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Preface

Nanomedicine is a cutting-edge area of biomedical research and exploits the
application of nanotechnology to medical science. It involves the design and
development of novel nanostructured materials that, once engineered, promise a
profound impact in prevention, diagnosis, and treatment of several diseases. Light
is a very attractive trigger for activating specific diagnostic and therapeutic func-
tions. In view of the easy manipulation, in terms of intensity, wavelength, duration,
and localization, light represents a minimally invasive and finely tunable external
stimulus for optical imaging and the introduction of therapeutic agents in a desired
bio-environment, mimicking an “optical microsyringe” with superb spatiotemporal
control. Furthermore, light triggering offers the additional advantage of not affect-
ing physiological parameters such as temperature, pH, and ionic strength that is an
important requisite for bio-applications. Therefore, it is not surprising that the
marriage of photochemistry and nanomaterials has been attracting the interest of
many researchers in recent years.

Fabrication of photoresponsive nanostructured materials implies collective
cross-disciplinary efforts because of synthetic methodologies and the physical
characterization techniques. However, photochemistry plays a dominant role. In
fact, design and synthesis of photoactive materials certainly depends on the way
atomic or molecular units are assembled into nanostructures with specific charac-
teristics such as size, shape, coordination environment, and on the ability to predict
the response of the obtained nanomaterials to light stimuli. The convergence of
consolidated knowledge in photochemistry and the significant breakthroughs in
materials science have recently led to outstanding achievements with excellent
diagnostic, therapeutic, and theranostic performances. The technological advances
in fiber optics and the possibility of exploiting unconventional photochemical
strategies, which enable activation of these nanoconstructs with highly penetrating
near infrared light, are pushing such materials towards practical applications,
facilitating an entirely new category of clinical solutions.
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This themed issue includes eight authoritative reviews written by experts in the
field and covering a wide range of nanostructured systems engineered in such a way
as to perform imaging, therapeutic, or both functions under the exclusive control of
light input. The first two contributions focus on the design and fabrication of
nanoparticles for in vitro and in vivo optical imaging, demonstrating the advantages
offered by fluorescence spectroscopy in terms of versatility, sensitivity, and reso-
lution. Prodi and co-workers provide a state-of-the-art summary in the field of silica
luminescent nanoparticles, exploiting collective processes to obtain ultra-bright
units suitable as contrast agents in optical imaging, optical sensing, and other
high sensitivity applications in nanomedicine. With many fascinating examples,
Garcia-Amords, Raymo, and co-workers elegantly illustrate how photoinduced
energy transfer between multiple guests co-encapsulated within polymeric
nanoparticles may help to elucidate the transport properties of these biocompatible
nanocarriers in a diversity of biological media. Discussion of nanomaterials for
phototherapeutic applications focuses on photodynamic therapy (PDT),
photothermal therapy (PTT), and emerging treatments based on the nitric oxide
(NO) radical. The contribution by Quaglia and co-workers is entirely devoted to
polymeric nanoparticles for PDT in cancer applications, illustrating the advantages
offered by nanotechnological approaches and describing the pillars of rational
design of these nanocarriers and their potential in preclinical models. Frochot and
co-workers discuss a wide range of inorganic nanoparticles for PDT and show how
they can be used to improve the PDT efficiency. Nanostructured bidimensional
surfaces and their potential as photoantimicrobial materials, mainly based on PDT,
are discussed by Mosinger and coworkers. Specific contributions are devoted to
gold nanoparticles and quantum dots that represent fascinating multifunctional
platforms for many biomedical applications. A detailed state-of-the-art review on
gold nanoparticles and their wide use in nanomedicine as multitasking platform for
optical imaging and sensing, PDT, and PTT applications is provided by Ashraf,
Carrillo-Carrion, and co-workers. Callan and co-workers illustrate how quantum
dots can be used as fluorescent tags with superb performances for the direct
visualization or quantification of particular cell types or biomolecules and how
they can serve as effective energy donors in sensing and therapeutic applications.
The final contribution comes from Sortino’s group and describe a variety of
engineered nanoconstructs for the therapeutic release of NO combining multiple
imaging and phototherapeutic modalities, and is mainly devoted to anticancer and
antibacterial applications

I would like to express my gratitude to the colleagues and friends who enthusi-
astically agreed to contribute to this volume with their reviews. The contents of this
issue is certainly far from being as comprehensive as this vast topic deserves.
However, I really hope the readers — experts and newcomers — enjoy these chapters
and find exciting stimuli and fruitful sources of inspiration for further developments
of “smart” nanomaterials. In his famous talk in 1956 the Nobel Laureate Richard
P. Feynman stated “There is Plenty of Room at the Bottom,” the cornerstone of
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nanotechnology. I can safely conclude that at the bottom there is plenty of room for
photochemists, whose creativity enslaved to nanomedicine ensures a “bright”
future for innovative research in this field. The International Year of Light, 2015,
is definitely a very good omen!

Catania, Italy Salvatore Sortino
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Luminescent Silica Nanoparticles Featuring
Collective Processes for Optical Imaging

Enrico Rampazzo, Luca Prodi, Luca Petrizza, and Nelsi Zaccheroni

Abstract The field of nanoparticles has successfully merged with imaging to
optimize contrast agents for many detection techniques. This combination has
yielded highly positive results, especially in optical and magnetic imaging, leading
to diagnostic methods that are now close to clinical use. Biological sciences have
been taking advantage of luminescent labels for many years and the development of
luminescent nanoprobes has helped definitively in making the crucial step forward
in in vivo applications. To this end, suitable probes should present excitation and
emission within the NIR region where tissues have minimal absorbance. Among
several nanomaterials engineered with this aim, including noble metal, lanthanide,
and carbon nanoparticles and quantum dots, we have focused our attention here on
luminescent silica nanoparticles. Many interesting results have already been
obtained with nanoparticles containing only one kind of photophysically active
moiety. However, the presence of different emitting species in a single nanoparticle
can lead to diverse properties including cooperative behaviours. We present here
the state of the art in the field of silica luminescent nanoparticles exploiting
collective processes to obtain ultra-bright units suitable as contrast agents in optical
imaging and optical sensing and for other high sensitivity applications.

Keywords Luminescent contrast agents nanomedicine ¢ Luminescent probes ¢
Optical imaging « Silica nanoparticles
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Abbreviations

(o} Quantum yield

AFM Atomic force microscopy

AOT Bis(2-ethylhexyl)sulfosuccinate sodium salt

APTES 3-Aminopropyltriethoxysilane

BHQ Black hole quenchers

CT Computed tomography

CTAB Hexadecyltrimethylammonium bromide

Cy5 Cyanine 5

Cy5.5 Cyanine 5

Cy7 Cyanine 7

DDSNP Dye doped silica nanoparticle

DLS Dynamic light scattering

EPR Enhanced permeability and retention effect

ET Energy transfer

FAM Fluorescein amidite

FRET Forster resonance energy transfer

IR780 12-[2-[2-Chloro-3-[(1,3-dihydro-3,3-dimethyl- 1 -propyl-2H-indol-2-

ylidene)ethylidene]-1-cyclohexen-1-yl]ethenyl]-3,3-dimethyl-1-
propylindolium (Cy7 dye)

MRI Magnetic resonance imaging

NIR Near infrared region

nm Nanometre

NP Fluorescent silica nanoparticles

ORMOSIL Organic modified silica

PDT Photodynamic therapy

PEG Polyethyleneglycol, ethylene oxide, ethylene glycol
Plus NP NP Pluronic silica nanoparticle

PPO Poly(propylene oxide)

PS Phosphatidylserine

PTT Photothermal therapy

QD Quantum dot

R6G Rhodamine 6G

ROX Rhodamine-X, rhodamine 101

Ru(bpy)s>"  Tris(2,2'-bipyridine)ruthenium(IT)
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TEM Transmission electron microscopy
TEOS Tetraethylorthosilicate

TGA Thermo gravimetric analysis
VTES Triethoxyvinylsilane

1 Introduction

Despite the great multidisciplinary research effort worldwide and the great steps
forward in the understanding and treatment of cancer and other diseases such as
diabetes and Alzheimer’s, there is still much to be solved. Besides improved and
personalized therapies, early diagnosis is fundamental to reduce morbidity and
consequently mortality. With this aim, many different imaging techniques [1] are
used to spot these diseases and monitor anatomical and functional changes [2—
7]. The various imaging modalities already in clinical use differ significantly in
basic features such as resolution, time of analysis, penetration depth, and costs, but,
in general, they still suffer from low sensitivity and low contrast. The development
of other imaging methods to speed their clinical translation becomes essential in
this scenario, an aim that can be obtained by optimizing exogenous contrast agents.
These imaging tools need to be stable in physiological conditions to enable selec-
tive targeting, high signal-to-noise ratio, and optimized time of circulation and
clearance [8, 9].

Optical imaging is one of the most promising diagnostic techniques and it is
already close to clinical application being habitually applied in preclinical studies
on small animals [10, 11]. It presents the great advantages of high sensitivity, short
time of analysis, and low cost, with a few drawbacks linked to small penetration
depth (1-20 mm) and to relatively limited resolution. Because of the scattering
of blood, tissues, and other biological components, deeper penetration in in vivo
imaging can be obtained only by working in the NIR range, in the so-called
biological optical transparency window (650-1800 nm) [12]. The use of NIR
light absorption and emission ensures a low auto-fluorescence and tissue damage—a
possible concern when long-term UV excitation is required—and reduced light
scattering. It should be mentioned, however, that two water absorption peaks (centred
around 980 and 1450 nm) also fall in this spectral range, and therefore the possible
non-negligible and harmful local heating of biological samples when exciting via
laser light in this window [13] has to be carefully evaluated. On the other hand, optical
imaging presents exceptional versatility: (1) the luminescence process can start
with excitation different from photo-excitation, obtaining luminescence in dark con-
ditions as in the case of chemiluminescence [14], electro-chemiluminescence [15, 16],
and thermochemiluminescence [17]; (2) light can be exploited not only for diagnostic
purposes but also for therapeutic treatments (for example in the photodynamic
and photothermal therapies, PDT and PTT respectively) [18, 19].
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Cyanines
(NIR)

Fig.1 Some families of organic luminophores presenting NIR absorption and/or emission

The most studied and common contrast agents for this kind of imaging are
fluorescent molecules, in particular for in vivo applications as NIR absorbing and
emitting luminophores [20]. There are some deeply investigated families of organic
dyes with suitable features such as cyanines, phthalocyanines, and bodipys, to name
a few (Fig. 1), but they also exhibit very poor water solubility and, generally,
decreasing quantum yield, moving the emission towards the red part of the spec-
trum. Many different derivatizations of these molecules have been proposed to
overcome these limitations and also to introduce targeting functions, usually at the
expense of demanding synthetic procedures. Moreover, low weight (molecular)
contrast agents suffer from fast clearance which decreases their ability to reach all
organs because of the short available time of measurement for image acquisition.

In this context, the use of nanostructured contrast agents can provide interesting
solutions [21, 22]. Lots of nanomaterials have been proposed which include dye
doped nanoparticles [23] (for example, luminescent silica nanoparticles [8, 24]) or
intrinsically luminescent materials (for example, quantum dots) [25, 26]. The use of
non-toxic materials such as silica have inherent advantages, although dimension -
and surface - related hazards need to be investigated for each system. The silica
matrix can also be seen as a robust container able to ensure an almost constant
chemical environment, and to improve chemical stability and resistance to
photobleaching of the doping dyes. It is also transparent to visible light and
therefore inert towards photophysical processes that involve the photoactive species
embedded in the matrix [24, 27].

It has to be emphasized, however, that on passing from molecules to
nanoparticles the molecular weight is increased by few orders of magnitude and
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Fig. 2 Schematization of a dye doped silica nanoparticle with a surface derivatization and
presenting targeting functions

this could cause possible viscosity problems with the solution being injected for
in vivo applications in the case of low sensitivity techniques such as MRI and CT
[28]. This is not the case with optical imaging where highly luminescent materials
lead to very high sensitivity, and low concentrations of contrast agents are required.
In the case of luminescent silica nanoparticles, each nanoparticle contains many
dyes and this can lead to an increase in the overall signal-to-noise ratio. This goal
can be reached thanks to the great versatility of these nanotemplates, which is
largely because of the many different, typically mild, and non-cost effective
synthetic strategies which allow the efficient derivatization of the inner core, the
outer surface, or the mixing of different materials and the production of core-shell
and multi-shell architectures [29]. All this opens up possibilities for the preparation
of customized species for a large variety of applications (Fig. 2).

Bearing in mind the preparation of contrast agents for optical imaging in vivo, the
ability to introduce antibodies, peptides, or proteins to guide localization in the target
area is of fundamental interest, even if the biochemical difference existing among
healthy and unhealthy tissues gives rise to the well-known enhanced permeability
and retention effect (EPR). EPR consists in the preferential accumulation in the
malignant areas of nanoobjects exceeding around 5 nm in diameter, an effect,
however, which is not very linear, homogeneous, or predictable, and which can be
considered really effective only in areas where the lesion is quite big and
vascularised; it is not, therefore, reliable for the specific detection of early stage
(sub-millimetre) metastasis. The few nano-preparations exploiting the EPR effect
are already approved for clinical use and they consist of some nano-therapeutics
mostly based on liposomal systems. However, for early diagnosis a targeted
approach is necessary to design an effective in vivo contrast agent, and the versatility
of dye doped silica nanoparticles is of particular relevance to this goal [30].

This multifluorophoric structure can present complex photophysical proper-
ties—multiple emissions with multiexponential decays—which can sometimes
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also be affected by the environment. On the other hand, a proper design can induce
cooperative behaviours among some or all fluorophores in each nanoparticle,
interpreting amplification effects (the status of one dye affects the properties of
all the neighbouring ones) and other advantages as an increase of brightness and a
decrease of noise. All these beneficial features arise thanks to the interconnection of
the fluorophores within one nanoparticle which allows efficient energy transfer
phenomena such as Forster Resonance Energy Transfer—FRET—which involves
the deactivation of the donor excited state and the excitation of that of the acceptor
[31, 32]. Homo-FRET can indeed be used to distribute the excitation energy among
a variety of dyes. Competitive energy transfer pathways can be created and the
fastest can induce a predictable direction of energy migration. All this is possible
only after proper design of the interfluorophoric distances (FRET is proportional to
r~®) and a suitable choice of luminescent species to be mixed which should have
appropriate photophysical properties (FRET is proportional to the overlap integral
J which describes the matching between emission of the donor and absorption of
the acceptor in terms of energy and probability) [33] (Fig. 3). One of the great
strengths of FRET is that in a well-designed system many different consecutive,
cascade, or independent FRET events can take place, both in organized and
non-organized nanoobjects [34]. This multiple energy migration involves a very
directional event or, on the other hand, the photophysical properties of the whole
device. A very important point to bear in mind is that FRET can allow the creation
of a species with very high pseudo-Stokes shift, a powerful tool to obtain NIR
emitting probes [35].

Therefore the presence of a single kind of dye or of different emitting species as
neighbours in a single nanoparticle can lead to diverse properties and also to
collective behaviours which can be exploited to obtain ultra-bright species suitable
for high sensitivity applications such as in vivo optical imaging.
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Fig. 3 Energetic scheme of FRET and of the induced pseudo-Stokes shift
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Many interesting results, in fact, have already been obtained with nanoparticles
containing only one kind of photophysically active species [36], and elegant
systems have been prepared to address crucial problems advantageously, such as
the mapping of sentinel lymph nodes [37, 38]. However, we strongly believe that
luminescent silica nanoparticles doped with different dyes featuring collective
processes make these nanostructures even more attractive. In this review we intend
to underline these aspects, presenting selected examples to describe the state of the
art of these materials as contrast agents in optical imaging and optical sensing.

We start with a very summarized discussion of the synthetic methods where the
reader mainly finds a sketch of the rationale and goals of the preparation and
relevant references for a wider dissertation of the subject. The reported examples
are gathered in two chapters focussing on (1) nanoparticles containing different
kinds of dyes and (2) luminescent nanosensors. As already mentioned, this work has
no ambition to be exhaustive but we aim to give the interested readers a feeling of
the progress in the area from a viewpoint that we hope stimulates the creativity and
curiosity of researchers in the field.

2 Synthetic Strategies

Fluorescent silica nanoparticles (NPs) are powerful tools able to work as labels
[8, 39] and sensors [40], usually obtained by means of wet sol-gel synthetic
approaches characterized by simplicity, low costs, versatility and control over NP
dimensions.

The first synthesis of highly monodisperse silica NPs was described by Stober
[41], who used tetraorthosilicate (TEOS) hydrolysis and condensation catalyzed by
ammonia in a water-alcohol mixture to form silica NPs. Lately this strategy has
been implemented by Van Blaaderen [41, 42] who obtained fluorescent silica NPs
covalently doped with fluorescent dyes endowed with alkoxysilane groups, and
more recently, by other groups who developed some interesting variations based on
biphasic reaction media [43] and on heterogeneous nucleation processes [44].

The Stober—Van Blaaderen method is straightforward for its simplicity, it
supplies highly and stable monodisperse NPs in a wide dimensional range (~20 to
800 nm—with one pot procedures), and is applicable to many ethanol soluble
organic dyes. These colloidal particles are stabilized by the electrostatic repulsion
between the siloxane groups of the NPs surface, and the presence of these groups
can be used for the introduction of functionality for biomolecule targeting. NPs
surface functionalization is the major weak point of this synthetic approach because
surface modification can be hampered by aggregation and loss of the pristine
colloidal stability of the system, especially when tiny NPs are concerned.

The reverse microemulsions strategy (water-in-oil) [45] exploits the same
hydrolysis and condensation processes of the previous method, but with chemical
reactions that are confined in the water nano-pools of a reverse microemulsion,
made of an isotropic mixture of a surfactant, water, and a hydrocarbon (usually
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cyclohexane). This approach is extremely versatile for obtaining functionalized
NPs, because the addition of the reagents to produce the core and a functionalized
shell can be made in sequence without intermediate purification procedures, reduc-
ing the possibility of aggregation. With surface functionality introduced to reduce
non-specific binding and aggregation, NPs can be efficiently recovered and purified
from the microemulsion by repetitive precipitation and washing steps. The stron-
gest limitation to water-in-oil strategies is that they are exclusive to water soluble
and, preferentially, positively charged dyes: this is why the most used dye with this
approach is Ru(bpy);”".

An alternative and more recent strategy employs micellar aggregates or
co-aggregates in water as self-organized templates to confine the silica NPs growth:
such approaches are reported as direct micelles-assisted methods [46—48]. Because
silica precursors such as TEOS or other organo-alkoxysilanes, and indeed the
majority of the organic dyes, have a lipophilic nature, they can be efficiently
entrapped in self-organized templates with a lipophilic core. When an organosilane
(for example VTES, triethoxyvinylsilane, APTES, 3-aminopropyltriethoxysilane)
are used together with a low molecular weight surfactant (AOT, bis(2-ethylhexyl)
sulfosuccinate sodium salt, Tween 80) in the presence of ammonia, these NPs
systems have often been referred to as ORMOSIL (ORganic—-MOdified—SILica).

Prasad and coworkers made the greatest contributions in the field. These NPs,
with a diameter spanning in the 20—30 nm range and a mesoporous silica matrix,
were suitable for PDT applications [49], with dyes that usually need to be linked
covalently to the nanoparticles to avoid leaching [50, 51]. Targeting and labelling
capabilities for conjugation with bioactive molecules [52] were obtained with
functionalization with alkoxysilane bearing groups such as -NH,, -COOH, and
—SH by means of contiguous synthetic strategies, NPs were obtained functionalized
with PEG [53], or by incorporating QDs [54] and Fe;0,4 nanoparticles [55].

Hexadecyltrimethylammonium bromide (CTAB) micelles were used by
Wiesner and coworkers to develop tiny mesoporous PEGylated NPs (615 nm):
this approach allows control of the NP morphology, which depends on the number
of micellar aggregates entrapped in each nanoparticle during the silica core
formation [56].

A different synthetic possibility is to synthesize cross-linked micellar NPs
featuring core-shell structures [46, 57]. This direct micelle-assisted strategy
employs high molecular weight surfactants, such as Pluronic F127, F108, or
Brij700 [58], or bridging organo-silane precursors [59]. The presence of self-
organized templates and of condensation processes which are promoted in acidic
environment makes these synthetic approaches quite different from the Stober
method. TEOS condensation is promoted by acids such as HCl [59] or HOAc
[60] in a set of conditions (pH < 4) in which the hydrolysis process is faster than
condensation—a situation that promote the formation of Si—O-Si chains which
finally undergo cross-linking [61, 62]. During the NP formation, silica is confined in
the micellar environment, and these surfactants undergo entrapment—adsorption
processes, with the valuable consequence of NP surface modification in a one-pot
procedure.
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Pluronic F127, characterized by a tri-block PEG-PPO-PEG (poly
(ethyleneglycol)-poly(propylene oxide)-poly(ethylene glycol), MW 12.6 KDa)
structure and quite large micellar aggregates in water (~22 to 25 nm), is probably
the most versatile surfactant for this synthetic approach and our group had a leading
part in the development of fluorescent NPs obtained by Pluronic F127 micelles-
assisted method (PIuS NPs, Pluronic Silica NanoParticles) [39, 63]. The PPO inner
core of these aggregates enables the use of TEOS as silica precursor, contributing to
a more stable and dense silica network compared to ORMOSIL NPs. Great versa-
tility is conferred by the possibility of using many alkoxysilane derivatized dyes—
from polar to very lipophilic—which can be entrapped in the silica network under
mild acidic conditions.

Their core-shell structure presents a hard diameter of 10 nm and an average
hydrodynamic diameter of ~25 nm: the morphological properties were verified by
TEM and DLS (Dynamic Light Scattering) [57], AFM measurements [46], and 'H-
NMR, showing the orientation of the Pluronic F127 PEG chains. TGA (Thermo
Gravimetric Analysis) analysis performed on samples subjected to ultrafiltered
samples also showed the stable linking between the surfactant and silica core
[64]. PEGylated core-shell NPs are very monodisperse in water and physiological
conditions, where they show low adhesion properties towards proteins and
prolonged colloidal stability. Their versatility has been exploited in many fields:
photophysical studies [57, 63], sensors [40, 65], biological imaging [60],
fluorescent-photoswitchable nanoparticles [66], self-quenching recovery [34], and
ECL [46, 64].

For applications involving labelling [67] or non-specific targeting [68], the
functionalization of these NPs was achieved acting on the Pluronic F127 hydroxy
end groups. We found that cellular uptake was influenced by PluS NPs functiona-
lization, with cytotoxicity that was negligible towards several normal or cancer cell
types, grown either in suspension or in adherence [68], for PEGylated NPs
presenting external amino or carboxy groups. We recently exploited the core-
shell nature of these NPs to develop NIR fluorescent NPs for regional lymph
nodes mapping [37]. We synthesized negatively charged NPs having programmed
charges positioning schemes to influence their biodistribution for lymph nodes
targeting in vivo. We found that NPs having negative charges in the mesoporous
silica core—hidden by a PEG shell—demonstrated a more efficient and dynamic
behaviour during lymph nodes mapping. This last example showed once again the
versatility of the core-shell silica-PEG structure, where the modifications of both
core and shell parts play a synergistic effect in defining the efficiency of the
fluorescent probe.

We have found that for in vivo imaging a fundamental requisite is the absence of
dye leaching from the NP towards the biological environment, because this com-
promises the overall signal-to-noise ratiomaking fruitless the brightness increase
produced by a nanoprobe. Trialkoxysilane derivatized dyes [69] can be synthesized
efficiently to ensure condensation within the silica matrix, a critical issue, espe-
cially for NPs of dimensions lower than ~50 nm, characterized by a very high
surface to volume ratio.
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3 Multifluorophoric Doping of Silica Nanoparticles

As already anticipated in the introduction, even though dye doped silica
nanoparticles are increasingly studied as contrast agents for fluorescent imaging,
their clinical application is still only theoretical and further steps forward are
needed in that direction. In our opinion, this process could be accelerated and
facilitated by the optimization of FRET in multiple-dye-doped nanoparticles [33]
because this could facilitate the preparation of materials with two very valuable
characteristics: (1) NIR absorption and emission, and therefore suitable for bio-
medical application; (2) nanoparticles suitable for multiplexed analysis.

NIR excitation and emission are, in fact, extremely beneficial in the biomedical
field but NP doping with a single NIR emitting dye has many drawbacks intrinsi-
cally relating to the nature of this class of emitters, typically characterized by very
small Stokes shifts and quite low luminescence quantum yields. In such systems,
high background signals are common, mostly caused by interference of the excita-
tion light.

One of the most versatile and convincing strategies to overcome this problem
and to obtain novel and customized photophysical properties is the design and
activation of proper energy transfer events which take place only when a high local
density of dyes is reached. The distance between the donor and the acceptor needs
to be typically <10 nm for fast and efficient energy transfer events to occur, and
therefore the segregation of many and different dyes in the same nanoparticle is a
straightforward way to obtain suitable separation between them. This strategy can
also lead to the formation of excimers and aggregates but homo- and hetero-FRET
can have a synergistic role as shown in the following discussion.

Moreover, the need for cheaper and more rapid diagnostic protocols is a well-
established implementation goal for current diagnostic strategies which are not
always able to fulfil the time constraint imposed by some kinds of pathologies, and
the use of NPs for multiplexed analysis, that is to say for simultaneous multi-
analytes detection, can be an efficient answer.

A recognized advantage of silica nanoparticles is that they can be easily mod-
ified in different ways accordingly to the strategy in mind. In this context, Tan and
co-workers have explored and proposed some very interesting nanoarchitectures. In
a first example [70] they have developed aptamer-conjugated nanoparticles to
detect (and extract with the help of magnetic nanoparticles) three different lym-
phoma cells in a single analysis. With this aim they used three diverse high-affinity
DNA aptamers for recognition, each bound to a different fluorescent silica nano-
particle (d=50=+5 nm) doped with Ru(bpy)s;>", tetramethylrhodamine, or Cy3,
respectively. The same authors later proposed a more elegant approach, allowing a
higher multiplexing ability, based on FRET for multiplexed bacteria monitoring
and imaging [71] (Fig. 4). In this work they prepared silica nanoparticles doped
with a combination of up to three kinds of dyes (fluorescein, rhodamine 6G, and
6-carboxy-X-rhodamine) in different doping concentrations. In these conditions
only a partial energy transfer occurred between the dyes and this allowed for the
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Fig. 4 (A-C) Fluorescence images of three types of FRET NPs taken under a confocal micro-
scope: (a) FAM emission channel; (b) R6G emission channel; (c) ROX emission channel. (d)
Combinatorial colour of the three channels. The three types of NPs exhibit blue, orange and purple
colours. (D) Confocal image of three bacteria species specifically covered with the corresponding
antibody labelled NPs (copyright Wang et al. [71])

detection, under a single excitation wavelength, of a number of bands equal to the
number of doping fluorophores [72]. Their intensities could be controlled by
varying the doping degree and ratio of all the luminescent species to obtain a
large library of bar-coding NPs, thereby allowing the simultaneous detection of
many bacterial pathogens or cancer cells [73]. The data collected in these papers
show how this approach brings important advantages: (1) the simplification of the
experimental setup needed for their detection because a single laser source was
needed for their excitation; (2) the high specificity provided by the aptamers and the
nanoparticles brightness could potentially remove the need for sample enrichment
and amplification steps, allowing a fast diagnosis at the earliest stage of a disease.

K. Wang and co-workers [74] have also studied similar systems with silica
nanoparticles (50 nm diameter) obtained via the microemulsion method and
non-covalently doped with a tris-bipyridyl ruthenium complex and methylene
blue units. Their main goal was to obtain a very large (around 200 nm) Stokes
shift to prepare suitable fluorescent NPs for small animal in vivo imaging.

In this same framework, we have proposed Plus NPs that can be used as a
scaffold to organize and to connect molecular components electronically
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[57]. These very monodisperse water-soluble silica core-surfactant PEG shell
nanoparticles (Plus NPs) were covalently doped in the core with a Rhodamine B
derivative although, exploiting simple hydrophobic effects, a second luminescent
species (Cy5) was adsorbed in the shell. These NPs could hence simultaneously
behave as fluorescent labels (for imaging applications) and as carriers for the
delivery of hydrophobic compounds (drugs). Moreover, the efficient communica-
tion via a partial ET between the active molecules trapped in the core and the hosted
species in the shell was demonstrated experimentally.

Starting from these very promising results we have proposed two systems based
on co-doping with two different fluorophores of the silica core of nanoparticles to
obtain modular nanosystems for in vivo optical imaging with the goal of future use
in clinics [60, 67]. The Plus NPs of both studies were doped with a cyanine and
Rhodamine B in the core, the main difference being that one system was decorated
on the outer shell with peptides able to target the hepatic cancer cells specifi-
cally [67] whereas the other non-targeted one was used to investigate the
non-specific distribution and circulation of these materials in vivo [60]. The injec-
tion of the first nano-contrast agent in a mouse proved that the functionalization of
the NPs with metastasis-specific peptides took to their homing and accumulation in
the target tissues, resulting in specific visualization even of sub-millimetric metas-
tases. In this system the energy transfer between the two doping fluorophores is
partial, allowing the detection and acquisition of the emission signals of both of
them (Cy5 and Rhodamine B). The comparison and superimposition of these
images allowed for background subtraction and signal amplification, resulting in
the enhancement of the imaging sensitivity. It should be noted that this is a modular
approach, providing great versatility in achieving cancer cell-targeted delivery of a
number of therapeutic, diagnostic, or teragnostic compounds.

In the second system [60] we wanted to use a single bio-label for both in vivo
imaging and ex vivo microscopy on the same animal. A partial energy transfer
between the two dyes maintains both signals, for in vivo experiments (NIR region,
Cy7 derivative) and tissue investigations with optical microscopes equipped with
light sources and detectors operating in the visible region (rthodamine B). In our
nanoparticles it was possible to observe an efficient sensitization of the cyanine but
also a residual 25% of luminescence of the rhodamine, sufficient for a high signal at
the optical microscope, allowing the proposed goal of performing in vivo and
ex vivo experiments with the same NP on the same animal to be achieved. It should
be emphasised that this cannot be achieved with QDs or metallic NPs, because
typically their one colour emission is tuned by their shape and dimensions.

Taking advantage of these results, we have then tried to exploit this modular and
very versatile approach to optimize the system further for in vivo imaging
[35]. Neighbouring Cy5.5 and Cy7 dyes in different ratios—both covalently linked
in the 10 nm diameter core of the Plus NPs—Iled to a very sensitive contrast agent
with high brightness in the NIR. Interestingly, the mixing of two different dyes
advantageously led to a decrease the efficiency of the self quenching processes
observed in single dye doped NPs, further increasing the brightness of the system.
Small-animal in vivo imaging experiments have shown very promising results,
indicating the great potential of nanoparticles realized with this approach (Fig. 5).
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Fig. 5 Whole-body scan of a representative mouse in supine position; fluorescence intensity
images were acquired at the indicated time post-injection and are displayed in normalized counts
(NC). BALB/c mice were injected intravenously via the tail vein with 1 nmol of NPs and analyzed
by optical imaging (copyright Biffi et al. [35])

We have discussed so far silica nanoparticles with multi-fluorophoric doping
with two or more kinds of dyes able to give only partial FRET; it is important now
to highlight that complete energy transfer in similar systems could represent a very
valuable feature, allowing an increase in the number of analytical approaches
towards the detection of many species via very bright, NIR emitting species. In
spite of the brilliant and pioneering work of Tan and co-workers, an almost
complete energy transfer in multi-doped silica nanoparticles had not been achieved
until very recently, when we decided to exploit the particularly favourable charac-
teristic of the Plus NPs to optimize these processes and prepare brighter contrast
agents for medical imaging.

The first problem to overcome to enhance brightness in nanoparticles is to
contrast the detrimental effects of self-quenching on the luminescence quantum
yield, a very common feature when large amounts of dyes are present in a small
volume. In these conditions, in fact, when the absorption cross section is additive,
the luminescence can be negatively affected by their proximity, imposing a limit on
doping degree to a relatively low number of luminescent units. We have proposed an
alternative approach exploiting the efficient homo-FRET to boost the hetero-FRET
towards highly luminescent energy acceptors [34]. We prepared PluS NPs doped in
the core with approximately 40 coumarin dyes per NP, and with a bodipy that was
chosen as energy acceptor because its quantum yield and spectral properties are not
affected by neighbouring coumarin units. We found that a few molecules of acceptor
(around 5) could very efficiently collect the light absorbed by all the coumarins via
such a highly efficient energy transfer. Importantly, because of the high rate constant
associated with this process, the self-quenching was almost completely prevented,
and almost no loss of the excitation energy could be detected. The straightforward
consequence is the linear increase of the brightness as a function of the coumarin
molecules present in the NPs, allowing an unprecedented brightness (Fig. 6).
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100 1

Fig. 6 Fluorescence images of a set of 12 wells containing dispersions of the NPs in water
(c=1x 1077 M), as detected with either a blue (a, Aem =460 nm) or a green (b, ey, =530 nm)
filter. The total intensity determined by the integration of each spot is plotted in the top graph
(copyright Genovese et al. [34])

Moreover, this system also presents the valuable advantage of a greater pseudo-
Stokes shift which is produced by the wavelength difference between the maxima of
the donor absorption and of the acceptor emission.

After experimentally proving that this strategy is general and limited only by the
photophysical properties of the fluorophore couples, which must be suitable to
allow an efficient FRET, we have tried to push the system further towards larger
and larger separations between the excitation and emission maxima. Our goal was
to obtain high luminescence in the NIR region, but also a very high signal-to-noise
ratio, thanks to the reduced interferences from Rayleigh—Tyndall and Raman bands.
We have therefore prepared and characterized multi-fluorophoric PluS NPs, each
containing up to four different kinds of fluorophores [35], and we could observe
unprecedented efficiencies (higher than 94%) in the ET processes in the doping
dyes (a sort of cascade ET). This leads to a very large and tuneable pseudo-Stokes
shift (up to 435 nm) for each NP which is also characterized by a single colour
emission (that of the reddest dye of the four, the final acceptor) with a negligible
residual emission intensity from all the donor dyes, and a very high brightness, even
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exciting the “bluest” donor. These multicomponent PluS NPs can thus be seen as
very promising materials for multiplex analysis in medical diagnostic techniques.

We conclude this section by discussing an example of silica multi-dye
nanoparticles designed as possible theranostic agents. S. R. Grobmyer and
co-workers have proposed mesoporous silica nanoparticles around 110 nm in
diameter as theranostic platforms for bioimaging and cancer therapy [75]. They
first covalently doped these species with a properly silanized cyanine (IR780)
which, after derivatization and incorporation, showed a highly enhanced lumines-
cence quantum yield (>300-fold) and Stokes shift (>110 nm). In a second step they
also loaded a Si-naphthalocyanine in the pores of the NPs. After the optimization of
both dye concentrations, the resulting multi-dye structures, thanks to a partial
energy transfer, allowed the imaging of a murine mammary tumour in vivo after
intratumoral injection and then its photothermal ablation via laser irradiation. The
non-fluorescent metallo-naphthalocyanine, in fact, acts as a rather efficient
photothermal therapeutic agent as first evidenced by bioluminescence analysis
and then proved by the histological analysis. The same authors have also proved
that these NPs remain within the tumour for several days and are suitable for
successive activations, allowing the application of image-guided fractionated
photothermal ablation.

A second aspect to be carefully evaluated and addressed is the clearance time,
the fate of these imaging or theranostic agents being still mostly unknown, although
it is a fundamental aspect that needs to be clarified before considering any possible
clinical translation. The multi-dye bright NIR absorbing and emitting nanoparticles
described in this chapter can, in our opinion, be a key tool in making significant
steps forward in this area, allowing NPs tracking in vivo in real time via fluores-
cence imaging.

4 Luminescent Chemosensors Based on Silica
Nanoparticles

Luminescent chemosensors have already found wide applications in many fields of
great economic and social importance, such as environmental monitoring, process
control, and food and beverage analysis. In addition, thanks to the high sensitivity
and the high spatial and temporal resolution granted by luminescence [76-78],
fluorescence-based chemosensors can enable the investigation of the functions and
possible misregulation of crucial target analytes in living systems [79, 80], espe-
cially at the cellular level. To face the latest challenges of biology and medicine,
however, very sophisticated systems are needed, and this is the reason why nano-
structured architectures are so widely studied in this context. In particular, silica
nanoparticles can offer many advantages compared to their molecular and supra-
molecular counterparts together with the above-mentioned high brightness and
photostability.
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The first is related to the possibility of engineering collective energy- and
electron-transfer processes which, if designed to modify the luminescence proper-
ties of several dyes upon a single complexation event, can lead to large signal
amplification effects and thus lower detection limits [76]. Moreover, as discussed in
the previous section, collective energy-transfer processes can also lead to an even
higher brightness and a very large Stokes shift (up to hundreds of nanometres), thus
minimizing the interferences coming from the scattered light, the Raman band, and
the auto-fluorescence of the biological sample.

Another advantage is the possibility offered by silica nanoparticles to obtain
ratiometric systems easily. Quantitative intensity measurements using fluorescent
chemosensors can indeed be affected at a single wavelength by their dependence
not only on the concentration of the analyte but also on the concentration of the
chemosensors itself and, possibly, on the optical path and on environmental con-
ditions. This problem can generally be overcome by using time-resolved techniques
or by properly designing the system to be able to compare the signals coming from
two different bands. Using silica nanoparticles, this can be achieved by inserting a
fluorescent probe together with an analyte-independent fluorophore in the silica-
based nanosensor. The most common methods use a design that aims to prevent all
electronic interactions between the two fluorescent units, thus eliminating the
possibility of energy transfer processes. Typically, the reference dye is included
in the core of the nanoparticles, whereas the probe is inserted in an outer shell or
bound to the surface [79, 81].

Moreover, using DDSNPs, the solubility and stability of the system in solution is
conferred mainly by the silica structure; in this way, many interesting compounds
that, because of their limited solubility, cannot be used in an aqueous environment
can instead be conveniently inserted in the DDSNP structure and also work in water
[82—84]. In these cases, however, we recommend that the possibility be considered
that the photophysical properties of the chemosensor in its free form and/or when
interacting with the analyte could be drastically changed when inserted into the
silica matrix based on what is observed in aqueous or organic solvents. At the same
time, the affinity towards the analyte can also change because of the insertion of the
chemosensor into the silica matrix. Because of cooperative effects, a considerable
affinity increase can usually be obtained, which can be used to push their sensitivity
to even lower levels. Interestingly, we have also proved that even the stoichiometry
of complexation of a chemosensor can be changed when inserted inside a
DDSNP [83].

In biology the ideal probe should allow precise compartmentalization, without
perturbing the equilibrium present in the cell, for example not depleting cellular ion
pools when detecting metals [85]. To achieve this, a high signal-to-noise ratio and a
suitable affinity and selectivity are, for a chemosensor, mandatory. In addition, the
possibility of derivatizing the DDSNPs with suitable biomolecules can help to
increase selectivity towards a specific hat can be acquired cellular compartment,
improving the information acquirable by the system [85].

To date, the use of fluorescent probes based on silica nanoparticles for cell
imaging has been reported for determining the concentration of protons (pH), metal
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ions (with a possible future extension to their speciation), anions, small molecules
(including molecular oxygen), reducing agents (such as glutathione), and enzymes.
We have selected here few examples with the aim of showing the best features of
silica nanoparticles and their possible future developments.

4.1 pH Probes

Tissue acidosis is a clear indication of inflammatory diseases, and low pH values
have been found, for example, in cardiac ischemia and inside and around malignant
tumours [86]. For this reason, although pH chemosensors are, at least in principle,
among the simplest, their full development is of particular interest. In this regard, it
is important to mention the pioneering work of Wiesner and coworkers [87] who,
based on the Stober strategy, designed a core/shell architecture. In particular, the
silica core was doped with the reference dye, a conjugate of tetramethylrhodamine,
whose fluorescence properties do not depend on pH over a large range (Fig. 7a).
The outer silica shell was instead doped with fluorescein, which assumes different
pH-dependent equilibria; of particular importance between the monoanionic and
dianionic forms (® = 0.36 and 0.93, respectively; pK, = 6.4).

The ratiometric pH response of the two signals were used to prepare a calibration
curve (Fig. 7b). The nanoparticles were than internalized in RBL-2H3 cells, and it
was possible, after correction for taking into account a certain amount of
autofluorescence, to measure the pH in different compartments (from 6.5 in early
endosome to ca. 5.0 in late endosome/lysosome). Many examples of fluorescent
NPs designed for pH sensing have since been reported. A similar couple of dyes
(fluorescein as the pH sensitive dye and Rhodamine B as the reference dye), grafted
to mesoporous silica NPs, were used by Chen and coworkers [88]. These authors
used two differently charged ethoxysilane derivatives to functionalize the NPs
surface and observed how the charge influenced the final location of the NPs in
HeLa cells. In particular, positively charged NPs were found to prefer higher pH
regions (mostly cytosol) whereas negatively charged NPs accumulated in acidic
endosomes. It should be noted that, as expected, the internalization of the NPs also
depends on their charge.

Doussineau and coworkers [89], for example, prepared NPs with a diameter of
100 nm, again containing rhodamine as a reference and, as a pH probe, a fluorescent
naphthalimide derivative grafted to the NPs surface through linkers of different
lengths. The two-dye structure showed good pH sensitivity in a physiologically
relevant pH range with an ON—OFF response of the naphthalimide units. Wang and
coworkers prepared another, smaller (diameter 42 nm) ratiometric system, able to
sense pH changes in a range between 4 and 7 in murine macrophages and in HeL.a
cells during apoptosis [90]. In this case the NPs were doped with the tris(2,2’-
bipyridyl)ruthenium(Il) complex as reference and with a fluorescein derivative. The
changes in lysosomal pH were monitored in real time after exposure to the
antimalaria drug chloroquine. Ratiometric fluorescence detection allowed the
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Fig. 7 (a) Spectrofluorometry data for 70 nm dual-emission core-shell fluorescent silica nano-
particle pH sensors showing fluorescein (green) and TRITC (red) in phosphate pH calibration
buffers from pH 5-8.5. (b) A ratiometric calibration curve based on the peak intensity ratio
between fluorescein and TRITC across the pH range under investigation (reproduced, in part,
with permission from Burns et al. [87])
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authors to conclude that chloroquine stimulates lysosomal pH changes. Upon
incubation of HeLa cells with the same nanosensors, it was instead possible to
observe, in real time, intracellular acidification in apoptotic cancer cells after
treatment with dexametasone, a synthetic glucocorticoid commonly used as an
anti-inflammatory agent.

A possible strategy to obtain a higher sensitivity can be developed, based on
trying to maximize the signal changes under the same pH change. This approach
has been used by Shoufa Han et al. [91], who doped mesoporous silica
nanoparticles (diameter 100 nm) with fluorescein (whose fluorescence, as we
have already discussed, decreases in acidic media) and the acid activable Rhoda-
mine 6G lactam, whose fluorescence increases with decreasing pH. Because the two
signals change in opposite directions, small pH changes can induce large variations
in the ratio between the two intensities. It was possible in this way to monitor
lysosomal pH in live 1.929 cells.

4.2 Ion Chemosensors

After pH, the Cu®" probes are the most studied chemosensors based on silica
nanoparticles. This research trend can be easily explained by considering the ability
of this ion to form stable complexes and to perturb dramatically (typically,
quenching) the fluorescence properties of the dye, together with the importance
of copper ions in environmental and biological matrices. A very interesting exam-
ple is represented by the derivatization of mesoporous silica (SBA-15) with a
1,8-naphthalimide-based receptor [92]. In aqueous solution, Cu®" quenched the
fluorescence of 1,8-naphthalimide with high efficiency and selectivity (detection
limit 0.01 pM), with Hg?" being the most important interfering species. Interest-
ingly, the same receptor, but conjugated with a treholose unit to confer the right
water solubility to the system, showed a ratiometric response towards copper ions,
without an appreciable interference by mercury ions. In vitro (MCF-7 human breast
cancer cells) and in vivo (5-day-old zebrafish) experiments showed in both cases
the internalization of the nanostructures and a strong quenching of the fluorescence
after incubation with Cu®" ions. In a second example, the recognition was achieved
by capping silica nanoparticles having a diameter of 10 nm with a trialkoxysilane
derivative of fluorescein bearing two carboxylic functions as coordinating sites
[93]. The fluorescence of this nanosensor showed a selective and reversible (upon
addition of EDTA) quenching in the presence of copper ions in water at pH 7.4,
affording an interesting detection limit of 0.5 pM. Furthermore, this nanoarch-
itecture was able to permeate into HeLa cells, and its fluorescence decreased, as
expected, when the cells were incubated with Cu®"

Copper(l) is also a crucial species to monitor inside cells, and plays a role,
among others, in neurodegenerative diseases. In this framework we have developed
a ratiometric chemosensor based on core-shell silica NPs (Fig. 8) [65], synthesized
using Pluronic F127 as a template and doped with a coumarin derivative.
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Fig. 8 Confocal microscopy emission (dex =543 nm; Aep, =572 nm) and corresponding bright-
field images for the SHSYS5Y cell line: (a—d) cultured in DMEM medium for 24 h, and (e-h)
supplemented with CuCl, (100 mm) for 5 h, incubated at 378 °C. The probe treatments (5 min
incubation at 25.8 °C, then rinsed with PBS) are as follows: (a, e) control PBS; (b, f) molecular
sensor (5 pM); (¢, g) nanoparticles (5 pM); (d, h) sensor inside NPs (5 pM; 1:1 molar ratio); scale
bar: 30 mm (copyright Rampazzo et al. [65])

The addition of the selective probe designed by Chang et al. [94] to a water
dispersion of the NPs leads, because of its lipophilic nature, to its inclusion into
the nanostructure, making possible an efficient energy transfer process between the
coumarin dye bound in the silica matrix and the bodipy of the probe located in the
shell close by. The complexation of Cu® by the probe led to changes in the
absorption and luminescence properties of the bodipy which affected both the
coumarin signal (because of a change in the efficiency of the energy transfer
process) and the bodipy signal (because of the change in its fluorescence quantum
yield).

