. elegans; furthermore, despite the autofluorescence of C. elegans, the
presence of CNOs allowed the imaging of the gut, which does not normally show
any fluorescence [53].

Recently, the same group reported the possible use of CNOs as drug delivery sys-
tem in the brain [97]. The reduced CNOs size, achieved after fragmentation, enabled
the crossing of these fluorescent nanoparticles through the blood–brain barrier (BBB)
into the brain of CADASIL mice in vivo as well as through the glioblastoma mul-
tiform (GBM) induced mice. After CNOs injection, in vivo imaging of the brain at
different time point was performed (Fig. 35i). After 3 days, CNOs were excreted, as
suggested by the disappearance of the red fluorescence (Fig. 35ii) [97].

In 2015, our group reported the first evaluation of the possible eco-toxicological
effects induced by CNOs on the development of the freshwater polyp Hydra
vulgaris [98]. The animals were exposed to increasing concentrations of pristine
CNOs (p-CNOs), benzoic acid CNOs (benz-CNOs), pyridine CNOs (py-CNOs) and
methylpyridinium iodide CNOs (py+-CNOs). No morphological and behavioral
abnormalities were observed, event at the highest dose tested. All CNOs conjugates
were efficiently internalized by macropinocytosis, as suggested by the dark spots
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Fig. 34 The effect of water-soluble carbon nano-onions on the viability and growth of nano-onion-
fed Drosophila in comparison with controls. a Comparison of the survival rates of the pupal stage
fed with 2 and 4 ppm of water-soluble carbon nano-onions and on control food. bComparison of the
survival rates (30 pairs) of the adult stage fed with and without water-soluble nano-onions. c Images
(merges of 385, 488, and 561 nm filters) of Drosophila melanogaster at the larval stages showing
organ details: (i) first instar larva, (ii) second instar larva, and (iii) third instar larva. Organ labels:
at � atrium; px� harynx; sd� salivary duct; sg� alivary gland; ep� esophagus; pvc� proventic-
ulus; gc � gastric ceaca; mg � midgut; mi � mid intestine; utr � ureter; mt � malpighian tubule;
hg � hind gut; as � anus. Adapted with permission from [51]. Copyright 2011 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim

visible in the body, head, and tentacles of animals (Fig. 36). Different effects
on Hydra were examined, including cell apoptosis in vitro and regeneration and
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Fig. 35 (i) In vivo image of brain of control mouse after a first few second, b 14th second and c
35th second and in vivo image of brain of mouse injected with CNOs after d first few second, e
14th second and f 35th second; (ii) Labeling of floating section of brain cortex (100 mm) under
fluorescentmicroscopewith two color channels (redCNOand green, autofluorescence lectin stained
vessels): a mouse sacrificed after an hour after CNOs treatment, b mouse sacrificed after 3 days to
show the clearance of CNOs. Adapted from [97]. Copyright 2016 The Royal Society of Chemistry

reproductive capabilities and the results clearly showed that CNOs did not cause
toxic effects over a long time scale [98].

Recently, we reported a careful assessment of the biological impact of function-
alized CNOs in a vertebrate model [99]. The toxic effects induced by benz-CNOs
and BODIPY-CNOs [90] were investigated on zebrafish (Danio Rerio) during the
development, after exposure of embryos at different concentrations of the CNOs.
No adverse effects on the survival and hatching rates were observed, as well as
on the heartbeat rate and frequency of movements; furthermore, no delay on the
zebrafish development was reported. Finally, the in vivo biodistribution of BODIPY-
CNOs in zebrafish larvae was studied by means of inverted selective plane illumina-
tion microscopy (iSPIM); BODIPY-CNOs presented a ubiquitous distribution in the
whole zebrafish [99] (Fig. 37).
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Fig. 36 Structure of benz-CNOs, py-CNOs and py+--CNOs (top) and respective in vivo uptake
and biodistribution in Hydra. (bottom) a–b Bright field images of benz-CNOs in the body and in
tentacle; scale bars: 500 μm in (a) and 50 μm in (b); c–d Bright field images of py-CNOs in the
head and in the body; scale bars: 200 μm; e–f Bright field images of py+--CNOs in the body; scale
bars: 200 μm. Reprinted with permission from [81]. Copyright 2017 Elsevier Ltd.

Fig. 37 Maximum intensity projections of the superior part (a) and tail (b) of treated larvae
(100 μg/mL of BODIPY-CNOs). Exposure time: 200 ms, step size: 0.7 μm. Scale bars 100 μm. E,
eye; YS, yolk sac; T, tail; F, finfold. Reprinted with permission from [99]
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4 Conclusions

In this book chapter, we discussed in detail the current literature involving the use
of carbon nano-onions in biological applications. Different synthetic pathways have
been developed for its synthesis and, nowadays, thermal annealing is the method of
choice because it ensures the production of CNOs in bulk quantities along with a low
cost, thus allowing for a detailed understanding of its properties. Furthermore, the
increasing development of surface functionalization methods enabled the possibility
to explore CNOs in a large variety of applications. Among the different applications
reported so far, one of the most promising is in the field of biology; the small size
along with a high surface area permits the attachment of different functional groups,
thus allowing for the conjugation of both diagnostic and therapeutic agents.

Several reports have demonstrated the suitability of functionalizedCNOs as imag-
ing and targeting agents, thanks to their in vitro and in vivo low toxicity, weak
inflammatory potential, and high biocompatibility.

In particular, the high biocompatibility of functionalized CNOs in zebrafish can
be used to predict their behavior on other vertebrates, due to the high similarity
between humans and zebrafish. However, additional studies are still required before
the effective use of CNOs as platform in nanomedicine, although these CNMs have
already shown different promising properties for this application.
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