This resulted in a ratiometric system with an amplified response. We were also
able to demonstrate that the inclusion of the probe led to a tenfold increase of its
affinity towards the target analyte. Experiments conducted in SHSYSY cell lines
also confirmed the validity of this approach for biological systems. For these
reasons, we strongly believe we could significantly push further the application of
chemosensors in biomedical analysis, considering that it enables the use of other-
wise water insoluble species without demanding synthetic efforts.
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In the development of chemosensors, the design of efficient systems for moni-
toring the concentration of anions has been typically quite challenging. In this
context, it is relevant that the example reported by Bau et al. [95] involved the
preparation of a ratiometric probe for chloride anions based on silica NPs grafted
with 6-methoxyquinolinium as the chloride-sensitive component and fluorescein as
the reference dye. The measured Stern—Volmer constant was 50 M~ ' at pH 7.2,
sufficient to monitor chloride ion changes around physiological concentrations. In
fact, these nanostructures were able to penetrate neuronal cells at submillimolar
concentrations and to signal in real time chemically induced chloride currents in
hippocampal cells.

4.3 Probing Molecular Processes

Interestingly, silica nanoparticles can also be used with biological processes. In
particular, the possibility of following the triggering of apoptosis, programmed cell
death, has attracted the attention of several researchers. Malfunctioning apoptosis
can, in fact, lead to several pathological conditions, such as neurodegenerative
disorders, cardiovascular diseases, and cancer. A popular extracellular method for
the detection of apoptosis involves monitoring the distribution of phospholipids on
the cell surface; in particular, the appearance of phosphatidylserine (PS), which
usually constitutes less than 10% of the total phospholipids in cell membranes, on
the outer part of cell membranes is a universal indicator of the initial stage of
apoptosis.

Yeo, Hong and coworkers have grafted to the surface of silica nanoparticles
doped with Ru(bpy)s;>" the phenoxo-bridged Zn(II)-di-2-picolylamime complex
(pbZn(Il)-DPA, Fig. 9), which selectively recognizes PS among the different
animal-cell-membrane phospholipids [96].

Interestingly, the authors showed through fluorescence microscopy that Jurtkat T
cells were not stained by the nanoparticles except when treated with camptothecin,

Fig. 9 pbZn(II)-DPA
complex
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an apoptosis inducer. Of note, the orange luminescence of the nanoparticles was
localized on the cell surface, as expected in the case of binding to externalized PS.

A different example of monitoring apoptosis is to follow the activity of caspases,
a family of cysteine proteases which play critical roles in this process. Lee, Chen
and their colleagues prepared a very interesting nanosensor which made possible
the multiplex imaging of intracellular proteolytic cascades [97]. The design of this
nanosensor is very elegant (Fig. 10). Mesoporous silica nanoparticles, with a
diameter of 60 nm, were doped, after their suitable derivatization with a silane
group, with three different kind of commercially available molecules belonging to
the series of the so-called black hole quenchers (BHQ) which, having large and
intense absorption bands in the visible region of the spectrum, can efficiently
quench the fluorescence of many kinds of organic dyes through a FRET
mechanism.

The nanoparticle surface was grafted, through a short PEG spacer, with specific
substrate (an oligopeptides) for caspase-3 derivatized with a fluorophore
(Cy5.5GDEVDGC). The fluorescence of Cy5.5, because of the efficient quenching
of BHQs, was strongly reduced (up to ca. 360-fold, depending on the doping
degree). Incubation with caspase-3 led to a strong fluorescence recovery, propor-
tional to the concentration of the enzyme (in the range 0.4—7 nM), because of the
separation of the dye from the quenching silica nanoparticle. The authors also
proved the suitability of this system for multiplex imaging: they conjugated the
same NP with three substrates specific for caspase-3, caspase-8 and caspase-9, each
derivatized with a different dye, in such a way that each substrate would correspond
to an emission in a different spectral region (490, 560 and 675 nm). After internal-
ization of this nanosensor into HCT116 cells, fluorescence microscopy revealed
very low intensities from all three channels, and a large increase of fluorescence
was observed upon treatment of the same cells with TRAIL, an apoptosis-inducing
ligand. As expected, low signals were observed when inhibitors for the three
caspases were also added, demonstrating the possibility of designing nanostruc-
tured systems that can be used for imaging at the single cell level in the presence of
multiple intracellular enzymes.

5 Conclusions

Luminescent silica nanoparticles play an important role in the development of
nanomedicine because their intrinsic features well match most essential
pre-requisites for their possible use in vivo. On the other hand, their brightness
can reach intensities among the highest reported so far in the field of nanomaterials,
allowing one to profit fully from the sensitivity and resolution offered by fluores-
cence spectroscopy. However, what really makes silica nanoparticles unique is, in
our opinion, their versatility. For example, their { potential can be finely tuned to
match the needs of a specific application (such as cell internalization or lymph node
mapping), or their surface can be rather easily derivatized with suitable ligands to
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obtain selective targeting. A highly synthetic versatility also offers the rare chance
to design multichromophoric structures to obtain collective energy- and electron-
transfer processes. These processes, as we have described in this review, are the
basis of extremely valuable features. For example, with controlled, incomplete,
energy transfer processes, nanoparticles presenting two or more emission signals
can be advantageously used for barcoding applications or for carrying out in vivo
and ex vivo experiments on the same subject using the same nanostructured probe.
On the other hand, an almost complete energy transfer, when obtained with careful
design, can be greatly beneficial, yielding a set of nanostructures which, excited at
the same wavelength, can give bright luminescence of different colours, favouring
multiplexing in microscopy and cytofluorimetry. These nanoparticles also present
the additional advantages of minimizing self-quenching processes and increasing
the separation between the excitation and the emission wavelengths, highly increas-
ing the signal to noise ratio.

Finally, when designing nanoparticle-based chemosensors, collective energy-
and electron-transfer processes can allow signal amplification, extending the pos-
sibility of monitoring important biological species and processes.

Notably, although many advantages are becoming evident, as we have
discussed, additional potentials remain largely unexplored for these materials. We
hope that the data discussed in this review article inspire a growing number of
scientists to proceed in this direction, addressing more and more ambitious goals.
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Vivo FRET Imaging
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Abstract Self-assembling nanoparticles of amphiphilic polymers are viable deliv-
ery vehicles for transporting hydrophobic molecules across hydrophilic media.
Noncovalent contacts between the hydrophobic domains of their macromolecular
components are responsible for their formation and for providing a nonpolar
environment for the encapsulated guests. However, such interactions are reversible
and, as a result, these supramolecular hosts can dissociate into their constituents
amphiphiles to release the encapsulated cargo. Operating principles to probe the
integrity of the nanocarriers and the dynamic exchange of their components are,
therefore, essential to monitor the fate of these supramolecular assemblies in
biological media. The co-encapsulation of complementary chromophores within
their nonpolar interior offers the opportunity to assess their stability on the basis of
energy transfer and fluorescence measurements. Indeed, the exchange of excitation
energy between the entrapped chromophores can only occur if the nanoparticles
retain their integrity to maintain donors and acceptors in close proximity. In fact,
energy-transfer schemes are becoming invaluable protocols to elucidate the trans-
port properties of these fascinating supramolecular constructs in a diversity of
biological preparations and can facilitate the identification of strategies to deliver
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contrast agents and/or drugs to target locations in living organisms for potential
diagnostic and/or therapeutic applications.

Keywords Amphiphilic polymers ¢ Energy transfer ¢ Fluorescence * Polymer
nanoparticles ¢ Self-assembly
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1 Amphiphilic Polymers
1.1 Structural Designs

The word amphiphile was coined by Paul Winsor 50 years ago to indicate com-
pounds with polar and nonpolar fragments within the same molecular skeleton
[1, 2]. This term derives from the two Greek roots amphi (on both sides) and philos
(friendly). Indeed, amphiphilic molecules incorporate two distinct components with
different solvent affinities. The part of the molecule with an affinity for polar
solvents, such as water, is said to be hydrophilic (water friendly) and, generally,
comprises one or more polar functional groups (e.g., alcohols, amines, ammonium
cations, carboxylate anions, carboxylic acids, ethers, esters, phosphates, sulfates,
sulfonates, or thiols). By contrast, the part of the molecule with an affinity for
nonpolar solvents is termed hydrophobic (water unfriendly) or lipophilic (fat
friendly) and, in most instances, consists of one or more nonpolar chains (e.g.,
alkyl chains). Thus, an amphiphile has both hydrophilic and hydrophobic compo-
nents within its covalent backbone. For example, sodium dodecyl sulfate (Fig. 1)
satisfies this structural requirement and, probably, is the most common amphiphilic
ingredient in commercial formulations such as shampoo, shower gel, soap, and
toothpaste.

The structural composition of amphiphilic molecules can be replicated at the
macromolecular level. Specifically, hydrophobic and hydrophilic segments can be
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Fig. 1 Schematic representation of an amphiphilic molecule and chemical structure of dodecyl
sulfate, a common amphiphilic component of commercial formulations

Fig. 2 Schematic representations of linear (a—c), cyclic (d) and branched (e) amphiphilic
macromolecules

incorporated within the same macromolecular backbone to produce an amphiphilic
polymer [3-9]. The two functional components can be integral parts of a linear
polymer backbone either in a random fashion or in defined blocks (Fig. 2a, b).
Alternatively, they can be appended to either a linear macromolecular scaffold or a
cyclic polymer backbone (Fig. 2c, d). Similarly, the hydrophilic and hydrophobic
building blocks can be interconnected through a multitude of branching points to
produce a dendritic structure (Fig. 2e). In all instances, the final result is always a
covalent assembly with an appropriate balance of polar and nonpolar functional
groups to display amphiphilic character. In fact, such macromolecular designs are
attracting significant attention because of their potential industrial applications and
biomedical implications. Indeed, amphiphilic polymers can be viable emulsifiers/
de-emulsifiers [10—14] and foamers/de-foamers [15—17] in a diversity of industrial
formulations as well as valuable drug delivery vehicles in therapeutic applications
and probe carriers for in vitro and in vivo imaging schemes [18—43].
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1.2 Synthetic Strategies

Free-radical polymerizations are routinely employed to assemble amphiphilic poly-
mers [44, 45]. In these processes, a macromolecular backbone forms after the
sequential connection of radical building blocks. Such reactive components can
be generated through a number of different mechanisms, usually involving the
assistance of appropriate initiators. As an illustrative example (Fig. 3), azobisiso-
butyronitrile (AIBN) can be combined with a mixture of hydrophilic (1) and
hydrophobic (2) methacrylate monomers [46]. Upon warming the mixture, AIBN
cleaves homolytically to generate a pair of radicals. The resulting species add to the
[C=C] bond of either monomer to produce further radicals. The latter add to
pristine monomers to initiate the polymer growth until pairs of radicals eventually
recombine to terminate the process. The final result is the random assembly of
hydrophilic and hydrophobic side chains along a common poly(methacrylate)
backbone in the shape of 3.

Atom-transfer radical-polymerization (ATRP) is also commonly employed to
assemble amphiphilic polymers [47-50]. In this method, a transition-metal catalyst,
in combination with an alkyl or aryl halide initiator, facilitates the formation of [C—
C] bonds between the reacting monomers. Generally, an electron transfer step
oxidizes the metal and activates the “dormant” alkyl or aryl halide. The resulting
radicals then react with the monomers to initiate the polymer growth. However, the
electron-transfer step is reversible and an equilibrium is rapidly established
between the redox partners which maintains a low concentration of free radicals.
As a result, most polymer chains in the reaction mixture grow with similar rates to
produce macromolecules with a narrow molecular weight distribution. As an
example, Fig. 4 shows the sequential polymerization of styrene (4) and N,N-
dimethylacrylamide (7) through ATRP to produce amphiphilic polymer 8, which
has two well-separated hydrophilic and hydrophobic domains along its poly
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Fig. 3 Free-radical co-polymerization of monomers 1 and 2, under the assistance of AIBN,
produces amphiphilic polymer 3 with a random distribution of hydrophilic and hydrophobic chains
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Fig. 4 Sequential ATRP steps of monomers 4 and 7 produce amphiphilic polymer 8 with two
well-separated hydrophobic and hydrophilic domains along its macromolecular structure
(PMDETA = N,N,N',N' ,N"-pentamethyldiethylenetriamine)
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Fig. 5 RAFT polymerization of PEG-based (10) and perfluorinated (11) monomers to produce
amphiphilic polymer 12

(methacrylate) backbone [51]. Initially, Cu(I) oxidizes to Cu(Il) with concomitant
activation of the dormant species, ethyl 2-bromopropanoate (5). Right after activa-
tion, the radical species of § can add to the [C=C] bond of styrene and start the
chain growth. Finally, a termination step eventually occurs, stopping the polymer-
ization reaction, and the metal is concurrently reduced to its former oxidation state.
As a result of this process, hydrophobic polymer 6 is obtained. In a second
polymerization step, 6 reacts through the very same procedure with the hydrophilic
monomer 7 to give amphiphilic polymer 8.

Reversible addition-fragmentation chain-transfer (RAFT) polymerizations are
particularly useful for the preparation of amphiphilic polymers with alternating
hydrophobic and hydrophilic blocks [52-59]. These reactions are free-radical
polymerizations performed in the presence of a suitable thiocarbonylthio species,
the so-called RAFT agent (9 in Fig. 5), which is generally a dithiocarbamate, a
dithioester, a trithiocarbonate, or a xanthate [60]. Radicals are first generated with
conventional initiators (e.g., AIBN), photoinitiators, under the influence of vy irra-
diation, or even by simple thermal initiation. As an example, Fig. 5 shows the
polymerization of PEG-based hydrophilic monomer (10) and perfluorinated hydro-
phobic monomer (11) through RAFT to produce amphiphilic macromolecule 12
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Fig. 6 NMP polymerization of styrene (4) and hydrophilic polymer (13) produces amphiphilic
polymer 14 with two well-defined hydrophilic and hydrophobic blocks

[61]. In the first step, the free radicals of the initiator are produced. These species
react further with either the monomers or the RAFT agent and generate free radicals
of 10 or 11 to start the main-chain growth. In fact, such growing chains keep
reacting with the RAFT agent to add an increasing number of monomeric units to
the polymer backbone. Finally, a termination step eventually occurs to stop the
polymerization reaction and yields amphiphilic polymer 12.

Nitroxide-mediated radical polymerizations (NMP) rely on alkoxyamine initia-
tors to induce the formation of radicals and generate amphiphilic polymers with
controlled stereochemistry and low polydispersity index [62, 63]. As an example
(Fig. 6), a nitroxyl capping agent was attached to one end of a poly(ionic) liquid,
incorporating multiple imidazolium rings along a macromolecular backbone, to
produce hydrophilic polymer 13 [64]. In the presence of styrene (4), and at an
appropriate temperature, the terminal nitroxyl radical adds onto the [C=C] bond of
the hydrophobic monomer to initiate the growth of a hydrophobic segment and
eventually produce amphiphilic polymer 14.

Ring-opening metathesis polymerization (ROMP) is another common method
for the preparation of amphiphilic polymers and other industrially important prod-
ucts [65-67]. Specifically, the catalytic cycle of ROMP requires a strained cyclic
olefin (e.g., norbornene and cyclopentene). Indeed, the driving force for the process
is the relief of ring strain. After the formation of a metal-carbene species, the
carbene attacks the double bond in the ring structure, forming a highly strained
metallacyclobutane intermediate. The ring then opens, giving a reactive species
capable of initiating polymer growth, which is a linear chain double bonded to the
metal with a terminal double bond as well. The new carbene reacts with the double
bond of the next monomer, propagating the reaction responsible for growing the
polymer chain. As an example, Fig. 7 shows the polymerization of norbornene-
based hydrophobic monomer (15) and PEG-substituted hydrophilic monomer (18)
through ROMP, using the third generation Grubb’s catalyst (16) as initiator, to
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Fig. 7 ROMP polymerization of hydrophobic (15) and hydrophilic (18) monomers produces
amphiphilic polymer 19 with two well-defined hydrophilic and hydrophobic blocks

produce amphiphilic macromolecule 19, which has two well-defined hydrophilic
and hydrophobic blocks [68].

1.3 Critical Concentration

When mixed with water at relatively low concentrations, most amphiphiles migrate
to the air/water interface (Fig. 8a) to avoid direct exposure of their hydrophobic
components to the aqueous environment [69—71]. In the resulting arrangement, the
hydrophilic segment of the molecule remains within the aqueous phase, whereas the
hydrophobic counterpart protrudes above the aqueous surface. If the amphiphile
concentration is gradually increased, the air/water interface becomes increasingly
crowded until additional molecules are forced to reside within the aqueous phase
(Fig. 8b). Above a certain concentration threshold, denoted critical concentration
(CQC), the amphiphiles in the aqueous phase self-assemble into micellar aggregates
(Fig. 8c) to prevent the direct exposure of their hydrophobic parts to water. In fact,
the hydrophobic portions of the many molecules in each supramolecular assembly
point toward the interior of the construct, whereas the hydrophilic parts are on the
surface to be directly exposed to the aqueous solvent. Such an arrangement ensures
the most appropriate environment around the hydrophobic and hydrophilic frag-
ments of each molecular component of the self-assembling supramolecular con-
structs. Any further addition of amphiphiles slightly beyond the CC then translates
into an increase of the number of micelles dissolved in the aqueous phase. Under
these conditions, the many supramolecular assemblies remain isolated from each
other with no spatial correlation. At concentrations significantly greater than the
CC, however, liquid-crystalline phases with long-range orientational and positional
order may appear [72-75].

The morphology of micellar aggregates of amphiphilic components is related to
the structural composition and concentration of the individual building blocks and
can vary with the ionic strength and temperature of the solution [76—80]. Generally,
these supramolecular assemblies are spherical (Fig. 9) and, only occasionally, adopt
globular or rod-like shapes. In all three instances, the interior of the aggregate is
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Fig. 8 The addition of increasing amounts of amphiphilic compounds to water encourages the
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assembly of micellar aggregates above a critical concentration (c)
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Fig.9 Common morphologies of supramolecular assemblies of multiple amphiphilic components

hydrophobic and the surface hydrophilic. However, certain amphiphiles tend to
form bilayer assemblies capable of curling into spherical vesicles and encircling
solvent molecules within their inner hydrophilic face.

The value of CC varies with the structural composition of the self-assembling
building blocks and its determination for any amphiphile is essential to identify a
range of optimal concentrations to induce the spontaneous formation of micellar
aggregates. This crucial parameter can be measured with diverse experimental
procedures based on its influence on certain physical variables, including chemical
shift, absorbance, fluorescence intensity, ionic conductivity, osmotic pressure, and
surface tension [§1-90]. Of these many methods, those relying on fluorescence and
surface tension measurements are relatively simple and, as a result, appear to be the
most common protocols for CC determination in literature reports.
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Fig. 10 Plot of the emission intensity of 20 (1 pg mL ™!, Ag, =440 nm, Ag,, =476 nm) against the
concentration of 3 in PBS at 25 °C

Fluorescence methods for CC determination rely on the ability of the micellar
aggregates to encapsulate emissive and hydrophobic probes in their nonpolar
interior [91-94]. These molecular guests must be selected to lack any significant
solubility in aqueous environments on their own, but readily transfer into an
aqueous phase after entrapment within their supramolecular hosts. Under these
conditions, their fluorescence can be detected in water only if a given amphiphile is
present at a concentration greater than the corresponding CC. For example, 9,10-bis
(diphenylethynyl)anthracene (20 in Fig. 10) is essentially insoluble in phosphate
buffer saline (PBS), but readily dissolves in the presence of significant amounts of
an amphiphilic polymer (3) [95]. As a result, the treatment of a fixed amount of 20
with identical volumes of PBS solutions containing increasing concentrations of
3 can be exploited to identify the CC value of the polymer. Indeed, no emission can
be detected at low polymer concentrations (Fig. 10). Once CC is reached, however,
the amphiphiles assemble into micellar aggregates. The resulting supramolecular
constructs capture the fluorescent species, transfer them into the aqueous phase, and
allow the detection of their fluorescence. Consistently, a sudden increase in emis-
sion intensity is observed above this particular concentration threshold (Fig. 10).

In principle, the encapsulation of fluorescent probes in the interior of the
micellar aggregates might have an influence on the ability of the amphiphilic
components to assemble and, therefore, affect the actual CC value. This potential
limitation can be overcome with protocols based on measurements of surface
tension, which do not require the addition of any molecular guest [96, 97]. Indeed,
this parameter can be determined experimentally with a variety of instrumental
setups, including Traube’s stalagmometer, modified manometers or computer-
controlled tensiometers calibrated with liquids of known surface tension.
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Fig. 11 Plot of the surface tension of a solution of sodium dodecyl sulfate (SDS) in water against
the amphiphile concentration at 25 °C. (Reprinted with permission from J. Chem. Ed. © 2001,
American Chemical Society)

Molecules in a liquid attract each other. These interactions are balanced in all
directions for a given molecule within the bulk of the liquid. However, they are
unbalanced for an equivalent molecule on the surface of the very same liquid,
resulting in forces that tend to hold the liquid together. The surface tension (y) is a
measurement of such a cohesive energy which exists at the air/liquid interface. The
presence of amphiphilic molecules at the interface disrupts these cohesive interac-
tions with a concomitant decrease in surface tension. In fact, amphiphiles are often
called “surface active” compounds or “surfactants” because of this effect. Specif-
ically, the surface tension depends on the concentration of a given amphiphile, as
shown schematically in Fig. 8. It remains approximately constant at low concen-
trations, but drops rapidly with the crowding of the air/water interface and then
shows a negligible change once the micellar aggregates start assembling. As a
result, CC can be estimated from the intersection of the linear correlations associ-
ated with the last two segments of the plot (Fig. 8). For example, the dependence of
the surface tension on the concentration of sodium dodecyl sulfate in water and the
corresponding CC are illustrated in Fig. 11 [98].
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1.4 Hpydrodynamic Diameter

Dynamic light scattering measurements can provide a quantitative assessment of
the size distribution of spherical nanoparticles dispersed in a solvent from the
analysis of their random thermal motion (Brownian motion) [99-102]. Indeed,
the translational diffusion coefficient (D,) of the moving nanoparticles is inversely
related to their hydrodynamic diameter (Dy,) according to (1), where kg, T, and 5 are
Boltzmann’s constant, temperature, and viscosity, respectively. As a result of this
correlation, the displacement of small diffusing nanoparticles over time (Fig. 12a)
is more pronounced than that of large counterparts (Fig. 12b). In fact, the sequential
tracking of the nanoparticle positions with very short probing intervals (<100 ps)
permits the determination of their physical dimensions, even when the moving
objects are micellar aggregates of amphiphilic building blocks.

kT
b 37(:]1D[
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Experimentally, this particular technique determines the aggregate size by measur-
ing the random changes in the intensity of light scattered from the corresponding
solution. Generally, a laser source illuminates the sample maintained in a transpar-
ent cell and the scattered light (Fig. 13) is collected on a photomultiplier tube. As
the diffusing aggregates are constantly in motion, the obtained optical signal shows
random changes because of the constructive and destructive phase addition of the
scattered light with time. Their size can then be obtained from this signal after an
appropriate mathematical treatment. Specifically, the detected signal can be
interpreted in terms of an autocorrelation function [G(z)] of the delay time (7),

I I 1
10 100 1000

Size (nm)

Fig. 12 Illustration of the Brownian motions of small (a) and large (b) particles
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Fig. 13 Schematic representation of the optical setup used for dynamic light scattering measure-
ments of nanoparticle sizing. (Adapted from [103])

i.e., the time that elapses between two consecutive data collections. If all the
particles are identical in size, [G(r)] decays monoexponentially with T, according
to (2), and fitting of the experimental data provides an estimate of the decay
constant (I'). In turn, this parameter is directly related to D,, according to (3),
where the scattering vector (g) is a function of the refractive index () of the liquid,
the wavelength ()) of the laser, and the scattering angle (), according to (4). Thus,
a measurement of [G(r)] against 7 ultimately provides a value of D, and, in
combination with (1), also of Dy,.

G (1) =exp (—2I7) (2)
I' =D, q2 (3>
q = (4rnn/2) sin(0/2) 4)

Nonetheless, most samples have a distribution of nanoparticle sizes and, therefore,
the correlation of [G(z)] and T becomes a power series, according to (5). Once
again, a decay constant (I'), which is the sum of all the individual exponential
decays contained in the correlation function and is proportional to Dy, is extracted to
obtain a weighted average of Dy, termed z-average size.

G(r)=exp(—2Tr+p, o> — ) (5)

Besides fitting a single exponential decay to the correlation function (5) to obtain
the z-average size, a multiexponential function can be used instead to obtain the
distribution of particle sizes. After applying such a mathematical algorithm, one
gets the size distribution as a plot of the relative intensity of light scattered by the
particles in various size classes. As an example, Fig. 14) shows the intensity
distributions for amphiphilic polymers 3 and 21. Specifically, hydrodynamic diam-
eters of ca. 10 and 130 nm are registered for these two particular amphiphilic
macromolecules, respectively.
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Fig. 14 Chemical structure and hydrodynamic diameters, Dy,, for amphiphilic polymers 3 and 21.
(Reprinted with permission from Polym Chem © 2013, Royal Society of Chemistry)

2  Energy Transfer Within Self-Assembling Nanoparticles
of Amphiphilic Polymers

2.1 Forster Resonance Energy Transfer

Organic molecules can absorb radiation across the ultraviolet and visible regions of
the electromagnetic spectrum with concomitant electronic transitions from their
ground state (Sp) to their first singlet excited state (S;) (Fig. 15a). The excited
species can then relax from S; to Sy either radiatively, by emitting light in the form
of fluorescence, or nonradiatively, by releasing heat into the surrounding environ-
ment. Alternatively, the excitation energy can be transferred to a complementary
chromophore, if present at an appropriate distance (Fig. 15b, c). As a result of this
process, termed Forster resonance energy transfer (FRET) [104—109], the energy
donor returns to Sy and the energy acceptor is excited to S;. The latter species can
then relax radiatively or nonradiatively back to Sy. Under these conditions, the
excitation of the donor results in either acceptor emission (Fig. 15b) or fluorescence
quenching (Fig. 15¢), respectively.

The resonant transfer of energy from a donor to an acceptor can only occur if
appropriate spectral and geometrical requirements are satisfied [110-112]. Specif-
ically, the bands associated with the S; — S transition of the donor and the So — S;
transition of the acceptor in the corresponding emission and absorption spectra,
respectively, must overlap significantly. In addition, the transition moments for the
donor emission and acceptor absorption cannot be orthogonal to each other. When
both conditions are satisfied, energy is transferred from one species to the other with
a rate constant (kggrgr) inversely related to the sixth power of their distance (R),
according to (6):
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organic fluorophores absorb radiation with concomitant electronic transitions from their ground
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Additionally, kgrgT is also related to the fluorescence lifetime (zp) of the donor in
the absence of the acceptor and Forster’s distance (R(). The latter parameter is the
donor—acceptor separation at which the FRET efficiency (E) is equal to 50%,
according to (7), and can be estimated from the emission intensity measured for
the donor without (Fp) and with (Fp,) the acceptor:

F RS
Fpa RO +R

The value of R, is related to the fluorescence quantum yield (Q) of the donor in the
absence of the acceptor, the refractive index (n) of the solvent, Avogadro’s number
(N,), the orientation factor (k%), and the overlap integral (J):

6 _ 90000, (In10) KT

R
0 128757*N 5

(8)

The value of J quantifies the spectral overlap between the bands associated with the
S| — Sy transition of the donor and the Sy — S; transition of the acceptor. It can be
estimated from the normalized emission of the donor ( fp) and the molar absorption
coefficient (e,) of the acceptor measured over the wavelength (1) range covered by
the two bands with (9):
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J= ijw ea () 2*d2 (9)

The value of k* quantifies the relative orientation of the transition moments of donor
and acceptor and can vary from O and 4. If the two species exchanging energy are
isotropically oriented, k> averages to 2/3.

2.2 Nanoparticle Stability

Self-assembling nanoparticles of amphiphilic building blocks are promising vehi-
cles for the delivery of drugs [19, 26-32, 42, 43]. The nonpolar environment in their
interior can promote the encapsulation of hydrophobic molecules, and the polar
groups on their surface ensure optimal solvation and permit the transport of the
entrapped cargo across hydrophilic media. These supramolecular constructs, how-
ever, are held together solely by noncovalent forces. Indeed, the hydrophobic
domains of the amphiphilic components come into contact to minimize direct
exposure to the surrounding aqueous environments. Such interactions are relatively
weak and external perturbations can easily reverse them to encourage the disas-
sembly of the nanostructured constructs and the release of their cargo. For example,
the introduction of the loaded nanocarriers into a biological sample might result in
dilution below the corresponding CC and/or nonspecific adsorption on certain
biomolecules with their concomitant disassembly and leakage of their cargo.
Therefore, the identification of strategies to monitor the stability of these supramo-
lecular assemblies within biological specimens is of crucial importance in view of
possible therapeutic applications. In this context, imaging schemes based on FRET
are particularly convenient.

A particularly promising strategy to transport and operate synthetic chromo-
phores in biological media involves their encapsulation within lipid nanoparticles,
called Lipidots [113—-116]. These nanostructured carriers have an oily core (essen-
tially soybean oil and wax), surrounded by a shell of phospholipids (e.g., lecithin)
and an outer poly(ethylene glycol) (PEG)-based coating (Fig. 16). The diameters of
the resulting supramolecular assemblies generally range from 30 to 120 nm and
such relatively large dimensions enable the encapsulation of multiple hydrophobic
guests in the lipophilic interior. As a result, the brightness of these fluorescent
constructs is comparable to that of semiconductor quantum dots. Nonetheless, the
lack of heavy atoms in the chemical composition of the former translates in
negligible cytotoxicity (ICso>75 nM), making them optimal probes for in vitro,
but especially in vivo, fluorescence imaging applications.

The fate of fluorescent Lipidots in vitro can be monitored conveniently by
fluorescence spectroscopy on the basis of FRET schemes [117]. For example,
donor 22 and acceptor 23 (Fig. 17) can be co-encapsulated in the interior of the
same Lipidot to promote the transfer of energy from the former chromophore to the
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Fig. 17 Normalized emission and absorption spectra of Lipidots loaded with 22 (a) and 23 (b)
respectively together with the corresponding spectral overlap (¢). Emission spectra (g, = 520 nm)
of Lipidot containing 22 without (d) and with (e) increasing amounts of 23

latter. The emission spectrum of 22 (a in Fig. 17) reveals pronounced fluorescence
between 550 and 700 nm. Similarly, the absorption spectrum of 23 (b in Fig. 17)
shows significant absorbance within the very same range of wavelengths. This
particular spectral output ensures the degree of overlap (¢ in Fig. 17) required to
promote FRET upon excitation and corresponds to a Ry of 52 A. Consistently, the
emission of 22 at 567 nm (d in Fig. 17) decreases with the co-encapsulation of
increasing amounts of 23 in the same Lipidot (e in Fig. 17). In addition, a second
emission band, corresponding to the acceptor fluorescence, grows at 667 nm on
increasing the concentration of 23.

As an alternative to 23, 24 can be co-encapsulated together with 22 in the
lipophilic core of the same Lipidot [118]. This particular chromophore also absorbs
in the same range of wavelengths where 22 emits (@ and b in Fig. 18). In this
instance, the pronounced spectral overlap corresponds to a value of 62 A for R, and,
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once again, ensures the efficient transfer of energy from donor to acceptor within
the Lipidot interior. However, the excitation of 24 is followed exclusively by its
nonradiative deactivation from S; to Sy. As a result, the co-entrapment of increasing
amounts of 24 with a fixed quantity of 22 translates eventually into complete
fluorescence suppression.

In both donor—acceptor pairs, FRET occurs efficiently because the complemen-
tary components are maintained in close proximity within the core of their supra-
molecular container [113—118]. The disassembly of the nanostructured construct
would result in the physical separation of the components and the suppression of
FRET. As a consequence, the structural integrity of these supramolecular assem-
blies can be monitored in a given biological specimen simply by probing the ability
of donors and acceptors to exchange energy. For example, human embryonic
kidney (HEK) cells, expressing ayp; (HEKP1) or ayp; (HEKP3) integrins, were
incubated with two sets of Lipidots, co-encapsulating 22 and 23 [118]. One set was
tagged with cRGD peptides, which are known to bind integrins, and the other was
not. Fluorescence images of HEKf3 cells, treated with Lipidots lacking the
targeting peptides, show emission exclusively in the extracellular space (Fig. 19a, d).
These particular images were recorded exciting the donor at 543 nm and collecting
fluorescence between 640 and 704 nm, where the acceptor emits. They demonstrate
that the lack of the targeting peptides prevents cellular uptake and that the nano-
structured assemblies retain their integrity outside the cells to permit energy
transfer. Under otherwise identical experimental conditions, the cRGD-labeled
Lipidots are instead taken up by both ayp- and oy f5- expressing cells. In the former
case, the acceptor fluorescence was mostly distributed across the whole cytoplasm
(Fig. 19b, e). However, the energy transfer was gradually suppressed with the
recovery of the donor emission, indicating that the nanocarriers disassemble with
relatively slow kinetics to separate the complementary chromophores. In the other
instance, significant acceptor fluorescence is observed on the cell periphery
(Fig. 19c, f) instead. Furthermore, the acceptor emission changes in intensity over
time, indicating that the nanocarriers retain their integrity and maintain the original
FRET efficiency. A similar experiment was performed with HEKf3 cells and
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Fig. 19 Normal phase (a—c) and merged (d—g) confocal images (scale bar =20 pm) of HEKp3
cells recorded after incubation with either Lipidots, containing 22 and 23 (a, d), or cRGD-labeled
Lipidots, containing 22 and 23 (b, e), for 1 h, HEKp1 cells recorded after incubation with cRGD-
labeled Lipidots, containing 22 and 23 (c, f), for 1 h and HEKp3 cells recorded after incubation of
Lipidots, containing 22 and 24 (g)

Lipidots, containing 22 and 24, without peptide labels. This particular combination
of chromophores results in complete fluorescence suppression if the nanocarriers
retain their integrity. Nonetheless, the corresponding image (Fig. 19g) clearly
reveals the intense donor fluorescence in the cytoplasm. These observations dem-
onstrate that the uptaken nanocarriers disassemble in the intracellular space with the
concomitant separation of the donors from the acceptor and the suppression of
energy transfer.

Operating principles, based on FRET, to assess the stability of self-assembling
nanoparticles can be extended to supramolecular constructs of amphiphilic poly-
mers [119-135]. For example, PEG and poly(y-propargyl-L-glutamate) (PPLG)
blocks can be integrated within the same macromolecular backbone together with
cyanine chromophores to generate 25 and 26 (Fig. 20) [136]. The absorption and
emission bands of 25 appear at 685 and 725 nm, respectively, in the corresponding
spectra (a and c¢ in Fig. 20), whereas those of 26 are at 770 and 810 nm (b and d in
Fig. 20). The optimal spectral overlap between the emission of 25 and the absorp-
tion of 26 suggests that energy can be transferred efficiently from one to the other if
the two components are brought into close proximity.

Mixing appropriate amounts of 25 and 26 in aqueous solution results in the
spontaneous assembly of nanoparticles with Dy, of 130 nm. The resulting absorption
spectrum (e in Fig. 20) shows the characteristic bands of both chromophores.
However, the corresponding emission spectrum (f in Fig. 20) reveals predomi-
nantly the fluorescence of 26 at 800 nm. These observations demonstrate that the
two independent polymers co-assembled within the same supramolecular construct
enable the transfer of energy from 25 to 26. After administration in animal models,
however, the donor fluorescence is partially recovered. Specifically, images of a
mouse, recorded after injection of an aqueous solution of the nanoparticles with a
concentration three times greater than the corresponding CC, show a gradual
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Fig. 20 Normalized absorption (@ and b) and emission (¢ and d) spectra of amphiphilic polymers
25 (a and ¢) and 26 (b and d)

increase in donor emission (Fig. 21a), relative to the acceptor fluorescence
(Fig. 21b). Thus, the supramolecular nanoparticles partially disassemble when in
circulation within the animal, and approximately 44 % of the donor emission is
recovered after 24 h. Biodistribution analysis, however, revealed different fluores-
cence recoveries in different organs. In particular, 33%, 11%, and 4% of the donor
emission was recovered in the liver, spleen, and kidneys, demonstrating that the
nanoparticle fate varies significantly with the nature of the organ.

2.3 Nanoparticle Dynamics

The reversibility of the noncovalent bonds holding multiple amphiphilic compo-
nents together in a single nanostructure imposes a dynamic character on these
supramolecular assemblies [137-149]. In fact, amphiphilic building blocks can
dissociate from one nanoparticle and associate with another in solution. Similarly,
the cargo of the nanocarriers is maintained within their hydrophobic interior, also
on the basis of such reversible noncovalent interactions. As a result, the molecular
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Fig. 21 Fluorescence images of a mouse injected with nanoparticles of 25 and 26 recorded after
excitation of the donor at 640 nm and collection of the emission for either the donor at 700 nm (a)
or the acceptor at 800 nm (b)

guests entrapped in one supramolecular host can escape into the bulk solution to be
recaptured by another. Thus, these supramolecular containers can exchange their
constituent amphiphilic components as well as their cargo on relatively short
timescales under appropriate experimental conditions. Such dynamic processes
can be monitored conveniently by relying, once again, on FRET between appro-
priate chromophoric units [119-135].

The pronounced hydrophobicity of 20 and 27 (Fig. 22) translates into negligible
aqueous solubility [95]. In the presence of amphiphilic polymer 3, however, both
molecules dissolve readily in PBS. In fact, this particular macromolecule forms
nanoparticles with a Dy, of ca. 15 nm which can capture these hydrophobic guests
and transfer them into the aqueous medium. The characteristic emission of the
boron dipyrromethene (BODIPY) chromophore of 20 extends from 450 to 600 nm.
The absorption bands associated with the Sy — S, transitions of the anthracene
chromophore of 27 are positioned between 450 and 550 nm. The pronounced
spectral overlap corresponds to a J of 9.1 x 107" M~ cm?® and a R, of 47 A.
These values ensure the efficient transfer of energy from 20 to 27, when both
species are co-encapsulated within the interior of nanoparticles of 3. Consistently,
the emission spectrum shows predominantly the fluorescence of the acceptor



Self-Assembling Nanoparticles of Amphiphilic Polymers for In Vitro and In. . . 49

fau)

0 T T
300 350 400

Fig. 22 Emission spectra (Agx =430 nm) recorded after mixing identical volumes of two PBS
dispersions of nanoparticles of 3 (500 pg mL™"), loaded with 20 (5 ne mL™Y or27 (5 pg mL™Y),
respectively, before (a) and after tenfold dilution with either PBS (b) or THF (c). Emission
intensities (Agx =430 nm, Ag, =540 nm), reported relative to that of an indocyanine green
standard (50 pM, Agx =730 nm, Ag,, =780 nm) added 30 min prior to termination of incubation,
recorded with a plate reader before (d) and after incubation of HeLa cells with a PBS dispersion of
nanoparticles of 3 (125 pg mL™h, containing 27 (1.25 pg mL™Y), for 3 h and washing (e) and
subsequent incubation with a PBS dispersion of nanocarriers of 3 (125 pg mL™"), containing 20
(1.25 pg mL ™", for a further 3 h and washing (f) or after incubation with the same dispersion of
nanoparticles, containing 1, for 3 h and washing (g). Fluorescence images (1gx =458 nm,
Agm = 540-640 nm) of HeLa cells recorded after incubation with a PBS dispersion of nanoparticles
of 3 (125 ug mL™"), containing 27 (1.25 pg mL™"), for 3 h, washing and subsequent incubation
with a PBS dispersion of nanocarriers of 3 (125 pg mL™"), containing 20 (1.25 pg mL™"), and
washing (h) or after the same treatment but inverting the order of addition of the two components

@

between 540 and 640 nm, and its comparison to those of the separate components
indicates that energy is transferred with an E of 0.95.

In these FRET experiments, donor, acceptor and amphiphilic polymer are mixed
in chloroform and, after the evaporation of the organic solvent, the residue is
dispersed in aqueous medium [95]. Under these conditions, the two complementary
chromophoric guests are captured within the same supramolecular host and the
transfer of energy from one to the other occurs efficiently upon excitation. The very
same result, however, is obtained if an aqueous solution of nanoparticles containing
the donors exclusively is combined with an aqueous solution of nanocarriers
entrapping only the acceptors. Upon mixing, the two sets of supramolecular assem-
blies exchange their components with relatively fast kinetics to co-localize donors
and acceptors within the same containers. Indeed, the emission spectrum (a in
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Fig. 22), recorded immediately after mixing the two solutions, shows predomi-
nantly the acceptor fluorescence and scales linearly with a tenfold dilution of the
sample with PBS (b in Fig. 22). These observations demonstrate that FRET occurs
after mixing and that the efficiency of the process does not change with dilution. In
turn, the latter result indicates that the increase in physical separation between the
nanoparticles, occurring with dilution, has no depressive effect on FRET and,
therefore, confirms that donors and acceptors are co-entrapped within the same
containers. By contrast, a tenfold dilution of the sample with THF disrupts the
hydrophobic interactions responsible for the integrity of the nanoparticles to sepa-
rate donors from acceptors and prevent FRET. As a result, the corresponding
emission spectrum (c in Fig. 22) shows predominantly the donor fluorescence.

The intriguing behavior of these dynamic supramolecular systems can be
exploited to transport molecules into the intracellular space and, only there, allow
their mutual interaction [95]. Indeed, nanoparticles of 3 can cross the membrane of
cervical cancer (HeLa) cells and carry either 20 or 27 along in the process.
Fluorescence measurements performed before (d in Fig. 22) and after (e and g in
Fig. 22) incubation, however, reveal only negligible intracellular emission. In these
experiments, the sample is illuminated at the excitation wavelength of the donor
and fluorescence is detected at the emission wavelength of the acceptor. Therefore,
the presence of only the donor or only the acceptor cannot produce any significant
fluorescence, under these excitation and detection conditions. If the cells are
incubated sequentially with the two sets of nanoparticles, then intense emission is
detected instead under the very same conditions (f in Fig. 22). These observations
demonstrate that the internalized nanoparticles exchange their components with
fast kinetics within the intracellular environment to co-localize donors and accep-
tors in close proximity and enable FRET. Consistently, fluorescence images
(Fig. 22h, i) recorded after sequential incubation with nanoparticles containing
the donor and then nanocarriers containing the acceptor, or vice versa, clearly
show intracellular fluorescence.

2.4 Cell Apoptosis

As cancer treatment progresses, tumors may develop drug resistance, decreasing
the effectiveness of chemotherapy [150—153]. Therefore, the development of strat-
egies to assess the ability of drugs to kill tumors is as essential as the identification
of protocols to deliver them to their targets in living organisms. In particular, the
efficacy of a cancer drug can be probed by monitoring apoptosis (i.e., programmed
cell death). This process is associated with the production of several enzymes. One
of them, caspase-3, is able to cleave the Asp-Glu-Val-Asp (DEVD) peptide
sequence. In turn, the cleavage of DEVD can be designed to control the efficiency
of FRET and, therefore, enable the monitoring of cell death with fluorescence
measurements.
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Fig. 23 Polymer 30 incorporates a drug (paclitaxel), a donor (fluorescein, 28) and an acceptor
(QSY 7, 29) within its macromolecular backbone and does not produce any significant fluores-
cence because of the efficient transfer of energy from the donor to the nonemissive acceptor. When
exposed to caspase-3, the peptide sequence (DEVD) connecting donor and acceptor cleaves to
prevent energy transfer and activates the fluorescence of the donor. Fluorescence images of
responsive (a) and resistant (b) cell lines after treatment with 30

Fluorescein and QSY 7 (28 and 29 in Fig. 23, respectively) have optimal spectral
overlap to implement FRET schemes [154]. These complementary chromophores
can be connected through a DEVD bridge and integrated covalently within amphi-
philic polymer 30 (Fig. 23). This particular macromolecule also incorporates a
chemotherapeutic agent, in the shape of paclitaxel, at one of its ends. In the
resulting assembly, the fluorescein donor (28) and the QSY 7 acceptor (29) are
sufficiently close to each other to ensure efficient energy transfer from one to the
other upon excitation. The excited acceptor, however, relaxes back from S; to Sy
nonradiatively. As a result, the emission of this particular macromolecular construct
is completely suppressed. After internalization in cancer cells, the paclitaxel
appendage initiates apoptosis with the concomitant production of caspase-3. This
enzyme then cleaves the DEVD sequence embedded in the macromolecular back-
bone, separates the donor from the acceptor, and prevents FRET. The overall result
of this sequence of events is the appearance of the characteristic fluorescence of the
donor. Thus, fluorescence activation can signal cell death on the basis of these
operating principles, providing the opportunity to assess the efficacy of the chemo-
therapeutic agent. Indeed, comparison of paclitaxel-responsive (Lewis lung carci-
noma, LLC) and taxane-resistant (TR) cells clearly confirms the viability of this
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strategy. In the former instances, the internalization of 30 induces apoptosis and
activates fluorescence (Fig. 23a). In the latter, the nanostructured construct has no
influence on the cells and no fluorescence can be detected (Fig. 23b).

2.5 Photoinduced Drug Release

The introduction of stimuli-responsive groups within amphiphilic polymers permits
the regulation of their ability to assemble into nanoparticles under external control
[155-158]. These operating principles can be particularly valuable to induce the
capture and release of species and can lead to the realization of controllable drug-
delivery systems for therapeutic applications. In this context, the spatiotemporal
control possible with optical stimulations is especially convenient. In fact, the
attachment of chromophores capable of undergoing photochemical transformations
to self-assembling nanoparticles, together with ligands able to direct the resulting
constructs to biological targets, appears to be a promising strategy for the realiza-
tion of light-responsive nanocarriers. For example, spiropyrans are known to
undergo reversible photoisomerizations [159, 160] and folic acid binds the many
folate receptors that are overexpressed on the surface of cancer cells [161—
166]. Both groups can be incorporated within the macromolecular backbone of an
amphiphilic polymer, in the shape of 31 (Fig. 24), together with rhodamine
B. When combined with hollow mesoporous silica nanoparticles pre-coated with

he, = 510 nm AEn hgy = Quenching

EtN

Kl

Fig. 24 Photoresponsive polymer 31 incorporates a tumor-site binder (folic acid), a donor
(rhodamine B), and a photoactivatable acceptor (spiropyran) within its macromolecular backbone
and produces significant fluorescence because of the lack of transfer of energy from the donor to
the spiropyran form. When exposed to UV light (365 nm), the spiropyran photochrome switches to
the colored merocyanine form (32), enabling FRET between donor and acceptor and quenching
the fluorescence of the former
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a hydrophobic layer, multiple copies of 31 assemble on the surface of the inorganic
scaffold to generate a composite construct. In addition, the porous silica matrix can
be pre-loaded with hydrophobic drugs (doxorubicin), before coating the inorganic
core with the polymer envelope, and traps them in place after self-assembly of the
amphiphilic building blocks. Upon ultraviolet illumination, the many spiropyran
components switch to the corresponding merocyanine isomers (32 in Fig. 24).
These photochemical products have an extended n-system which absorbs signifi-
cantly (b in Fig. 25) in the same region of the electromagnetic spectrum where the
rhodamine components emit (e in Fig. 25). As a result of the pronounced spectral
overlap, the photoinduced spiropyran — merocyanine transformation activates
FRET. Specifically, the excitation of the rhodamine donors is followed by the
transfer of energy to the merocyanine acceptors, which then relax nonradiatively
(c in Fig. 25). Under visible illumination, the merocyanine acceptors revert back to
the original spiropyran components and the FRET pathway is suppressed resulting
in significant fluorescence (d in Fig. 25). It follows that the reversible interconver-
sion of the photoswitchable component can be exploited to suppress and reactivate
the donor fluorescence.
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Fig. 25 Absorption (a and b) and emission (c and d) spectra of 31 before (a and ¢) and after (b and
d) ultraviolet irradiation together with the emission spectrum (e) of a model rhodamine
fluorophore. Release of DOX in vitro without (f) and with (g) irradiation. DOX-loaded
nanocarriers (500 mg mL ™) with KB cells for 2 h in the dark at first. Then the cells were exposed
to UV light (1=365nm, 0.2 W cm ) for time periods ranging from O to 20 min and the cells were
examined by confocal laser scanning microscopy (h—k)
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The amphiphilic polymers assembled on the surface of the inorganic core block
the portals of the porous silica scaffold and prevent the leakage of doxorubicin in
the bulk aqueous solution [167]. Consistently, no doxorubicin can be detected in
solution (f in Fig. 25) if the sample is maintained in the dark. Under visible
illumination for up to 8 h, less than 10 wt% of doxorubicin was released in solution
(g in Fig. 25). However, a sudden increase in doxorubicin concentration occurs after
only a few minutes of ultraviolet illumination and up to 70 wt% of drug is released
into the surrounding aqueous environment after 100 h. In all instances, the amount
of released DOX was determined spectroscopically by measuring the characteristic
absorbance of this compound in a withdrawn portion of the nanoparticle suspen-
sion. These observations demonstrate that the photoinduced transformation of the
relatively hydrophobic spiropyrans into the zwitterionic merocyanines alters the
morphology of the polymer coating around the porous silica core and allows the
escape of the entrapped drugs. In addition, FRET imaging was exploited to monitor
the light-controlled release of DOX from the nanocarriers. Fluorescence images for
KB cells reveal significant fluorescence in the dark right after incubation (Fig. 25h).
Exposure to ultraviolet radiation for 5, 10, and 20 min results in a gradual fluores-
cence suppression (Fig. 25i—k), demonstrating that the structural modification of the
photoresponsive copolymer in the nanocarriers not only enables the FRET process
but also triggers the drug release.

3 Conclusions

Free-radical polymerizations can be exploited to incorporate hydrophilic and
hydrophobic components within the main chain or the side chains of a common
macromolecular backbone to generate polymers with amphiphilic character. Above
a given concentration threshold in aqueous solutions, these amphiphilic polymers
self-assemble into micellar aggregates with nanoscaled dimensions. Noncovalent
contacts bring the hydrophobic domains of distinct amphiphilic components
together to avoid their direct exposure to water. At the same time, solvation of
the hydrophilic domains maintains the resulting nanoparticles in solution and pre-
vents their further aggregation into macroscopic clusters. These nanostructured
assemblies can accommodate hydrophobic molecules in their nonpolar interior
and transport them across hydrophilic media. Furthermore, these supramolecular
hosts can co-encapsulate pairs as distinct molecular guests and constrain them in
close proximity within their hydrophobic core. If the emission spectrum of one
entrapped species overlaps the absorption spectrum of the other, then efficient
energy transfer from the former species to the latter can occur upon excitation.
Such a process, however, demands the overall construct to retain its integrity and
keep donors and acceptors at distances compatible with energy transfer. As a result,
the occurrence of energy transfer can be exploited to signal nanoparticle stability.
Similarly, the encapsulation of complementary donors and acceptors in distinct
nanoparticles offers the opportunity to assess the ability of these supramolecular
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constructs to exchange their components. These operating principles are especially
convenient to probe nanoparticle stability and nanoparticle dynamics in biological
samples with the aid of convenient fluorescence measurements. Furthermore, they
can be adapted to monitor biochemical transformations which eventually lead to
cell apoptosis. Thus, such energy transfer schemes can contribute to the fundamen-
tal understating of the fate of these promising delivery vehicles in biological
preparations and can guide the design of strategies for the transport of contrast
agents and/or drugs in view of potential diagnostic and/or therapeutic applications.
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Polymeric Nanoparticles for Cancer
Photodynamic Therapy

Claudia Conte, Sara Maiolino, Diogo Silva Pellosi, Agnese Miro,
Francesca Ungaro, and Fabiana Quaglia

Abstract In chemotherapy a fine balance between therapeutic and toxic effects
needs to be found for each patient, adapting standard combination protocols each
time. Nanotherapeutics has been introduced into clinical practice for treating
tumors with the aim of improving the therapeutic outcome of conventional thera-
pies and of alleviating their toxicity and overcoming multidrug resistance.
Photodynamic therapy (PDT) is a clinically approved, minimally invasive pro-
cedure emerging in cancer treatment. It involves the administration of a photosen-
sitizer (PS) which, under light irradiation and in the presence of molecular oxygen,
produces cytotoxic species. Unfortunately, most PSs lack specificity for tumor cells
and are poorly soluble in aqueous media, where they can form aggregates with low
photoactivity. Nanotechnological approaches in PDT (nanoPDT) can offer a valid
option to deliver PSs in the body and to solve at least some of these issues.
Currently, polymeric nanoparticles (NPs) are emerging as nanoPDT system
because their features (size, surface properties, and release rate) can be readily
manipulated by selecting appropriate materials in a vast range of possible candi-
dates commercially available and by synthesizing novel tailor-made materials.
Delivery of PSs through NPs offers a great opportunity to overcome PDT draw-
backs based on the concept that a nanocarrier can drive therapeutic concentrations
of PS to the tumor cells without generating any harmful effect in non-target tissues.
Furthermore, carriers for nanoPDT can surmount solubility issues and the tendency
of PS to aggregate, which can severely affect photophysical, chemical, and biolog-
ical properties. Finally, multimodal NPs carrying different drugs/bioactive species
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with complementary mechanisms of cancer cell killing and incorporating an imag-

ing agent can be developed.

In the following, we describe the principles of PDT use in cancer and the pillars
of rational design of nanoPDT carriers dictated by tumor and PS features. Then we
illustrate the main nanoPDT systems demonstrating potential in preclinical models

together with emerging concepts for their advanced design.

Keywords Cancer « Chemotherapy ¢ Drug delivery ¢ Photodynamic therapy ¢

Photosensitizers ¢« Polymeric nanoparticles
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Poly(acrylic acid)

Poly(acrylamide)
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Poly(e-caprolactone)
Poly(diethylaminoethyl methacrylate)
Poly(p,L-lactic acid)

Photodynamic therapy

Polyethylene glycol

Poly(ethylene glycol)-modified gelatin
Poly(ethylenimine)

Pheophorbide A

Poly(lactic acid)
Poly(lactic-co-glycolic acid)
Poly(L-lysine)

Poly(methacrylic acid)
Poly(N-isopropylacrylamide)
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Photothermal therapy

Reactive oxygen species
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TPPS, tetrasodium-meso-tetra(4-sulfonatophenyl) porphyrine
UDCA Ursodeoxycholic acid
ZnPc Zinc phthalocyanine

1 Introduction

Cancer treatment is currently based on a combination of surgery, radiotherapy,
chemotherapy, and, more recently, immunotherapy. Each treatment modality bears
advantages and drawbacks and needs to be established depending on tumor loca-
tion, stage of tumor growth, and presence of metastasis. Chemotherapy is one of the
principal modes of treatment for cancer. The main Achilles’ heel in a chemother-
apeutic regimen lies in poor selectivity of the treatment that generates severe side
effects, contributing to decreased patient compliance and quality of life. Indeed,
most chemotherapeutics are administered by the intravenous route, distribute in the
whole body according to the physical chemical features (which drive interactions
with plasma proteins), and reach healthy organs as well as diseased tissue. A fine
balance between therapeutic and toxic effects needs to be found for each patient,
adapting standard combination protocols each time. Nevertheless, the effectiveness
of chemotherapy is limited by intrinsic or acquired drug resistance [1, 2].

In the past 20 years, nanotherapeutics has been introduced in the clinical practice
for treating tumors with the aim of improving the therapeutic outcome of conven-
tional pharmacological therapies and alleviating their toxicity, as well as overcom-
ing multidrug resistance (MDR) [3-9]. By providing a protective housing for the
drug, nanoscale delivery systems can in theory offer the advantages of drug
protection from degradation and efficient control of pharmacokinetics and accu-
mulation in tumor tissue, thus limiting drug interaction with healthy cells and, as a
consequence, side effects. The delivery of chemotherapeutics through nanocarriers
has been mainly focused on the intravenous route to reach remote sites in the body
through the blood system [10]. By exploiting the presence of the dysfunctional
endothelium of the tumor capillary wall and the absence of effective lymphatic
drainage in solid tumors, nanocarriers can extravasate from the blood circulation
and can reach the solid tumor interstitium [11-13]. This mechanism, referred as the
Enhanced Permeability and Retention (EPR) effect, is the main determinant in
passive targeting [14, 15]. Nanocarrier decoration with ligands that specifically
recognize peculiar elements of tumors (receptors on endothelial cells of blood
vessels, extracellular matrix, cancer cells) or with magnetically sensitive materials
can ameliorate drug specificity, allowing its effective accumulation in a solid
tumor, an approach known as active targeting [16, 17]. Nanocarriers can also be
designed with exquisite responsiveness to the tumor environment (pH, temperature,
redox potential) or external stimuli (light, magnetic field, ultrasound, temperature),
which can, in theory, trigger drug release only at tumor level [18-25].

In the attempt to find alternative treatment modalities for cancer, photodynamic
therapy (PDT) has emerged as an adjuvant therapy to target neoplastic lesions
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selectively [26, 27]. PDT consists in the administration (local or systemic) of a
photosensitizer (PS) which accumulates in different tissue/cells and, under appli-
cation of light with a specific wavelength and in the presence of molecular oxygen,
produces highly reactive oxygen species (ROS), mainly singlet oxygen ('O,),
finally inducing cell death and tumor regression. Selectivity is achieved partly by
the accumulation of the PS in the malignant cells/tissue and partly by restricting the
application of the incident light to the tumor area. PS is minimally toxic in the
non-irradiated zones, although a such phototoxicity and photosensitivity can occur
when PS shows a tropism for organs exposed to daylight (skin, eye) or is topically
administered, as in the case of skin cancer. PDT has been approved as a primary
treatment option for certain neoplastic conditions including inoperable esophageal
tumors, head and neck cancers, and microinvasive endo-bronchial non-small cell
lung carcinoma [28]. PDT is also being investigated in preclinical and clinical
studies for other cancer types including colon, breast, prostate, and ovarian [28-30].

There are several technical difficulties in the application of PDT in cancer, partly
shared by most clinically relevant chemotherapeutics. First is the difficulty in
preparing pharmaceutical formulations that enable PS parenteral administration
because most existing PSs are hydrophobic, aggregate easily under physiological
condition, and somewhat lose their photophysical properties. Second is the selec-
tive accumulation in diseased tissues, which is often not high enough for clinical
use. A third aspect is related to light-activation of PS that generally occurs at a
wavelength where radiation is poorly penetrating and unable to reach deep tissues.

Nanotechnological approaches in PDT (nanoPDT) can offer a valid option to
deliver a PS and to solve at least part of these issues. Currently, several nanosized
carriers made of different materials, such as lipids, polymers, metals, and inorganic
materials, have been proposed in nanoPDT, each type of system highlighting pros
and cons [31-34]. This review focuses on polymer-based nanoparticles (NPs)
specifically designed for cancer PDT. The main advantages of polymeric NPs lie
in the ability to manipulate carrier properties readily by selecting polymer type and
mode of carrier assembly [35, 36]. In fact, advances in polymer chemistry make it
possible to produce an almost infinite number of sophisticated structures and to
engineer these structures in light of a strictly defined biological rationale. As a
consequence, not only are those features which affect the distribution of drug doses
in the body and interaction with target cells controlled, but also spatio-temporal
release of the delivered drug is predetermined.

This review covers current trends and novel concepts in the design of passively,
actively, and physically targeted NPs proposed in cancer PDT, focusing on those
tested in preclinical studies.
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2 Photodynamic Therapy in Cancer Treatment

2.1 Principles of a PDT Treatment

PDT is based on photochemical processes between light and an exogenous PS
localized at disease level. These components, well tolerated singly by the cells,
generate oxygen-based molecular species exerting a number of effects at cell and
tissue level. Mechanistically, a photodynamic reaction consists in exciting PS
molecules with light of appropriate wavelength, usually visible (VIS) or near-
infrared (NIR), preferentially at PS maximum absorption. PS passes from the
ground state to the excited state and can at this stage decay to the ground state
with concomitant emission of light in the form of fluorescence. The excited PS may
also undergo intersystem crossing to form a relatively more stable and long-lived
excited triplet state which can either decay to the ground state or transfer electrons/
energy to the surroundings through (1) electron transfer to organic molecules and
molecular oxygen in cell microenvironment to form radicals finally giving hydro-
gen peroxide (H,0,) and hydroxyl/oxygen radicals (Type I process) or (2) transfer
of energy to molecular oxygen leading to the formation of 'O, which initiates
oxidation of susceptible substrates (Type II process).

Both Type I and Type II reactions can occur simultaneously and competitively,
and the ratio between these processes depends on the type of PS used, and on the
concentrations of substrate and oxygen. Type II reaction, however, appears to play
a central role in cytotoxicity, because of the highly efficient interaction of the 'O,
species with various biomolecules [27]. 10, has a lifetime of less than 3.5 ps in an
aqueous environment and can diffuse only 0.01-0.02 pm during this period.
Nevertheless, it should be taken into account that 102 senses the inherent hetero-
geneity of cell environment and its lifetime can consequently be affected [37]. A
natural consequence is that the initial extent of the damage is limited to the site of
concentration of the PS [38]. This is usually the mitochondria, plasma membrane,
Golgi apparatus, lysosomes, endosomes, and endoplasmic reticulum. The nucleus
and nuclear membrane are usually spared and DNA damage is rare. Net ionic
charge (from —4 to +4), hydrophobicity, and the degree of asymmetry of PS are
reported to play a role in cell uptake and intracellular localization.

2.1.1 Generalities on PS

Although an enormous number of chemical structures have been found to act as
PSs, only a handful have proceeded to clinical trial and even fewer are commer-
cially available [39]. PSs are generally classified as porphyrinoids and
non-porphyrinoids [40]. Within porphyrinoid-based PSs, first, second, and third
generation PSs are reported.

The first generation agent hematoporphyrin derivative (HpD) represents the
foundation and the reference for novel PSs. Purified HpD is commercialized as
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porfimer sodium (Photofrin®), a lyophilized concentrated form of monomeric and
oligomeric hematoporphyrin derivatives. Photofrin®™ is characterized by an absorp-
tion band at 630 nm (corresponding to a penetration of about 5-10 mm), a low
molar extinction coefficient which in turn demands large amounts of Photofrin®
and light to obtain adequate tumor eradication, and a long half-life of 452 h, leading
to long-lasting photosensitivity. The time delay between drug administration and
the time needed to maximize the tumor to normal cell uptake within the target tissue
determines the correct delay for light application. Photofrin®-mediated PDT
involves intravenous administration of PS followed by irradiation (100-200 J/cm?
of red light) 24—48 h later. During this period, Photofrin® is cleared from a number
of tissues and remains concentrated at the target site [41].

Second generation PSs have been developed with the aim of alleviating certain
problems associated with first-generation molecules such as prolonged skin photo-
sensitization and suboptimal tissue penetration. 5-Aminolevulinic acid (5-ALA) is
a prodrug enzymatically converted to the active PS protoporphyrin IX (PpIX)
during the biosynthesis of heme. 5-ALA (Levulan®) is now approved for the topical
treatment of actinic keratosis (AK) and is in clinical trials for other types of cancer
[42]. Because of its poor ability to cross the skin, lipophilic derivatives have been
proposed such as 5-methyl-aminolevulinate (Metvix®) and hexyl ester of 5-ALA
(Hexvix®™) [43].

From the porphyrin family, meta-tetra(hydroxyphenyl)porphyrin (m-THPP) and
5,10,15,20-tetrakis(4-sulfanatophenyl)-21H,23H-porphyrin (TPPS,) are the main
second generation PDT sensitizers. m-THPP, although being 25-30 times more
potent than HpD in tumor photonecrosis when irradiated at 648 nm, causes severe
skin phototoxicity [40, 44].

Various chemical modifications of the tetrapyrrolic ring of the porphyrins
characterize the different groups of the second-generation PSs [45, 46]. They
have high absorption coefficients/ 'O, quantum yields and absorption peaks in
the IR (660-700 nm) or NIR (700-850 nm) regions. The serum half-life of these
compounds is short and tissue accumulation is improved and occurs quickly (within
1-6 h after injection). Thus, the treatment can be carried out on the same day as the
administration of the drug. In addition, the risk of burns by accidental sun exposure
is low because clearance from normal tissues is rapid. Finally, toxicity to skin and
internal organs in the absence of light (so-called ‘dark’ toxicity) is absent or
minimal.

The chlorin family includes benzoporphyrin derivative monoacid ring A
(BPD-MA, Verteporfin, Visudyne®), meta-tetra(hydroxyphenyl)chlorin (-
THPC, Foscan®), tin ethyl etiopurpurin (SnET2, Rostaporfin, Purlytin™), and N-
aspartyl chlorin e6 (NPe6, Talaporfin, Ls11) which is derived from chlorophyll
a. When compared to porphyrins, the structure of chlorins differs by two extra
hydrogens in one pyrrole ring. This structural change leads to a bathochromic shift
in the absorption band (640-700 nm) and gives ema~40,000 M~' cm™'.
Pheophorbides also have two extra hydrogens in one pyrrole unit and can be derived
from chlorophyll. 2-(1-Hexyloxyethyl)-2-devinyl pyropheophorbide A (HPPH,
Photochlor®) absorbs at 665 nm with &, ~47,000 M tem L
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The joining of four benzene or naphthalene rings to the p-pyrrolic positions of
porphyrins and the substitution of the methylene-bridge carbons with nitrogen
produce phthalocyanine and naphthalocyanines, respectively. The presence of Al
(IID), Zn(II), Si(IV), Ru(Il), and other diamagnetic metal ions with axial ligands
gives hexacoordination and guarantees a satisfactory yield of 'O, generation, thus
decreasing the tendency to form PS self-aggregates and inducing high photody-
namic efficiency and reduced phototoxic side effects [46].

Non-porphyrin derivatives, including hypericin, hypocrellins, methylene blue
(MB), toluidine Blue, and merocyanine 540, are other potential PSs for cancer
PDT [40].

Currently, research efforts are focusing on the development of third generation
PSs, characterized by a higher specificity to target cells and minimal accumulation
in healthy tissues. The basic approach consists in the conjugation of a PS with a
targeting component, such as an antibody directed against the tumor antigens, to
promote the localization and the accumulation of the drug at the diseased site
[47, 48]. As discussed in the following, the most advanced strategy to ameliorate
PS therapeutic outcomes relies in their delivery through engineered nanosystems.

2.1.2 Light Sources

Besides the type of PS, the selection of a light source plays a central role in
achieving effective PS excitation in the bioenvironment. PS maximum absorption
range, disease location, size of the area to treat, and cost are the main determinants
to identify an appropriate illuminating system. Furthermore, the clinical efficacy of
PDT is dependent on dosimetry: total light dose, light exposure time, light delivery
mode (single vs fractionated or even metronomic), and fluence rate (intensity of
light delivery) [49].

The effective excitation light magnitude is determined by the combination of
optical absorption and scattering properties of the tissue. Absorption is largely
because of endogenous tissue chromophores such as hemoglobin, myoglobin, and
cytochromes. On the other hand, the optical scattering of a tissue depends on
wavelength. For the spectral range of 450—1750 nm, tissue scattering is, in general,
more prevalent than absorption, although, for the range of 450600 nm, melanin
and hemoglobin provide significant absorption, and water plays a similar role for
wavelengths >1350 nm. Therefore, the optimal optical window for PDT, and for
optical imaging, is in the NIR spectral region (600—1300 nm), where the scattering
and absorption by tissue are minimized and, therefore, the longest penetration depth
can be achieved. Within this optical window, the longer the wavelength, the deeper
the penetration depth. However, light up to only approximately 800 nm can
extensively generate 'O,, because longer wavelengths have insufficient energy to
initiate a photodynamic reaction [50]. In fact, optical penetration depth of 780-nm
light was found to be 3.62 mm in a mammary carcinoma and 2.82 mm in a lung
carcinoma [51]. Currently approved PSs absorb in the visible spectral regions
below 700 nm, where light penetration into the skin is only a few millimeters,
clinically limiting PDT to treat topical lesions. Thus, a PDT treatment is also
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generally carried out with red light at higher penetration for PSs, which have
maximum absorption in the blue region of the absorption spectrum.

Laser systems widely used for treating dermatological conditions allow the
selection of a wavelength with a maximal effective tissue penetration of approxi-
mately 10 mm, and have been used in combination with all types of PSs [52]. The
laser beams can be launched into an optical fiber applicator, enabling light to be
delivered directly into internal tumors. These techniques are relatively expensive,
require specialized supporting staff, and are space-consuming. It is likely that such
systems will eventually be replaced by laser diode arrays, which are very conve-
nient because they can be easily handled, require only a single phase supply, and are
also relatively inexpensive. Because they are monochromatic, the choice of laser
wavelength becomes crucial as it must be matched with the often narrow absorption
band of the PS, with the result that one laser can only be used in combination with
one (or a limited number of) PS(s). Lasers at present are the only possible light
source to treat malignancies located in sites that can only be reached with optical
fibers.

Several PDT treatments use filtered output high power lamps such as Tungsten
Filament Quartz Halogen Lamps, Xenon Arc Lamps, and Metal Halide Lamps,
especially in clinical settings. In fact, lamps can provide a broad range of wave-
lengths at reduced fluence rates to avoid thermal effects, not necessarily producing
a dramatic increase in the time required for the treatment. A combination of
narrowband, longpass, and shortpass filters is often required to select the irradiation
wavelength within 10 nm to cut high-power UV radiation and IR emission (causing
an undesired increase in the temperature). Because of their broad emission, lamps
can be used in combination with several PSs with different absorption maxima
within the emission spectrum of the lamp. Moreover, lamps normally also excite the
region where photoproducts absorb, thus being responsible for some additional
PDT effects. Because of their characteristics, lamps are well suited for treatment of
accessible lesions, especially for larger skin lesions (with or without the use of
liquid light guides). Moreover, compared to lasers, such sources offer the advantage
of being less expensive and easier to handle [49].

Naturally, most of the light sources for PDT application have been developed to
optimize the output near the absorption wavelengths of the main PSs. Thus, the
tendency of regulatory agencies, such as the US Food and Drug Administration, has
been to approve the PS and the light source to be used for its optical excitation.

2.2 Mechanisms of Cancer Cell Death

A PDT treatment is a two-stage process where a PS is administered in the body
locally or by intravenous injection. After a certain period, PS accumulates in cancer
cells and is activated by application of light at the level of diseased area where
biological effects occur (Fig. la). Accumulation in solid tumors is especially
critical after intravenous administration and largely related to PS physical-chemical
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Fig. 1 Treatment of a solid tumor by PDT. (A) Steps of an intravenous photodynamic treatment.
(B) In tumor PDT, PS absorbs light and an electron moves to the first short-lived excited singlet
state. This is followed by intersystem crossing, in which the excited electron changes its spin and
produces a longer-lived triplet state. The PS triplet transfers energy to ground state triplet oxygen,
which produces reactive 'O, that can (1) directly kill tumor cells by induction of necrosis and/or
apoptosis, (2) cause destruction of tumor vasculature, and (3) produce an acute inflammatory
response attracting leukocytes. Adapted from [59]

features. PSs probably interact with tumors via low-density lipoprotein (LDL)
receptors. Hydrophobic compounds and their aggregates bind to LDL whereas
hydrophilic species bind to albumin and globulins [53]. Because cancer cells
have elevated levels of LDL receptors, endocytosis of LDL-PS complex is pre-
ferred by malignant cells [54, 55]. PS solubility is the main determinant affecting its
distribution and location inside tumor cells. Accumulation of PS in the cell organ-
elles also depends on the charge of the sensitizer. Cationic compounds collect in
mitochondria, whereas anionic species are found in lysosomes [53]. Dye sensitizers
with one or two anionic charges localize in the perinuclear region, vesicles of the
cell, and lysosomes, providing multiple sites of PS accumulation [56, 57]. It should
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be noted that subcellular localization may change with incubation time because PS
may relocate to other organelles after illumination.

Although PDT can induce many cellular and molecular signaling pathway
events, the final effect is the induction of cell death through the activation of
three main cell death pathways: apoptosis, necrosis, and autophagy [27, 38,
58]. The mode and the extent of cell death is related to different elements, including
the concentration, the physiochemical properties and subcellular location of the PS,
the concentration of oxygen, the wavelength and intensity of the light, and the cell
type. For instance, it is recognized that lower doses of PDT lead to more apoptotic
cells, whereas higher doses lead to proportionately more necrotic cells [59]. After
PDT, cancer cells usually develop a cytoprotective mechanism to limit cytotoxic
effects and detoxify from ROS, such as the production of antioxidant molecules
(e.g., some amino acids, glutathione, vitamin E) and of enzymes.

Other distinct mechanisms contribute to the reduction or disappearance of
tumors after PDT treatment (Fig. 1b). In fact, PDT is also able to damage the
tumor-associated vasculature, leading to tumor death via lack of oxygen and
nutrients [60]. The higher sensitivity of endothelial cells compared to the other
proliferating tumor cells is produced by a greater PS accumulation in the endothe-
lial cells, where biological response occurs at sub-lethal doses of PDT
[61, 62]. Although microvascular damage after PDT contributes to greater tumor
response, reduction in oxygen during treatment can limit tumor control by inducing
the production of proangiogenic markers, creating a favorable environment for
tumor recurrence [63, 64].

PDT frequently provokes a strong inflammatory reaction observed as localized
edema at the target site caused by oxidative stress. PDT-induced inflammation is
orchestrated by innate immune system. The acute inflammation and release of
cytokines and stress response proteins induced in the tumor can lead to an invasion
of leukocytes contributing both to tumor destruction and to stimulation of the
immune system to recognize and destroy tumor cells [59]. Nevertheless, numerous
studies have linked PDT to the adaptive immune response. The precise mechanism
leading to potentiation vs suppression of adaptive immunity exerted by PDT is
unclear as yet; nevertheless, it seems as though the effect of PDT on the immune
system is dependent on the PS type, the treatment regimen, and the area treated.
Furthermore, recent findings suggest that clinical antitumor PDT can increase
antitumor immunity [65, 66].

The relative importance of each mechanism for the overall tumor response is yet
to be defined and requires further research. It is clear, however, that the combination
of all these components in PDT is required for optimum long-term tumor regres-
sion, especially in tumors that may have metastasized.

Finally, two general approaches may increase the antitumor effectiveness of
PDT; (1) sensitization of tumor cells to PDT and (2) interference with
cytoprotective molecular responses triggered by PDT in surviving tumor or stromal
cells [27].
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2.3 Clinical PDT for Cancer

PDT has been utilized for preneoplastic and neoplastic diseases in a wide variety of
organ systems, including skin, genitourinary, esophagus, prostate, bile duct, pan-
creas, head and neck, and brain [28]. Several medicines have been approved or are
currently in clinical trials (Table 1). At present, 68 open clinical trials on cancer
PDT are ongoing.

Successful results for PDT of non-hyperkeratotic actinic keratosis have been
achieved with systemically administered porfimer sodium as well as topically
applied ALA and methyl-ALA (MAL). Fifty-one randomized clinical trials
(RCTs) that reported the use of PDT in the treatment of actinic keratosis have
been identified ([67] and clinicaltrial.gov) and aggregated data indicate better rates
of complete response and better cosmetic results with PDT than with the other
treatments.

Several RCTs on superficial and nodular basal cell carcinoma have been
reported, comparing ALA-PDT with surgical excision, cryotherapy, or placebo
[68]. In particular, for superficial basal cell carcinoma, the outcome after PDT
appears similar to surgery or cryotherapy, whereas for nodular (deep) basal cell

Table 1 Clinically approved PS for cancer PDT

Structure/
excitation | Administration
Trade name | Photosensitizer A site Indication
Levulan/ 5-Aminolevulinic acid Porphyrin | Skin Actinic keratosis
Ameluz (ALA) precursor/ (Canada, USA,
635 nm Europe)
Metvix, Methylester of 5-ALA Porphyrin | Skin Actinic keratosis
Metvixia precursor/ (Canada, USA)
635 nm
Photofrin Porfimer sodium; also Porphyrin/ | Intravenous Esophageal,
called hematoporphyrin 630 nm injection endobronchial,
derivative (HpD) high-grade dyspla-
sia in Barrett’s
esophagus (USA,
Canada)
Foscan Meta-tetrahydroxyphe- Chlorin/ Intravenous Cervical cancer
nylchlorin (temoporfin) 652 nm injection (Japan), esophagus
(m-THPC) cancer and dyspla-
sia (Canada, EU,
USA, Japan), gas-
tric cancer (Japan),
advanced head and
neck cancer (EU)
Laserphyrin | Mono-(L)-aspartylchlorin- | Chlorin/ Intravenous Lung cancer
e6 (MACE, NPe6, LS11), |664 nm injection (Japan), phase 111
(Talaporfin) trials in USA

Adapted from [34]
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carcinoma, PDT is less effective than surgery for lesion clearance. Finally, PDT can
substantially reduce the size of large squamous-cell carcinoma tumors, reducing
morbidity and increasing overall curative response [69].

In the field of head and neck cancer, thousands of patients have been treated with
PDT [28, 70] by systemic delivery; in particular, Foscan® was approved in Europe
in 2001 for the palliative treatment of patients with advanced head and neck cancer
who have exhausted other treatment options. Furthermore, various formulations of
porfimer sodium, ALA, and temoporfin are currently undergoing intensive clinical
investigation as an adjunctive treatment for brain tumors, such as glioblastoma
multiforme, anaplastic astrocytoma, malignant ependymomas or meningiomas,
melanoma, lung cancer, brain metastasis, and recurrent pituitary adenomas [71].

PDT is increasingly being used to treat cancers of the airways and other tumors
in the thoracic cavity, especially non-small cell lung carcinoma [72, 73]. Different
RCTs based on talaporfin or porfimer sodium-mediated PDT showed good results
and complete response rate in patients with early stage lung cancer or for whom
surgery is not feasible.

In gastroenterology, endoscopically accessible premalignant or malignant
lesions located within the esophagus, the stomach, the bile duct, or the colorectum
with a high surgical risk have become suitable targets of endoscopic PDT
[74]. Photofrin®-PDT has been approved for obstructing esophageal cancer,
early-stage esophageal cancer, and Barrett’s esophagus in several countries, as an
alternative to esophagectomy because these are superficial and large mucosal areas
that are easily accessible for light. Recent pilot studies have demonstrated that
endoscopic Photofrin®-PDT is also effective in the palliative treatment of
cholangiocarcinoma [34, 75], for early duodenal and ampullary cancers, and for
advanced adenomas.

Because of advances in light applicators, the interstitial PDT is now becoming a
practical option for solid lesions, including those in parenchymal organs such as the
liver and pancreas [76, 77]. Talaporfin-mediated PDT may have efficacy in treating
hepatocellular carcinoma, whereas Foscan® looked promising in the treatment of
pancreatic cancer [78]. In the case of prostate cancer, Foscan®™ represented a viable
minimally-invasive alternative to surgery or radiotherapy, reducing the risk of the
post-surgical side effects of incontinence and impotence [79]. Bladder cancer tends
to be a superficial condition, and for this reason it is proposed that a superficial
treatment with ALA or its ester derivatives by intravesical instillation may be a
preferable mean for local therapy [80].

The last PDT application refers to the treatment of gynecological cancers
[81]. For cervical intraepithelial neoplasia, PDT based on chlorine e6 (Photolon®)
or hexyl-ALA offers a nonscarring alternative to cone biopsy. For vulvar
intraepithelial neoplasia, use of Foscan or ALA may ameliorate the need for radical
mutilating surgery. Similarly, penile intraepithelial neoplasia and anal
intraepithelial neoplasia have been treated with ALA-based PDT, sometimes with
complete clearance. Extramammary Paget’s disease responds to PDT with porfimer
sodium or ALA.
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Currently, PSs are being evaluated as intraoperative diagnostic tools both by
means of photodetection (PD) and fluorescence guided resection (FGR) during PDT
[82]. The most recently published trials that employed PD, FGR, and PDT provided
additional encouraging results, but the initial delay in tumor progression did not
translate to extended overall survival.

2.4 Combining PDT to Chemotherapy

In a clinical setting, patients treated with anticancer drugs were found to fail the
experiences of single agent chemotherapy because it is limited to act on specific
cancer survival pathways and showed low response rates and relapse of tumor. To
improve the therapeutic potential of cancer chemotherapy, it is essential to establish
alternative approaches which could provide a solution to the problems involved in
single drug chemotherapy. To this end, much attention has been given to combi-
nation approaches for a better long-term prognosis and to decrease side effects
associated with high doses of monotherapy. One of the prime benefits of combina-
tion therapies is the potential for providing synergistic effects. The overall thera-
peutic response to drug combinations is generally greater than the sum of the effects
of the drugs individually [83]. The best drug combination with maximal antitumor
efficacy can be calculated by multiple drug effect/combination index isobologram
analysis, an effective way to demonstrate that drugs are working synergistically.
The prime mechanism of synergistic effect following combinational drug treatment
could act on the same or different signaling pathways to achieve more-favorable
outcomes at a lower dose with equal or increased efficacy [84]. Unlike
monotherapy, combination therapy can modulate different signaling pathways,
maximizing the therapeutic effect while overcoming toxicity and, moreover, can
decrease the likelihood that resistant cancer cells develop.

As a complementary therapeutic modality, PDT can be combined with chemo-
therapy to enhance therapeutic outcome. In PDT, any activity of PDT-sensitizing
agents is confined to the illuminated area, thus inducing non-systemic potentiated
toxicity of the combinations. This should be of special importance in elderly or
debilitated patients who tolerate poorly very intensive therapeutic regimens. More-
over, considering its unique 'O,-dependent cytotoxic effects, PDT can be safely
combined with other antitumor treatments without the risk of inducing cross-
resistance [85]. Despite this potential, few studies on combinations of PDT with
standard antitumor regimens have been published to date [83].

Photochemical internalization (PCI), a specific branch of PDT, is a novel
strategy utilized for the site-specific triggered drug/gene release [86-88]. PCI was
initially developed at the Norwegian Radium Hospital as a method for light-
enhanced cytosolic release of membrane-impermeable molecular therapeutics
entrapped in endocytic vesicles. Briefly, the drug or gene of interest colocalizes
with a PS in endocytic vesicles. Light-activation of the PS results in ROS-mediated
damage of the membranes of these vesicles with subsequent release of the drug or
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gene to cytosol. This strategy is especially useful for proteins and nucleic acids that
are unable to cross biological membranes, and even with a specific delivery system
these molecules are taken up by endocytosis and are sequestered in endolysosomal
compartments where they are subjected to enzymatic degradation, resulting in lack
of biological effect. Furthermore, PCI can facilitate endolysosomal release of anti-
cancer drugs and promote their subcellular redistribution after NP uptake [89]. PCI
has been demonstrated to be a feasible drug delivery technology in numerous
cancer cell lines and different animal models.

2.5 Drawbacks in Cancer PDT

The efficacy of a PDT treatment depends on multiple factors related to PS photo-
chemical and physicochemical properties ('O, production efficiency, tissue pene-
tration of excitation light), PS biodistribution in the body, localization in a specific
compartment and dose at target tissue, as well as light parameters (light dose,
fluence rate, interval between administration and light exposure). Obviously, cancer
tissue characteristics (vascularization, oxygenation level) play an important role in
determining the therapeutic outcome of PDT.

Each of the commercially available PSs has specific characteristics, but none of
them is an ideal agent. Selectivity remains a key issue in PDT. A PDT treatment can
be considered to be selective in that the toxicity to tumor tissue is induced by the
local activation of the PS, whereas normal tissues not exposed to light are spared.
Second generation PSs show improved selectivity and clearance rate from the body
so increased therapeutic efficiency and mostly alleviated toxicity caused by post-
PDT photosensitization are experienced. However, Foscan® has failed FDA
approval for the treatment of head and neck cancer because of poor tumor selec-
tivity resulting in serious skin burns arising from photosensitivity [90]. Furthermore,
most second generation PSs exhibit poor solubility in aqueous media, complicating
intravenous delivery into the bloodstream. The low extinction coefficients of PSs
often require the administration of relatively large amounts of drug to obtain a
satisfactory therapeutic response, thus demanding specific vehicles (Chremophor®,
propylene glycol), which can lead to unpredictable biodistribution profiles, allergy,
hypersensitivity, and toxicity [91].

Several hydrophobic PSs tend to aggregate in physiological conditions via the
strong attractive interactions between m-systems of the polyaromatic macrocycles
and, as a consequence, to produce singlet oxygen with very low yields [92]. Aggre-
gation is one of the determining factors which can cause a loss of PS efficacy in vivo
by decreasing its bioavailability and limiting its capacity to absorb light [93]. The
interactions are affected mainly by the solvent, sample concentration, temperature,
and specific interactions with biological structures. Furthermore, the absorption
maximum of PSs falls at relatively short wavelengths, leading to poor tissue
penetration of light. This has prompted development of alternative strategies to
improve quantum yields of 'O, such as two-photon induced excitation



76 C. Conte et al.

[82, 94]. This strategy combines the energy of two photons (in the range 780-
950 nm) where tissues have maximum transparency to light but where the energy of
one photon is not high enough to produce 'O,.

For systemic administration, PS location and extent of PS accumulation in the
target tissue depend on post-injection time [41]. At times shorter than PS half-life,
the drug predominantly stays in the vascular compartment of the tumor, whereas at
longer time, PS can accumulate in extravascular sites because of interstitial diffu-
sion. Therefore, drug-light interval may play a crucial role for the therapeutic
outcome. For topical administration there is a need to promote transport through
the skin and to accumulate PS in the skin target. In this case there is no need to delay
light application except for drugs that need metabolic pathways to become active
(such as 5-ALA).

3 Injectable Nanoparticles for Photodynamic Therapy

3.1 Nanotechnology in Cancer PDT

Nanotechnology offers a great opportunity in advancing PDT based on the concept
that a PS packaged in a nanoscale-carrier can result in optimized pharmacokinetics,
enhancing the treatment ability to target and kill cancer cells of diseased tissue/
organ while affecting as few healthy cells as possible [95, 96].

Besides improving specificity, nanoPDT is also emerging to surmount solubility
issues and the aggregation tendency of PSs, which can severely affect
photophysical, chemical, and biological properties. In fact, a carrier specifically
engineered for nanoPDT should provide an environment where the PS can be
administered in a monomeric form and can also maintain its photochemical prop-
erties in an in vivo setting without loss or alteration of photoactivity. Furthermore, a
nanocarrier engineered for the therapy of solid tumors is expected to deliver
therapeutic concentrations of PS in the diseased tissue and at specific subcellular
locations.

NPs can be designed to transport more than one drug/bioactive species with
different mechanisms of cancer cell killing. The idea to combine two drugs with
different mechanisms of action and pharmacokinetics in a nanocarrier with well-
tailored properties can allow control over anticancer drug/PS biological fate and
promote co-localization in the same area of the body [97]. This approach is rather
recent and demonstrated that cytotoxic drugs can act in concert with PS for tumor
killing providing an anticancer synergistic effect, inducing antitumor immunity and
sometime reverting MDR.

Another potential application of nanotechnology that has been a research hotspot
in the forefront of materials science is the combination of non-invasive PDT and
photothermal therapy (PTT) [98]. PTT consists in a NIR irradiation of a photo-
absorbing agent which converts electromagnetic energy to local heat producing
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hyperthermia and subsequently cell death. Generally, noble metal NPs such as gold
nanorods coupled with a PS on their surface are used to promote the tumor
accumulation and synergistic PDT/PTT. Although high therapeutic outcomes, in
this strategy two different wavelength lasers are usually required to allow PDT and
PTT because of the absorption mismatch of PS and photothermal agents. Thus,
developing a simple and effective strategy for simultaneous PDT and PTT treat-
ment is highly desirable. Recently, researchers have been demonstrated the effi-
ciency of NP loading with a single PS such as chlorins or some phthalocyanines that
present a strong NIR absorbance and are capable of both PDT and PTT to kill
cancer cells under single wavelength irradiation [99].

Nanocarriers also serve as a multimodal platform to bind/include a great variety
of molecules, such as tumor-specific surface ligands for targeted nanoPDT and/or
imaging agents integrating in a single platform the unique opportunity for concur-
rent diagnostic and treatment of cancer tumors, so-called theranostics. Recently,
several multifunctional theranostic systems have been developed for real-time
imaging-guided PDT of cancer [100, 101].

The general design of a carrier for cancer nanoPDT should be planned on a
rational basis in the light of specific needs dictated by (1) tumor features (location,
stage, metastatization), (2) selectivity for tumor tissue, which means to accumulat-
ing the largest fraction of administered dose at tumor level (cancer cells/tumor
interstitium) with little or no uptake by non-target tissue/organs, and (3) stability in
the body compartments, withstanding premature disassembly of nanocarrier and
release of PS before the target is reached. Rational design is perhaps the most
critical step in developing a nanoPDT carrier where a multidisciplinary approach at
the interface between chemistry, pharmaceutical technology, biology, and medicine
should be planned. In this respect, nanocarrier interactions with the biological
environment (protein interaction, blood circulation time, elimination rate, transport
through mucus or epithelia, cell internalization just to cite some aspects) can be
properly regulated by nanocarrier overall physical-chemical properties (size, sur-
face charge/hydrophilicity, drug loading capacity/release rate).

3.2 Fate of Intravenously Injected Nanocarriers

In analogy to several anticancer drugs, intravenous injection remains the preferred
route of PS administration to reach different body compartments. In fact, the unique
properties of tumor vasculature and microenvironment result in a natural tendency
of a nanocarrier bearing a drug cargo to accumulate in solid tumors referred to as
passive targeting [14, 15]. Architectural defectiveness and high degree of vascular
density generate abnormal “leaky” tumor vessels, aberrant branching and blind
loops of twisted shape. Blood flow behavior, such as direction of blood flow, is also
irregular or inconsistent in these vessels. The pore size of tumor vessels varies from
100 nm to almost 1 mm in diameter, depending on the anatomic location of the
tumors and the stage of tumor growth. Moreover, solid tumors are characterized by
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impaired lymphatic drainage which decreases the clearance of locally resident
macromolecules. The enhanced permeability and retention (EPR) effect enables
nanocarriers to extravasate through these gaps into extravascular spaces and to
accumulate inside tumor tissues. Nevertheless, exploiting the EPR effect is com-
plicated by the presence of physiological elimination processes, including both
renal clearance and mononuclear phagocyte system (MPS) uptake [14, 15, 102].

Filtration of particles through the glomerular capillary wall (filtration-size
threshold) depends on molecular weight and allows molecules with a diameter
larger than 15 nm to remain in the circulation [4]. On the other hand, nanocarriers
need to escape MPS, which mediates their fast disappearance from blood circula-
tion and accumulation in the MPS organs (liver, spleen, bone marrow). Opsonin
adsorption on nanocarrier surface mediates MPS recognition and is considered a
key factor in controlling nanocarrier biodistribution in the body [103, 104]. Accu-
mulation in the liver can be of benefit for the chemotherapeutic treatment of MPS
localized tumors (e.g., hepatocarcinoma or hepatic metastasis arising from diges-
tive tract or gynecological cancers, bronchopulmonary tumors) but undesirable
when trying to target other body compartments. Ideally, an injectable nanocarrier
has to be small enough to avoid internalization by the MPS but large enough to
avoid renal clearance (100-200 nm). Recent findings highlight that variation of
nanocarrier dimension in the scale length >100 nm can heavily affect blood
circulation time, whereas the role of geometry in driving in vivo biodistribution
has not yet been clarified [105-107].

Although extracellular matrix itself seems not to represent an evident obstacle to
NP passage, tissue neighboring tumor cells are surrounded by coagulation-derived
matrix gel (fibrin gel or stromal tissues) representing a further barrier to drug
transport. Nevertheless, penetration in the remote area of a solid tumor (hypoxic
zones) is strictly related to size for drugs, i.e., small drugs penetrate better than a
high molecular weight antibody [108].

3.3 Cancer NanoPDT: Biologically-Driven Design Rules

Pharmacokinetics and cell uptake of PSs can be modified by engineering
nanocarrier properties (size, surface, shape) to target tumors more specifically,
which results in major clinical implications [11, 12, 109]. The general structure
of multifunctional NPs for PDT of solid tumors is represented in Fig. 2a. Their
rational design relies on appropriate assembling of each building element as
dictated by biological requirements.

In order to overcome opsonization, a number of strategies have been investi-
gated to make a nanocarrier “stealth” that is able to evade MPS and long-
circulating. Coating with a hydrophilic shell can form a cloud on nanocarrier
surface which repels opsonins giving decreased levels of uptake by the MPS and
longevity in the blood, finally promoting nanocarrier accumulation in solid tumors
through EPR mechanism [110, 111]. To overcome opsonization and rapid
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Fig. 2 General structure of multifunctional NPs for PDT treatment of solid tumors. (A) Main
components of multifunctional NPs. (B) Stimuli-sensitive NPs. Extracellular stimuli are suitable
for shell shedding (to unmask moieties promoting intracellular transport) and to deliver drug cargo
in proximity of cancer cells. Intracellular stimuli can be useful to activate PS intracellularly
(dequenching) at specific subcellular locations or to release drug cargo in one pulse

elimination from the bloodstream produced by MPS recognition, coating with a
biomimetic shell of polyethylene glycol (PEG) is the most explored strategy to
obtain biomimetic long-circulating NPs [112], although other alternative polymers
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are under investigation [111]. Thus, nanocarriers with hydrophobic surfaces are
preferentially taken into MPS organs although long-circulating nanocarriers fulfill-
ing size requirements (less than 100 nm) can accumulate at tumor level. By
exploiting passive mechanisms, only a limited nanocarrier fraction can reach the
tumor site [13].

Although the presence of a hydrophilic coating allows NP escape from MPS
recognition, it decreases the rate and extent of NP uptake inside cancer cells
[112, 113]. A strategy to encourage nanocarrier internalization in solid tumors
lies in surface decoration with ligands recognizing typical or overexpressed recep-
tors in the tumor microenvironment, which can promote its transport through
receptor-mediated endocytosis. Different chemical motifs interacting with specific
receptors of endothelial cells in defective tumor vasculature (i.e., integrin receptor)
and cancer cells (folate, CD44, transferrin, EGF, and some others) can be exploited
for this purpose. This approach, known as active targeting, can aid selective
nanocarrier accumulation inside cancer cells while avoiding healthy cells, thus
decreasing treatment toxicity. Nevertheless, it has recently been demonstrated
that targeted NPs can paradoxically lose targeting ability in a biological environ-
ment because of interaction with different high-affinity proteins [103] or can
confine their activity to perivascular regions of a tumor (binding site barrier)
[114]. Cell cycling also plays a role in NP uptake rate and amount of NPs
internalized by cells because of splitting between daughter cells when the parent
cell divides [115]. Thus, proper understanding of NP properties at the biointerface
is a critical issue needing future investigational efforts [116].

An added sophistication to selective delivery of drug cargo in cancer cells can be
brought about by utilizing certain cues inherently characteristic of the tumor
microenvironment or by applying certain stimuli to this region from outside the
body (Fig. 2b) [18-20, 24]. Stimuli-sensitive nanocarriers based on tailor-made
materials can indeed be designed to deliver drug payload sharply and “on demand”
by undergoing structural modifications under internal or external stimuli of chem-
ical, biochemical, and physical origin. Internal stimuli typical of solid tumors
include mainly pH, temperature, and reductive conditions. In fact, compared to
normal/host tissues, pH value in tumor interstitium is lower with an average value
of 6.84 because of up-regulated glycolysis producing lactates and protons [22]. Fur-
thermore, once NPs are internalized through endocytic pathways involving lyso-
somes, pH progressively decreases from early endosomes (pH 5-6) to more acidic
late endosomes (pH 4-5) [117], which can strongly alter nanocarrier stability and
release features. pH sensitiveness has been widely employed to trigger NP disas-
sembly and drug release [118]. Certain tumor microenvironments are also charac-
terized by mild hyperthermia (1-2 °C above healthy tissues) and some treatment
modalities imply rising temperature which, together with pH sensitiveness, can be
of help for triggering drug release [25]. In addition, extracellular space is consid-
ered oxidative in comparison with intracellular compartment (=~100-1000 folds),
mainly in the hypoxic area of tumors, caused by different concentration levels of
glutathione [118]. Finally, an array of tumor-associated enzymes, either extracel-
lular or intracellular, can be used as biochemical trigger of drug release to attain a
fine control on spatial distribution of the delivered cargo [118].
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3.4 Building Carriers for NanoPDT

Polymer-based NPs are matrix-type submicron-sized particles prepared from bio-
degradable or non-biodegradable materials. In some cases they can be nanocapsules
(NCs), where an oily or aqueous core is surrounded by a polymeric shell. The main
advantage of polymeric NPs is that their features (size, surface properties, and
release rate of drug cargo) can easily be tuned by selecting appropriate materials
among a vast number of commercially available candidates as well as by synthe-
sizing novel tailor-made materials [20, 36].

Depending on base material, some NPs are biodegradable/bioeliminable and can
be administered by the parenteral route although others are not, and thus are useful
only for local applications, assuming that no systemic NP absorption occurs. When
dealing with NP entering the systemic circulation, degradability of the polymer is of
utmost importance because polymer accumulation in the body above a certain
molecular weight can occur. Drug biopharmaceutical properties (solubility, stabil-
ity, charge, molecular weight, etc.) also guide nanocarrier design and suggest the
requirements of specific release features (triggered, sustained) as well as preferen-
tial location inside or outside cancer cells.

Numerous materials of synthetic and natural origin have been used to develop
PS-loaded NPs. Commonly, the well-defined structure of synthetic polymers results
in well-defined and finely-tunable properties of the corresponding NPs. In compar-
ison, natural polymers offer some advantages over synthetic polymers as they are
metabolized by enzymes into innocuous side-products. They also take advantage of
more than a few drug loading mechanisms including electrostatic attractions,
hydrophobic interactions, and covalent bonding. Moreover, NPs from natural poly-
mers offer various possibilities for surface modification caused by the presence of
functional groups on the surface of the corresponding NPs, thus enabling conjuga-
tion with targeting moieties.

Synthetic polymers commonly employed to produce NPs for drug delivery are
reported in Table 2. Polymers that are hydrophobic and insoluble in water form the
core of NPs, which can be further modified by depositing one or more layers of
hydrophilic polymers, surfactants, or phospholipids to give shells with tailored
properties. Instead, hydrophilic polymers can form NP core or shell either by
cross-linking or by electrostatic interactions with ions or hydrophilic polymers of
opposite charge (nanogels). A further coating of the hydrophilic core with another
hydrophilic polymer or a surfactant is possible.

Amphiphilic block copolymers (ABCs) are a class of synthetic materials
obtained by the polymerization of more than one type of monomer, typically one
hydrophobic and one hydrophilic, so that the resulting molecule is composed of
regions with opposite affinities for an aqueous solvent [119, 120]. An advantage of
ABCs is their ability to self-assemble in an aqueous environment giving
nanostructures spontaneously. Either hydrophobic polymers covalently modified
with hydrophilic chains or hydrophilic polymers modified with a hydrophobic
moiety (which can also be the active drug) have been synthesized so far. The
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Table 2 Main synthetic polymers employed to prepare polymeric NPs for cancer therapy

Polymer type

Location
in NPs

Key features

Ref.

Polyesters (PLGA, PLA,
PCL)

Core

Hydrophobic and soluble in common
organic solvents

Biodegraded in the body

Encapsulation of hydrophilic/
hydrophobic drugs and macromolecules

Protection of drug cargo

Sustained release as a function of
polymer properties

[159]

PEGylated polyesters
(PLGA-PEG, PLA-PEG,
PCL-PEG)

Core-
shell

Amphiphilic non-ionic copolymers with
different segment lengths and architec-
tures forming NPs with a biomimetic/
stabilizing shell

Shielding ability depends on molecular
weight, architecture and surface density

Biodegraded in the body

Hydrophilic/hydrophobic ratio and
fabrication method control the mode of
aggregation (micelles, polymersomes,
NPs)

Molecular weight affects NP size

Molecular weight and hydrophobicity of
lipophilic segments affect drug loading
and stability inside NPs

Conjugation with ligands able to provide
NP targeting

Low molecular weight copolymers
(<500 Da) can revert MDR

[112, 160,
167

Pluronics

Core-
shell

Amphiphilic non-ionic copolymers with
different block length and soluble in water

Able to form small micelles entrapping
hydrophobic drugs above critical micelle
concentration

Mixed micelles of different Pluronic
types can be formed

Unimers act on P-gp and allow to over-
come MDR

[198, 200]

PAA

PAAm

PMA

Core

Obtained by cross-linking different
monomer types to form nanogels

Molecular weight and cross-linker
chemistry affect their elimination from
the body

Some derivatives are protonating/
deprotonating polymers with charge shift
from either anionic to neutral or from
neutral to cationic

[118, 228]

(continued)
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Table 2 (continued)

Location
Polymer type in NPs Key features Ref.
PDEAEMA Acrylic derivatives with hydrazine,
hydrazide and acetal linkages swells or
collapses for electrostatic reasons and can
be employed to get pH-sensitive systems
PEI/PLL Shell Decoration of negatively-charged NPs via | [229-231]
electrostatic interactions

Need of a further polymer coating to
shield positive charge of the NP shell
For PEI, enhanced tumoricidal capacity
of tumor associated macrophages
through Toll-like receptor signaling

pNIPAM and derivatives | Core Temperature-controlled self-assembly [25]

Collapse in the hyperthermic tumor
environment

Release depending on the MW and
nature of the polymer hydrophobic block
Encapsulation of both hydrophobic/
hydrophilic drugs

Polymers sensitive to pH | Core/ Contain group(s) susceptible to pH [22, 118,
or enzymes - various shell variations (hydrazone, hydrazide and 228]
acetal) or enzyme degradation (ester or
carbamates for proteases, disulfide for
reductase)

Enzyme- or pH-sensitive sheddable
coatings can be designed

literature abounds with studies encompassing different functional blocks that pro-
duce, beside spontaneously formed micelles (spherical, worm-like, crew-cut), an
astounding range of other nanoassemblies depending on amphiphile properties
[120-125]. The versatility of these materials allows proper design of nanocarriers
with specific features depending on the desired application.

Stimuli-responsive polymers, referred to as ‘“environmentally-sensitive,”
“smart,” or “intelligent” polymers, incorporate a chemical motif sharply responding
to small changes in physical or chemical conditions with relatively large phase or
property changes of the nanocarrier. Over the past 25 years, a huge number of
chemical structures and functionalizations have been proposed for numerous bio-
medical uses [126]. Thus, pH-, redox potential-, and thermo-responsive materials
have been applied in the cancer field to build nanocarriers with triggered drug
release [24, 118].

PSs can be loaded in NPs through encapsulation, covalent linkage, or post-
loading. PSs have also been exposed on NP surface in some NP types. Encapsula-
tion relies on physical entrapment of a PS in NP core or shell based on hydrophobic
or electrostatic interactions and hydrogen bond formation. PS loading in the core of
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NPs can contribute to achieving a sustained release rate in the biological environ-
ment and timing of drug release can be finely tuned by allocating different drugs in
the core or the shell, which is especially important in combination therapies. In the
post-loading method, PS is added to preformed NPs by equilibrium in solution. The
latter method is simple to perform although NPs can suffer premature PS leaching,
which can be a drawback for in vivo application. Covalent binding of a PS to NPs is
difficult to attain and requires either attachment of a PS to monomers that are then
polymerized or self-assembled in NPs or post-modification of preformed NPs.
Advantages of this strategy consist in preventing PS leaching from NPs and
avoiding PS aggregation in biological environments. Independent of the loading
strategy, aggregation of PS inside the matrix needs to be controlled to circumvent
loss of PDT efficiency.

From a therapeutic standpoint, timing of drug release is important not only to
drive the administration scheme (number of administrations, frequency) but also to
optimize the therapeutic outcome. For example, sustained extracellular release can
be expected to amplify cell response to some chemotherapeutics and to extend
activity to hypoxic zones of certain tumors, resembling a metronomic therapy
(subactive doses for longer time frames) [127], whereas responsiveness to external
or internal stimuli can be useful to trigger drug release at specific subcellular levels.
Nevertheless, timing of drug release can be finely tuned by allocating different
drugs in the core or the shell, which is of utmost importance in drug-nucleic acid
combination therapies [97, 128]. In all cases, drug amount released from NPs
should be reasonably low in the circulation and regulated at tumor level to obtain
the optimal therapeutic response.

It should be noted that release of PS from NPs is not considered determinant to
achieve a therapeutic effect because molecular oxygen can penetrate polymer
matrix and generated 'O, can diffuse out of NPs to induce photodynamic reactions.
In such cases, PDT efficiency depends on NP type (size and oxygen permeability of
the matrix) [129].

In general, NPs can be prepared by top-down and bottom-up approaches, each
method being useful for a specific material and its combination with others.
Bottom-up approaches primarily consist in NP production from monomers or
preformed polymers by techniques such as emulsification/solvent evaporation,
interfacial deposition after solvent displacement, or salting-out [130-133]. By
taking advantage of the unique properties of polymers, such as low melting
temperature and the ability to self-aggregate in water, novel preparation methods
of NPs based on melting/sonication can be set-up [134]. New approaches, including
supercritical technology, electrospraying, premix membrane emulsification, and
aerosol flow reactor methods are also under investigation [135]. In the top-down
approach, originating from microfabrication tools, monodispersed nanostructures
in a range of shapes can be obtained. Among them, particle replication in
non-wetting templates (PRINT) technology, involving the use of a nanoscale
molds to shape particles, has opened a new avenue to NP production in cancer
therapy on an industrial scale [105]. Nevertheless, general principles of applicabil-
ity of this method to several polymer types and the possibility to engineer surface
properties finely are necessary in the near future. It is worth of note that surface
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properties of NPs are strictly dictated by the production method, which is especially
critical when specific targeting elements have to be exposed [136].

The unique nanoscale structure of NPs provides significant increases in surface
area to volume ratio which results in notably different behavior compared to larger
particles. The stability of colloids, which can be at risk during manufacturing,
storage, and shipping, remains a very challenging issue during pharmaceutical
product development. To obtain stable NPs, the freeze-drying process is the most
useful method for avoiding undesirable changes upon storage. The removal of
water from drug-loaded NPs by freeze-drying may be fundamental to avoid the
hydrolytic degradation of biodegradable matrix in aqueous suspension and to
prevent drug leaching [137]. However, freeze-drying can promote NP aggregation
and alter their properties after redispersion in pharmaceutical vehicles. Some sugars
such as trehalose, glucose, sucrose, fructose, and sorbitol may be used as cryopro-
tectants to minimize NP instability upon freeze-drying, preventing their aggrega-
tion and protecting them from the mechanical stress of ice crystals. Physical and
chemical stability of drug-loaded NPs, including their mechanisms and
corresponding characterization techniques, as well as a few common strategies to
overcome stability issues, have been reviewed recently [138].

In the following sections we describe different types of nanoPDT polymeric
systems, highlighting novel trends in design and specific features achieved.

4 NPs Developed for NanoPDT

4.1 Polysaccharide NPs

Polysaccharides extracted from natural sources or prepared by microorganisms
represent the most diffused example of natural polymers employed in the biomed-
ical field. Their use as biomaterials has become much more common as new
biological functions are identified. The array of materials that can be investigated
has also increased because of new synthetic routes that have been developed for
modifying polysaccharides. Their biodegradability, processability, and bioactivity
also make polysaccharides very promising natural biomaterials in nanoPDT
(Table 3).

Chitosan (CS) is considered one of the most widely used biopolymers for NP
preparation because of its unique structural features. CS is a cationic polysaccharide
composed of randomly located units of p-glucosamine and N-acetylglucosamine.
CS is insoluble in water at neutral and basic pH conditions because it contains free
amino groups. In contrast, in acidic pH conditions, CS is soluble because the amino
groups can be protonated. CS can be cross-linked with various cross-linking agents,
such as glutaraldehyde, sodium tripolyphosphate, and geneipin, to provide a
hydrated network where drug molecules can be entangled. Its properties make
possible the combination with other anionic polymers to provide polyionic
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complexes, improving the performance of the base material [139]. CS NPs can be
created by emulsion cross-linking, emulsion-solvent extraction, emulsification
solvent diffusion, emulsion droplet coalescence, ionotropic gelation, complex
coacervation, reverse microemulsion techniques, and self-assembly [140]. Physio-
logically, lysozyme is the primary degrading enzyme and CS degradation rate is
dependent on the degree of acetylation and crystallinity [141].

Because of cationic surface, CS-based NPs are especially suited to entrap
hydrophilic PSs with the final aim to improve their cell uptake as demonstrated
for the hydrophilic meso-tetra(N-methyl-4-pyridyl) porphine tetra tosylate (TMP)
[142]. NPs of 560 nm in diameter were endocytosed into HCT116 colorectal
carcinoma cells and elicited a more potent photocytotoxic effect than the free
drug. To improve NP specificity toward cancer cells, surface-conjugation of an
antibody to DRS, a cell surface apoptosis-inducing receptor up-regulated in various
types of cancer, was demonstrated to enhance uptake and cytotoxicity further.

Recently, several hydrophobically modified CS derivatives able to self-assemble
in NPs with a positively-charged shell entangling hydrophilic negatively-charged
PSs and a hydrophobic core accommodating poorly soluble drugs have been
reported [143]. It is envisaged that this feature can allow efficient delivery of
multiple drugs with different physicochemical properties. When loading chlorin
E6 (Ce6) in NPs fabricated from CS modified with ursodeoxycholic acid, fluores-
cence quenching was observed in aqueous solution. Surprisingly, Ce6 uptake into
HuCC-T1 cholangiocarcinoma cells, phototoxicity and ROS generation were
enhanced compared to free Ce6 [144], suggesting Ce6 photoactivation only takes
place in a biological environment.

In another example, the importance of premature drug leaching from
hydrophobically modified CS NPs on in vivo performance has been demonstrated
[145]. In a comparative study, Ce6 was loaded into the hydrophobically-modified
glycol CS-5-beta-cholanic acid conjugate (HGC-Ce6) or conjugated to glycol CS
(GC-Ceb) to form NPs with similar average diameters (300-350 nm), similar
in vitro 'O, generation, and rapid uptake in SCC-7 squamous-cell carcinoma
cells. When intravenously injected into tumor-bearing mice, HGC-Ce6 did not
accumulate efficiently in tumor tissue because of premature Ce6 release, although
GC-Ce6 showed a prolonged circulation profile, a more efficient tumor accumula-
tion, and high therapeutic efficacy.

Implementation of CS NPs was attempted with the aim of attaining responsive-
ness to a reductive tumor environment. Self-assembling NPs made of glycol CS
(GC) with reducible disulfide bonds conjugated with pheophorbide A (GC-SS-
PheoA) were designed [146]. As shown in Fig. 3, the photoactivity of NPs in an
aqueous environment was greatly suppressed by the self-quenching effect, which
enabled the PheoA-SS-CC NPs to remain photo-inactive. NPs were internalized in
HT-29 human colorectal adenocarcinoma cells and dissociated instantaneously by
reductive cleavage of the disulfide linkers. The following efficient dequenching
process resulted in effective photodynamic activity on HT-29 cells. In subcutaneous
tumor-bearing mice, NPs presented prolonged blood circulation, demonstrating
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Fig. 3 Bioreducible chitosan NPs for switchable photoactivity of PheoAA. (A) PheoA is conju-
gated to glycol chitosan (GC) through reducible disulfide bonds (PheoA-ss-GC). (B) Self-
quenching and dequenching of free PheoA, PheoA—NPs, and PheoA-ss-NPs in different solvents.
(C) NIR images of PheoA-NPs and PheoA-ss-NPs in PBS with (+) or without (—) DTT solution.
(D) Ex vivo fluorescence photon counts of tumor and organs. (E) Tumor growth of HT-29 tumor-
bearing mice treated with PheoA and PheoA-ss-CNPs under irradiation. (#,*p < 0.01). Adapted
from [146]

enhanced tumor specific targeting behavior through the EPR effect, and superior
antitumor effects compared to free PheoA.

It has been demonstrated that iodine-concentrated nanoformulations can
enhance the 'O, generation efficiency because of the intraparticle heavy-atom
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effect that facilitates intersystem crossing of the photoexcited PS from the singlet
state to the long-lived triplet state. On this basis, a CS densely conjugated with
diatrizoic acid (3,5-bis(acetamido)-2,4,6-triitodobenzoic acid) as an iodine-rich
hydrophobic pendant and Ce6 (GC-I-Ce6) was synthesized and used to fabricate
self-assembled polymeric NPs [147]. Actual improvement in the photodynamic
efficacy of MDA-MB-231 human breast cancer cells demonstrated the potential of
the hybrid bioconjugate approach in therapeutic applications.

Multifunctional hybrid NPs made of a glutaraldehyde-cross-linked CS
entrapping indocyanine green (ICG) and gold nanorods (AuNR) were successfully
prepared and used for combined PDT/PTT with a single irradiation [148]. It was
found that the hybrid NPs with a spherical size of 180 nm and a broad adsorption
from 650 to 900 nm effectively entrapped ICG and protected it from rapid hydro-
lysis. In vivo NIR imaging and biodistribution demonstrated that ICG and AuNR
could be delivered to the tumor site with high accumulation. With the irradiation by
808 nm laser, CS hybrid nanospheres were able to produce simultaneously suffi-
cient hyperthermia and ROS to kill cancer cells at irradiation sites, resulting in
complete tumor disappearance in most tumor-bearing mice.

Among polysaccharides, alginates are linear polyanionic block copolymers
composed of 1-4-linked B-p-mannuronic acid and a-L-guluronic acid with recog-
nized biocompatibility and bioresorption properties. Because of ionic interactions
with divalent ions, they can form cross-linked hydrated NPs. Alginate-docusate
NPs cross-linked with calcium ions and encapsulating MB through electrostatic
interaction have been developed [149, 150]. It was demonstrated that these NPs
facilitate charge transfer and Type I reaction which is less sensitive to environmen-
tal oxygen concentration. NPs led to an increased production of ROS under both
normoxic and hypoxic conditions and were able to eliminate cancer stem cells
under hypoxic conditions, an important aim of current cancer therapy [151]

4.2 Protein NPs

The presence of multiple sites able to accommodate hydrophobic drugs has pointed
to human serum albumin (HSA) as an interesting option to deliver hydrophobic
PSs. HSA is an abundant plasma protein that is positively-charged, acidic, and
multifunctional [152]. It is produced by extraction from plasma as an amphoteric,
globular protein which maintains its structure in the pH range of 4-9, is soluble in
40% ethanol (an important parameter which is of great importance to albumin
production processes such as cold ethanol fractionation), and can resist denaturation
when heated at 60 °C for over 10 h [140]. Albumin NPs can be prepared by
pH-induced desolvation which can include cross-linking by glutaraldehyde mole-
cules, thermal and chemical treatments under emulsification, and self-assembly. NP
albumin-bound (Nab)-technology has also been applied to create Abraxane®™
(albumin-bound paclitaxel NPs) which is currently used in clinics to deliver
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paclitaxel in breast, pancreatic, and lung cancers. Some examples of nanoPDT
systems based on HSA, gelatin, and apoferritin are listed in Table 3.

IR780 iodide, a NIR dye for cancer imaging, PDT, and PTT were loaded into
HSA NPs through protein self-assembly [153]. Compared to free IR-780, the
solubility of HSA-IR780 NPs was greatly increased (1,000-fold), although a
10-fold decreased toxicity was observed. As illustrated in Fig. 4, both PTT and
PDT could be observed in HSA-IR780 NPs, as determined by increased tempera-
ture and enhanced generation of 'O, after laser irradiation at a wavelength of
808 nm. In vivo studies also showed a great tumor inhibition in mice bearing a
subcutaneous xenograft of CT26 colon adenocarcinoma cells.

Gelatin is another natural polymer tested for PS delivery. Gelatin is the result of
acid or base catalyzed hydrolysis of collagen and its physiochemical properties
depend upon the hydrolysis method employed. One of the most important proper-
ties of gelatin is its ability to form a thermally reversible gel in water under a variety
of pH, temperature, and/or solute conditions [154]. This property is readily utilized
by the largest part of the gelatin-based NP encapsulation methods. Gelatin NPs can
be created by the water-in-oil emulsification process, the desolvation process, and
the two-step desolvation process [140]. The presence of free amino groups on their
surface is advantageous for surface modification with target molecules [155].

NPs formulated from biodegradable and natural gelatin were investigated for
their potential to enable efficient delivery and enhanced efficacy of a well-known
photodynamic agent, Hypocrellin B (HB) [156]. The HB-loaded PEG-conjugated
gelatin NPs (HB-PEG-GNP), prepared by a modified two-step desolvation method,
exhibited near-spherical shape, with particle size around 300 nm, and demonstrated
characteristic optical properties for PDT. NPs tested for cell uptake on Daltons’
Lymphoma Ascites (DLA) cells demonstrated dose-dependent phototoxicity upon
visible light treatment, and induced mitochondrial damage leading to apoptotic cell
death. Biodistribution measurements in solid tumor-bearing mice revealed that NPs
reduce liver uptake and increase tumor uptake with time. In vivo PDT studies
showed markedly significant regression for HB-PEG-GNP treated mice in contrast
to those treated with free HB. In a subsequent study, polylactic acid (PLA) was
added to PEGylated gelatin with the aim of better controlling release features of an
HB derivative (cyclohexane-1,2-diamino hypocrellin B, CHA2HB) [157]. PS
release was observed in normal conditions, whereas enzyme assistance resulted in
a relatively fast release because of partial disintegration of CHA2HB-loaded
PEG-GEL/PLA NPs. In vitro experiments indicated that NPs were efficiently
taken up not only by Dalton’s lymphoma cells but also by MCF-7 human breast
adenocarcinoma and AGS human gastric sarcoma. Interestingly, PDT effectiveness
was different for the different cell type studied and induced both apoptotic and
necrotic cell death as a result of photoirradiation.

Another protein, apoferritin, has been proposed as a natural nanocage for PSs.
Taking advantage of the fact that apoferritin nanocages can be disassociated into
subunits at low pH (2.0) and the subunits reconstitute in a high pH (8.5) environ-
ment, a novel encapsulation approach has been proposed. As a model, MB was
successfully encapsulated in apoferritin via a dissociation-reassembly process
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Fig.4 HSA-IR780 NPs with NIR irradiation for antitumor therapy. (A) Illustration of the concept
of multifunctional NPs. (B) Heating curves of water and HSA-IR780 NPs solutions. (C) Fluores-
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concentrations exposed to 808 nm laser irradiation (1 W cm ). (D) NIR images and (E) IR
thermal images of tumor-bearing mice intravenously administered with HSA-IR780 NPs and
saline. Mice were exposed to an 808-nm laser (1 W cm ) at 24 h post-injection. (F) Tumor
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controlled by pH [158]. The resulting MB-containing apoferritin nanocages showed
a positive effect on 'O, production, and cytotoxic effects on MCF-7 human breast
adenocarcinoma cells when irradiated at the appropriate wavelength.

4.3 Polyester NPs

In the last 30 years, particular attention has been focused on nanocarriers based on
biodegradable polyesters such as poly(e-caprolactone) (PCL), PLA from p- and/or
L-lactic acid monomers (PLLA, PDLLA) and copolymers of lactic acid with
glycolic acid (PLGA) because of their better safety profile (degradation products
are water and carbon dioxide). Their use has been approved by the regulatory
agencies in implantable devices and in injectable products (implants, micro-
spheres). As core-forming polymers, polyesters are appropriate to form NPs with
sustained delivery features of the incorporated drug. Indeed, polymer molecular
weight and crystallinity, along with the presence of more or less hydrophobic
monomers, are the key properties to control both encapsulation efficiency and
biodegradation rate, which in turn allows a fine tuning of drug delivery rate
[159, 160]. A molecule entrapped in a PLA or PLGA matrix is protected from
inactivation occurring in the biological environment and is slowly released in the
milieu as a function of diffusion through matrix micropores and degradation of the
polymer itself. A drug burst followed by a slow diffusion phase and a fast erosion
phase in the time-window of months is observed. By regulating polymer features in
term of monomer composition and molecular weight, a large variety of materials
with different degradability can be obtained.

Biodegradable polymeric NPs have received tremendous attention for delivering
PSs because of their excellent biodegradability, capacity of high drug loading, the
possibility of controlling drug release rate, and the existence of a large variety of
derivatives (Table 4).

The simplest type of polyester-based NPs developed for PDT application con-
sists in PLGA or PCL hydrophobic NPs entrapping hydrophobic PSs. Early studies
highlighted that PDT response in both in vitro and in vivo cancer models is strictly
related to NP size [161, 162], cellular internalization pathways [163, 164], and
timing/dosing of light exposure [165]. The time interval between NP administration
and light irradiation is a determinant for therapeutic efficacy, because it is related to
the time needed for NPs to biodistribute in the body. As an example, PLGA NPs
delivering SL052, a hypocrellin-based photosensitizer, induced a higher tumor cure
rates in syngenic C3H/HeN mice bearing a subcutaneous xenograft of SCC-7
squamous carcinoma cells with a drug-light interval of 4 h compared to 1 h

<
Y

Fig. 4 (continued) growth of mice bearing CT26 tumor after various treatments as indicated.
**P < 0.01, compared to the NPs with laser group. Adapted from [153]
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[165]. When injecting zinc(Il) phthalocyanine (ZnPc)-loaded PLGA NPs
intratumorally into mice bearing an Ehrlich’s Ascites Carcinoma, good PDT out-
come was observed in term of tumor growth and survival compared to free
ZnPc [166].

PEG is a hydrophilic polymer which can be chemically conjugated to polyester
forming ABCs able to provide a vast variety of nanostructures (micelles, NPs,
polymersomes, filomicelles) and to entrap hydrophobic and hydrophilic drugs
[167]. The opportunity to tune the length of the single chains, the chemical
composition of polyester segments, and the arrangement of PEG-polyester seg-
ments (diblock, triblock, star-shape) has allowed the building of a wide range of
nanocarriers designed with specific delivery requirements. As far as spontaneous
self-assembly is concerned, hydrophilic/lipophilic balance, copolymer molecular
weight, and properties of the core (crystallinity, hydrophobicity) strongly affect
critical micelle concentration, thereby controlling micelle disassembly in biological
media [168]. When employing PEGylated polyesters to form core/shell NPs, the
conformation of PEG on the surface is dictated by PEG molecular weight, archi-
tecture, and surface density [110, 112, 169].

PEGylated polyesters nowadays represent one of the most promising classes of
copolymers to translate nanoncologicals in a clinical setting because of excellent
biocompatibility and chemical versatility [170, 171]. Polymeric micelles of
PDLLA-PEG (Genexol-PM) represent the first polyester system for passive
targeting of taxanes approved in Korea in 2006 as a first-line therapy for metastatic
breast and non-small cell lung cancer (Phase III) and are currently being evaluated
in the USA in a Phase II study on metastatic pancreatic cancer.

Several types of NPs made of PEGylated polyesters, such as PEG-PCL,
PEG-PLGA, and PEG-PLA, have been tested in nanoPDT as delivery system for
hydrophobic PSs (Table 3) based on the concept that PEGylated NPs exhibited
therapeutically favorable tissue distribution compared to non-PEGylated counter-
parts in delivering PSs in vivo [172-176].

Different entrapment strategies to incorporate PSs into NPs can severely affect
photochemical profile. For instance, Ding et al. [177] demonstrated that PpIX
loaded in the core of PEG-PLA micelle nanocarriers were monomeric, dimeric,
and aggregated depending on the method of encapsulation (physical entrapment or
chemical conjugation to the copolymer). The obvious consequence was different
photochemical behavior in terms of 'O, generation and PDT activity, with the
highest PDT efficacy in the case of conjugates micelles. Along this line, chlorin-
core star block PEG-PLA micelles loaded with SN-38 as second anticancer drug
were found to improve significantly the cytotoxicity of SN-38 in HT-29 human
colorectal adenocarcinoma cells after irradiation [178]. Micelles exhibited a
prolonged plasma residence time in mice bearing subcutaneous xenografts of
HT-29 human colon adenocarcinoma cells, as well as increased tumor accumula-
tion which improved antitumor activity.

Dual drug delivery of ZnPc and the anticancer drug docetaxel from PEG-PCL
was recently demonstrated by our group [179]. These systems showed superior
antitumor activity compared to the free drugs in an orthotopic mice model of
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amelanotic melanoma. Similar synergic effects were demonstrated for
PEG-PDLLA nanovesicles loaded with Hp/doxorubicin (DOX) against HepG2
human hepatocellular carcinoma cells through apoptotic cell death pathways [180].

The versatility of PEGylated polyesters and the ability to employ different
polymer combinations allow the fabrication of hybrid NPs for theranostic applica-
tions. Multifunctional NPs based on PEG-PLGA mixed with PLGA-Ce6, and
loaded with superparamagnetic iron oxide nanoparticles (SPIONs) for lumines-
cence/magnetic resonance imaging and PDT, have been developed [181]. It was
demonstrated that, depending on the amount of PLGA conjugated to the PS, NPs
exhibited a different ability to produce 'O, because of concentration-dependent
aggregation of Ce6 in NPs when encountering a biological environment.

Combined PDT nanosystems have also been tested to evaluate the ability of PS
in eliciting immune response against tumor. An ideal cancer treatment should not
only cause tumor regression and eradication but also induce a systemic antitumor
immunity controlling metastasis formation and long-term tumor resistance.
Marrache et al. [182] formulated PLGA-PEG NPs loaded with ZnPc and modified
on the surface with gold NPs (AuNPs) by using non-covalent interactions. For
immune stimulation, the surface of the AuNPs was utilized to introduce 5'-purine-
purine/T-CpG-pyrimidine-pyrimidine-3’-oligodeoxynucleotides (CpG-ODN) as a
potent dendritic cell activating agent. In vitro cytotoxicity on 4T1 metastatic mouse
breast carcinoma cells showed significant photocytotoxicity of NPs and the treat-
ment of mouse bone marrow-derived dendritic cells with the PDT-killed 4T1 cell
lysate highlighted the immunostimulant activity of PDT through involvement of
several cytokines.

As an alternative to preparing NPs from preformed PEGylated polyesters,
surface coating of PLGA NPs with PEGylated lecithin has recently been reported
[183]. NPs loaded with both ICG and DOX were prepared in one step for combi-
nation of chemotherapy with PTT NPs showed excellent temperature response,
faster DOX release under laser irradiation, and longer retention time in mice
bearing a subcutaneous xenograft of MCF-7 human breast cancer cells compared
with free ICG. NPs induced the apoptosis and death of both DOX-sensitive MCF-7
and DOX-resistant MCF-7/ADR cells and suppressed MCF-7 and MCF- 7/ADR
tumor growth in vivo. Notably, no tumor recurrence was observed after only a
single dose of NPs with laser irradiation.

Despite the obvious promises shown, PEGylated nanoncologicals are poorly
prone to be uptaken inside cells (PEG dilemma) [176] and remain entangled in
tumor matrix, forming an extracellular drug depot releasing drug cargo. To encour-
age internalization of PSs in cancer cells, the most diffused strategy lies in
nanocarrier surface decoration with ligands, typical or overexpressed in tumor
microenvironments, which can promote nanocarrier transport through receptor-
mediated endocytosis. As an example, Master et al. built PEG-PCL micelles
targeted to cancers overexpressing epidermal growth factor receptor (EGRF),
such as head and neck cancers, and delivering silicon phthalocyanine
[184, 185]. Analogously, micelles decorated with the 12-amino acid EGFR-
targeting peptide GE11 (i.e., GE11-PEG-PCL) showed high uptake in targeted
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Fig. 5 H,0;-activatable and O,-evolving NPs for photodynamic therapy against hypoxic tumor
cells. (A) Mechanism of H,O,-controllable release of photosensitizer and O, to implement PDT.
(B) In vitro release profiles of MB from NPs (with/without catalase) in the presence or absence of
100 pM H,0,. Insets: SEM micrographs of NPs incubated with 100 pM H,O, (scale bars:
100 nm). (C) Confocal fluorescence images of U87-MG cells after 635 nm irradiation in the
presence of 10, sensor green (SOSG) (b) SOSG only; (¢) NPs + SOSG; (d) NAC + NPs + SOSG;
(e) NPs (without catalase) + SOSG. (D) Normalized average intracellular fluorescence intensity of
cells in C. (E) Change of relative tumor volume (V/V) in U87-MG tumor-bearing mice injected
with NPs. After 24 h, PDT treatment was performed on groups 4—7 by irradiating the tumor region
with a 635-nm laser at a power of 100 mW cm ™2 for 5 min. Adapted from [186]

tumor cells and, as a consequence, a strong PDT response, depending on
photoirradiation parameters. H,O,-activatable and O,-evolving NPs targeted to
o,f integrin receptor exploiting a clever strategy to treat hypoxic tumor area—
where PDT effect is expected to be poor—have recently been reported (Fig. 5)
[186]. NPs bear MB and catalase in the aqueous core, a black hole quencher in the
polymeric shell, and are functionalized with a tumor targeting peptide c(RGDfK) to
be selectively taken up by a,f integrin-rich tumor cells. In the intracellular com-
partment, H,O, penetrates into NP core and generate O, which is the substrate for
'0, production under light irradiation, through catalase activity. Following shell
rupture and release of PS activate local PDT. In vivo studies in glioblastoma
bearing mice showed that tumor growth is completely inhibited, and the tumor
eliminated after 7 days of treatment.

Non-covalent approaches useful to modify NP surface have recently been
investigated as an alternative to chemical functionalization of copolymers. On
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this basis, overwhelming interest has been taken in layer-by-layer (LbL) NPs
engineered for cancer therapy [187]. Consecutive deposition through electrostatic
interactions of ionized polymers with opposite charge onto a nanotemplate results
in ultrathin multilayers of polymer chains. By dictating and controlling type,
composition, number of alternating layers surrounding the core, and final layer
thickness, multifunctional core-shell nanostructures can be obtained where multiple
drugs and magnetic or luminescent layers can be formed. In this context, our group
developed double coated NPs (dcNPs) targeted to CD44 receptor, which is
overexpressed in several cancers [188, 189]. Negatively-charged DTX-loaded
NPs of PLGA were sequentially decorated through electrostatic interactions with
a polycationic shell of polyethyleneimine entangling negatively-charged TPPS,
and a final layer of hyaluronan (HA), a CD44 ligand. dcNPs bears TPPS,
completely aggregated and photochemically inactive at their surface and they
release the active monomer after cell internalization, which is higher in
MDA-MB231 breast cancer cells overexpressing CD44 receptor. This aspect is of
relevance in view of in vivo application because dcNPs are expected to be
nonfluorescent and non-photoactive in non-target organs, thereby strongly reducing
phototoxicity of carried PS. Nevertheless, taking advantage of targeting to CD44
receptor, dcNPs can localize in tumor tissue, where the PDT component is
disassembled from the dcNPs surface and becomes highly fluorescent and photo-
toxic. The concerted delivery of DTX and TPPS, resulted in a higher uptake of the
hydrophilic PS and tremendous improvement of single drug activity.

Modification of polyesters with pH-sensitive segments allows the building of
NPs responsive to tumor acidic microenvironments. pH-responsive micelles made
of poly(2-ethyl-2-oxazoline)-b-poly(p-L-lactide) entrapping m-THPC deliver PS at
pH around 5 and suppresses release at pH 7.4. Nevertheless, micelles exhibited
in vivo PDT activity similar to that of free m-THPC while strongly attenuating skin
phototoxicity [190]. Analogously, PEG-b-poly(beta-aminoesters) entrapping PpIX
displayed in vivo PDT activity and tumor specificity in mice bearing SCC-7
squamous carcinoma, causing complete tumor ablation [191].

4.4 Polyacrylamide NPs

Polyacrylamide (PAA) NPs are hydrogel-like nanostructures prepared by polymer-
ization of a nanoemulsion template widely studied in PS delivery (Table 5). Hydro-
philic PAA NPs can be prepared from biodegradable or non-biodegradable cross-
linkers and decorated on the surface with targeting ligands.

The simplest strategy to load a PS inside PAA NPs is either encapsulation or
post-loading, which can have a different impact on PDT efficacy depending on PS
water solubility. When employed for hydrophilic PSs such as MB and its deriva-
tives, conjugation gave PAA NPs with higher 'O, production yield and enhanced
cell mortality under PDT [192, 193]. When those NPs were surface-decorated with
F3 peptide to attain specific targeting to 9L rat gliosarcoma cells, MDA-MB-435
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Polymer

PS/2nd
drug/
imaging
agent

Intended
use

Stage of
development

Main finding

Ref.

AFPAA

HPPH
(core)

Therapy

In vivo
(intravenous
injection)

HPPH leaching is negligible
when encapsulated, conju-
gated and post-loaded

The highest 'O, production
is achieved by the post-
loaded formulation, which
caused the highest photo-
toxicity in Colon 26 cells

Post-loaded NPs induce a
similar tumor response
compared to that of free
HPPH at an equivalent
dose in BALB/cAnNCr
mice bearing a subcutane-
ous xenograft of Colon
26 cells

[194]

AFPAA

HPPH
(shell)/cya-
nine dye
(shell)

Theranostic

In vivo
(intravenous
injection)

Undesirable FRET between
HPPH and cyanine dye can
be controlled playing on
loading ratio during post-
loading

NPs at optimal ratios allow
efficient imaging and
improved survival after
PDT compared with free
HPPH in BALB/c mice
bearing a subcutaneous
xenograft of Colon 26 cells

[195]

AFPMMA

TPPS,
(shell)/NO
photodonor

Therapy

In vitro

NPs are well tolerated by
B78H1 melanoma cells in
the dark and exhibit strongly
amplified cell mortality
under visible light excita-
tion because of the com-
bined action of 'O, and
nitric oxide

[197]

F3 peptide-
PAA-MB

MB deriva-
tives (core)

Therapy

In vitro

MB-conjugated NPs show a
higher 'O, production com-
pared to MB-encapsulated
NPs

Targeted NPs killed
MDA-MB-435 human
breast cancer cells more
effectively than
non-targeted NPs

[192]

(continued)
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Table 5 (continued)

PS/2nd
drug/
imaging Intended Stage of
Polymer agent use development | Main finding Ref.
F3 peptide - | MB (core) | Therapy In vitro Targeted NPs show a large | [193]
PEG-PAA- enhancement of PDT effi-
MB cacy compared to the
non-targeted NPs and free
MB in 9L (rat gliosarcoma),
MDA-MB-435 (breast) and
F98 (rat glioma) cells

human breast cancer cells, and F98 rat glioma cells, excellent PDT efficacy,
increasing with the NP dose and irradiation time, was found [192, 193].

In the case of a hydrophobic PSs such as HPPH and its derivatives, post-loading
in preformed amine functionalized polyacrylamide (AFPAA) gives the highest 'O,
production and phototoxicity in vitro compared to encapsulation and conjugation
[194]. NPs, tested in a mice colon carcinoma xenograft, enabled fluorescence
imaging of the tumor and produced a photodynamic response similar to that of
free HPPH at an equivalent dose [194].

When developing multifunctional nanoplatforms loaded with more than one
drug, confinement of multiple absorbing species in NPs can have a strong impact
on in vitro and in vivo PDT outcomes. To operate in parallel, the two
photoresponsive agents should not interfere with each other when in close proxim-
ity in the same polymeric scaffold. This aspect was clearly shown with HPPH and a
tailor-made cyanine dye for PDT and fluorescence imaging [195]. By playing on
HPPH/cyanine dye ratio, the undesirable quenching of the HPPH because of Forster
Resonance Energy Transfer between the two molecules was minimized. NPs at
optimal ratio resulted in an excellent tumor-imaging (NIR fluorescence) and PDT
efficacy in mice bearing a subcutaneous xenograft of Colon 26 cells.

Besides 'O,, light can trigger the release of cytotoxic species such as nitric oxide
(NO) exerting antitumor cooperative effects. Indeed, cytotoxic effects induced by
NO [196] combined with PDT represent a very promising strategy in view of a
multimodal cancer treatment because of the ability to attack biological substrates of
different natures, to avoid MDR, and to improve selectivity of therapy. Finally, as
NO release is independent of O, availability, it can potentially very well comple-
ment PDT at the onset of hypoxic conditions. A nanoplatform releasing 'O, and
nitric oxide was thus prepared by the electrostatic entangling of two anionic
photoactivable components (TPPS, and a tailored nitro-aniline derivative) onto
the cationic shell of NPs [197]. Photochemical characterization of the nanoplatform
clearly showed that the drugs operate in parallel under the exclusive control of light,
providing a combinatory effect of the two photogenerated cytotoxic species in
B78H1 melanoma cells.
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4.5 Pluronic Micelles

Among a variety of triblock copolymers, Pluronics (also termed poloxamers) have
achieved the most noticeable interest in pharmaceutics because of their versatility
and biocompatibility [198, 199]. Pluronics are commercial FDA-approved material,
consisting of a central poly(propylene oxide) flanked by two poly(ethylene oxide)
blocks, available in different molecular weights and block lengths and thus char-
acterized by different hydrophilic-lipophilic balances. Pluronics form spontane-
ously nanosized micelles in aqueous media. Because of their amphiphilic character,
these copolymers display surfactant properties including the ability to interact with
hydrophobic surfaces and biological membranes. These systems avoid MPS uptake,
increase drug solubility, and improve its circulation time and passive tumor
targeting by EPR effects [198]. Previously thought to be “inert,” Pluronics display
a unique set of biological activities and have been shown to be potent sensitizers of
MDR cancer cells in vitro and in vivo [198, 200]. The key attribute for the
biological activity of Pluronics is their ability to incorporate into membranes
followed by subsequent translocation into the cells where they affect various
cellular functions, such as mitochondrial respiration, ATP synthesis, activity of
drug efflux transporters, apoptotic signal transduction, and gene expression. As a
result, Pluronics cause drastic sensitization of MDR tumors to various anticancer
agents, enhance drug transport across the blood brain and intestinal barriers, and
cause transcriptional activation of gene expression both in vitro and in vivo [200].

The first example of Pluronic use as carriers for PDT agents was the delivery of
Verteporﬁn® derivatives in monomeric form [201, 202]. Thereafter, Pluronic
micelles have been considered a promising vehicle for the delivery of other PDT
agents such as porphyrins, chlorins, phthalocyanines, chlorophylls, and xanthene
derivatives [203-206]. Sobczynski and collaborators recently evaluated the influ-
ence of Pluronics on the photocytotoxicity and cytolocalization of four porphyrin-
based PSs, i.e., tetraphenyl porphyrins 4-substituted on the phenyl groups with
trimethylamine (TAPP), hydroxyl (THPP), sulfonate (TSPP), and carboxyl (TCPP),
in WiDr colon adenocarcinoma cell line [205]. Pluronics were found to deaggregate
the PSs and improve PS solubility efficiently. Moderate to profound effects on
intracellular localization of the PSs and cellular sensitivity to photoinactivation
were found. P123 and F127 strongly attenuated the uptake and photocytotoxicity of
THPP and redirected the cellular uptake to endocytosis, while P123 stimulated
translocation of TAPP from endocytic vesicles to a cytosolic and nuclear localiza-
tion followed by an enhanced phototoxicity. P123 and F127 lowered the fraction of
TCCP in endocytic vesicles followed by a reduced sensitivity to photoinactivation.
F68 had only moderate effects on intracellular localization of the evaluated PSs
with the exception of a higher endocytic accumulation of TCPP and lowered
photocytotoxicity of TCPP and THPP.

To enhance 'O, generation, chlorine e6 was encapsulated in heavy-atomic NPs
based on Pluronic F127 and in vitro PDT efficacy was evaluated in MDA-MB-231
human breast-cancer cell line [207]. Pluronic F68 was used to increase the
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intracellular level of ALA in human cholangiocarcinoma cells, resulting in
enhanced PpIX formation and phototoxicity [208]. Pluronics P123 and F127
improved the delivery of Photofrin® overcoming MDR in MCE-7/WT human
breast and SKOV-3 ovarian cancer cells inducing cell apoptosis through photody-
namic effects [209].

A few pieces of work have reported in vivo results with Pluronic-based
nanoPDT. Park and Na [210] conjugated chlorine 6 in F127 micelles and observed
higher internalization rates, tumor-specific distribution, and in vivo tumor growth
inhibition after intravenous injection into mice bearing a colon tumor (CT-26) when
compared with free PS. In subsequent work these authors introduced DOX in the
formulations for combined photodynamics and chemotherapy overcoming drug
resistance in drug-resistant cancer cells [211]. Furthermore, the natural PS chloro-
phyll (Chl) extracted from vegetables was encapsulated into Pluronic F68 micelles
for in vivo cancer imaging and therapy. Results showed that, after intravenous
injection and laser irradiation, the growth of melanoma cells and mouse xenograft
(A375) were effectively inhibited by laser-triggered PTT and PDT synergistic
effects.

A simple and biocompatible nanocomplex of MB in a combination of Pluronic
F68 and oleic acid (named NanoMB) driven by the dual (electrostatic and hydro-
phobic) interactions between the ternary constituents was developed [212]. The
nanocomplexed MB showed greatly enhanced cell internalization in different
cancer cell lines while keeping the photosensitization efficiency as high as free
MB, leading to distinctive phototoxicity toward cancer cells. When administered to
human breast cancer xenograft mice by peritumoral injection, nanocomplexed MB
was capable of facile penetration into the tumor followed by cancer cell accumu-
lation. After five PDT treatments consisting in a combination of peritumorally
injected nanocomplexed MB and selective laser irradiation, tumor volume was
significantly decreased, demonstrating potential for adjuvant locoregional cancer
treatment.

Additionally, Pluronics have been associated with graphene oxide and gold NPs
for in vivo combined PDT and PTT. The complex graphene oxide sheet, Pluronic
F127 and MB showed high tumor accumulation after intravenous injection into
tumor-bearing mice, causing total ablation of tumor tissue exposed to NIR light
[213]. A Pluronic-based nanogel was combined with both gold nanorods as a
PTT agent and Ce6 as a PS for PDT. In both in vitro cell culture and in vivo
tumor-bearing mice experiments in SCC-7 squamous carcinoma cells or NIH/3T3
fibroblast cells, a remarkably enhanced tumor ablation was observed with treatment
by PDT (red laser) followed by PTT (NIR laser) as compared with separate
treatments [214].
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4.6 Other Systems

Polymer-PS conjugates can spontaneously form different nanostructures. The sim-
plest example among them is represented by PEGylated HpD assembled into NPs
and loaded with DOX to achieve a synergistic effect of chemotherapy and PDT
[215]. This approach is useful to form core-shell-structured bioreducible self-
quenched NPs that dissociate under intracellular reductive conditions, triggering
the rapid release of PS in a photoactive form [216]. More complex concepts have
been reported recently. NPs based on a star shaped 4-arm PEG functionalized with
biotin as targeting unit and a chlorambucil-coumarin fluorophore were synthesized
for site-specific and image guided treatment of cancer cells [217]. Telodendrimers,
anovel class of hybrid amphiphilic polymers comprised of linear PEG and dendritic
oligomers of PheoA and cholic acid (CA) formed NPs by self-assembly
(Nanoporphyrins), which greatly increased the imaging sensitivity for tumor detec-
tion through background suppression in blood, as well as preferential accumulation
and signal amplification in tumors. Nanoporphyrins also functioned as multiphase
nanotransducers that can efficiently convert light to heat inside tumors for PTT, and
light to 'O, for PDT.

The Kataoka group studied polyion complex micelles of PEG-poly(L-lysine)
block copolymers with an anionic dendrimer Pc (dPc) [218]. The PDT effect of DPc
was two orders of magnitude higher than the free DPc with the same irradiation
time. In vivo PDT efficacy of dPc-loaded micelles [219] was higher than free dPc
and Photofrin®. Furthermore, the skin phototoxicity of the DPc-loaded micelles
was significantly reduced after white light irradiation. Lu et al. have loaded in
PEG-poly(L-lysine) micelles entrapping dPc and also DOX [220]. In vivo studies
carried out in a xenograft model of breast cancer highlighted that the internalized
DPc micelles showed unique PCI properties inside the cells and thereby facilitated
DOX release from the endo-lysosomes to nuclei after photoirradiation, thus
reversing MDR.

To implement multimodality of a cancer therapy, very promising results have
been obtained by employing light-activated supramolecular nanoassemblies based
on cyclodextrin branched polymers for simultaneous imaging and therapy
[221-225]. In these systems, beside the photochemical independence of the two
chromogenic centers, a high association constant between the two units was a key
prerequisite to avoid displacement in a biological environment if their association is
not sufficiently strong. Bichromophoric NPs exploiting TPE fluorescence have been
obtained by the self-assembly of a NO photodonor, ZnPc, and a f-CD polymer
[226]. The macromolecular assembly delivered its photoresponsive cargo of active
molecules not only within the cytoplasm but also in human skin as exemplified in
ex vivo experiments.

In the attempt to apply layer-by-layer fabrication technology to theranostic
nanocapsules for cancer PDT combined with magnetic resonance imaging (MRI),
a platform entrapping dendrimer porphyrin (DP) in the shells and SPIONSs in the
core was designed [227]. SPIONs-embedded polystyrene NPs were used as a
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template to build up multilayered nanocapsules through sequential poly(allylamine
hydrochloride)/DP deposition. NCs exhibited typical superparamagnetic behavior,
and cell viability study (HeLa) upon light irradiation revealed that NCs can
successfully work in PS formulation for PDT.

5 Conclusions

PDT is gaining momentum as an alternative or complementary treatment of solid
tumors. Potentiating PDT effects and coupling PDT to other treatment modalities
are considered promising strategies to fight tumors. Polymeric NPs are supportive
of this evolution, offering a wide variety of options to engineering multimodal
systems useful for therapeutic, diagnostic and theranostic purposes. NP design
needs to be established ab initio and should be driven by biologically-oriented
design rules to accumulate drug cargo at the pharmacological target and by specific
requirements to preserve/optimize photochemical properties of delivered
PS. Rational combination of building elements in a single nanoplatform can also
couple PDT to other treatment modalities (conventional chemotherapy, PPT, radio-
therapy) or imaging (MRI, fluorescence) propelling the application of PDT to the
forefront of diagnosis and therapy of cancer.
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Abstract Photodynamic therapy (PDT) is a well-established technique employed
to treat aged macular degeneration and certain types of cancer, or to kill microbes
by using a photoactivatable molecule (a photosensitizer, PS) combined with light of
an appropriate wavelength and oxygen. Many PSs are used against cancer but none
of them are highly specific. Moreover, most are hydrophobic, so are poorly soluble
in aqueous media. To improve both the transportation of the compounds and the
selectivity of the treatment, nanoparticles (NPs) have been designed. Thanks to
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their small size, these can accumulate in a tumor because of the well-known
enhanced permeability effect. By changing the composition of the nanoparticles it
is also possible to achieve other goals, such as (1) targeting receptors that are over-
expressed on tumoral cells or neovessels, (2) making them able to absorb two
photons (upconversion or biphoton), and (3) improving singlet oxygen generation
by the surface plasmon resonance effect (gold nanoparticles). In this chapter we
describe recent developments with inorganic NPs in the PDT domain. Pertinent
examples selected from the literature are used to illustrate advances in the field. We
do not consider either polymeric nanoparticles or quantum dots, as these are
developed in other chapters.

Keywords Inorganic nanoparticle « Photodynamic therapy ¢ Singlet oxygen
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1 Introduction

Photodynamic therapy (PDT) is a well-established means for the treatment of aged
macular degeneration, some types of cancer, and infectious microorganisms by
using a photoactivatable molecule (a photosensitizer, PS) together with light of an
appropriate wavelength and molecular oxygen. After excitation of the photosensi-
tizer and energy transfer to the substrate or surrounding oxygen, reactive oxygen
species (ROS) are produced, such as superoxide, hydroxyl radicals, and hydroper-
oxides for Type 1 pathways and singlet oxygen ('O,) for Type II pathways, which
lead to photoreactions. Many photosensitizers are used in clinical applications, but
none of them are very specific. To improve the PDT efficiency, it is crucial that the
photosensitizers accumulate in diseased cells and avoid normal ones. Moreover,
most photosensitizers belong to the porphyrins family, so are quite hydrophobic and
thus poorly soluble in physiological liquids. This lack of solubility can lead to
aggregation, which is disastrous for singlet oxygen formation. To improve both the
transportation of the compounds and the selectivity of the treatment, nanoparticles
(NPs) can be designed. Because of their small size, they can accumulate preferen-
tially in tumors by the well-known enhanced permeability effect. By changing the
composition of NPs, it is also possible to achieve others goals, such as targeting
receptors that are over-expressed in tumoral cells or neovessels, allowing the NPs to
absorb two photons (upconversion or biphoton), improving singlet oxygen gener-
ation by the surface plasmon resonance effect (gold nanoparticles), etc. Here we
describe recent developments in the field of PDT with inorganic NPs. Compared to
organic NPs (liposomes, micelles, microspheres, etc.) these provide the clear
advantages of being photo-activatable without the need to release the photosensi-
tizer. Another promising strategy is the release of the PS into cells, triggered by an
acidic pH or by enzymes specific to tumoral zones.

In this chapter we describe the progress on leading NPs based on their interest
for researchers in terms of publications, as presented in Fig. 1. We first describe

50
g 40
5
= 30+
>
a
G 20
Qo
z
10 —
I S—
@ > OV 2 O ) ) @
O NS e} & RS >
S & S F NV £ £y £
o> § O(U@? (o)
L < <

Fig. 1 Number of overall publications related to the type of NP developed for PDT applications
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silica-based NPs then gold NPs, those that produce ROS after light excitation
(except quantum dots), those that can be excited by sources other than one photon
light, and those that can be used for theranostic tests.

2 Silica-Based Nanoparticles (SiNPs)

Silica NPs present several advantages such as controllable size and shape, high
stability, and easy functionalization, which make them soluble in aqueous media
and provide a high biocompatibility. Prasad [1] and Kopelman [2] have been
pioneers in the elaboration of silica nanoparticles for PDT applications. Different
synthetic methods can be used to elaborate various silica-based NPs such as hollow
silica, organically modified silicate (ORMOSIL), mesoporous silica NPs (MSN),
and other nanoparticles made by sol-gel methods. In 2010, we described the
different methods for the synthesis of silica-based nanoparticles from pioneering
works in the field to the latest achievements [3]. In another book chapter we detailed
the main NPs possessing a three-dimensional rigid matrix that serve for PDT
applications [4].

Photosensitizers can be encapsulated or covalently linked onto the surface of the
silica NPs. In the case of internally grafted PSs, and to achieve a good PDT
efficiency, molecular oxygen and 'O, should diffuse easily in and out of the silica
nanoparticle (Fig. 2).

Hydrolytic and *
enzymatic

—p ' o
biodegradation &\\ 5 /2_\

Fig.2 (a) 10, formation after release of the PS encapsulated into an NP. (b) 10, formation after
excitation of the PS covalently grafted into the matrix, diffusion of O, in the NP and 0, out of the
NP
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To study the influence of the silica matrix on drug efficacy, Chu et al. [5, 6]
designed two types of nanoparticles and evaluated the variation in efficacy. A loose
SiO, nanoparticle with embedded methylene blue (SiO,-MB) was elaborated that
allowed good diffusion of both O, and methylene blue (MB). MB was also
embedded in the surface layer of dense silica outside a gold nanorod Au@(SiO,-
Au). As expected, loose SiO, NPs showed enhanced ROS generation compared to
dense SiO, NPs. Nevertheless, because of dimer formation of MB inside the NPs,
the formation of 'O, was lower for MB inside the nanoparticle NPs than for MB in
solution. Apoptosis was dominant in cells treated with free MB, loose and dense
Si0,-MB, whereas Au@(SiO,-Au) induced necrosis.

2.1 ORMOSIL

The name ORMOSIL is shorthand for ORganically Modified SILica or Organically
MOdified SILicate. These can be used for drug, DNA, or gene delivery. Most of the
time they are elaborated in a sol-gel process by adding silane to silica-derived gel.
In the PDT field, in 2003, Prasad’s group prepared ORMOSIL NPs to entrap 2-
devinyl-2-(1-hexyloxyethyl)pyropheophorbide (HPPH) [1]. A microemulsion tech-
nique was used, with vinyltriethoxysilane and aminopropyltriethoxysilane as
reagents for the gelation procedure. The NPs killed HeLa and UCI-107 cancer
cells very efficiently after irradiation at 650 nm. The same year, this same group
pioneered the biological application of this kind of nanoparticle [7].

Tang et al. [2] used ORMOSIL NPs to encapsulate methylene blue. These
authors compared the Stober procedure to immobilize PS inside pure silica, with
ORMOSIL nanoparticles prepared by methyltrimethoxysilane and phenyltri-
methoxysilane as precursors. A higher PS loading was observed with the Stober
procedure but the production of 'O, after irradiation of the nanoparticles at 650 nm
showed a higher kinetic rate with ORMOSIL than with Stober NPs.

Since then, different photosensitizers have been coupled or encapsulated in this
kind of silica NPs and more details can be found in Bechet et al. [8] and Vanderesse
et al. [4].

2.2 Hollow Silica

Other types of silica particles have been designed to encapsulate PS. In 2008, Zhou
et al. [9] prepared porous hollow silica nanospheres and embedded hypocrellin A in
them. The particles presented good light and thermal stabilities and were efficiently
incorporated into HeLa cells. PDT efficiency was better for embedded hypocrellin
A than for free hypocrellin A because of higher 'O, generation.

Very recently, Liu et al. [10] performed in vivo experiments in nude mice for
liver cancer. They compared the efficiency of free Photosan-II and Photosan-II-
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loaded hollow silica nanospheres of 37.8 nm mean diameter. They observed a better
therapeutic efficiency with the NPs both in vitro and in vivo, with apoptosis
involving a death-receptor exogenous pathway as well as a mitochondria endoge-
nous pathway.

2.3 Mesoporous SiNPs (MSNs)

MSN are of great interest because of their particular properties such as large surface
area, pore volume, and good biocompatibility. Moreover, it is easy to adjust their
size and modify their surface. The first studies using MSN for PDT applications
were carried out in 2009 by Mou’s and Durand’s teams. Mou and collaborators [11]
coupled protoporphyrin IX (PpIX) to MSN. No dark cytotoxicity was observed up
to 80 pg/mL. Uptake of the PpIX-MSNs by HeLa cells was high and both concen-
tration and irradiation time-dependent cell viability were observed. A few weeks
later, Brevet et al. [12] synthesized MSN nanoparticles coupled with water-soluble
PS and mannose units attached to the surface as targeting units. The involvement of
mannose receptors in MDA-MB-231 cell line experiments with these mannose-
functionalized MSN was demonstrated as well as phototoxicity of the nano-objects.
More recently, the same group developed two-photon excitation MSN [13] and
further details of this are given in Sect.5.2.

In 2014, Pan et al. [14] elaborated sophisticated MSN with two targeting units:
RGD peptide to target integrin o, f; over-expressed on neovessels and the trans-
activator of transcription (TAT) peptide for nuclear targeting. The photosensitizer
(chlorin e6, noted Ce6) was strongly adsorbed onto the silica wall by electrostatic
interaction. Although the formation of 'O, was lower with MSN-RGD/TAT than
for Ceb6 in solution, the nanoplatforms proved to be very efficient in vitro on HeLa
cells and in vivo at very low power density (0.02 W/cm? for 5 min, light dose = 6 J/
cm?). Comparing these NPs to those without RGD and/or TAT, the authors proved
that adding both a tumor vasculature targeting agent and a TAT peptide, which
induces nuclear accumulation and DNA oxidation after irradiation, strongly
enhanced PDT efficiency. Another way to improve the therapeutic index of PDT
is to combine PDT with another treatment such as radiotherapy or photothermal
therapy (PTT). For PTT, Zhao et al. [15] reported the synthesis of MSN coupled to
tetra-substituted carboxyl aluminum phthalocyanines and covered by Pd nano-
sheets of different sizes. After incubation in HeLa cells of NPs with PS alone, NP
with Pd sheet alone, or NPs with both phthalocyanine and Pd sheet, and excitation
with a single laser at 660 nm, they concluded that there was a co-operative
therapeutic effect of radiotherapy and PTT.
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2.4 Sol-Gel Method

A very interesting approach has been described recently by Vivero-Escoto and
Vega [16]. These authors synthesized stimuli-responsive silica NPs in which PpIX
was attached to the surface of the nanoparticles through a redox-responsive (RR)
linker. The PpIX stays attached to the nanoparticles via a disulfide bond which is
cleaved when the NP reaches the cancer cells, because of the reducing environment.
PpIX is released in its monomeric form, avoiding aggregation, and allowing high
'0, formation. They compared the behavior of this RR-PpIX-SiNP to a control NP
in which the link between PpIX and the surface is a silane ligand (PpIX-SiNP). 'O,
production was lower for PpIX attached to both NPs than PpIX in solution,
probably because of the aggregation of PpIX into the NPs. When dithiothreitol
was used as a reducing agent in solution, 90% of PpIX was released from RR-PpIX-
SiNP after 6 days of incubation, whereas only 25% of PpIX was released from
PpIX-SiNP after 10 days of incubation. In HeLa cells, a better phototoxicity was
observed for RR-PpIX-SiNP than for PpIX-SiNP and the NPs were transported by
endososomal pathway. However, the best phototoxicity was observed for PpIX in
solution.

3 Gold Nanoparticles (AuNPs)

Among all the metal nanoparticles, gold NPs (AuNPs) have received particular
attention, because of a combination of unique properties which lend them to
multiple applications such as labeling, delivery, heating, and sensing. For the first
time, in 2002 Russell’s team [17] compared free phthalocyanine (Pc), Pc-coated
AuNPs, and the effect of adding tetraoctylammonium bromide phase transfer
reagent. They found an increased formation of 'O, of around 50% with the three-
component Pc-coated AuNPs-phase transfer agent. Since this first study, around 40
papers have been published which describe the use of AuNPs for PDT applications.
The same team [18] improved their systems and reported the elaboration of AuNPs
functionalized with jacalin or anti-HER-2 antibodies, which target the over-
expressed HER-2 receptor. Following PDT treatment, the destruction of SK-BR-3
cells is greater than that of HT-29 cells. A clear advantage of anti-HER-2 compared
to jacalin is the lower levels of dark toxicity after incubation with either HT-29 or
SK-BR-3 cells. Both types of nanoparticle conjugate were internalized through
receptor mediated endocytosis. The next step is the combination loading of both
targeting ligands onto a single NP for dual targeting.

Another recent example, published in 2014 by Prasanna et al. [19], described the
preparation of gold—Rose bengal Nanoparticles (AuNP-RB), which are
nanocomplexes with electrostatic and covalent bonding. The in vitro PDT effi-
ciency of the free RB and the AuNP-RB was studied in Vero and HeLa cell lines.
The results demonstrated that the nanocomplexes are more photo-cytotoxic than
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free RB, and that the covalent complex is more toxic than the electrostatic complex.
It also appears that the PDT efficiency is higher in HeLa than in Vero cells.

Kawasaki et al. [20] reported the synthesis of organic-soluble Au,s(PET)g
(PET = phenylethanethiol) and water-soluble Au,s(Capt);g (Capt = captopril) clus-
ters. They showed that 10, is generated by organic-soluble Au,5(PET)g and water-
soluble Au,s(Capt);g clusters under visible/near infrared irradiation (532, 650, and
808 nm) in the absence of organic photosensitizers. In human serum, Au,s(Capt);g
clusters produced more 'O, than new methylene blue. Cytotoxicity tests and in vitro
cellular experiments were carried out in HeLa cells using water-soluble
Au,s5(Capt);g clusters. It was found that the size of clusters influence 102 genera-
tion. It was also reported that the energy transfer to O, rather than to 'O, is enabled
by a larger optical gap of Au,s5(PET);g or Au,s(Capt);g clusters. Finally, the water-
soluble clusters are advantageous for penetration into human tissue for PDT
applications.

Some authors have studied the effect of the light dose. Shi et al. [21] analyzed
the high/low PDT mode using methoxypoly(ethylene glycol) thiol modified gold
nanorods coupled to the AI(IIT) phthalocyanine chloride tetrasulfonic acid (A1PcS4)
photosensitizer. The polyelectrolyte-coated gold nanorods present multilayers of
electrostatically coated negatively charged poly-sodium-4-styrenesulfonate (PSS)
and positively charged branched polyethyleneimine. The complexes were synthe-
sized by combining the negatively charged AlPcS4 with the positively charged
NPs. The high/low PDT mode (high dose for short duration/low dose for long
duration) was investigated in MCF-7 cell lines. First, the high power density light
allowed the release of photosensitizers from the surface of NPs combined with the
photothermal effect of NPs. The low density light achieved PDT efficiency because
of the release of the photosensitizer, leading to the death of 90% of the tumor cells.
This high/low PDT mode presented a very good efficiency and a risk-free PDT
method.

Several publications report that the excitation efficiency of the photosensitizer
can be increased, because of localized surface plasmon resonances. For example,
Benito et al. [22] observed an increase in ROS formation by AuNPs coupled to 5-
ALA when compared with 5-ALA alone and concluded that this may be caused by a
plasmon effect. The same conclusion was reached by Chu et al. [S] who confined
MB into a silica matrix in the close vicinity of gold nanorods and found that more
hydroxyl radical and superoxide were generated than by both free MB and SiO,-
MB NPs. Nevertheless, free MB was found to produce the most 'O, among the
three species.

Li et al. [23] reported the synthesis of a nanoplatform composed of mesoporous
silica-coated AuNP (AuNR@SiO,-ICG) incorporating indocyanine green (ICG) to
increase PDT efficiency based on the surface plasmon resonance of AuNP. Com-
pared to free ICG, the production of 'O, by AuNP@SiO,-ICG is enhanced upon
laser excitation. Li and co-workers also described the substantial in vitro and in vivo
cellular uptake in the tumor region of ICG provided by the gold nanoplatform. They
showed that 'O, generation allows the photodynamic destruction of the MDA-MB-
231 human breast carcinoma cells. They also investigated the effects of PTT and
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PDT, confirming that photothermal heating with low laser irradiation causes a
decrease of tumor growth.

Indeed, much research has focused on the possibility of coupling PDT and PTT.
Trinidad et al. [24] described the use of rat alveolar macrophages loaded with gold
nanoshells as the drug delivery system for an in vitro study on head and neck
squamous cell carcinoma using both PDT and PTT treatments. The combination of
the two treatments (irradiation at A = 670 nm for PDT with disulfonated aluminum
phthalocyanine and 4 =810 nm for PTT) showed synergy and led to an increase of
40% cell death. No toxicity was observed for empty macrophages.
Nanocomposites, made up of gold nanorod core and a hematoporphyrin-doped
mesoporous silica shell on the surface, were used by Terentyuk and co-workers
[25]. An in vivo study was carried out on alveolaris liver cancer PC-1 cells in rats
using two wavelengths of irradiation (4 =633 nm for PDT and 808 nm for PTT).
When PDT was used alone, no conclusive result was found. In contrast, a drastic
decline of tumor volume during the first 3—5 days was observed upon combining the
two therapies (4 =633 and 808 nm). This concept could be interesting for clinical
use after optimization of irradiation conditions (light delivery, power density, and
doses).

In an attempt to increase the accumulation of photosensitizer and hyperthermia
agents in cancer cells, for an application of bimodal PDT/PTT therapy, Wang et al.
[26] designed a new NP. This contains a pH-low insertion peptide (pHLIP) bound
by a disulfide bridge, which confers extracellular pH driven targeting ability.
Exposed to a reducing agent, such as DTT, the disulfide bond is cleaved, resulting
in the liberation of Ce6. The authors clearly showed that the 'O, generation in the
conjugate is better with than without DTT. These results demonstrated that Ce6 is
phototoxic and that the conjugate is a good candidate for PDT. The photothermal
analysis showed that the AuNP conjugates and the AuNPs alone are affected by
laser irradiation with an increased temperature from 20 to 50 °C for AuNRs
conjugates and 49 °C for AuNPs alone. These results suggest that the conjugate
is a good hyperthermia agent for tumor therapy. The cytotoxicity studies in human
lung cancer 95-C cell lines showed that the accumulation of Ce6-pHLIP-AuNPs in
the cells is better at pH 6.2 than at pH 7.4, suggesting the utility of the bimodal
PDT/PTT strategy for cancer therapy and potential clinical applications.

Vankayala and co-workers [27] were the first to show that AuNPs can produce
'O, upon NIR light activation alone in the absence of a photosensitizer. This team
demonstrated that, by changing the wavelength of NIR irradiation, AuNPs can
move from a PDT to PTT effect, or even a combination of the two. In vitro 102
formation in HeLa cells was demonstrated by detecting 'O, phosphorescence
emission. PDT and PTT were performed using two wavelengths (4 =550 nm for
PTT and 940 nm for PDT). Cell death generated by 940-nm LED light was ten
times higher than that with 550-nm light. Concerning an in vivo study on B16F0
melanoma tumors in mice, the authors demonstrated that these tumors are
completely destroyed when AuNPs are irradiated under very low LED/laser doses
of single photon NIR (915 nm, <130 mW/cm?), because of a PDT effect with the
generation of 'O,.



Inorganic Nanoparticles for Photodynamic Therapy 123

Another strategy that has begun to be developed is the use of triggered linker.
Cheng et al. [28] coupled AuNPs to the silicon phthalocyanine Pc 4 drug via an Au—
S covalent bond. The interesting property of this ligand is that it is photosensitive
and induces hemolytic photocleavage of the Si—C bond after NIR irradiation
(A=0660 nm) that generates free Pc 4 once the ligand exchange with water has
occurred on the central Si atom. Using HeLa cells, the authors showed that PDT
efficacy is similar to that obtained with non-covalently bound Pc 4, but that this
covalent linkage provides a better targeting of the Pc 4 drug release, because it is
quenched by the AuNP during transport.

In 2014, Huh’s group [29] described the synthesis, photoactivity, and in vitro and
in vivo bioactivity of iron oxide/gold nanoparticles. These NPs are decorated on
their surface by thiolated heparin-pheophorbide via an Au-S covalent bond. The
originality of these multifunctional carriers is their self-quenching caused by FRET
between pheophorbide a and gold, rendering the NPs photo-inactive during circu-
lation. The photoactivity of the photosensitizer is regenerated after internalization
in tumor cells because of the reductive cleavage of the gold—sulfur bond by
glutathione. The quenching and dequenching were evaluated by fluorescence of
the PS in the presence or absence of glutathione. The intensity of fluorescence at
670 nm after 60 min incubation was ninefold higher than the control without
glutathione. The generation of 'O, was clearly shown with 9,10-dimethylan-
thracene used as a 'O, trap. The cellular uptake by A549 cells was determined by
confocal laser scanning microscopy showing a strong PS signal of the internalized
NPs, indicating the effect of cytoplasmic glutathione. Under light exposure, the cell
viability decreased similarly whether the PS was free or released from NPs. Finally,
a comparison of free PS and NPs in an animal model (nude mice xenografted with
A459 cells) showed that NPs exhibit better tumor selectivity than free
pheophorbide a and a prolonged time in the tumor, the latter being rapidly excreted
from the body. Tumor-bearing mice were treated every 2 days by saline (control),
free PS or NPs, and were exposed to light. The tumor volume and weight were
measured and it could be clearly seen that NP treatment was 2.5-fold better than that
of free PS.

4 Nanoparticles that Can Produce ROS by Themselves

4.1 ZnO

Zinc oxide NPs (ZnO) are also good candidates for biomedicine because of their
low toxicity and unique optical and electronic properties. ZnO has a wide band gap
(3.37 eV), high bond strength, and high exciton binding energy (60 meV) at room
temperature. ZnO nanostructures typically have a near-band-edge emission in the
UV region and a defect-related visible emission in the blue to green part of the



124 L. Colombeau et al.

spectrum. Upon UV excitation in aqueous solution, ZnO can generate ROS such as
hydroxyl radical, hydrogen peroxide, and superoxide.

The first report of the use of ZnO NPs for PDT was presented in 2008 by Liu et
al. [30]. They described the potential applications of ZnO NPs for cancer treatment.
ZnO NPs were conjugated to meso-tetra(o-aminophenyl)porphyrin. After UV irra-
diation, FRET as high as 83% could be observed between ZnO and the PS. To
evaluate the in vitro efficiency of these NPs, human carcinoma NIH:OVCAR-3
cells were exposed to UV (365 nm, 30 min) and ZnO, porphyrin, or ZnO—(L-
cysteine)-porphyrin. The authors demonstrated that ZnO-(L-cysteine)-porphyrin
conjugates allowed a high phototoxicity, compared to either ZnO or porphyrin
alone, when exposed to UV. Since 2008, ten papers have reported the use of ZnO
NPs for PDT application.

In 2014, Ismail et al. [31] described the effects of UV irradiation (320—400 nm)
of ZnO NPs doped with Fe’ ", Ag™, Pb*", or Co*", silica-coated ZnO-NPs, TiO,-
NPs, titanate nanotubes (TiO,-NTs), and ZnO-NPs/TiO,-NTs nanocomposites in
HepG2 human liver adenocarcinoma cells. Doxorubicin was used as a standard.
The median growth inhibitory concentration (ICsg) values for ZnO-NPs and metal-
doped ZnO-NPs were, respectively, 42.6, 37.2, 45.1, 77.2, and 56.5 pg/mL as
compared to doxorubicin (ICsq value 20.1 pg/mL), proving good antitumor activity.
Silica-coated ZnO-NPs, TiO,-NPs, titanate nanotubes (TiO,-NTs), and ZnO-NPs/
Ti0O,-NTs nanocomposites did not demonstrate any antiproliferative activity. ZnO-
NPs such as metal-doped ZnO-NPs (Fe* ", Ag", Pb>", and Co”>") showed signifi-
cant antitumor activity in comparison to doxorubicin. In addition, high production
of hydrogen peroxide, nitric oxide, and other free radicals was observed.

4.2 Tio,

TiO, NPs have been considered as photosensitizing agents for PDT because of their
unique phototoxic effect upon UV irradiation. They are novel photo-effecting
materials with band gaps of 3.23 eV for anatase and 3.06 eV for rutile polymorph
of TiO,, respectively. Upon irradiation with UV light, electrons from the valence
band are promoted to the conduction band. This results in the formation of photo-
induced electron and hole pairs that have strong reduction and oxidation properties.
In water, the photo-induced holes react with hydroxyl ions or water to produce
hydroxyl radicals, perhydroxyl radicals, and superoxide anions, which allow the
destruction of organic molecules. The first report of the use of TiO, nanoparticles
for PDT application was in 1991 by Fujishima’s team [32, 33]. Since then, around
20 papers have described the interest in TiO, NPs. We focus here on the more
recent studies.

Zhang et al. [34] synthesized four types of TiO, nanofibers using anatase
particles. In this study, single crystal TiO, (B) (calcination at 400 °C) is noted as
T(B), mixed phase anatase/TiO, (calcination at 600 °C) is noted as T(AB)_T, and
anatase (calcination at 700 °C) is noted T(A) nanofibers. Another core—shell
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structure is elaborated with mixed phase anatase/TiO, (B) nanofibers and is denoted
as T(AB)_H. HeLa cells were incubated with the four types of fibers and irradiated
with UV light for 30 min. Only 4% of the HeLa cells were killed by the UV light in
the absence of TiO,, 29% and 33% of the cells were killed by the pure TiO,(B) and
anatase nanofibers, and 41% and 46% of the cells were killed by T(AB)_T and T
(AB)_H. These results demonstrate the photodynamic effect of the nanofibers
produced by the active generation of ROS following UV light irradiation. The
apoptosis ratios were measured and found to be 35%, 37%, 40%, and 43% for T(B),
T(A), T(AB)_T, and T(AB)_H, respectively. The maximum results were obtained
when mixed types of fibers were involved. The authors concluded that a good cell-
killing efficiency of the mixed-phase nanofibers could be attributed to the band gap
and stable interface between TiO,(B) and anatase in the same nanofiber. This is a
valid way of reducing the recombination of photogenerated electrons and holes. In
this way, more ROS can be generated to kill cancer cells.

Li et al. [35] tested a novel nanocomposite, blending TiO, nanofibers with
gambogic acid (GA), in vitro on human HepG?2 liver adenocarcinoma cells under
UV irradiation in aqueous media. GA is the major active component of gamboge
resin secreted from Garciniahanburyi trees in Southeast Asia. A significant
antitumor activity has been demonstrated for GA in vitro and in vivo. The Chinese
FDA has approved a Phase II GA clinical trial. The mesoporosity of the fibers
allows them to act as anticancer drug delivery carriers. Moreover, GA-TiO,
nanocomposites have high pH sensitivity for efficient drug release into the targeted
tumoral areas. The cytotoxicity of GA and GA-TiO, has been evaluated in HepG2
cancer cells. Cell inhibition depended on dose and time. The inhibitory concentra-
tion ICs¢y was lower with GA-TiO, than with GA, and much lower with GA-TiO,
irradiated by UV light, showing a photodynamic effect. The morphological obser-
vation of the HepG2 cancer cells revealed that the presence of GA-TiO, irradiated
with UV light led to the most serious damage and maximal apoptosis (59.3%). In
summary, GA-TiO, nanocomposites irradiated by UV light show a time- and dose-
dependent antiproliferative activity. Observations demonstrate that these NPs
enhance apoptosis of the HepG2 cancer cells compared to GA or TiO, used
separately.

4.3 Fullerene

Fullerenes are made of carbon and can present different forms such as hollow
spheres, ellipsoids, or tubes. Under light irradiation they can produce ROS. In 2006,
for the first time, Davydenko et al. [36] reported the sensibilization of Cgq fullerene
coupled to non-porous pyrogenic silica NPs modified by y-aminopropyl groups.
The fullerene generated ROS in solution, but neither in vitro nor in vivo experi-
ments were performed. Only five publications about PDT and fullerene could be
found dating from 2006 to 2013, but in 2014 alone, four papers describe the
potential of these NPs in the PDT field.
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Zhang’s team [37] recently reported the elaboration of an NP composed of Cgq
fullerene and 5-aminolevulinic acid (Cgp-5-ALA), the precursor of PpIX. In vivo
phototoxicity experiments on mice with melanoma (B16-F10 cells) were performed
with this new complex after irradiation at 630 nm. Induced PpIX was observed both
in vitro and in vivo. The comparison with 5-ALA alone showed a better phototox-
icity of the fullerene complex in vivo (about 50 vol.% volume for the tumor after
11 days of treatment) and in vitro (survival rate of 51.4 and 68.8% respectively for
Ceo-5-ALA and ALA alone).

Another well-designed nanoparticle made of fullerene, iron oxide (I0), PEG,
and conjugated to folic acid (FA) was developed by Shi et al. [38]. No dark
cytotoxicity could be observed in MCF-7 human breast cancer cells. After excita-
tion at 532 nm, Cgy-IONP-PEG presents a lower phototoxicity than the targeted
Ceo-IONP-PEG-FA. ROS production in vitro increased with the accumulation of
the NPs. In vitro, the PDT effect was enhanced by the combination with
photothermal therapy (PTT). In vivo, PDT and PTT treatments induced 62% and
37% apoptosis, respectively. Combined PTT and PDT increased this rate up to
96%.

Asada et al. [39] developed fullerene coupled to PEG. No dark toxicity was
observed in human HT1080 fibrosarcoma cells after incubation with PEG-fuller-
ene. The formation of radicals is 6.5 times greater under visible light irradiation
using a halogen lamp than under natural light (outdoor) irradiation. Nuclear frag-
mentation and chromatin condensation were observed, indicating that fullerene was
able to penetrate through the cell membrane and reach the cytoplasm.

4.4 Carbon Nanotubes and Graphene

Single walled (SWNTSs) or multiwalled carbon nanotubes (MWNTSs) can also be
used as delivery agents for PDT photosensitizers. Carbon nanotubes offer many
advantages, such as good internalization through endocytosis in mammalian cells,
fast elimination, no significant cytotoxicity, and easy chemical design. Zhu et al.
[40] linked non-covalently a single strand DNA aptamer with a chlorin €6 as
photosensitizer and a SWNT. Chlorin e6 can produce 'O, upon irradiation. Because
of m-stacking between the DNA aptamer and the SWNT, energy transfer occurs
between the PS and the SWNT and this leads to 98% 'O, quenching. DNA
aptamers are good linkers to biological targets, illustrated by the chlorin e6 fluo-
rescence that increased up to 20-fold after the addition of 2.0 uM thrombin. 'O,
production is restored when the construct probe is placed in the presence of
thrombin and then irradiated at the maximum absorption wavelength of chlorin
€6 (404 nm). The high specificity of aptamers towards one biological target and the
quenching efficiency of the probe are two of many qualities that make an agent
relevant for PDT.
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5 Nanoparticles with Other Types of Excitation than One
Photon

5.1 Upconverting Nanoparticles (UCNs): NPs Transduce
Low-Energy Light to Higher Energy Emissions that
Activate Associated PS

To treat deep tumors, in some cases it is necessary to excite the photosensitizer or
the NPs in the red part of the light spectrum. Some photosensitizers can be designed
to absorb at high wavelength, but another strategy is to develop upconverting
nanoparticles (UCNs) and two-photon absorption NPs. In both cases, excitation
light at a longer wavelength produces emission at a shorter wavelength and it
becomes possible to excite the photosensitizers in the NIR. Upconversion is mainly
observed in the rare earth elements, such as the lanthanide series, yttrium, and
scandium. Three different upconversion luminescence mechanisms have been
recognized: excited state absorption, photon avalanche, and energy transfer
upconversion. This last mechanism is observed in the system of NaYF*:Yb> Er* "
UCNs frequently used in PDT.

A multifunctional nanoplatform was synthesized by Yin et al. [41] with a
lanthanide core and a mesoporous shell. The core material is NaGdF,:Yb 25%,
Tm 0.3%, which allows energy transfer from the lanthanides luminescence to the
UV absorption of TiO, by an upconversion process. The energy transfer was
confirmed by observing a blue emission and the generation of hydroxyl radicals.

Doxorubicin was loaded as a guest molecule in the mesoporous TiO, and the
pores were capped by hyaluronic acid (HA) specific to CD44, a receptor that is
over-expressed at the surface of various tumor cells. In vitro tests were performed
with MDA-MB-231 cells, which express CD44 abundantly. The authors demon-
strated that, in these cells, HA-capped NPs were more internalized than non-
targeted NPs and ROS formation was detected. No toxicity was encountered, either
from direct irradiation alone or from NPs alone. Finally, MDA-MB-231 cells were
incubated with increasing concentrations of the mesoporous TiO, upconverting
nanoparticle-hyaluronic acid with or without doxorubicin. The therapeutic effect of
mesoporous TiO, with doxorubicin was better with the combination of PDT and
chemotherapy than with PDT alone.

A very sophisticated and clever approach to nano-object was developed by
Wang et al. [42]. For the first time in the field of PDT, upconversion nanoparticles
with two different targeting units were designed. One of the main drawbacks of
fullerenes is that they have to be excited by UV/visible light, the penetration of such
light into the tissues being limited. To overcome this problem, upconversion
nanoparticle (UCN) can be used with excitation in the red part of the spectrum.
The authors demonstrated FRET between the UCN and fullerene Cgy. Moreover, to
increase the selectivity for tumoral cells, they coupled two types of targeting
ligands — aminophenylboronic acid (APBA), which is very specific for polysialic
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acid, and hyaluronic acid (HA), which targets over-expressed CD44 receptors on
cancer cells.

PC12 cancer cells were incubated with UCPs-Cg, APBA-UCNSs, and HA-Cgy.
No dark cytotoxicity was detected. A better cellular uptake was observed for
APBA-UCNs-Cgo-HA than for the single targeted probes APBA-UCNs and HA-
Ceo- The therapeutic efficacy was evaluated by further measurement of ROS in vitro
after 980-nm excitation. The synergic targeting effect led to improved incorpora-
tion and better phototoxicity of the dual-targeting nanoparticles. In vivo experi-
ments are in progress.

5.2 Two-Photon Absorption Nanoparticles

Two-photon absorption-induced excitation of photosensitizers is a promising
approach to improve the efficiency of PDT by increasing the penetration of light
penetration into tissues. After two-photon excitation, the photosensitizers absorb
simultaneously two less-energetic photons at higher wavelength than one photon
excitation. The excitation in the NIR region prevents absorbing or scattering by
tissues. Very recently, Secret et al. [13] synthesized two-photon excited porphyrin-
functionalized porous silicon NPs. Porous silicon NPs were coupled to mannose via
two different linkers — either a phenyl squarate or a ketone moiety — to porphyrin, to
both mannose and porphyrin, or neither porphyrin nor mannose. Nanoparticles with
mannose units accumulated in MCF-7 human breast cancer cells through a man-
nose receptor-mediated endocytosis mechanism. Secret et al. compared PDT effi-
ciency after one- (650 nm) or two-photon excitation (800 nm). The best system for
inducing cell death by PDT was NPs containing both porphyrin and mannose,
coupled via the ketone moiety. The phototoxicity was 2.3-fold better with two-
photon PDT than one-photon PDT. Chen et al. [43] described the synthesis of gold
nanorods coated with a mesoporous silica shell having PATPPs as photosensitizers
on their surface. In vivo and in vitro PDT studies after two-photon excitation
(800 nm, 96 J (=250 J/cm?)) were performed on MDA-MB-231 breast cancer
cells in mice. The authors showed that the PdTPPs on the cancer cell surface
could be excited by intra-particle plasmonic resonance energy transfer from the
two-photon excited AuNP core that enables 'O, generation.

5.3 Self-Illuminating Nanoparticles: Scintillation on
Excitation by X-Rays Activates Attached PS

A new concept combines the principle of radiotherapy and PDT. Luminescent NPs
with attached photosensitizers are used as a new type of agent for PDT. Upon
exposure to ionizing radiation such as X-rays, light is emitted from the
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Fig. 3 Principle of self- RX
lighting PDT

nanoparticles and activates the photosensitizers. As a consequence, 'O, is pro-
duced, which induces the destruction of malignant cells by ionizing radiation. With
this novel therapeutic approach, no external light is necessary to activate the
photosensitizing agent within the tumor tissue. This new modality is called nano-
particle Self-Lighting PDT (SLPDT) (Fig. 3). It is hoped that this original concept
of cancer treatment is more efficient than classical concepts for deep tumors and
requires a lower radiation dose than conventional radiotherapy. Few publications
describe the potential of NPs that enable simultaneous radiation and PDT. Chen and
Zhang have been the pioneers in this field [44, 45]. In 2006, they described the
synthesis of LaF5:Tb> "-meso-tetra(4-carboxyphenyl)porphine NP conjugates and
investigated the energy transfer as well as the formation of 'O, following X-ray
irradiation [30].

Because X-ray absorption is driven by the square of the effective atomic number,
heavy metal NPs are required to enhance the phenomenon. The same team also
elaborated ZnO-meso-(o-aminophenylporphyrin) conjugate, in which the energy
transfer is around 89%. In 2009, Morgan et al. [46] evaluated the physical param-
eters required for nanoscintillators to deliver cytotoxic levels of 'O, at therapeutic
radiation doses drawing on the published literature from several disparate fields.
They found that the most important parameters to release 'O, at therapeutic
radiation doses are light yield to the NPs, efficiency of energy transfer between
NPs, and the PS cellular uptake. Moreover, their calculations showed that combi-
nation therapy might be limited to X-ray energies below 300 keV.

In 2011, Scaffidi et al. [47] described the Y,0O3 nanoscintillator, a fragment of
the HIV-1 TAT peptide and psoralen. They used commercially available 12 nm
diameter cubic-phase Y,O; nanoscintillators, onto which they coupled TAT or
psoralen-TAT. They observed a modest in vitro reduction in PC-3 human prostate
cancer cells numbers after X-ray excitation (2 Gy at 160 or 320 keV). In the same
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year, Abliz et al. [48] described the excitation by X-rays of photofrin II incubated
with gadolinium oxysulfide particles doped with terbium Gd,0,S:Tb (20 pm
dimension) in glioblastoma cells. These authors observed a 90% decrease of cell
viability produced by the concomitant presence of photofrin II and Gd,0,S:Tb
whereas the NPs alone had no effect and even conferred protection against X-rays.

Our team recently published a study concerning X-ray-induced 'O, activation
with nanoscintillator-coupled porphyrins [49]. A biocompatible nanoscintillator of
Tb,O3 coated with a polysiloxane layer exhibited an appropriate pattern of
biodistribution in vivo after injection. Using time-resolved laser spectroscopy and
'0, chemical probes, we demonstrated 'O, formation after X-ray irradiation of the
nano-objects, as well as a decrease in the luminescence of the core and an increase
in the fluorescence of the porphyrin, showing energy transfer between the core and
the photosensitizer. More recently, Zou et al. [50] studied the potential of Ce’*-
doped LaF; NPs loaded with PpIX into poly-lactic-co-glycolic acid microspheres
for X-ray induced PDT. They noticed that X-ray excitation (2 Gy) of the 2 pm
diameter nanospheres in PC3 cells exposed to the microspheres during 24 h induced
a decrease of the cell survival compared to control or microsphere without PpIX.
Because of the large size of microspheres, the uptake is low but the nanocompounds
are more efficient with less dose than previous work [44, 30].

6 Iron Oxide and Theranostic NPs

Theranostic NPs are a class of NPs that allow both imaging and therapy. In the field
of PDT, they are mainly designed to allow magnetic resonance imaging signal
enhancement (visualization of tumoral areas) and to serve for PDT treatment.

Narsireddy et al. [51] synthesized magnetite/gold nanoparticles by the hydroly-
sis of Fe304 and chitosan. The positive surface of these NPs was treated with gold
particles followed by lipoic acid, which plays the role of a linker to attach
5,10,15,20-tetrakis(4-hydroxyphenyl)-21H,23H-porphyrin ~ onto  gold. = For
targeting, a human epidermal growth factor receptor specific peptide was grafted
onto the chitosan with a peptide/NP ratio of 0.05/1 (w/w). It was shown that the
generation of 'O, by free and bound PS was the same. As expected, cellular uptake
was better for the NPs than free PS and even better with the peptide in SK-OV-3
cells. A xenograft tumor (SK-OV-3) model in nude mice was used to study the
biodistribution of the PS and it appears that the peptide promotes accumulation of
NPs in the tumor tissue compared to control and NPs without a targeting agent. The
only organ which significantly accumulates the NPs is spleen. In vivo PDT exper-
iments showed that the best treatments were obtained when the PS was at a high
dose, or using the NP-peptide. The dose of NP-peptide needed to slow tumor
growth is comparable to that of Foscan.

Recently, Fei’s team [52] developed commercially available targeted amphi-
philic polymer coated iron oxide nanoparticles (I0) for PDT and imaging of head
and neck squamous cell carcinomas (HNSCC). The polymer was functionalized by
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carboxylic acid, which allowed bioconjugation with fibronectin-mimetic peptide
(Fmp), an integrin 1 ligand. The phthalocyanine Pc 4 photosensitizer was encap-
sulated. In vitro experiments on four HNSCC cell lines (M4E, ME4-15, 686LN, and
TU212) showed that, after laser irradiation, Fmp-IO-Pc 4 and 10-Pc 4 show the
same efficacy as free Pc 4 with respect to cell survival. Binding tests on M4E at 4 °C
showed that only Fmp-IO-Pc 4 was bound to cells in contrast to the untargeted NP.
In vivo experiments in an HNSCC animal model indicated that the NPs slow the
tumor growth, whereas Pc 4 alone slightly reduced the tumor size. This result was
particularly significant with Fmp-IO-Pc 4 compared to non-targeted NP (a differ-
ence by a factor of 2.7). Biodistribution demonstrated the presence of Pc 4 essen-
tially in the tumor, lung, liver, kidney and muscle. The fluorescence signal remains
for more than 48 h for Fmp-IO-Pc 4, indicating a higher accumulation of the
targeted NP in the tumor.

Yoon and coworkers [53] elaborated nanocapsules based on superparamagnetic
iron oxide—polystyrene NPs on which they deposited alternatively multiple layers
of positively charged poly(allylamine hydrochloride) (PAH) and negatively
charged dendrimer porphyrin. Pegylation was then applied to increase NP stability.
Until there are three layers of PAH and three layers of dendrimer porphyrin, the
magnetic properties are compatible with an MRI application. The generation of
ROS under laser light was detected in HeLa cells in the presence of nanocapsules
with a 3.5-fold higher yield than that of the control (cells treated only with light). As
expected, the results of the study clearly demonstrate that the more PAH/dendrimer
porphyrin bilayers the nanocapsules contain, the more the cell viability decreases.

Our team 1is also involved in the design of multifunctional NPs. We analyzed
particles with a gadolinium oxide core for MRI surrounded by a silica shell in which
a photosensitizer is covalently coupled (porphyrin or chlorin), coated with poly-
ethylene glycol to which a peptide targeting the neuropilin-1 receptor is covalently
linked [54]. We showed that loading of the PS influences the photophysical
properties of the nano-objects [55] and that increasing the concentration of PS
reduces the fluorescence and singlet oxygen quantum yield because of short and
long energy transfers. We demonstrated that these nanoparticles can be used both as
MRI probes and as PDT agents [56] for vascular-targeted PDT of brain tumors
guided by real-time [57]

7 Mg-Al Hydroxides

Layered double hydroxides (LDHs) are synthetic clay materials which form suc-
cessive layers of metal hydroxides separated by layers of anions and water. A
publication by Kantonis et al. [58] described the immobilization of PpIX on LDHs.
The authors synthesized a nanohybrid of LDH coupled to perfluoroheptanoic acid
(LDH-PFHA), a perfluorocarbon that can dissolve a large amount of oxygen. They
evaluated the production of 'O, and the oxidation of various substrates for both
PpIX and PpIX in LDH and showed that the reaction rate depends on both the
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catalyst and the type of substrate. For example, when the substrate is imidazole, free
PpIX reacts five times faster than LDH-PpIX and LDH-PpIX-PFHA. In the case of
hydrophobic substrates such as linoleic acid, LDH-PpIX-PFHA reacts four to seven
times faster than LDH-PpIX or free PpIX.

8 Conclusion

Many types of inorganic NPs can be used to improve the PDT efficiency in term of
vectorization, theranostics, or increased photosensitizer loading. Each type of NP
presents some advantages. For example, for AuNPs it seems that their surface
plasmonic effect could enhance singlet oxygen quantum yield. Moreover, they
can also be used as phototherapy agents and AuNPs are already in Phase I studies
for cancer treatment. With silica NPs, the diffusion of O, into the silica shell or the
pores could increase the local concentration and efficiency of PDT. For graphene,
some authors have claimed that the adsorption of MB onto graphene oxide
enhanced 'O, quantum yield, compared to MB alone. Parameters such as chemical
composition of the NPs, their size, and loading of the photosensitizers could be
taken into account to evaluate the benefit of encapsulation/grafting on the formation
and consumption of 'O, and PDT efficiency.
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Photoactivatable Nanostructured Surfaces
for Biomedical Applications

Jiri Mosinger, Kamil Lang, and Pavel Kubat

Abstract This review aims to summarize the current status of photoactivatable
nanostructured film and polymeric nanofiber surfaces used in biomedical appli-
cations with emphasis on their photoantimicrobial activity, oxygen-sensing in
biological media, light-triggered release of drugs, and physical or structural trans-
formations. Many light-responsive functions have been considered as novel ways to
alter surfaces, i.e., in terms of their reactivities and structures. We describe the
design of surfaces, nano/micro-fabrication, the properties affected by light, and the
application principles. Additionally, we compare the various approaches reported
in the literature.
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Abbreviations

CFU Colony-forming unit
ECM Extra cellular matrix
FRET Forster resonance energy transfer

LB

Langmuir—Blodgett

LbL Layer-by-layer

LDH Layered double hydroxide

Oz(lAg) First singlet excited state of molecular oxygen
PAdTPPC  Pd(II)-5,10,15,20-Tetrakis(4-carboxyphenyl)porphyrin

PLA Poly(lactic acid)

PS Photosensitizer

PU Polyurethane

SAM Self-assembled monolayer

SEM Scanning electron microscopy

SODF Singlet oxygen-sensitized delayed fluorescence

TMPyP 5,10,15,20-Tetrakis(1-methylpyridinium-4-yl)porphyrin
TPP 5,10,15,20-Tetraphenylporphyrin

TPPS 5,10,15,20-Tetrakis(4-sulfonatophenyl)porphyrin
WetSEM  Scanning transmission electron microscopy of wet samples
ZnPc Zinc phthalocyanine

1 Introduction

Recent progress in nanotechnology has allowed the characterization, manipulation,
and organization of matter on the nanometer scale, providing control not only of the
size and shape but also of the surface of the resulting material. Materials with
nanostructured surfaces can be roughly defined as substrates with typical dimen-
sions in the region of one nanometer to several hundreds of nanometers.
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In this review we focus on the design, synthesis, surface functionalization, and
properties of photoactivatable nanostructured films (films with one nanoscale
dimension), nanocomposites (materials consisting of nanofillers dispersed in a
polymer matrix), and polymer nanofiber materials. These nanomaterials can be
fabricated from hard (inorganic) and/or soft (organic and polymeric) materials. In
contrast, nanoparticles are defined as having three nanoscale dimensions. The last
wide-ranging topic is beyond the scope of this review.

The preparation of nanostructured materials with encapsulated or attached
photoactive compounds allows for the changing/tuning of the surface properties
using light and/or the controlled photorelease of active species. Light represents an
elegant and accurate trigger to control three crucial factors that determine the
photoactivity: the location, timing, and dosage. The utility of these materials has
greatly expanded over the last decade, and they now serve as hosts for several
sensors and as viable light-activated species/drug delivery vehicles for various
biomedical applications. These photoresponsive systems are of special interest to
scientists because of their unique advantages of quick responses without the
addition of chemical stimulants or the production of a chemical contaminant.

2 Nanostructured Films

A wide range of nanostructured surfaces are used at the present time in medical
applications, including polymers, metals, and ceramics. All the surfaces of these
materials must meet the required specifications of biocompatibility, bio-
functionality, biodurability, and biosafety in the short, medium, and long terms
[1]. Light activation could be an effective trigger for the delivery of bioactive
molecules from the surfaces and could be used to induce changes in the surface’s
physical properties or morphology. The surface nanoarchitecture may provide
spatially and temporally resolved light-triggered responses of the material and
may offer control over the behaviors of the active molecules, biomolecules, and
cells at the solid-liquid interface [2].

Nanostructured building blocks on surfaces for biomedical applications can be
fabricated using many processing methods. ‘Bottom-up’ methods, including layer-
by-layer (LbL) methods [3-5], Langmuir—Blodgett (LB) assembly [6], and the
formation of self-assembled monolayers (SAMs) [7] have been widely used to
tailor surface properties. Inorganic nanoparticle-polymer nanocomposites have
also emerged as potential multifunctional surfaces whose function can be triggered
by light.
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2.1 Photocatalytic Surfaces

The attachment of bacteria to various surfaces can result in colonization and
infection [8]. Biofilms formed by bacteria on material surfaces are extremely
difficult to remove and show strong resistance to many biocides. Thus, the preven-
tion of biofilm formation is the best way to avoid the spread of disease [9] and
material deterioration. Reactive oxygen species formed by the irradiation of mate-
rials can be effective in killing pathogenic microbial cells (Fig. 1) [10, 11].

Nanostructured metal oxides, such as TiO, and ZnO, have been extensively
employed as self-cleaning coatings because of their wide band gaps and their
hydrophilic and photocatalytic properties [12, 13]. The titanium surfaces of these
implants can be modified to give different crystallinities, morphologies, porosities,
etc., which can have a critical impact on the inherent photocatalytic activity of a
TiO, film, resulting from oxidation. TiO, generates reactive oxygen species upon
irradiation, such as OH- and O, (Fig. 1), which impart antiviral, antibacterial, and
fungicidal properties and effectively inhibit the formation of biofilms on the
surfaces of implants [14].

Self-cleaning surfaces based on photogenerated reactive oxygen species are
already making a significant impact as antimicrobial paints for buildings and
hospitals [15]. One of the most popular self-cleaning coatings is based on UV
light-activated photocatalytic TiO,/ZnO thin films, the antimicrobial properties of
which have been understood for over a decade [16, 17]. Self-cleaning reduces
maintenance time, costs, and water and chemical use.

ho

TiOz film Valence band

Fig. 1 Photocatalytic properties of a TiO, film. Processes occurring on TiO, surfaces are initiated
by the absorption of ultraviolet radiation coupled with the generation of an electron—hole pair on
the surface. The electron in the conduction band reduces O, to superoxide radical anions O, , and
the hole in the valence band can produce hydroxyl radicals OH- by reacting with water or hydroxyl
ions on the surface
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TiO, absorbs UV light; however, solar energy contains only 3—4% UV light
(A< 380 nm), which hinders its practical application in killing microbes and
degrading environmental contaminants. To utilize solar energy and artificial light
sources effectively, numerous efforts have been devoted to producing visible-light
active TiO,-based photocatalysts by doping [18-20].

TiO, nanofillers can be used to obtain poly(lactic acid) (PLA) nanocomposites
for either short-term/single-use or long-term/durable applications [21]. The TiO,
nanoparticles may play two roles: (1) blocking UV light below 350 nm, thus
reducing the natural photodegradation of PLA (this effect has been achieved
using TiO, nanowires) and (2) generating radicals produced by photo-induced
electron/hole separation in the TiO, nanoparticles (Fig. 1). This latter approach
leads to photodegradable PLA (this effect has been achieved by incorporating 1%
TiO, nanoparticles into the nanocomposite).

2.2 Antibacterial Surfaces Photosensitizing Singlet Oxygen

The growing resistance against antibiotics and other chemotherapeutics has led to a
search for novel antimicrobial treatments to which microorganisms find it difficult
to develop resistance. In recent years, potential alternatives for the inactivation of
bacteria include singlet oxygen, Oz(lAg), short-living, highly oxidative, and cyto-
toxic species generated in situ via energy transfer from an excited molecule of a
photosensitizer (PS) to an oxygen molecule [22, 23]. Energy transfer from the

excited triplet state (T,) of the *PS to the ground state triplet oxygen O, (3 Zg) isa

spin-allowed process, coupled with spin inversion of oxygen to singlet oxygen
0,('Ap) (Fig. 2):

PS + 0,(°%, ) — 'S + 05('4,) (1)

Many materials, e.g., polymers containing PS, can generate OZ(IAg). There are
numerous PSs absorbing light from UV to near-IR region, and among which
porphyrins and phthalocyanines are some of the most frequently used. The utili-
zation of PSs is advantageous because they affect the microorganisms in their
vicinity without site specificity, which would result in bacterial resistance.
The potential of porphyrin PSs and related compounds for the photodynamic
inactivation of bacteria has been reviewed recently [23].
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Ipa* Antimicrobial effect 4
PS AP i
ke / Photooxidation e

isc
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Energy/transfer
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PS 0, (*Z)) 'PS

Fig. 2 Simplified energetic scheme of the photosensitized generation of Oz(lAg) and singlet
oxygen sensitized delayed fluorescence (SODF): isc designates intersystem crossing, 'PS* and *PS
are excited singlet and triplet states of PS, respectively

2.2.1 Polymer Films with Photosensitizers

Polymer materials have the tendency to absorb exogenous proteins, grease, and
microorganisms onto their surfaces via electrostatic interactions, which provides an
opportunity for microorganisms to proliferate on medical devices and food
packaging [24].

PSs can be incorporated into polymers during the polymerization process, or
polymer surfaces can be coated with PSs during post-processing functionalization
using covalent or non-covalent approaches (see Sect. 3.1.2). When the surface is
exposed to light, photoproduced Oz(lAg) diffuses from the film with the potential to
kill microorganisms on the surfaces or in the near proximity. The radial diffusion
distance traveled by Oz(lAg), d, can be expressed as

d = (61,D)"?, 2)

where D is the diffusion coefficient of oxygen in the polymer. During the Oz(lAg)
lifetime, 7, 0xygen molecules can typically diffuse no more than tens to hundreds
of nanometers [25, 26], indicating that the contribution of the Oz(lAg) formed deep
below the surface to the antibacterial properties is negligible.

The LbL technique offers control over the chemical composition and architec-
ture on the nanoscale and the flexibility of incorporating different materials or
molecules, including PSs [27]. High-loading-capacity multilayers prepared via LbL
overcome the main limitations of monolayer films, which have lower loading
capacities for PSs and are thus less able to produce Oz(lAg) in high concentrations.
Because they are applied to the surfaces of devices, they cannot affect the bulk
mechanical properties of the devices to which they are applied. If the PS is not
directly bound to the surface, it may leach into the solution/environment. Never-
theless, PSs incorporated into polymers have been found to be very effective at
killing Escherichia coli and methicillin-resistant Staphylococcus aureus [28-30].

A photoactive surface coating formed by LbL that produces cytotoxic reactive
oxygen species, including Og(lAg), upon irradiation with near-infrared light has
also been reported [28]. The coating consists of cross-linked hyaluronic acid and
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poly-L-lysine modified with the photoactive molecule pheophorbide A. In contrast
to constantly active surface coatings (i.e., those not requiring photoactivation), this
material is designed to allow cell attachment and, potentially, biointegration when
not exposed to light.

5,10,15,20-Tetraphenylporphyrin (TPP) was used as a PS and immobilized onto
a polyurethane (PU) film after being sprayed and polymerized as a thin layer onto a
poly(methyl methacrylate) substrate [29]. PU is permeable to oxygen; thus, a
sufficient number of oxygen molecules reach the PS in this coating. The biological
experiments confirmed the antimicrobial effect of Oz(lAg) generated in the PU
coating, which reached the bacterium Staphylococcus aureus via diffusion.

A flexible antibacterial film was prepared by depositing poly(terthiophene) with
incorporated porphyrin (TPPS) onto a poly(ethylene terephthalate) sheet via a
simple and rapid chemical polymerization method [30]. Under white light irradi-
ation (400-800 nm), efficient Forster resonance energy transfer (FRET) from the
poly(terthiophene) to the porphyrin occurs (Fig. 3). The excited porphyrin mole-
cules convert to the triplet state by intersystem crossing followed by the generation
of 02(1Ag). If bacteria adhere to the film surface, the microbial contamination can
be eliminated.

Polymeric films formed via the electrochemical polymerization of 5,10,15,20-
tetra(4-N,N-diphenylaminophenyl)porphyrin and its Pd(II) complex on optically
transparent indium tin oxide have antibacterial properties towards the microorgan-
isms Escherichia coli and Candida albicans [31]. In an alternative approach,
methylene blue and toluidine blue were covalently bound to an activated silicone
polymer via an amide condensation reaction [32]. The new polymers with the
covalently attached dyes display significant bactericidal activities against
Escherichia coli and Staphylococcus epidermidis.

@ Killed

1 bacteria

Poly

Porphyri 7
opmyn (terthiophene)

f.0od/ )
A

Fig. 3 Schematic of the antibacterial mechanism of the poly(terthiophene)/porphyrin film,
including the formation of Oz(lAg) from the porphyrin triplets photogenerated by direct excitation
of the porphyrin or photoexcitation of the poly(terthiophene) followed by FRET to the porphyrin
moiety [30]
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PSs externally bound to surfaces have weaknesses that may affect their photo-
oxidation/antibacterial properties, such as the leaching of the PS molecules into
solution [33].

2.2.2 Polymer Nanocomposites

Nanocomposite materials are comprised of two or more materials with significantly
different physical or chemical properties, where at least one of these components
has nanometric dimensions. Recently, inorganic nanoparticle-polymer nano-
composites have emerged as potential multifunctional platforms for the develop-
ment of light-activated antimicrobial surfaces. There are two approaches to
obtaining these surfaces: (1) a PS molecule is embedded in an inert inorganic
nanocontainer with a suitable structure that protects this molecule from harsh
interactions with the environment or (2) an inorganic photoactive nanofiller, a
nanofiller with bound PS, or both a nanofiller and PS (with synergistic effects)
are dispersed in a polymer film. The properties, functions, and applications of these
nanomaterials are surveyed in this chapter.

Inorganic Nanocontainer

The incorporation of PSs into the galleries of two-dimensional inorganic layered
structures can impart photosensitizing activity to solid materials [34, 35] which can be
used for the fabrication of nanocomposites with photoactivatable surfaces. Layered
double hydroxides (LDHs) are particularly promising building blocks in this context
because of the versatility of the chemical compositions of the hydroxide layers and the
exchangeable interlayer spacing together with their stability and biocompatibility
[36]. The general formula for LDHs is [M**,_ M>* (OH),""[A"",,,]' -mH,0,
where M?* and M** represent metal cations octahedrally coordinated by hydroxyl
groups and A" represents an n-valent intercalated anion, which can vary from a
simple inorganic species to a targeted PS anion that introduces functionality to the
organic/inorganic hybrid [37]. The distance between the inorganic hydroxide layers
depends on the size and arrangement of the intercalated anions. The PS molecules
located in the expandable interlayer space of the LDH hosts are separated from their
surroundings, preserving the photophysical and photochemical properties of the
introduced PS.

Research on the host—guest interactions of porphyrin or phthalocyanine PSs with
LDHs has led to new functional nanomaterials that produce Oz(lAg) upon irradi-
ation with visible light [34-38] and exhibit potential for the fabrication of
LDH-porphyrin/polymer nanocomposites for antibacterial coatings [39-41], anti-
cancer photodynamic therapy [38], and photooxidation reactions [42]. A supra-
molecular PS designed for photodynamic therapy was fabricated via the incorporation
of zinc phthalocyanine (ZnPc) into the gallery of LDH [38]. The composite nano-
material possessed uniform particle sizes (~120 nm), and the host—guest interactions
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resulted in a high dispersion of the ZnPc molecules in the monomeric state and a high
02(1Ag) production efficiency.

The porphyrins TPPS and PdTPPC were intercalated into LDH hosts via a
co-precipitation procedure and then used as fillers in polyurethane and poly(butyl-
ene succinate), two eco-friendly polymers [39]. Both X-ray diffraction and trans-
mission electron microscopy measurements indicated that the porphyrin-LDH
fillers were well dispersed in the polymer matrices and that the porphyrin molecules
remained intercalated within the LDH hydroxide layers (Fig. 4). LDH/poly(butyl
methacrylate) nanocomposites were prepared using LDHs partially intercalated
with TPPS [40]. An investigation of the kinetics of the quenching of the porphyrin
triplet states by oxygen indicated limited diffusion of oxygen within the composite.
Because the polymer matrix restricts the diffusion of oxygen (Fig. 5) and partially
quenches Oz(lAg), the antibacterial effect on the nanocomposite surface results
from the Oz(lAg) produced within a narrow surface layer. All these nanocomposites
produced Oz(lAg) upon irradiation (Fig. 5) and were proposed as potential plat-
forms for the fabrication of antibacterial surfaces activated by visible light.

The photostability of polyurethane composite films was studied to establish their
applicability as new photodynamic surfaces [41]. It was shown that the LDH host
enhanced the chemical stability of the porphyrin PSs by minimizing photobleaching
and aggregation effects and that Oz(lAg) has no detrimental effects on the micro-
structure and viscoelastic properties of the nanocomposite. In vitro antimicrobial
tests showed that Staphylococcus aureus growth on the composite surfaces is
inhibited by white light irradiation. The complete inhibition of Pseudomonas

Fig. 4 LDHs are suitable hosts for porphyrin PSs. The interlayer space of an LDH is filled with
nearly parallel, slightly inclined porphyrin units. The arrangement of intercalated porphyrin
molecules was investigated using molecular dynamics simulations (right). The hydroxide sheets
composed of Zn>" and A" octahedrally coordinated by OH groups are visualized as dark
parallel lines in the high-resolution electron microscopy image (left). Reprinted with permission
from [43]. Copyright 2010, American Chemical Society
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Fig. 5 The excited state dynamics of TPPS-based LDHs in PU nanocomposites (an LDH com-
posed of Mg>" and AI*" was intercalated with TPPS and dispersed in PU) were probed using
nanosecond laser flash photolysis. The decay curves of the triplet states of the TPPS in the
nanocomposite in vacuum (A) and in an oxygen atmosphere (B) demonstrate the quenching of
the triplet states by oxygen (/eft). The production of 0,('A ¢) in the nanocomposite was evidenced
by the appearance of an emission band peaking at 1275 nm (right, inset). The 0,(! A,) lumines-
cence intensity decays monoexponentially (right). The smoothed line is a least-squares
monoexponential fit. Conditions: excitation at 425 nm, triplet states recorded at 480 nm and
Oz(lAg) at 1270 nm. Adapted from [39]. Reproduced with permission from The Royal Society
of Chemistry

aeruginosa growth indicated the efficacy of the surface in preventing biofilm
formation. As noted, the advantage is that the activity of the surface can be tuned
by adjusting the amount of porphyrin-containing filler within it. The potential
applications of such photodynamic surfaces, which are sterile under white light,
are of great interest when it is desirable to maintain microbial populations at low
levels.

Other Inorganic Fillers

Polymer nanocomposites encapsulated with methylene blue and gold nanoparticles
exhibit enhanced light-activated antimicrobial activity against Gram-positive and
Gram-negative bacteria relative to those encapsulated with methylene blue only
[44, 45]. There is no definite explanation for why the presence of 2-nm gold
nanoparticles leads to a synergistic enhancement of the photosensitized damage
to the bacteria. It was speculated that this effect results from the reactive oxygen
species produced on the irradiated methylene blue-nanogold embedded surface.
Pre-clinical studies have indicated that silicone encapsulated with methylene blue
and 2-nm gold nanoparticles can be used for the development of self-sterilizing
polymers for medical devices for the effective reduction of S. epidermidis biofilm
formation under laser irradiation [46].
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2.3 Oxygen Sensing

The non-invasive, quantitative determination of oxygen concentration is essential
for a variety of applications in fields ranging from the life sciences to the environ-
mental sciences. The direct approach to obtaining oxygen nanosensors is to embed
oxygen-sensitive molecules, generally luminescent transition metal complexes,
inside an appropriate material. The nanosensors can be in the form of inorganic
or polymer nanoparticles, nanometer-sized coatings, or nanostructured surfaces
[47]. There are three common methods for immobilizing oxygen-sensitive probes
in a polymer host: (1) homogeneous distribution in the host polymer; (2) adsorption
on the surface of the micro- or nanoparticles incorporated in the host polymer; and
(3) homogeneous distribution in micro/nanoparticles incorporated in the host poly-
mer. White micro/nanoparticles (silica, TiO,, etc.) can simultaneously serve as
fillers and improve the intensity of the optical signal because of the improved
scattering of both the exciting light and the luminescence. In contrast, black
micro/nanoparticles can act as optical isolators.

Most sensors are based on the luminescence quenching of probes by oxygen.
Regarding the probes, luminescent transition metal complexes offer high sensitivity
to oxygen because their excited state lifetimes are usually on the microsecond
timescale. Interactions between molecular oxygen in the ground state and the
excited electronic state of a probe decreases the luminescence intensity and decay
time. Such systems often generate Oz(lAg); however, for this application, the
effectiveness is measured by the degree of luminescence quenching by oxygen,
and the formation of OQ(IAg) can have detrimental effects (Fig. 2); see (1). The
relationship between the luminescence intensity (or luminescence lifetime) and the
concentration of oxygen ([O,]) is described by the Stern—Volmer equation:

F()/F:TQ/T: 1+st[02}, (3)

where F (7o) and F (7) are the intensities (lifetimes) of a probe in the absence and
presence of oxygen, respectively, Kgy is the Stern—Volmer constant, and [O,] is the
concentration of oxygen in the sample. In an ideal sensor system, there is a linear
relationship between F/F (or 7/7y) and the oxygen concentration. The lumines-
cence intensity also depends on the penetration of the oxygen into the material.

Lu and Winnik [48] concentrated on silica-polymer nanocomposites with high
oxygen permeabilities and the effects of silica nanofillers on the performances of
luminescent oxygen sensors. The silica phase serves as a carrier for the dye,
improves the mechanical properties of the material, and may even reduce the
photooxidation activity of the Oz(lAg) formed as a side product.

The most common nanofilms are those prepared by the Langmuir-Blodgett
(LB) technique. LB layer-based sensors can be produced reproducibly and with
well-defined thicknesses and have short response times. Self-assembled ionic
nanofilms formed on top of fluorescent nanoparticles represent another type of
nanoscale oxygen sensor [49]. This concept can be demonstrated with a tris
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(4,7-diphenyl-1,10-phenanthroline)ruthenium(II) probe trapped in an ultrathin film
deposited on fluorescent nanoparticles. The fluorescent nanoparticles act as scaf-
folds and provide an internal intensity reference. To demonstrate the feasibility of
intracellular metabolic monitoring with such oxygen sensors, they were delivered
into human dermal fibroblasts with no apparent loss in cell viability.

Polymer—carbon nanotubes and polymer—graphene-based nanocomposites have
demonstrated their potential in a wide variety of biosensing applications [50]. These
applications include the detection of glucose, NO, protons, and some proteins. The
synergistic effect of the intrinsic properties of these carbon nanomaterials, such as
fluorescence or fluorescence quenching, high electrical and thermal conductivity,
chemical stability, and mechanical strength, with the tunable properties of poly-
mers, makes these polymer nanocomposites ideal for the development of new types
of chemical sensors.

2.4 Nanostructured Surfaces with Photocleavable Ligands

Photocleavable systems on nanostructured surfaces can be used to remove selected
molecules and expose new functionalities, i.e., in photolithography. The immobili-
zation of DNA molecules on a substrate is a crucial step in biochip research and
related applications. A commonly used method for DNA immobilization is to
functionalize it with a terminal reactive group that is selective for the surface of
interest [51]. The photolithographic technique based on the photocleavage of
linker-connected DNA strands showed potential for the repeated construction of
different chemical and physical patterns on the same surface or for the fabrication
of multifunctionalized DNA chip surfaces for genetic detection [52] or DNA
computing [53].

Photoswitchable ligands on well-defined adhesive nanopatterned substrates were
used to develop a method for analyzing collective cell migration via precisely tuned
cell-substrate interactions [54]. In this method, gold nanoparticles are periodically
arrayed on a glass substrate in a well-defined nanoscopic geometry and then
functionalized with cell-adhesive extra cellular matrix (ECM) ligands. Because of
the functionalization of the quasi-hexagonally arranged gold nanoparticles on the
surface with photocleavable poly(ethylene glycol) (PEG), the ECM ligands only
become accessible to cells when PEG is photoreleased.

The integration of photolabile protecting groups is also a promising strategy for
the controlled release of bioactive compounds, e.g., drugs from nanostructured
surfaces. The compounds are rendered inactive via the addition of a covalently
bonded photosensitive conjugate. Light-induced processes cleave the photolabile
protecting groups and restore the biological function of the released bioactive
molecule. This approach has been used with nanoparticles [55] which can be
directly delivered to tumors or other places of interest. An example of a surface
decorated with photoswitchable ligands is a self-assembled monolayer of nitric
oxide precursors on a gold surface. Light excitation (4> 380 nm) quantitatively
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releases NO [56], which plays important roles in many physiological processes. The
reaction is based on the photoreactivity of the anticancer drug flutamide which
undergoes nitro-to-nitrite photorearrangement followed by the rupture of the O=N
bond to generate a phenoxy radical and NO. The advances in utilizing photoactive
approaches in macromolecules for prospective use in biomedical applications were
recently reviewed [57].

2.5 Photothermal Processes

An important obstacle to the application of photo-triggered systems in biomedical
therapeutic areas inside a human body is the requirement of UV light stimulation.
Near-infrared light is preferable for triggering release in biological systems because
it can pass through blood and tissue to depths of several centimeters [58]. However,
very few suitable organic chromophores absorb in this region, and even fewer are
capable of converting the absorbed energy into a chemical or thermal response that
can be used to trigger drug release. A few years ago, gold nanostructures emerged
as useful agents for photothermal therapy after they were shown to have strong
absorption in the near-infrared region (four to five times higher than conventional
photo-absorbing dyes) [59].

Photothermal mechanisms are advantageous because a broad range of materials
are capable of collecting light to induce thermally activated processes. This method
was used for dose- and spatially controlled drug release from photoactivated porous
chitosan nanocomposite films [60]. Plasmonic gold nanorods are known to have
extremely efficient photothermal conversion in the so-called therapeutic window
between 700 and 1300 nm, where principal biological components (water, melanin,
etc.) and common exogenous chromophores exhibit the highest optical
transparency.

Graphene materials have been proposed to offer high therapeutic molecule
loading capacities because of their large available surface areas and have been
explored as potential drug delivery systems [61]. They play the dual role of versatile
substrates for the temporary storage of drugs and transducers of near-infrared light
into heat. Recently, the possibility of using light to trigger remotely the photo-
thermal release of drugs from graphene-incorporated hybrids in a controlled man-
ner was demonstrated [62]. Sada et al. [63] reported near-infrared-light-induced cell
detachment using carbon-nanotube-coated substrates. A similar approach was used
to deliver spatially and temporally defined mechanical forces to cells [64].

The other strategy is to trigger the release of photothermal drugs/biomolecules
from multilayer nanostructured films using light [5]. This approach also offers a
way to deliver biomolecules with high spatio-temporal resolution. The immobili-
zation of DNA and gold nanoparticles in hyaluronic acid/poly-L-lysine (PLL) films
is described in [65]. The thermal decomposition of the film surrounding the
nanoparticles upon near-infrared light irradiation resulted in the weakening of the
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interactions between DNA and doped PLL and, as a result, the release of DNA from
the film.

The photothermal effect can be used for the cultivation of cells and other
biological processes. Viable mesenchymal stem cells were efficiently and selec-
tively harvested using near-infrared light and a conductive polymer nanofilm
consisting of poly(3,4-ethylenedioxythiophene) [66].

2.6 Light-Triggered Changes of the Physical Properties

The physical properties of some surfaces (wettability, hydrophobicity, lubrication,
adhesiveness, etc.) can be changed by light. The application of such systems has
been reported in biotribology, controlled drug release, and cell growth and separ-
ation, among other fields [67, 68].

Light provides an external handle by which the hydrophobic/hydrophilic balance
and molecular weight (through photodegradation or crosslinking) of self-assembled
copolymers can be influenced to manipulate nanoscale morphologies. Furthermore,
the above-mentioned photo-responses can be tailored for specific wavelengths and
intensities of light by the attachment of functional groups to the light-absorbing
portions of macromolecules [69].

A variety of photoresponsive inorganic oxides (usually TiO, or ZnO) undergo
the transition from hydrophobic to hydrophilic states upon UV irradiation, reverting
to their original states in the dark (or when exposed to visible irradiation). These
transitions can be repeated for several cycles. However, the recovery process is very
slow, sometimes taking several days [70, 71]. A comprehensive overview of TiO,
surfaces with switchable wettability driven by UV and visible light was published
recently [12]. In addition to semiconductor inorganic oxides, some organic mate-
rials containing photochromic functional groups, such as azobenzenes, spiropyrans,
dipyridylethylenes, stilbenes, and pyrimidines, also have the ability to undergo
reversible conformation transitions triggered by UV/visible irradiation, leading to
changes in their wetting properties [72].

The adhesion of cells to a solid substrate is strongly affected by the surface
wettability [73]. Superhydrophilic patterns on superhydrophobic silicon nanowire
surfaces were prepared using a standard optical lithography technique [74]. Expo-
sure of the patterned surface to a suspension of Bacillus cereus spores in water led
to their specific adsorption onto the superhydrophobic areas.

2.7 Surface Nanopatterning Using Light

There is an increasing interest in the use of micro/nano-patterned surfaces to
organize and control the growth of cells on surfaces. Such surfaces offer new
capabilities for the investigation of the dynamics of cell-environment interactions,
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Fig. 6 Experimental set-up employed for light-induced nanopatterning [75]. The continuous
488-nm laser beam is absorbed by the azobenzene-based polymer. The beam is divided with a
beam splitter, and the two resulting beams are superposed onto the film surface, which results in a
sinusoidal interference pattern with a modulation axis given by the intersection of the incident
plane of the beams and the film surface. An AFM image of a polymer film is shown on the right

cell-based biosensors, cell screening systems, and tissue engineering applications.
In this respect, the modulation of the surface topography of photomechanically
responsive polymers using light and the modulation of the chemical and physical
properties using chemical modification may provide new opportunities.

Surface nanopatterning can be produced using the light-induced trans—cis iso-
merization of the azo-containing polymers that form the surface [75]. The isomer-
ization induces a mechanical response and leads to mass transport in thin films of
azo-polymers when exposed to light (Fig. 6). This method of preparing patterned
surfaces on polymer thin films is advantageous over current methods. For example,
the surfaces can be prepared quickly with practically no environmental limitations,
and can be erased and patterned again. Thus, fabricated nanogrooves act as good
scaffolds and provided directional cues to guide PC12 cell alignment and orient-
ation [76]. The nanometric topography of surfaces has proven to be an important
parameter for controlling neuronal behavior [77]. Azo-polysiloxanes also provided
nanostructured surfaces and were successfully used to support cell adhesion and
growth [78].

3 Polymer Nanofiber Materials

Since their initial development, polymeric nanofibers have rapidly become widely
utilized nanostructured materials with high structural integrities. Because of their
large specific surfaces, low weights, chemical specificities, and mechanical flexi-
bilities, they have already been used in numerous areas, including drug delivery,
filtration, sensing, engineering, nanoreinforcement, protective clothing and medi-
cine [79-84]. Besides other known techniques, such as template synthesis, phase
separation, drawing and self-assembly [85-89], the most extensively investigated
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method represents the electrospinning of polymers, which is a simple and low-cost
method for the preparation of fibers with diameters in the range of nanometers to a
few microns and lengths that can range from a few centimeters to kilometers.

The electrospinning equipment (spinneret) consists of a high-voltage power
supply, a metallic capillary (or a set of capillaries) connected to the polymer
solution supply as an electrode and, usually, a planar or cylindrical grounded
collector as the counter electrode. The electric potentials on the electrodes at a
distance of ca 5-50 cm can vary from a few to tens of kilovolts, resulting in an
electric field of ca 10° V/m. Because the polymer droplets are electrically charged
at the capillary tip, a fluid jet is ejected from the tip(s) of the capillary(ies) in the
form of a so-called Taylor cone when the electrostatic force surpasses a threshold
point [90-92]. The co-axial electrospinning technique is a modification of the
traditional electrospinning technique in which two components are fed through
different co-axial capillary channels and are integrated into core-shell structured
composite nanofibers [93].

Recently, significant progress in electrospinning has led to the development of
technologies that allow for the industrial-scale production of nanofiber materials
[94-96]. For example, the capillary tip can be replaced by the charged surface of a
roller spinning in a tank of polymer solution or a thin wire electrode coated with a
polymer film from a moving tank of polymer solution. A thin material (e.g., textile)
moves along a grounded counter-electrode and serves as a supporting material for
the continuous nanofiber layer. The area weight of the nanofiber layer can easily be
controlled by the linear velocity of the supporting material (Fig. 7).

The dimensions and morphologies of electrospun nanofibers are determined by
many parameters: (1) the intrinsic properties of the polymer (chemical structure,
solubility, and molecular weight); (2) the properties of the solvent (conductivity,
viscosity, surface tension, vapor pressure, and dielectric constant); and (3) the
processing parameters (electric voltage, distance between the electrodes, temper-
ature, relative humidity, concentration of polymer and additional ions, number and
structure of the inlet capillaries, shape and motion of the collector, and the presence

A

Supporting textile Take-up Cylinder
-~ Coliector electrode

Moving tank with
Flying
nanofibers polymer sohstion

Fig. 7 (A) Scheme of the Nanospider™ industrial electrospinning device. (B) Electrospinning
device consisting of a roller electrode immersed in a tank with the polymer solution. Flying
nanofibers from a charged roller are placed on a grounded collector electrode. (C) SEM of the
resulting nanofiber material. Adapted with permission from [97]. Copyright 2014, American
Chemical Society
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of a supporting material on the collector). Thus, the intrinsic and processing para-
meters have to be adjusted to enable electrospinning of each specific system and to
control the size and morphology [98, 99]. Typically, randomly oriented electrospun
nanofibers form materials (designated as membranes, textiles, or scaffolds) with
high surface areas and nanoporous structures (Fig. 7C).

3.1 Nanofiber Materials with Light-Activated Antimicrobial
Effects

Considerable research interest has been dedicated to the development of sterile
surface materials/coatings for medical applications. The design and chemistry of
various antimicrobial materials have been extensively reviewed [100—102]. These
materials are usually based on a cationic polymer and contain functional group
(s) (such as quaternary ammonium, quaternary pyridinium, phosphonium, and
biguanide moieties) covalently attached to the matrix materials. However, only a
limited number of studies have been dedicated to nanofibers prepared from anti-
microbial polymers, despite the unique properties of nanofiber materials mentioned
above [103, 104]. Besides the use of cationic polymers, antimicrobial activity can
be introduced by doping with metal cations, metal nanoparticles (silver and gold),
peroxides, antibiotics, antibacterial peptides, or other chemical compounds
[105, 106]. These materials may have several disadvantages. For example, the
release of low-molecular-weight antimicrobial agents from the surface of a nano-
fiber matrix can lead to a decrease in efficiency over time. The cytotoxicity of other
agents, such as silver nanoparticles, hinders their usage in the treatment of
infections.

At present, photoactive nanofiber materials are attracting growing interest,
especially those whose antimicrobial character is induced by the photogeneration
of reactive oxygen species after irradiation by visible light. The antimicrobial (also
referred as photodynamic) character is mainly introduced by Oz(lAg) (see
Sect. 2.2).

3.1.1 Nanofiber Materials with Encapsulated Photosensitizers

Recently, many studies have employed photoactive nanofibers electrospun from
different polymers, including PU [26, 107-112], polystyrene [97, 113-117],
polycaprolactone [26, 109, 118], and polyamide 6 [26, 119, 120], with homo-
genously distributed encapsulated porphyrin and/or phthalocyanine PSs. Similarly,
pheophorbide and its poly-L-lysine conjugate were encapsulated in electrospun
polycaprolactone nanofibers [121], and highly luminescent hexanuclear molyb-
denum clusters with high quantum yields of 02(1Ag) formation were encapsulated
in PU nanofibers [122]. The fabrication of these photoactive nanofibers is
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straightforward; the PSs are dissolved in the polymer solution before electro-
spinning. This approach combines the properties of nanofiber materials comprised
of the selected electrospinnable polymers (high flexibility, specific surface, trans-
parency to light, oxygen permeability/diffusion, and nanoporous surface) with the
properties of OZ(IAg) (cytotoxic effect and short lifetime) generated by the
photosensitized reaction (Fig. 2); see (1). The concentration of nonpolar encapsu-
lated porphyrinoid PSs with a broad absorption spectrum in the visible region
usually ranges from 0.1 to 1 wt%, and the selected polymers are biocompatible.
As a result, these materials do not leak PSs into aqueous media, exhibit low dark
toxicity, and are activated by visible light.

The morphology, structure, and properties of these materials can be character-
ized using microscopic, steady-state, and time-resolved techniques. The trans-
parency of the thin nanofiber materials enables the use of steady-state and time-
resolved spectroscopies, even in transmission mode, to measure directly the kine-
tics of the transient species (PS excited states and Oz(lAg)) (Fig. 8). The detailed
photophysical characterization of these transients is crucial for understanding and
monitoring the functionalities of these materials [108, 113].

The transient absorption spectra of porphyrinoid PSs embedded in polymer
nanofiber materials exhibit characteristic features of the triplet state, such as an
absorption band at approximately 460 nm and quenching by oxygen [26, 107, 108,
112, 113]. The quenching by oxygen (Fig. 8A) can be used to measure the oxygen
permeability and diffusion coefficients of the polymers [26].

After the excitation of the embedded PS in oxygen-containing media, a new
luminescence band appears at 1270 nm (Fig. 8B). The signals were attributed to
02(1Ag) based on the observed wavelength, and disappearance of the signal when
the sample was purged with argon and the reappearance of the signal when the
sample was purged with air or oxygen. Although the triplet state lifetimes (= 20 ps)
are not significantly affected by the medium in which the nanofiber material is
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Fig. 8 Time-resolved detection of the triplet states of PS using transient absorption spectroscopy
(A) and of Oz(lAg) (B) and SODF (C) using luminescence spectroscopy. The nanofiber material
with the encapsulated TPP was excited by a nanosecond laser at 425 nm in an air atmosphere. The
solid lines are least-square fits to the experimental data. Adapted with permission from
[108]. Copyright 2010, American Chemical Society
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immersed (except in the case of an oxygen-containing medium), the observed
02(1Ag) lifetimes indicate that Oz(lAg) is partially quenched by the polymer and
partially diffuses outside the nanofibers [26, 107, 108, 112, 113].

Because of a combination of a high local concentration of photogenerated
02(1Ag) and a high concentration of fixed PS in the excited triplet state, a new
phenomenon, singlet oxygen-sensitized delayed fluorescence (SODF), is observed.
SODF is based on the repopulation of the excited singlet state ('PS*) via the
interaction of Oz(lAg) and the triplet state of another PS molecule (Figs. 2 and
8C); see (4). Thus, SODF can be used as a sensitive tool for the detection of oxygen,
imaging of the distribution of oxygen, 02(1Ag), and PS molecules in polymer
nanofibers, and the evaluation of the photosensitizing effectiveness of the
nanofibers [108, 113].

PS + 0('8,) - 'PS* + 05(°%, ) (4)

Nanofiber materials with encapsulated PSs have photosensitizing properties, as
proven by the photogeneration of Oz(lAg), SODF, and/or photooxidation properties
under visible light illumination [26, 97, 107-114, 117, 118, 122]. Because Oz(lAg)
oxidizes biological targets, e.g., proteins and cell membranes, the antibacterial
effect on the surface of nanofiber materials demonstrated on Escherichia coli,
Staphylococcus aureus, and Pseudomonas aeruginosa is very powerful (Fig. 9)
[26, 97, 107, 109, 112, 114, 117].

Along with the photogeneration of short-lived Oz(lAg), the formation of H,O,, a
well-known antibacterial agent, was proven on the surfaces of PU nanofibers
[26]. Its formation was explained as a partial electron transfer process from the
excited porphyrin PS to oxygen, yielding superoxide radical anions, O, ", followed

Fig. 9 Demonstration of the antibacterial effect of nanofiber materials with encapsulated TPP.
(A) Staphylococcus aureus were inoculated on the hydrophilic surface of PU (Tecophilic™)
nanofiber membranes encapsulated with 1 wt% TPP and illuminated by visible light. The bacteria
colonies completely disappeared. (B) The same material illuminated but not doped with TPP.
(C) The same material doped with TPP and kept in the dark. Reprinted with permission from
[109]. Copyright 2012, John Wiley & Sons A/S
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by their fast disproportionation to H,O,. Because of the presence of H,O,, these
nanofiber materials exhibited prolonged antibacterial properties, even in the dark.

The antimicrobial (photodynamic) effect is not only predisposed by the intrinsic
properties of the selected PS (spectral characteristics and quantum yield of Oz(lAg))
but also influenced by the properties of the polymer. In addition to high trans-
parency and low quenching ability toward the triplet states of PS and Oz(lAg), akey
parameter determining the efficacy is the oxygen permeability/diffusion coefficient
of the polymer. The use of a polymer with a high coefficient ensures the efficient
quenching of the triplet states and an increase in the diffusion path of the oxygen
and Oz(lAg) and thus controls the oxidative/cytotoxic range of the generated
0,('Ap) (Fig. 2).

Thus, only the surfaces of nanofiber materials made of polymers with high
diffusion coefficients exhibit antimicrobial effects [26]. In addition, increasing
the temperature from 5 to 32 °C significantly increases the diffusion length of
oxygen, strengthening the antimicrobial effect [114]. Hence, the temperature of
human skin can serve as a trigger of the antimicrobial effect, enabling possible
applications of these materials in dermatology.

In addition to a high oxygen permeability/diffusivity, the surface hydrophilicity/
wettability plays a crucial role in achieving efficient photooxidation and anti-
microbial effects. As an example, post-processing modification of electrospun
nanofibers, such as sulfonation, oxygen plasma treatment, and polydopamine coat-
ing, strongly increases the wettability of the originally hydrophobic polystyrene
nanofibers without changing the inherent properties of the embedded TPP or the
polymer nanofibers [97]. The high surface wettability results in effective contact
between the surface and the biological target and significantly accelerates the
antibacterial activity of the nanofibers in aqueous surroundings. For example,
20 min of irradiation of sulfonated polystyrene nanofibers with encapsulated TPP
by simulated daylight significantly decreased the number of colony-forming units
(CFUs) of Escherichia coli relative to the nanofibers without the surface
modification.

Because of the short lifetime of Oz(lAg) and consequently relatively short
diffusion pathway (hundreds of nanometers), the cytotoxic action of 0O, A,) occurs
on or very close to the surface of the nanofiber materials and does not limit medical
applications. In this respect, it is advantageous that the most of the pathogens are
detained on the surface because they cannot pass through the interconnected-pores
of these materials [123, 124], as shown in Fig. 10.

The application of PU nanofiber materials (1 wt% TPP) was demonstrated in a
clinical study on healing chronic leg ulcers using these material as a medical
covering [109] (Fig. 11). The illuminated wound dressing was applied to 89 patients
with leg ulcers and resulted in a 35% reduction in wound size. The wound-related
pain was reduced by 71%. Nanofiber materials meet the requirements for wound-
dressings, such as high gas permeation and protection of the wound from infection
and dehydration. In particular, PU nanofiber materials have many favorable prop-
erties, including their ability to exudate fluid from the wound, failure to induce
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2 um 2 um
Fig. 10 WetSTEM (A) and SEM (B) of Escherichia coli detained on the surface of the upper
layer of nanofibers. Adapted with permission from [124]. Copyright 2013, American Chemical
Society

Fig. 11 Clinical photographs of a patient with leg ulcers treated with illuminated PU (Tecophilic)
nanofiber textiles with encapsulated TPP at the beginning of healing (A) and after 15 days (B) and
42 days (C) of treatment. Adapted from [109]. Reproduced with the permission of John Wiley &
Sons A/S, Copyright 2012

wound desiccation, controlled evaporative water loss property, good oxygen per-
meability, and fluid drainage promotion [125].

Recently, the surfaces of electrospun hydrophilic polycaprolactone and PU
(Tecophilic™) nanofibers with encapsulated TPP were observed to exhibit the
photoantiviral effect toward two types of viruses: non-enveloped polyomaviruses
and enveloped baculoviruses [118]. The photoproduction and lifetime of 02(1Ag)
are sufficient to exert a photoantiviral effect, as confirmed by a considerable
decrease in virus infectivity. As expected, no antiviral effect was detected in the
absence of light and/or encapsulated TPP.

3.1.2 Nanofiber Materials with Bound Photosensitizers

In addition to encapsulated PSs, covalently or ionically bound PSs inside or on the
surface of polymer nanofibers have been investigated [124, 126, 127]. Photoactive
nanofibers were prepared using amino end-capped polyethers with covalently
attached fullerene Cg, as a PS with a high 02(1Ag) quantum yield [126]. The use
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of these materials was suggested for the treatment of multidrug-resistant pathogens
and the photodynamic therapy of cancer because of their photocytotoxicity toward
human promonocytic THP-1 cells.

Polystyrene cation-exchange nanofiber materials with high surface areas and
adsorption capacities were prepared by electrospinning followed by in situ sulfo-
nation. The photoactivity of the materials was introduced by the ion-exchange
reaction with tetra-cationic 5,10,15,20-(1-methylpyridinium-4-yl)-porphyrin
(TMPyP) [124]. The photophysical properties depend on the amount of adsorbed
TMPyP and its organization on the nanofiber surface. As a result, these polar
nanofibers photogenerate Oz(lAg) and exhibit strong antibacterial activity towards
Escherichia coli when activated by visible light.

Similarly, anion-exchange polystyrene nanofiber materials were prepared by
electrospinning followed by two-step consecutive functionalization of the nanofiber
surface using chlorosulfonic acid and ethylenediamine [127]. The photoactive
character was introduced via the adsorption of tetra-anionic TPPS on the nanofiber
surface. These materials have a high ion-exchange capacity, photogenerate
Oz(lAg), and, as a result, induce an antibacterial effect upon irradiation by simu-
lated daylight. The adsorption of TPPS and I™ on the surface simultaneously led to
even more efficient materials with respect to phototoxicity. This behavior is a result
of the oxidation of I by photoproduced 0,(! A,) to another cytotoxic species (I;7)
which imparts increased antibacterial properties toward Escherichia coli and
prolonged antibacterial effect in the dark. All processes occurring on the surfaces
are schematically shown in Fig. 12.

A negatively charged anthraquinone-2,6-disulfonic acid was adsorbed onto the
positively charged surfaces of cross-linked gelatin nanofiber membranes in the
form of a thin coating [128]. The surfaces of the gelatin membranes efficiently
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Fig. 12 Two antibacterial species, Oz(lAg) and I3, are simultaneously photogenerated on the
surface of anion-exchange nanofiber materials with adsorbed I and TPPS and efficiently destroy
bacteria. Adapted from [127]. Reproduced with permission from The Royal of Chemistry and
Owner Societies, Copyright 2014
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photogenerate H,O, after exposure to UVA and exhibit a post-irradiation anti-
bacterial effect on Escherichia coli. Testing with HepG2 cells revealed that these
membranes have the same biocompatibility as the original gelatin nanofibers.

3.2 Nanofiber Materials as Carriers for Other Biomedical
Applications

Drug delivery via electrospun scaffolds provides flexibility in the creation of an
optimal delivery vehicle for therapeutic treatments. Nanofibers made from natural
polymers with low toxicities, immunogenicities, and high biocompatibilities are
especially well suited to being drug release carriers. Several nanofiber-based
delivery systems are under investigation for the delivery of antibiotic, antimicro-
bial, antifungal, antihypertensive and anticancer drugs [129-132].

Recently, nanofiber materials allowing light-controlled drug release have also
been designed. These nanofibers were prepared via the electrospinning of block
copolymers of vinyl-benzyl chloride and glycidyl methacrylate and subsequent
coupling with sodium azide [133]. The following “click-reaction” with photoactive
4-propargyloxyazobenzene allowed the preparation of nanofibers with photo-
responsive surfaces because of the cis-trans photoisomerization of the azo groups.
The conjugate of the anticancer agent 5-fluoroucil with a-cyclodextrin («CD) has
been used as a prodrug for site-specific delivery of the drug. The surfaces of
nanofibers with trans-azo isomers enable prodrug loading via host—guest inter-
actions between the aCD cavity and frans-azo isomer. Upon irradiation with ultra-
violet light (A =365 nm), isomerization leads to the cis-azo isomer and the release
of the prodrug. This system exhibits a rapid photoresponse and controlled release
characteristics.

Nanofiber materials with high diffusion coefficients are reported to be ideal
matrixes for oxygen sensing because of their facile preparation, large area-to-
volume ratios, and nanoscale characteristics, ensuring high signal intensities and
the quick response of a shielded, embedded sensor (see also Sect. 2.3). Optical
oxygen sensors based on highly luminescent Eu(II) complexes (Fig. 13, I) encapsu-
lated in polystyrene nanofibers were prepared via electrospinning [134]. These
materials showed high sensitivity and good linearity of the Stern—Volmer plots vs
the O, concentration — see (3) — and have good operational stability, reproducibility,
a quick response, and fast recovery times.

One of the limiting factors in regenerative medicine is the efficient and moni-
tored oxygenation of tissue scaffolds. Many established methods for oxygen detec-
tion (such as electrodes) require mechanical disturbance of the tissue structure. To
address the need for scaffold-based oxygen monitoring, a self-referenced oxygen
sensor was embedded into nanofibers. The oxygen sensor is based on the dual-
emissive difluoroboron iodo-dibenzylmethane dye (Fig. 13, II) encapsulated in
electrospun polylactide-co-glycolide nanofibers and has been used to study oxygen
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gradients in tissue constructs [135]. The boron dye emits phosphorescence and
fluorescence signals whose ratio depends on the oxygen concentration.

Another optical oxygen sensor was prepared via the core-shell electrospinning of
highly oxygen permeable polydimethylsiloxane (PDMS) within an envelope of
biocompatible polycaprolactone. The fluorescent oxygen sensitive probes
(Fig. 13, I and IV) were incorporated into the PDMS [136]. Both sensors exhibited
rapid responses because of the porous nature of the nanofibers. Experiments with
glioma cell viability revealed negligible effects of the sensing probes on the cells.
These nanofiber-based sensors could be integrated into standard cell culture plates
or bioreactors to provide information about the oxygen concentrations, which is
important for cell research and tissue engineering.

Not only oxygen sensors but also other biosensors can benefit from the unique
properties of nanofiber scaffolds. Composite nanofiber materials acting as light-
harvesting polymers (PDMP/PLA) were used to construct an oligonucleotide
(ODN) sensor based on the FRET principle [137]. Capture probe ODNs were
covalently grafted onto the nanofibers, and the reporting ODN carried a reporting
chromophore dye (ODN-C). Hybridization can be monitored using FRET from the
polymer to the dye-labeled signaling probe (Fig. 14).

One of the most promising approaches in regenerative medicine, especially for
skin and nerve regeneration, is photocurrent therapy, which includes light and
electrical stimulations (the current is generated by the light stimulation)
[138]. The photovoltaic polymer poly(3-hexylthiophene), which exhibits a photo-
current effect, and epidermal growth factor were encapsulated in core—shell-struc-
tured gelatin/poly(L-lactic acid)-co-poly(e-caprolactone) nanofibers via coaxial
spinning. The potential applications of the nanofibrous scaffold as a novel skin
graft were studied. The proliferation of fibroblasts on the nanofibers was
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Fig. 14 Tllustration of the working mechanism of oligonucleotide sensing using PDMP/PLA
nanofibers. Adapted with permission from [137]. Copyright 2014, Elsevier

significantly improved under light stimulation compared to fibroblasts on the same
scaffold under dark conditions. In vitro studies demonstrated the excellent wound
healing ability of the nanofibers under light stimulation. These biomimetic and
photosensitive nanofibers were proposed as novel scaffolds for photocurrent ther-
apy for wound healing and skin construction [139].

4 Conclusions and Prospects

The potential applications of nanostructured surfaces for the treatment and diag-
nosis of diseases as well as for other biomedical purposes are currently very broad.
Light irradiation has been shown to affect the surface properties of nanostructured
materials, e.g., their hydrophilicity, which can improve biomaterial-cell inter-
actions. Although examples of such materials with the associated biological
response have been demonstrated, they are often special cases of a specific treat-
ment rather than engineered solutions. Surface engineering based on nanostructured
materials together with light activation can offer useful features that inhibit bacte-
rial adhesion and biofilm growth. This approach also represents a valid alternative
to classic antibiotic therapies. Sensing using luminescent sensors is an additional
tool for understanding living systems and may find applications in medicine, drug
discovery, process control, and food safety.

Nanostructured films and nanofibers producing Oz(lAg) have been identified as
promising materials for antibacterial and antiviral treatments. The possibility of
industrial-scale nanofiber production, an almost unlimited amount of oxygen from
atmospheric air, the fact that bacteria and most other pathogens cannot pass through
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the pores of the nanostructured materials, and the engineered photosensitizing
properties make these materials promising prospective sterile and photodisinfecting
materials for broad applications in medicine. The progress in electrospinning which
enables the preparation of polymer nanofibers with small diameters of as small as
1 nm [140] and the recent discovery that small but important pathogens, such as the
HIV virus, are efficiently captured on the surfaces of polystyrene nanofibers [141]
combined with the reactivity of 02(1Ag) opens new areas for the applications of
Oz(lAg)—producing materials. Because of their antibacterial and antiviral activities,
these nanofiber materials can be used in a range of areas in which sterility needs to
be maintained or enforced, including (1) coverings (e.g., wound dressings and
plasters), (2) surgery supplements (e.g., surgery masks), and (3) the storage and
disinfection of aqueous media. It has to be emphasized that no bacterial resistance
was found towards Oz(lAg). Therefore, Oz(lAg)-producing materials may be suit-
able alternatives to antibiotics and other antimicrobial agents because of the
increasing resistance of microorganisms, which renders conventional treatments
less effective.

A common feature of the materials producing 02(1Ag) is a short diffusion length
of 02(1Ag), which limits efficient antibacterial action to the surface or the nearby
area, especially in aqueous media, where 02(1Ag) has a short lifetime. This limit-
ation can be overcome by grafting longer-lived photogenerated antibacterial agents
(e.g., NO radicals) with longer diffusion lengths. Future studies of nanomaterials
that generate Oz(lAg) and/or other antibacterial agents are foreseen, as are studies
dedicated to the grafting of PS and/or other photoactivatable compounds to the
surface of materials exhibiting dark antimicrobial properties.

The materials with light-triggered nanostructured surfaces with high surface area
to volume ratios have great potential for being powerful materials to address
various medical-, biological-, and environmental-related issues. Despite the rapid
progress in this field, the possible applications have yet to be exploited fully. The
intense and rational investigation may open new and facile approaches for fabri-
cation and utilization of these materials, which we believe are far beyond what has
been reported in this chapter.
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and Carolina Carrillo-Carrion

Abstract In this review, an overview of the current state-of-the-art of gold-based
nanomaterials (Au NPs) in medical applications is given. The unique properties of
Au NPs, such as their tunable size, shape, and surface characteristics, optical
properties, biocompatibility, low cytotoxicity, high stability, and multifunctionality
potential, among others, make them highly attractive in many aspects of medicine.
First, the preparation methods for various Au NPs including functionalization
strategies for selective targeting are summarized. Second, recent progresses on
their applications, ranging from the diagnostics to therapeutics are highlighted.
Finally, the rapidly growing and promising field of gold-based theranostic nano-
platforms is discussed. Considering the great body of existing information and the
high speed of its renewal, we chose in this review to generalize the data that have
been accumulated during the past few years for the most promising directions in the
use of Au NPs in current medical research.
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1 Introduction

In recent years, there has been an unprecedented expansion in the field of
nanomedicine, which involves the development of novel nanoparticles (NPs)
envisaged for the diagnosis and treatment of several diseases, especially cancer.
NPs possess extraordinary capabilities to detect, image, and potentially treat dis-
eases at the cellular and molecular levels [1-7]. Although micelle-based NPs (such
as formulations loaded with doxorubicin, paclitaxel, or cisplatin) [8] are most
advanced towards use in clinical practice, inorganic NPs also offer great potential.
Among various inorganic NPs, Au NPs are important examples in the field of
nanomedicine, thanks to their chemical, physical, and optical properties
[9-13]. Their unique physical and chemical properties, such as inertia, biocompat-
ibility, low cytotoxicity, stability against oxidation and degradation in vivo, and
ease of conjugation to biomolecules, provide significant benefits in comparison
with other NPs from a medico-biological point of view. The optical properties of
Au NPs are determined by the so-called localized surface plasmon resonance band
(LSPR) [14], which is associated with a collective excitation of conduction elec-
trons. Depending on the size, shape, structure, and the NPs environment, the LSPR
can be localized in a wide region from the visible to the infrared. Implementation of
different surface chemistries enables them to have high stability, high carrier
capacity, ability to incorporate both hydrophilic and hydrophobic substances, and
compatibility with different administration routes. Because of the nano-size, Au
NPs have good tumor retention capabilities as they can penetrate the leaky tumor
vasculature. These properties make Au NPs interesting materials for sensing,
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Fig. 1 Scheme showing different areas of research of Au NPs, involved in the development of
their applications in nanomedicine

detection, imaging, targeted delivery of drugs and genes, photo-induced therapies,
enhanced radiotherapy, and so on. Furthermore, the multifunctionality potential of
Au NPs provides an ideal platform for developing the theranostic modalities
combining therapeutic, targeting, and imaging functions, demonstrating synergistic
effects of multi-therapies. Figure 1 shows a simplified scheme of different areas of
research where Au NPs are involved in the development towards nanomedicine.
The evolution of research has progressed from the synthesis and functionalization
towards applications. The evolution started with simple and unimodal applications
towards more complex multimodal applications (e.g., multimodal imaging, dual-
mode therapies, etc.). The latest development is focused on theranostics
nanoplatforms, which can diagnose, deliver targeted therapy, and monitor response
to therapy. Although the natural evolution is from the bottom to the top (as drawn in
the scheme), in parallel (i.e., in transversal mode), studies of toxicity and
bio-distribution are key aspects to guarantee the success of their applications.
These studies and results of the application performances have a direct feedback
in synthesis and functionalization for improvements. These inputs are the reason
why new strategies of synthesis are an area of continuous active research.

The following sections describe some recent advances in the different areas of
research using Au NPs, mainly focusing on their potential for medical applications
and the hurdles to be overcome to translate them into clinical trials. Bio-distribution
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and toxicity have been extensively reviewed and discussed in a number of recent
publications [15—18], and thus we discuss it in the conclusions section. As the topic
of this review involves huge amounts of information with a high speed of renewal,
we focus on major ideas and some of the most recent and promising studies
performed during the past few years.

2 Synthesis and Functionalization of Au NPs

2.1 Synthesis

Before the advent of nanoscience, Au NPs were already attracting interest because of
their optical properties. There are many historical examples in which Au NPs were
applied even without knowing it (e.g., the Lycurgus Cup or stained-glass windows).
In the last few decades, the control in the synthesis of Au NPs has evolved greatly.
Nowadays it is possible to produce Au NPs with different sizes and shapes in a highly
controlled manner. Many reviews and book chapters have already been published
about the state- of- the- art of Au NPs synthesis [13, 19-22]. Thus, here we aim to
provide an overview of some of the most recent achievements in the synthesis of Au
NPs using wet- chemistry (though also other routes such as laser ablation exist [23]).

Most wet-chemistry-based Au NPs are synthesized in aqueous media, but there
are some important examples to produce hydrophobically-capped Au NPs (e.g., the
Brust—Schriffin method) [24]. These NPs are typically spherical with a size less
than 10 nm. It is well known that most of the applications of Au NPs in
nanomedicine are based on their optical properties, i.e., LSPR [25]. The desire
for tuning of the LSPR has been a driving force to develop synthesis strategies
allowing for Au NPs of different sizes and shapes. Although controlled synthesis of
Au NPs has been known since the days of Michael Faraday, most synthetic
strategies to produce water soluble spherical Au NPs are based on the Turkevich
method [26]. This method has been continuously improved to produce better
samples (e.g., with narrow size distribution and more homogeneous NPs). This
optimized methodology also allows the growing of Au NPs of sizes up to 200 nm
[27]. Yet arguably the most interesting Au NPs for bio-applications are anisotropic
Au NPs that exhibit their LSPR in the biological window. This biological window
comprises the spectral region of 700—1100 nm, in which the body tissue compo-
nents absorb less light. This range is therefore the desired region to locate the LSPR
of Au NPs intended to be used for bio-applications (e.g., photothermal therapy
(PTT) [28, 29] or optoacoustic imaging (OAI) [30]). Recent controls over shape
during the synthesis of Au NPs make it possible to tune the position of the LSPR by
changing parameters such as the shape (rods, prisms, etc.) [28, 31] or the structure
of the NPs (e.g., hollow vs homogeneous) [32]. To induce the growth of anisotropic
NPs it is necessary to provoke either a kinetically controlled growth of the NPs or to
induce the blocking of some growing facets [33]. The sphere is the most stable
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shape in terms of energy. If the NPs synthesis is performed under thermodynam-
ically controlled conditions, the NPs obtained are spherical. In general, to obtain
non-spherical NPs the synthetic conditions have to be tuned to induce kinetically
controlled NPs growth. This can be performed using surfactants that block some
growing facets (e.g., cetyltrimethylammonium bromide (CTAB) or polymers) [34],
using halides (e.g., Br™, I7) [35] or weak and mild reductants (e.g., Na,S,03) [28].

To date, Au nanorods remain the most broadly used anisotropic NPs. These
rod-shaped NPs were described almost at the same time by the groups of El-Sayed
[36, 37] and Murphy [28]. Since then, the synthesis of these NPs has been deeply
explored. In general, the synthesis of Au nanorods is performed by using the growth
seeding process. First, small spherical Au NPs are synthesized and then added to the
growing solution rich in CTAB to induce rod-shaped growth. Because of the
cytotoxicity of CTAB [38], Murray et al. have recently developed a modified Au
nanorods synthesis method in which the required CTAB concentration is reduced
by half (from 0.1 M from El-Sayed and Murphy to 0.05 M) [31, 39]. This synthesis
is based on the use of aromatic additives.

Another important type of anisotropic NPs is the Au nanoshells developed by
Halas et al. [40]. These structures are built using a silica core in which gold is
grown. Their LSPR can be modulated by controlling the relationship between the
core size and the thickness of the gold shell. By changing the shape of the core,
other similar structures have also been described such as “nanorice” [41]. Halas
et al. also described a synthesis for “nanomatryushkas,” which are multilayered
spheres. The simplest “nanomatryushka” contains a core of a gold sphere of
ca. 40 nm coated with a SiO, shell and a second shell of Au [42]. Several bilayers
of SiO, and Au can be deposited to obtain more complex “nanomatryushkas.”

Au nanoprisms also have been described. The synthesis of triangular nanoprisms
can often only be achieved with a low yield [43] and by using toxic surfactants (e.g.,
CTAB or CTAC (cetyltrimethylammonium chloride)) [44]. A synthesis route
eliminating the use of toxic surfactants has recently been reported, which allows
for tuning the LSPR position by controlling the amount of reductant. This synthesis
is based on the reduction of a gold salt by thiosulfate (Fig. 2a) [28].

Au nanostars also exhibit their LSPR in the biological window. Many different
synthetic procedures to produce Au nanostars have been reported. For generating
Au nanostars, typically the seed-growing method is used. For instance, Liz-Marzan
et al. published a method in which gold salt was reduced to metallic gold on top of
the 15-nm Au NPs stabilized with poly(vinylpyrrolidone) (PVP) in the presence of
dimethylformamide and PVP [45].

Finally, Au nanocages, originally developed by the group of Y. Xia, have been
applied extensively with different purposes in nanomedicine [46, 47]. These cages
are prepared by using a sacrificial silver nanocube, which then is oxidized to promote
the reduction of gold through a galvanic replacement process. Similar approaches
have been described using silver nanospheres [48] and silver nanoprisms [49].
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Fig. 2 Schemes for the synthesis and functionalization of Au NPs. (a) Synthesis of Au
nanoprisms, PEGylation, and linkage of glucose (Glc) and tetramethylrhodamine (TAMRA)
using carbodiimide (EDC) chemistry [28]. (b) Strategy of phase transfer to coat Au nanorods
(GNRs) with amphiphilic polymers [75]

Aiming to use green chemistry and less toxic reagents, the production of Au NPs
using natural extracts from microorganisms (e.g., micro alga [50] or fungi [51]) or
plants has been also explored [50, 52]. Nevertheless, the yield and quality of these
Au NPs is still far below the quality of the previously described approaches.

Au-based hybrid materials have been developed too, trying to combine the great
optical properties of gold with the properties of another material. Several examples
of core-shell structures of Au containing iron oxide [53-55] or semiconductors
cores [54] or Au cores coated with silver (bimetallic NPs [56]) can be found in the
literature. More recently, Au has been combined with more novel materials such as
nanodiamonds [57] or graphene [58, 59].

2.2 Functionalization

After synthesis and before their use in bio-applications, NPs must be provided with
stable coatings which should warrant high colloidal stability. Thus, robust organic
coatings ensure that the NPs’ properties remain intact in biological media
[60]. Indeed, the NPs surface determine their biological fate [61]. In addition, any
kind of by-product related to the synthesis, including excess of reagents or cyto-
toxic surfactants, should ideally be washed off to remove potential toxic effects
caused by these impurities. To achieve coatings qualifying for these requirements,
the NPs’ surfaces need to be engineered. One of the biggest advantages of the use of
Au is its high reactivity with thiol groups [62]. This reactivity permits stabilizing
the NPs with ligands containing a thiol reactive group. Ligand exchange by which
original surfactants are replaced by new ones is the most common stabilizing
procedure for Au NPs. Ligand exchange can be used to water transfer
hydrophobically-capped NPs (e.g., NPs capped with alkanethiol chains) [63] and
to replace toxic surfactants (e.g., CTAB) used to produce anisotropic NPs such as
Au nanorods [64, 65].
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Typically, polyethylene glycol (PEG) chains which provide the NPs with a
colloidal high stability in biological media and long in vivo retention times
[19, 66] are the most widely used stabilizers for Au NPs. Nowadays, there are
many companies which offer an endless number of hetero-functional PEG chains.
Using bi-functional PEG allows for future chemical modifications for the attach-
ment of molecules (e.g., dyes, carbohydrates, antibodies, peptides, etc.) and/or to
provide charge to the NPs (Fig. 2a) [28, 67, 68]. Not only PEG is used to stabilize
Au NPs — other ligands, such as dihydrolipoic acid [69], proteins (e.g., bovine
serum albumin) [70], or polymers are used regularly to enhance the NPs’ stability in
complexes media. Polymers used for this purpose include, for example, polyelec-
trolytes [71], PVP [72], or amphiphilic polymers [73].

The use of amphiphilic polymers to stabilize NPs and to promote their transfer
from organic solvents to aqueous solutions is based on polymer coating of the NPs.
This approach can be used for virtually any kind of NPs containing aliphatic chains
on the surface (e.g., oleic acid, oleylamine, etc.) [73, 74]. The advantages of this
technique are many: (1) coated NPs exhibit a high colloidal stability against media
with high salt concentrations and/or proteins; (2) NPs coated with the same polymer
have the same surface chemistry; (3) these polymers can be made with reactive
groups in their hydrophilic domain (e.g., carboxylic acids), which then can be
further modified with biologically relevant molecules. The main limitation of this
technique is that it can be only used with NPs soluble in organic solvents. Yet most
of the anisotropic Au NPs are synthesized in water. An extension of this method
based on phase transfer of the water-soluble Au NPs to organic solvents has
recently been reported. This method has been demonstrated for spherical Au NPs
(with size up to 15 nm) and Au nanorods (Fig. 2b) [75].

Once Au NPs are sufficiently colloidally stable in biological media, as a function
of their surface chemistry, different chemical modifications can be performed.
Bioconjugate chemistry protocols developed for modifying proteins, peptides,
and/or surfaces can be adapted to NPs [76, 77]. Concerning bio-conjugation, we
refer to some recent reviews [11, 78-80]. In summary, currently the synthesis and
functionalization of Au NPs has become very versatile. This allows scientists to
develop the best customized systems for each application.

3 Use of Au NPs Towards Diagnostics

3.1 Detection and Sensing

Different analytical assays involving Au NPs are widely used as sensors, ranging
from the detection of ions and elements to more complex molecules, including
those of biomedical interest, such as oligonucleotides, proteins, antibodies, and
even bacteria and other microorganisms. The methods of designing sensing bio-
markers that could be associated with the early stage diagnosis of different diseases
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are nowadays attracting special interest. The current challenges consist of designing
sensing devices that are able to recognize more specifically different types of
analytes, discriminating molecules with similar characteristics, including the use
of sensor arrays, which often combine several analytical approaches. Advances in
enhancing the sensitivity and reducing the time of analysis are also currently
required. The physical and analytical basis of sensing with Au NPs can be summa-
rized in different main areas [81]. They include measurements based on colorimetry
and plasmon resonance, fluorescence, electrochemistry, and more recently, surface
enhanced Raman spectroscopy (SERS) [82].

Colorimetric assays are based on a visible change of color of functionalized Au
NPs suspensions when interacting with the appropriate analyte [83—-86]. Colorimet-
ric analyses are normally fast and can often be evaluated with the naked eye. As
explained before, Au NPs exhibit plasmonic properties. The position and intensity
of this LSPR band depend not only on the metal type, NPs size, shape, structure,
composition, and dielectric constant of the surrounding medium [87], but also on
the aggregation of the NPs [88]. Colorimetric assays are based on this effect,
because analytes that produce a change in the aggregation state of Au NPs give
rise to a change in the LSPR absorption band of the NPs dispersion [89]. Such an
effect is not only used to sense cations and anions [89-92], but has also been applied
to sense molecules of biomedical interest. For example, DNA has been detected by
Au NPs wrapped with long genomic single- and double-stranded DNA (ssDNA and
dsDNA) molecules [93]. Proteins such as melamine and human carbonic anhydrase
I have also been sensed by cyanuric acid derivative grafted Au NPs [94] and
polypeptide-functionalized Au NPs [95], respectively. More complex molecules
such as folate receptors (FRs), consisting of cysteine-rich cell-surface glycoproteins
that can bind folate (FA), can be sensed by FA-modified ssDNA functionalized Au
NPs. In the presence of FRs, ssDNA terminally tethered to FA is protected from
degradation by exonucleases, and an aggregation of the Au NPs takes place through
the formation of cross-linked NPs networks, resulting in a color change of the
solution from red to blue [96]. Polyethyleneimine (PEI)-stabilized Au NPs have
been used for highly selective and sensitive colorimetric sensing of heparin
[97]. Abnormal concentration values of human chorionic gonadotropin (hCG) can
be associated with ectopic pregnancy. The concentration of this biomarker can be
determined using Au NPs in the presence of positively charged hCG-specific
peptides. In this case, hCG inhibits the peptide-induced aggregation of the Au
NPs, giving rise to a simple, rapid, and sensitive colorimetric assay [98]. A rapid
and low-cost colorimetric analysis of bacteria in drinking water has been designed
by using p-galactosidase conjugated Au NPs with a colorimetric substrate
(chlorophenol red-p-p-galactopyranoside (CPRG)) deposited on a paper-based
test strip [99]. The aggregations of antibody-conjugated oval-shaped Au NPs that
selectively target specific sites on the surface of pathogens have been used to sense
Salmonella [100]. Although colorimetric assays based on Au NPs involve the large
shift of the LSPR band depending on NPs aggregation, a small LSPR peak shift can
also be produced when an appropriate analyte binds to the surface-bound receptors
of plasmonic NPs, because of a change in the refractive index [101]. In contrast to
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agglomeration-based protocols, this shift in the LSPR frequency is not enough to be
detected by the naked eye, but can be observed by absorption measurements. Au
NPs deposited on several substrates have been used to detect analytes such as DNA
[102], human IgG (Immunoglobulin G) [103], and insulin [104] in this way. Recent
advances in the detection of microRNAs (miRNAs) by Au nanoprisms without the
need for labels [105] and in the sensing of trace oligonucleotides biomarkers [106]
have also been reported. Au NPs deposited on the metal sensing surface increase the
sensitivity of planar surface plasmon resonance sensors, provided by the high
dielectric constants of Au NPs and the electromagnetic coupling with the metal
film [107]. This approach has been used for the sensing of different proteins [108]
and oligonucleotides [108, 109].

Fluorescence assessments involving Au NPs are widely centered on fluorescence
quenching-based methods. Au NPs show an important quenching effect on
fluorophores close to their surface caused by their extraordinary high molar extinc-
tion coefficients and broad energy bandwidths [83, 110]. Specific interactions with
the sensing molecules have been used to detect many different molecules of
biomedical interest. Some assays are based on the appearance of fluorescence
when the target molecules interact with the Au NP-based-sensors. For example,
the quenching of a fluorophore attached to an Au NP through an oligonucleotide
chain disappears in the presence of DNA [111], when the fluorophore gets detached
from the NPs because of displacement by the DNA strand. Similar strategies have
been used to sense proteins [112] and bacteria [113] using Au NPs conjugated with
fluorescent polymers. Au NPs functionalized with enzymes have also been used to
sense proteins, with an enhanced sensitivity through enzymatic catalysis [114].

Fluorescence quenching assays involving Au NPs are not only restricted to the
detection of single analytes. More complicated sensing techniques, focused on the
study of the interaction of different analytes, have also been reported. For example,
dsDNA-conjugated Au NPs (dsDNA-Au NPs) and water-soluble conjugated poly-
electrolytes are used as complementary sensing elements to construct hybrid
sensors for detecting protein—DNA interactions [115]. The use of sets of sensors
showing different patterns of responses in an array can provide fingerprints that
allow for classification and identification of different target molecules [116]. Such
an approach is used with DNA—Au NPs conjugates, in which a combination of
colorimetric and fluorescence assessments enables better selectivity to distinguish
different proteins [117]. Similar combination of colorimetric and fluorometric
approaches has been reported for a sensor array consisting of two types of novel
blue-emitting collagen-protected Au nanoclusters and macerozyme R-10-protected
Au nanoclusters with lower synthetic demands, which has been recently used to
sense eight different proteins [118].

The modulation of quenching of fluorescent semiconductor quantum dots (QDs)
close to Au NPs in the presence of molecules which inhibit the interaction between
QDs- and Au NPs-conjugated biomolecules has been used to sense molecules of
biomedical interest such as avidin [119]. Normal, cancerous, and metastatic human
breast cells have been distinguished by comparing the fluorescence of different
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cationic Au NPs functionalized with poly(p-phenyleneethynylene) (PPE), which
show different affinities for normal and tumor cells [120].

The conductivity, roughening of the conductive sensing interface, and the
catalytic properties of Au NPs have been harnessed for the huge amount of
analytical assays based on electrochemical measurements that involve Au and
other metal-based NPs [121]. Different immunosensors based on Au NPs have
recently been reported to detect cancer biomarkers [122, 123]. Au NPs deposited on
electrode surfaces are known to enhance the electrochemical detection of different
analytes because of their ability to decrease the overpotentials of many electroan-
alytical reactions, maintaining the reversibility of redox reactions [124, 125]. This
approach has been used to detect several drugs such as isoniazid [126] and hCG
[127]. Au nanorods have also been used as sensing interface in pencil graphite
electrodes for the electrochemical sensing of deferiprone, an anti-HIV drug,
resulting in an amplification of the electrochemical sensing signal [128].

Antibody-functionalized Au NPs, showing target specificity and affinity towards
different biomarkers [129], have been used to sense Salmonella by differential
pulse voltammetry (DPV) [130]. Cancer circulating cells have been sensed by
combining the specific labeling through antibody-modified Au NPs and the sensi-
tivity of the Au NPs-electro-catalyzed hydrogen evolution reaction (HER) detec-
tion technique [131]. The reaction of cell surface proteins with specific antibodies
conjugated to Au NPs and the catalytic properties of the Au NPs on hydrogen
formation from hydrogen ions can be used to quantify the NPs internalized by
cancer cells [132, 133].

Raman scattering permits the detection and analysis of many molecules, by
giving a unique spectroscopic signature which potentially identifies the species
[134]. The Raman scattering signal can be substantially enhanced by the presence
of plasmonic NPs, resulting in SERS [135, 136]. This effect is highly influenced by
the size, shape, orientation, and aggregation of the NPs [108]. In fact, Au NPs with
different morphologies have been used for SERS-based detection [137-
139]. Label-free and Raman-dye labeled assays are two different existing SERS-
based detection methods. Label-free assays follow vibrational information about
the analytes themselves, whereas the dye-labeled methods detect analytes indirectly
by monitoring the SERS signal of a Raman label attached to the metallic SERS
substrate [140]. Different SERS assays for sensing DNA [141, 142] and proteins
[143, 144] using Au NPs can be found in the literature. An extended bi-dimensional
array of Au concave nanocubes supported on a polydimethylsiloxane (PDMS) film
has recently been proposed for the SERS sensing of proteins that show low intensity
Raman signals [145]. The assembly of spherical Au NPs on a highly anisotropic
silica-coated substrate has recently been reported for the detection of prostate
specific antigen by SERS [146] and the selectively quenching of the SERS signals
from the dye molecules adsorbed onto star-shaped Au NPs not internalized by cells
has been used to identify intracellular distributions of Au NPs [147].
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3.2 Imaging

For the treatment of many diseases and non-invasive evaluation/detection of intra-
cellular and/or intra-subcellular compartments, molecular imaging based on func-
tional nanomaterials is of paramount importance [148, 149]. For molecular imag-
ing, different types of NPs are currently in use. Examples include polymer-based
NPs [150-152], dendrimer-based NPs [153, 154], lipid-based NPs [155, 156],
magnetic NPs [157-160], QDs [161-163], carbon nanotubes (CNTs) [164, 165],
silica NPs [166—-168], and Au NPs [169-172]. Among all the above-mentioned
NPs, Au NPs possess extraordinary potential for imaging at the cellular and even
molecular level. Various Au NPs are currently in use in molecular imaging, based
on their different size, shape, and physical properties. Examples include spherical
Au NPs [171, 172], nanorods [173—-175], nanobipyramids [19], nanoshells [176],
nanocages [177-179], core/shell NPs [171, 180], nanostars [181-183], and
nanocubes [149], etc.

Au NPs have unique characteristics which enable their use as contrast agents in
bio-medical imaging [184, 185]. In this field, they are being used as probes in dark
field confocal imaging (DFCI), one- and two- photon fluorescence imaging
(OTPFI), optoacoustic imaging (OI), computed tomography (CT), photothermal
optical coherence tomography (POCT), positron emission tomography (PET), and
imaging based on surface enhanced Raman scattering (SERS) [175, 184]. Different
imaging modalities of the Au NPs can be combined, which can provide comple-
mentary information. In the following, a description of using Au NPs as contrast
agents for the different imaging techniques is given.

DFCI provides contrast enhancement in unstained biological samples, but its
main limitation is that it provides low light levels in images. Thus, for better
visualization the biological samples should be strongly illuminated, which can,
however, damage the samples. The imaging contrast of dark field microscopy can
be enhanced by utilizing the high scattering properties of Au NPs [186]. For cellular
detection, mostly the light scattering properties of Au NPs are utilized for straight-
forward image analysis. Light scattered from Au NPs is detected by using high
resolution objective lenses of dark field confocal (DFC) microscopes in the form of
bright spots, though the size of Au NPs is generally smaller than the diffraction
limit of DFC. Using Au nanoshells it was recently possible to observe the binding
and antibody mediated specific targeting of cancer cells in in vitro experiments
using the dark field scattering properties of the NPs [187]. Similarly, for cancer
cells localization, targeting, and real time tracking of Au nanorods-induced DNA
damage in cancer cells was visualized using DFCI [188]. Scattering properties of
Au NPs are also being utilized for better imaging of breast cancer cells [189]. How-
ever, despite the high scattering cross sections of Au NPs for enhancing the contrast
in DFCI, their use is limited to in vitro experiments [184].

Photoluminescent properties of sub-nanometer Au nanoclusters made them
attractive candidates in OTPFI based on their brightness, non-blinking behavior
and stable emission [190, 191]. The luminescence of Au nanoclusters in the near
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infrared (NIR) window is used for fluorescence imaging and they have greater
photostability than QDs [191]. Not only nanoclusters but also other Au NPs, such as
nanoshells and nanostars, can be used in one photon fluorescence imaging (OPFI),
after conjugation of the Au NPs with NIR active fluorophores such as indocyanine
green or Cy5 [192]. After conjugation with these fluorophores, these structures help
in emission enhancement of these dyes for better fluorescence imaging. Presence of
a metal surface close to fluorophores does not always quench fluorescence, but can
also provide fluorescence enhancement, in particular for very close distances. In
OPFI, Au NPs functionalized with fluorophores, offer a suitable platform for
in vitro and in vivo cancer imaging and diagnostics [193, 194]. When Au NPs are
excited with femtosecond pulsed lasers whose resonance frequency matches with
the LSPR band of the Au NPs, two photon absorption occurs which results in two
photon luminescence from the Au NPs [182, 193, 195]. For monitoring in vivo
biological events, two photon luminescence imaging (TPLI) provides sufficient
penetration depth and high three-dimensional (3D) spatial resolution. The signal
intensity of TPL (two photon luminescence) can be enhanced three times in
magnitude by utilizing the high luminescent properties of Au nanorods and
nanocages without the photo-bleaching or blinking that is observed in many
fluorophores used in this technique [196]. The contrast of Au nanostars conjugated
with wheat germ agglutinin in TPL-based imaging can be utilized for imaging their
uptake [182]. Similarly, other Au NP structures, such as nanorods, nanocages, and
nanoshells, are also being used as contrast agents in TPL with a resolution at the
single NP level inside blood vessels. In this way, in vivo tracking of Au NPs and
fluorescence lifetime imaging for visualizing dynamical processes in cell media is
possible [197, 198]. After one and two photon luminescence-based imaging, Au
nanocages are now also being utilized in three photon luminescence imaging, based
on their strong multi-photon absorption capabilities, leading to in vivo detection
with diminished background signals and reduced photothermal toxicity [199]. Fur-
ther studies are still required for using Au NPs in multi-photon luminescence for a
better understanding of their role in this imaging technique.

The penetration depth of Ol-based imaging, which is typically carried out with
NIR pulsed sources, is similar to ultrasound-based imaging, i.e., several centimeters
in biological tissues (typically less than 5 cm). This is better compared to simple
optical imaging, in which depth resolution is only on the millimeter scale. The
photothermal properties of Au NPs provide high contrast in OI [30]. Upon photo-
excitation, the non-radiative decay of Au NPs converts light energy into heat, which
causes a sharp rise of temperature in the local environment of the NPs, resulting in
thermal and acoustic response enhancement in those tissues which contain the
photoexcited NPs. The increased thermal response of Au NPs enhances the pressure
waves propagating through the surrounding tissues and results in improving the
temporal and spatial resolution of tomographic images [200].

In clinical detection of several diseases, CT has received increasing attention
because of the high spatial and density resolution. For imaging biological systems
using CT, contrast agents are usually required (which can enhance the density of the
imaging area) for improving the accuracy in diagnosis. Iodine-based small
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molecules such as “Omnipaque” are normally used in clinics, but are associated
with certain drawbacks such as short imaging time, non-specificity, and renal
toxicity. For overcoming these drawbacks nowadays, Au NP-based suitable con-
trast agents are being developed. In CT, because of the high atomic number of Au,
Au NPs are providing higher spatial and density resolution compared to iodine-
based contrast agents. In CT-based imaging, Au NPs attenuate X-rays much more
efficiently compared to “Omnipaque,” resulting in contrast enhancement by several
orders of magnitude [201, 202]. Moreover, by suitable tuning the size and
functionalization of the Au NPs, besides improving CT imaging it is also possible
to achieve target specificity, long circulation time, and reduced renal toxicity [203].

Optical coherence tomography (OCT) can image cellular and sub-cellular struc-
tures 100 times better than CT and magnetic resonance imaging (MRI) and provides
10-25 times better spatial resolution compared to ultrasound-based images
[204]. OCT is a non-invasive technique, resembling ultrasound-based imaging
but, in this technique, instead of sound, reflections of NIR light are used for
imaging. NIR active contrast agents, e.g., Au nanorods, can significantly improve
OCT-based imaging because of their large differences in absorption-scattering
profiles. Au nanoshells and nanocages, because of their strong scattering properties,
can also provide enhanced optical contrast and brightness in OCT for improving the
imaging of cancerous cells [205]. In this technique, tissues are illuminated with low
coherent light and matching the coherence between incident and reflected beams of
light helps in the detection of back-reflected light. This backscattered light thus
helps in imaging. Because OCT is much more sensitive towards detection of
scattering from the tissues than absorption, the scattered light helps in studying
the morphology of tissues [205]. In OCT, Au NPs are being used as exogenous
contrast agents based on their ability to produce distinctive backscattered light
which is detectable in highly scattering tissues, thereby helping in studying the
morphology of tissues [206]. Though OCT is a powerful 3D diagnostic tool in real
time imaging, its resolution is low because of intense scattering from some optically
dense tissues under investigation. To overcome this limitation nowadays, POCT
(photothermal-OCT) imaging techniques using the photothermal properties of Au
NPs are being developed [207]. In POCT, when light resonant with the plasmon
energy of Au NPs strikes, Au NPs are excited and light is converted into heat and
the surface temperature of the tissues is enhanced. The increase in surface temper-
ature results in changes in the local refractive index of the medium which is then
optically detected by POCT. Because of active detection of photothermal heating,
POCT can identify and separate absorbing targets from scattering background,
thereby helping in high resolution imaging compared to OCT [208].

In early stage diagnosis of cancer, PET — with its highly sensitive nuclear
imaging modality — is extensively utilized in clinical studies using small doses of
radioactive materials. However, these radioactive materials, especially small radio-
active molecules, usually have short circulatory life- times in in vivo studies. After
radiolabeling, Au NPs (e.g., nanocages, nanoshells, and spherical NPs) can remain
inside the bloodstream for longer periods of time. Hence they facilitate long-term
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bio-imaging [209]. In PET, radioisotopes undergo positron emission decay or
positive beta decay and positrons are emitted. These emitted positrons traverse a
short distance inside tissues, lose kinetic energy, and interact with electrons. This
union with electrons results in their annihilation and production of gamma photons
in the form of light which is used for making images [209]. Sometimes PET is
coupled with Cerenkov luminescence (CL)-based imaging for better visualization
and cross-checking the imaging results. CL-based imaging is a molecular imaging
technique based on Cerenkov radiation, which can originate from the decay of
alpha-, beta-, or positron-emitting radionuclides [179]. Recently, a radiolabeled
precursor of a gold salt (H'*®*AuCl,) was used for the synthesis of radioactive Au
nanocages which gave CL. The CL originating from the decay of radionuclides
helps in real-time CL-based imaging and monitoring of tumors over extended
periods of time. CL of radionuclides can be increased by using high refractive
index materials such as gold in conjugation with higher energy radionuclides. Thus
CL imaging based on Au NPs can effectively bridge the gap between nuclear and
optical imaging [179]. CL-based imaging can use radionuclides for diagnosis of
diseases, which are routinely used for PET based imaging. CL based imaging
improves PET-based imaging in terms of resolution. CL imaging signal can be
modulated by using smart imaging agents such as NPs, and hence better insight in
tumor biology can be obtained [210]. Over the last decade there have been numer-
ous studies for enhancing the efficacy of SERS-based molecular imaging using Au
NPs conjugated with Raman active moieties. Au NPs enhance the Raman scattering
of vicinal molecules by means of chemical and electromagnetic enhancements. Au
NPs enable identification of single molecules spectroscopically at room tempera-
ture by amplifying (ca. 10'*-fold) the Raman scattering signals of adsorbed species.
The LSPR of Au NPs enhances Raman signals in SERS-based imaging, which
helps in better detection of tumor margins during the surgical removal of tumors
[211]. The use of Au NPs provides photostability, improved contrast, and higher
spectral specificity in SERS-based imaging [184].

Among all enlisted imaging techniques, no single modality can be considered as
ideal and sufficient for getting all requisite information for a particular question.
Nowadays, multimodal imaging probes based on Au NPs are being designed which
possess integrated or complementary functions. For example, SERS-based imaging
is highly sensitive and multiplexed imaging is possible with this technique, but it
has poor penetration depth. On the other hand, OI has better penetration depth and
high spatial resolution, but its sensitivity is limited. For multiplexed imaging, Au
nanorod-based SERS/OI can be used for early stage detection of cancer. Similarly,
Au NPs having triple modality are being used for MRI/SERS/OI-based imaging
[212]. For disease (particularly cancer) intervention, Au NP-based multifunctional/
multimodal imaging platforms have enough potential for the development of future
contrast agents useful for nanomedicine. One can envision the potential applica-
tions of Au NPs for multiplexed detection and imaging of cancer and other such
types of diseases by proper tailoring of their functionalization, size, shape, compo-
sition, and hybridization with other materials [184].
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4 Use of Au NPs in Therapeutics

The properties of Au NPs can be exploited in therapy in two ways — as passive
carriers for delivery, in which the therapeutic effect arise from active molecules
bound to the carrier, or as active therapeutic agents, where the therapeutic effect
directly originates from the Au NPs. The first use of Au NPs for therapeutic
applications was as delivery vehicles for drugs and genes, because NPs in the
size range 2—100 nm can interact with biological systems at the molecular level,
and can allow for targeted delivery and passage through biological barriers. Later
on, also investigations showing that Au NPs can be intrinsically therapeutic became
available. This is because Au NPs can actively mediate molecular processes to
regulate cell functions. In this section we summarize the potential of Au NPs in
therapy, providing examples of currently investigated strategies.

4.1 Au NPs as Passive Carriers in Delivery Systems

Au NPs are widespread in the field of delivery of different kinds of therapeutic
molecules. They are very attractive as nanocarriers because of their colloidal
stability, ease of preparation, and their on-demand tunable size and surface modi-
fication possibilities. In addition, they are essentially bio-inert, non-toxic and lack
immunogenicity. All these features in combination with their ability to enter cells
by endocytic pathways naturally make them good vehicles for a plethora of bio-
molecules and drugs to be delivered inside cells [13, 213]. Normally, the cargoes
are loaded onto the Au NPs’ surface either by non-covalent binding (via ionic or
hydrophobic interactions) or by direct binding on the Au surface by thiolated
linkers. Once inside the cells, the cargo may slowly detach from the surface of
the Au NPs or its release may be triggered by internal stimuli such as pH [214] or
cytosolic glutathione [215], which is able to reduce disulfide bonds, releasing
molecules linked to the NPs surface via that kind of linkage. Furthermore, Au
NPs are well known for their optical properties which are not only useful in the field
of imaging and biosensing, but also serve to detach molecules selectively from the
NPs surface when irradiated with light. Upon irradiation of plasmonic Au NPs at
their LSPR frequency with a continuous wave laser, they absorb energy and reduce
the attraction between the Au surface and non-covalently linked molecules, which
eventually produces desorption of the cargo. In contrast, high energy pulse irradi-
ation provokes the reshaping of the nanocarriers and the rupture of Au—S bonds,
releasing more strongly linked cargoes. Interestingly, light irradiation of plasmonic
nanomaterials allows for spatio-temporal controlled release of drugs and biomole-
cules because the delivery only takes place during irradiation of the NPs and stops
when the laser is off [216-218]. The most commonly used Au NPs for delivery
applications are nanospheres, and nanorods.
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Au NPs have been used for decades for the purpose of gene delivery, traditionally
developed for the transfection of plants using gene guns [219]. Nowadays, Au NPs
are also used in gene therapy as non-viral carriers for delivering nucleic acids inside
the cells [220]. Gene therapy may include the delivery of DNA inside cells to induce
certain protein expression, or the introduction of miRNA able to interfere with the
correct translation of messenger RNA inside the cells, avoiding protein production
and silencing a particular gene responsible for a cellular malfunction. Gene therapy is
increasingly important, particularly in the field of cancer treatment. However, deliv-
ery of naked nucleic acids is hampered by their fast degradability inside the body and
their polyanionic nature that inhibits the cellular uptake. There are many reports in
the literature that have demonstrated that adsorption of nucleic acids onto positively
charged Au NPs drastically reduced their degradability and helps their internalization
into cells. This could be achieved, for example, by coating Au NPs with positively
charged lysine amino acids [221] or with positively charged polymers [222-
225]. However, to ensure that the genetic material reaches the nucleus, more sophis-
ticated constructions may be required. Such constructions may involve the use of PEI,
a poly-cationic polymer able to escape endosomes because of the “proton sponge”
effect causing membrane disruption [226], although it has been shown to be cytotoxic
after a certain dose threshold. Hence, several authors have coated Au NPs with PEI to
trap DNA or RNA, taking advantage of the endosomal escaping capacity of PEI,
and substantially reducing its cytotoxicity [227-232]. Chen et al. have recently
described a smart three-layered nanocarrier, based on the layer-by-layer (LBL)
deposition of PEI/chitosan-aconitic anhydride (CS-Aco)/PEI/ shRNA (short/small
hairpin RNA) onto Au NPs. CS-Aco was introduced as a pH-triggered charge-
reversible compound which hydrolyzed into positively charged CS once inside the
lysosomes, causing the disassembly of the nanocarrier layers. The as-released
Au-PEI NPs facilitated lysosomal membrane disruption and hence the successful
delivery of shRNA-PEI into the cytoplasm [214]. Although PEI is particularly
attractive for nucleic acids delivery, similar results have been achieved by other
poly-cationic polymers adsorbed onto Au NPs [220, 233]. For instance, Lee and
co-workers fabricated siRNA-loaded Au NPs using the LBL approach with alternat-
ing positively charged poly-L-lysine (PLL) and negatively charged siRNA. They
successfully coated the Au NPs with four layers of PLL and three layers of siRNA,
which were slowly released inside the cells by protease degradation of PLL and
displayed gene silencing capability [234]. As already pointed out, another way of
delivering DNA or RNA avoiding normal cell internalization pathways is adsorption
onto naked Au NPs or projectiles and direct bombardment inside the cells using gene
guns. This strategy is frequently used in plants, but nowadays it has also been
explored for mammalian tissues [235, 236].

Drug delivery is also an important field in which Au NPs are utilized. This field
is of particular interest in the case of cancer treatment to avoid systemic toxicity
during chemotherapy and to facilitate the delivery of hydrophobic drugs
[237]. Indeed, the group of Rotello showed how to entrap two different hydropho-
bic drugs (tamoxifen and p-lapachone) in hydrophobic pockets created within
alkanethiol monolayers surrounding Au NPs and their effective delivery
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[238]. Some other strategies involve the chemical modifications of drugs to link
them covalently onto NPs, which could, in some cases, compromise the drug
performance. Gibson et al. covalently functionalized Au NPs with approximately
70 molecules of anticancer drug paclitaxel per NP, but they did not report about the
delivery and biological activity of the drug [239]. Nonetheless, most studies are
based on systems to deliver doxorubicin (DOX) [240, 241], which is known for its
properties for treating cancer, but also for its toxicity and side effects. The group of
Li has recently reported high loading of PEGylated hollow Au nanospheres with
DOX (up to 63% in weight) and their delivery after NIR light irradiation
[242]. Apart from drugs, Au NPs have also been used as carriers for vaccines by
decorating their surfaces with appropriate ligands (selected antigens and T-helper
peptides) which were able to elicit an immunogenic response [243].

Interestingly, Au NPs have been used not only as carriers but also as smart
container openers. Plasmonic Au NPs were embedded in between polyelectrolyte
layers in LBL constructed capsules carrying a therapeutic cargo within the capsule
cavity. In a similar fashion, as explained before, irradiation of light onto those NPs
led to the spatio-temporal controlled disassembly of the polymeric capsules pro-
ducing the immediate cargo release [244-248].

Nowadays, all these delivery systems are evolving into more sophisticated
constructions, which take advantage of the optical properties of Au NPs for
combined drug therapy with photothermal ablation (PTA) and imaging [249] and
in combination with other materials such as carbon [250, 251]. For instance, some
recent reports along this dimension describe the wrapping of Au NPs or nanorods
with hydrophilic graphene oxide nanosheets as carriers for gene therapy and
improved PTA therapy [252-254].

4.2 Au NPs as Active Therapeutic Agents

When Au NPs act as therapeutic agents per se, several therapies can be distin-
guished depending on the NPs properties exploited. In the following we illustrate
the wide range of potential therapies using Au NPs with some selected recent
examples.

One of the most promising groups of therapeutic strategies using Au NPs are
light-based therapies. These utilize the application of light to irradiate
photosensible materials, whereby this light-activation is directly responsible for
the desired therapeutic effects (i.e., destroying tumor cells). This group of light-
based therapies includes photothermal therapy (PTT), photodynamic therapy
(PDT), and photoimmunotherapy (PIT) [255, 256]. Although PDT and PIT use a
photosensitizer (i.e., light-activated drugs) for the release of reactive oxygen spe-
cies (ROS) and the activation of immune responses, PTT is based on the use of
photosensible materials (e.g., Au NPs) to generate local heat after being irradiated
with electromagnetic radiation. The main difference between PIT and PDT is that in
PIT monoclonal antibodies are associated with photosensitizers to improve the
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selective binding to the target tissues [255]. PTT has lately received more interest
because it does not require oxygen to interact with the target cells or tissues and is
able to use longer wavelength light, which is less energetic and therefore less
harmful to other cells and tissues. PTT using Au NPs, also called plasmonic
photothermal therapy (PPTT), exploits the unique LSPR properties of Au NPs.
When an energy source such as electromagnetic radiation is applied, conversion to
heat energy efficiently occurs in Au NPs because of electron excitation and
subsequent non-radiative relaxation through electron—phonon and phonon—phonon
coupling. This generated thermal energy can induce temperature increases of more
than 20 °C (i.e., hyperthermia), which can thereby induce tumor tissue ablation
[255, 256].

There are several advantages of using Au NPs for PTT: (1) Au NPs have high
absorption cross sections, and thus only minimal irradiation energy is required,
(2) the conversion of light into heat is very fast (about 1 ps), (3) Au NPs are
biocompatible, and (4) the ability of tuning the LSPR absorption (changing the size
and shape of Au NPs) to absorb light in the visible up to the NIR region. Although
visible light is successful in destroying cells labeled with spherical Au NPs, the NIR
region is especially crucial to penetrate deep into tissues, with minimal attenuation
by water and hemoglobin. The light can penetrate up to 10 cm in soft tissues in the
“biological window” (650-900 nm), a region ideal for the LSPR absorption of Au
nanoshells, nanorods, nanoprisms, and nanocages [28, 257]. When comparing the
different NPs structures in terms of their applications in PTT, Au nanorods exhibit
the best efficient NIR photothermal heat conversion. Although nanoshells have a
larger absorption cross-section because of their larger size, and as a result they
produce more heat, the nanorod shape has been shown to be twice as efficient in
converting light radiation into thermal energy (photothermal efficiency)
[258]. El-Sayed et al. determined the most effective Au nanorods size for PTT
heat generation [259]. In this context, 28 x 8 nm Au nanorods were found to be the
most effective, both in theoretical calculations and in in vitro experiments with
human oral squamous cell carcinoma. Au nanorods in this dimension were the best
compromise between the total light absorbed and the fraction that is converted into
heat. Additionally, nanorods in this size led to an intense electromagnetic field that
extends far enough from the NPs surface to allow for field coupling between NPs
aggregates, resulting in enhanced experimental photothermal heating in solution.
For example, Lin et al. [260] synthesized PEG-coated Au nanorods that showed
enhanced PTT when used in the soft tissues of a genetically engineered mouse
model (GEMM) of sarcoma. This model recapitulates the human disease more
accurately in terms of structure and biology than subcutaneous xenograft models.
This study represented a nice demonstration of a therapeutic, NPs-mediated thermal
ablation protocol in a GEMM. Untargeted PEG-Au nanorods accumulated in the
sarcomas at levels comparable to those in subcutaneous xenografts, providing
evidence that passive targeting is indeed sufficient for PEG-Au nanorods to accu-
mulate in a physiologic tumor microenvironment. Significant delays in tumor
growth with no progression in some instances demonstrated the success of this
method. A similar approach was used by Chen et al. [261], where PEG- Au
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nanocages could be passively delivered and accumulated into animal tumors,
causing irreversible damage to tumor cells after exposure to NIR laser. Interest-
ingly, PEG-Au nanocages were found not only on the surface but also in the core of
the tumor.

There are increasing efforts to enhance therapeutic treatments by combining
therapy methods that show synergistic effects, as in the case of PTT and PDT. For
example, Choi et al. have reported a method which combines both phototherapies
using Au nanorods-photosensitizer complexes and two different light sources to
excite the photosensitizers and photothermal NPs separately because of their
absorption mismatch [262]. In this work, the negatively charged photosensitizer
AI(III) phthalocyanine chloride tetrasulfonic acid (AlPcS4) was attached onto the
positively charged surface of Au nanorods by electrostatic interaction, and the
photodynamic effect of the AlPcS4 photosensitizer was temporarily suppressed
after complex formation with Au nanorods. In the intracellular environment the
photosensitizer was released and it could finally be optically activated for
phototherapeutic effect. Two different light sources were used to excite Au
nanorods (810 nm laser) and AlPcS4 photosensitizer (675 nm laser) separately.
Tumor growth was suppressed by 95% with PTT/PDT dual therapy, whereas the
suppression was only 79% with PDT alone.

These examples successfully demonstrate the potential of NIR-active Au NPs
for use in light-based therapies. The current challenge in these phototherapies is to
increase the level of selectivity to act on tumor tissues with minimum damage to the
surrounding healthy tissue. Furthermore, better control over bio-distribution and
clearance are critical issues to be addressed.

Au NPs are also used for enhanced X-ray radiotherapy. A challenge of X-ray
radiation therapy in general is that high-dose X-rays under therapeutic conditions
damage normal cells. Au NPs, upon X-ray irradiation, can act as dose enhancers
and/or generate radicals that damage cancer cells and induce cell apoptosis. There
are two main features of Au NPs which make them very good candidates for acting
as X-ray radiosensitizers. First, Au has high number of protons (Z=79) and
neutrons, compared with the previous elements evaluated for dose enhancing
such as iodine (Z=153) and gadolinium (Z = 64). This translates into an increased
photoelectric cross-section. Second, the size of Au NPs is critical for escaping the
tumor vasculature using the enhanced permeability and retention (EPR) phenom-
ena. Thus, Au NPs have been proposed as potential radiosensitizers for X-rays
mediated cancer therapy, allowing for a reduction in X-ray dose with improved
therapeutic results [263—-266]. Yang et al. have recently demonstrated the potential
effects of radiation-induced killing of melanoma cells as mediated by amphiphilic
Au NPs embedded within the walls of lipid nanocapsules. Interestingly, the
membrane-penetrating properties of these amphiphilic Au NPs allowed for signif-
icant enhancement of the radiotherapy efficiency, which opens a path for improving
the efficacy of frontline radiotherapy treatments [264]. An additional way to
improve the radiotherapeutic enhancement effects has been reported by using Au
NPs with glucose (Glc) and PEG as ligands (PEG-Glc-Au NPs) [265]. The enor-
mous reduction in tumor size after 47 days of treatment was also because of the role
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of PEG and Glc in improving uptake and bio-distribution, which led to a concen-
tration of PEG-Glc-Au NPs in tumor tissue 20 times higher than in healthy cells
48 h after injection. Alternatively, the potential of Au NPs to aggregate within
tumors can be exploited in this direction [266]. In addition, 15 nm Au NPs have
been designed to aggregate and remain largely in the tumor, after direct intra-
tumoral infusion, thus changing from NIR-transparent to NIR-absorbent, enabling
tumor-specific heating upon NIR illumination. Aggregation within tumors seems to
be induced by the lower pH of the tumor milieu and endosomes/lysosomes or other
mechanisms, such as by labile ligand bonds and lysosomal enzymes. This aggre-
gation effect, and subsequent heating by NIR followed by X-ray treatment, was able
to reduce the X-ray dose needed for tumor control by a factor >3. Because of the
limited penetration of NIR, certain superficial or accessible tumors (e.g., a subset of
head, neck, and melanoma) would be immediate candidates to evaluate the poten-
tial of this strategy. These examples illustrate the huge potential of Au NPs to
enhance radiotherapy treatments, providing useful insights for further clinical
studies.

It is important to note that the mechanism by which Au NPs can lead to dose
enhancements in radiation therapy differs when comparing photon and proton
radiations for NPs excitation. The dose enhancement using protons can be up to
14% and is independent of proton energy, in contrast to photon excitation where the
dose enhancement is highly dependent on the photon energy used. A theoretical
Monte Carlo simulation study [267] concluded that the potential of Au NPs to
enhance radiation therapy depends on the type of radiation source, and proton
therapy can be enhanced significantly only if the Au NPs are in close proximity
to target tissues.

Radioactive Au NPs are being used to make radiation therapy more effective.
The radioactive properties of 8 AU (Brmax = 0.96 MeV; half-life 2.7 days) make it
an ideal candidate for use in radiotherapeutic applications [268]. A major challenge
in cancer therapy has been delivery and retention, as it is necessary to increase the
therapeutic payload to get an effective tumor treatment. In this regard, NPs
containing radioactive isotopes can concentrate within the tumor and provide an
opportunity to tune the radioactive therapeutic dose delivered to tumor cells.
Furthermore, 198 Au NPs have extraordinary tumor retention capabilities because
of their natural affinity to leaky tumor vasculature. In this area, relevant advances
have been achieved [268-270]. Khan et al. developed a method for the encapsula-
tion of radioactive Au within a dendrimeric composite and demonstrated that
radioactive Au NPs could deliver therapeutic doses to tumors [269]. More recently,
gum arabic glycoprotein (GA)-functionalized Au NPs, consisting of beta-emitting
8Au, were used for reducing the sizes of inoperable prostate tumors
[268, 270]. Interestingly, the optimum hydrophobicity of the GA matrix allowed
for effective penetration across tumor membranes. The therapeutic efficacy of
GA-""Au NPs was demonstrated in prostate tumor-bearing severely compromised
immunodeficient (SCID) mice models, reaching an unprecedented 82%, 3 weeks
after single-dose intratumoral administration of GA-'"8Au NPs (408 nCi).
The findings of significant therapeutic efficacy, good in vivo tolerance, and
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non-toxic features make these NPs potentially ideal candidates for future human
applications.

Radiofrequency (RF) fields can be used to induce Au NP-mediated thermal
ablation in a similar manner to that of photothermal and radio-sensitization thera-
pies. The efficiency of RF-based therapy is significantly enhanced by using Au NPs,
which are accumulated in the tumor area and then absorb main RF radiation power
to heat cancer cells and thus cause their selective destruction. In particular, an
intense source of RF radiation with frequency of 13.6 MHz and the power of 600 W
induced the heating of suspensions of Au NPs with a heating rate of ~20 K/s, which
resulted in considerable cell necrosis [271]. The NPs heating mechanism in an RF
field is a very complex phenomenon. Glazer et al. have demonstrated that Au NPs
heat primarily via Joule heating [271, 272]. Briefly, the Au NPs are hypothesized to
function as tiny resistors, where free electrons on the surface have restricted
movements. Therefore the friction created at the individual NP level releases heat
into the surrounding aqueous solution [273].

The potential use of Au NPs coupled to RF waves was evaluated for the
treatment of human hepatocellular and pancreatic cancer cells [274]. Direct injec-
tion of citrate-Au NPs into the tumor allowed focusing of the RF waves (13.56 MHz
RF field) for selective heating of cancer cells. The resulting induced heat was lethal
to these cancer cells bearing Au NPs in vitro. It was also demonstrated that the Au
NPs had no intrinsic cytotoxicity or antiproliferative effects in the two human
cancer cell lines studied. In another example, Curley et al. designed a method
using Au NPs functionalized with the epidermal growth factor receptor (EGFR)
inhibitor cetuximab in Panc-1 (pancreatic adenocarcinoma) and Difi (colorectal
adenocarcinoma) cells which express high levels of EGFR [275]. This method
proved to be cytotoxic to nearly 100% of the pancreatic and colorectal cells, but
hardly any of the cells from the control group were damaged. The advantages of this
therapy are that shortwave (megahertz range) RF energy is non-ionizing, penetrates
deeply into biological tissues with no adverse side effects, and heats Au NPs
efficiently. Thus, this technique may represent an effective treatment for numerous
human malignant diseases using non-invasive RF hyperthermia.

The finding that Au NPs are able to inhibit angiogenesis (i.e., the formation of
new vessels in organs or tissues) has also opened a new path to control the growth
and spread of cancerous tissues via angiogenesis therapy. One method to inhibit
angiogenesis in vivo is to block the function of pro-angiogenic heparin-binding
growth factors (HB-GFs) such as vascular endothelial growth factor
165 (VEGF165) and basic fibroblast growth factor (bFGF). Mukherjee et al. dem-
onstrated that Au NPs inhibit VEGF165-induced proliferation of endothelial cells
in a dose-dependent manner [276]. This inhibition effect was tested in vivo using a
nude mouse ear model, showing that after a week of daily intraperitoneal injections,
the ascites volume had reduced in the NPs treated mice compared to the non-treated
tumor-bearing mice. More recently, detailed studies of the antiangiogenic proper-
ties of Au NPs concluded that Au NPs not only inhibit VEGF165-induced HUVEC
(Human Umbilical Vein Endothelial Cells) proliferation but also repress endothe-
lial cell migration and tube formation [277]. Using Au NPs of different sizes and
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surface charges, it was demonstrated that a naked Au NPs surface is required and
that the core size plays an important role to inhibit the function of heparin-binding
growth factors (HB-GFs) and subsequent intracellular signaling events. Further-
more, the inhibitory effect of Au NPs was produced by the change in HB-GFs
conformation/configuration (denaturation) by the NPs, whereas the conformations
of non-HB-GFs remained unaffected [278]. The antiangiogenic properties of Au
NPs have also been exploited for the treatment of chronic inflammatory diseases
such as rheumatoid arthritis. Intra-articular delivery of Au NPs has been demon-
strated to be an effective treatment strategy for collagen-induced arthritis [279].

5 Use of Au NPs Towards Theranostics

Recent research has paved the way for multimodal ‘theranostic’ (i.e., a combination
of therapy and diagnosis) nanocarriers designed for carrying out simultaneous
detection/diagnosis and treatment of the disease following administration
[184, 280-282]. Au NPs are suitable for developing theranostic NPs thanks to
their unique characteristics that enable their use as contrast agents, as therapeutic
entities, and as scaffolds to adhere functional molecules, therapeutic cargoes (e.g.,
drugs/genes), and targeting ligands [184, 281]. Several examples of Au-based
theranostic NPs are illustrated in Fig. 3, which are explained below.

Au-based theranostic NPs that utilize light-based techniques for monitoring and
treating diseases are of special interest as they allow for spatially and temporally
controllable drug release, localized therapy, and minimally invasive treatment
modalities that reduce patients discomfort [282]. An interesting photo-triggered
theranostic system has been developed by Khlebtsov et al. [283], consisting of a
silver/gold (Ag/Au) nanocage core surrounded by a silica shell containing the NIR
photosensitizer Yb-2,4-dimethoxyhematoporphyrin (Yb—-HP) for monitoring
tumors and simultaneous dual therapy, i.e., PTT/PDT (Fig. 3a). A significant higher
death rate of HeLa cervical cancer cells was observed in vitro when they were
incubated with the composite NPs and irradiated by 630-nm light because of PTT
by the Ag/Au NPs as well as PDT using the presence of Yb-HP. Furthermore, the IR
luminescence of Yb-HP (900—1060 nm, originating from Yb>" ions, and located in
the tissue transparency window) could be used for diagnostic purposes and for
controlling the accumulation and bio-distribution of the composite NPs in tumors.
Another example of theranostic NPs for simultaneous X-rays/ CT dual-imaging and
dual-mode enhanced radiation therapy (RT) and PTT was reported by Huan et al.
[284]. Folic acid-conjugated and silica-modified Au nanorods were synthesized and
showed highly selective targeting, excellent X-ray/CT imaging ability, and
enhanced RT and PTT effects (Fig. 3b). These multifunctional NPs could specif-
ically bind to folate receptors on the surface of MGC803 gastric cancer cells and
were imaged in vivo using both X-ray and CT imaging followed by treatment via
RT or PTT. Alternatively, activatable theranostic NPs were developed by using
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Fig. 3 Simplified examples of diverse Au-based theranostic NPs. (a) Silver/gold (Ag/Au)
nanocages surrounded by a silica shell containing the NIR photosensitizer Yb-2,4-dimethoxyhe-
matoporphyrin (Yb—HP) for monitoring tumors via IR luminescence and simultaneous dual-
therapy PTT/PDT [283]. (b) Au nanorods conjugated with folic acid for selective targeting, cancer
cells X-ray/CT dual-imaging and treatment via enhanced-RT or PTT [284]. (¢) Au NPs
functionalized with a fluorophore labeled hairpin-DNA for simultaneous gene specific silencing
and intracellular tracking of the silencing events [285]. (d) Use of Au NPs, either alone or with
linked cargo molecules, for generating plasmonic nano-bubbles (PNBs) which allow tumor
detection via light scattering, cargo delivery via creation of transient holes on the cell membrane
and finally cell destruction via mechanical impact [286]

Au@Ag/Au NPs assembled with activatable aptamer probes, which provided high-
contrast image-guided site-specific PTT therapy [287]. The Au@ Ag/Au NPs simul-
taneously serve as an optical heater and a fluorescence quencher. The activatable
aptamer probes comprised a thiolated aptamer and a fluorophore-labeled comple-
mentary DNA. Thus, the activatable theranostic NPs with quenched fluorescence in
the free state could undergo signal activation through target binding-induced
conformational change of the activatable aptamer probes in specific tumor tissues,
and then achieve on-demand treatment under image-guided irradiation. By using S6
aptamer as a model, in vitro and in vivo studies of A549 lung cancer cells verified
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that these NPs greatly improved imaging contrast and specific destruction. This
strategy might be explored as a versatile platform for simultaneous detection and
treatment of multiple kinds of cancer cells with the use of specific aptamers for
varying cancer targets.

Conde et al. [285] recently developed an interesting Au-based theranostic
system capable of intersecting all RNA pathways: from gene specific
downregulation to silencing the silencers, i.e., sSiRNA and miRNA pathways
(Fig. 3c). The system consists of Au NPs functionalized with a fluorophore labeled
hairpin-DNA, which allows one to downregulate a specific gene directly and also to
silence single gene expression, exogenous siRNA, and endogenous miRNAs,
simultaneously tracking cell internalization and identifying the cells where silence
is occurring (i.e., the fluorescence signal is directly proportional to the level of
silencing). The usefulness of this approach was demonstrated for silencing an
endogenous miRNA (miR-21) commonly upregulated in cancer, such as in colo-
rectal carcinoma cells (HCT-116). The photothermal properties of Au NPs can also
be used to generate transient vapor nano-bubbles to produce a tunable nanoscale
theranostic agent, described as PNBs [286]. These PNBs are generated when Au
NPs are locally overheated with short laser pulses because of the evaporation of a
very thin volume of the surrounding medium, which in turn creates a vapor nano-
bubble that expands and collapses within nanoseconds. The bubble scatters the
light, thus acting as an optical probe which allows for tumor detection, and the fast
expansion of the PNB produces a localized mechanical impact which damages cell
membranes, resulting in cell death, and therefore acting as a therapeutic agent. This
novel theranostic system has been successfully applied as an in vivo tunable
theranostic cellular agent in zebrafish hosting prostate cancer xenografts, presenting
higher therapeutic selectivity when compared with Au NPs alone [288]. Au NPs
conjugated with anti-EGFR antibody C225 could actively target EGFR-positive
A549 lung carcinoma cells. Following cellular uptake, single human prostate
cancer cells could be detected and ablated under optical guidance in vivo by tunable
PNBs in a single theranostic procedure. By varying the energy of the laser pulse, the
PNBs size could be dynamically tuned in a theranostic sequence of two PNBs: an
initial small PNB detected a cancer cell through optical scattering, followed by a
second bigger PNB, which mechanically ablated this cell without damaging the
surrounding tissues, and its optical scattering confirmed the destruction of the cells.
This innovative and promising theranostic strategy concept of a ‘cell theranostics’
approach that unites diagnosis, therapy, and confirmation (guidance) of the results
of therapy in a single process at cellular level principally can help to improve both
the rapidity and the precision of treatment [288]. Recently, the same group has used
this concept for both, localized delivery of molecular cargo as well as mechanical
destruction of cells by generation of a transient PNB around the Au NPs with a
single incident laser pulse. Small PNBs can create a transient hole on the cell
membrane to ‘inject’ molecular cargo without damage to the cells. Large PNBs, on
the other hand, can cause mechanical destruction of the cells of interest [289]
(Fig. 3d).



Gold-Based Nanomaterials for Applications in Nanomedicine 193

Based on these examples, it is apparent that theranostic Au NPs have opened the
door to novel and advanced treatment strategies that combine therapeutics with
diagnostics, aiming to monitor the response to treatment and increase drug efficacy
and safety, which would be a key part of personalized medicine.

6 Applications of Au NPs in Clinical Trials

Some of the above-mentioned medical applications using Au NPs are already in the
stage of pre-clinical or clinical trials.

The diagnostics company “Nanosphere’ has developed the so-called Nanosphere’s
Verigene® System, which utilizes advanced automation and Au NPs to enable rapid
direct detection of nucleic acids and high-sensitivity protein detection on the same
platform. This technology has already received food and drug administration (FDA)
approval in the United States. It is based on Au NPs of 13-20 nm diameter
functionalized with either a defined number of oligonucleotides (i.e., short pieces of
DNA or RNA) or a defined number of antibodies specific to a particular protein of
interest.

One therapy using Au NPs which has reached clinical trials is CYT-6091, 27 nm
citrate-coated Au NPs conjugated with thiolated-PEG and tumor necrosis factor-a
(TNF-a) (Aurimmune; CytImmune Sciences). The NPs have the dual effect of
increasing tumor targeting and tumor toxicity in comparison with the use of TNF-o
alone [290]. In this trial the side effects and best dose of CYT-6091 in treating
patients with advanced solid tumors by intravenous administration have been
studied [291]. Future clinical studies should focus on combining CYT-6091 with
approved chemotherapies for the systemic treatment of non-resectable cancers.

Using the same CYT-6091 NPs, another clinical trial has been carried out to
evaluate the tissue distribution and the selective tumor trafficking of CYT-6091 in
patients with primary and metastatic cancers [292]. Patients, stratified according to
cancer type, received CYT-6091 and then underwent standard-care surgery. Tumor
and normal tissues were removed during surgery for analysis of antitumor effects
and tissue distribution of CYT-6091 by electron microscopy.

Au nanoshells (AuroShells®, Nanospectra Biosciences), which consist of a silica
core of 120 nm diameter with a 15-nm gold shell, were used in clinical trials to treat
head and neck cancers using PPTT. This therapy, called AuroLase® Therapy,
consisted of an injection of Au nanoshell NPs into the patient’s bloodstream.
After 12-24 h (enough time for the NPs to accumulate inside the tumor), an
808 nm IR laser was used to heat the NPs and destroy tumor cells [293]. These
NPs are currently under clinical trials in patients with primary and/or metastatic
lung cancer where there is airway obstruction. In this study, patients are given a
systemic infusion of NPs and a subsequently escalating dose of laser radiation
delivered by an optical fiber via bronchoscopy.

In the treatment of atherosclerotic lesions, two delivery techniques for NPs and
PPTT are under clinical trials (NANOM FIM) [294]. Patients underwent nano-
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intervention either with the delivery of silica-Au NPs in a mini-surgery implanted
bioengineered on-artery patch, or with the delivery of silica-Au iron-bearing NPs
with targeted micro-bubbles or stem cells by means of magnetic navigation system
vs stent implantation. The primary results showed a similar degree of regression of
total atheroma volume after 12 months for both approaches of delivery.

Another technique being tested in pre-clinical trials works is on validating poly-
valent Au NPs functionalized with RNAi (RNA interference) as anti-glioma thera-
peutics [295]. This nano-RNAi platform can be used to target signature lesions of
glioblastoma, which play an important role in driving glioma pathogenesis, mediating
therapeutic resistance, and instigating neurologically debilitating necrogenesis.
RNAIi-Au NPs are being validated on multiple levels, using glioma stem cell cultures,
derived xenografts, and genetically engineered glioma mouse models.

Despite these examples, the full clinical impact of Au NP-based therapies is not
yet known. There is clearly a need to translate already developed applications to
clinical trials in a timely but safe manner.

7 Concluding Remarks and Future Outlook

We have discussed novel strategies for the synthesis and functionalization of Au
NPs to evaluate their potential use in nanomedicine. In addition, their detection and
sensing properties have been explored for diagnosing some diseases. Au NPs either
alone or in hybrid form can also improve the performance of practically used
imaging techniques. Moreover, Au NP-based therapies are generally superior in
terms of specificity, selectivity, efficiency, and cytotoxicity compared to the same
methods without Au NPs. Additionally, Au composite NPs have recently been
evaluated for their theranostic potential both in vitro and in vivo. Nowadays, the
main focus is the transition of Au NPs from laboratories to the clinics. Though the
initial theranostic efficacy of Au NPs shows promising results, there are still many
challenges which need to be addressed before their use in clinical practice. The first
challenge involves the long-term retention, cytotoxicity, and ultimate renal clear-
ance of the NPs. Though the biodistribution and toxicity of Au NPs have been
extensively studied, reliable predictions based on these results are rare. Therefore,
more studies need to be performed to ensure their safety before use in humans. The
biodistribution of Au NPs is dependent on their size, geometry and surface chem-
istry. Dissimilarities of reported results dealing with Au NPs of the same size and
shape have been attributed to the type of coating or stabilizing agents used. In order
to overcome this problem, strategies to improve comparability and standardization
of nanotoxicological studies are needed. Moreover, there should be a shift of the
focus of toxicological experiments from ‘live—dead’ assays to the assessment of cell
function, allowing observation of bioresponses at lower doses, which are more
relevant for in vivo scenarios. Second, detection and sensing of analytes in complex
biological fluids (such as urine, blood, etc.) are still complicated to achieve. Third,
non-invasive clinical trials at the molecular level need to be better explored. Fourth,
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the development of personalized medicines for the treatment of individual patients
according to their genetic profiles is so far merely a vision described in scientific
papers. Last, but not least, vaccinations based on Au NPs for humans and/or
animals against biologically active factors or diseases still remain a dream to be
fulfilled. Addressing these and other such types of challenges may help in the future
to shift Au NP-based nanomedicines further into clinics.
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Diagnostic and Therapeutic Applications of
Quantum Dots in Nanomedicine

Sukanta Kamila, Conor McEwan, David Costley, Jordan Atchison,
Yinjie Sheng, Graham R.C. Hamilton, Colin Fowley, and John F. Callan

Abstract The interest in Quantum Dots as a class of nanomaterials has grown
considerably since their discovery by Ekimov and Efros in the early 1980s.
Although this early work focussed primarily on CdSe-based nanocrystals, the
field has now expanded to include various classes of nanoparticles with different
types of core, shell or passivation chemistry. Such differences can have a profound
effect on the optical properties and potential biocompatibility of the resulting
constructs. Although QDs have predominantly been used for imaging and sensing
applications, more examples of their use as therapeutics are beginning to emerge. In
this chapter we discuss the progress made over the past decade in developing QDs
for imaging and therapeutic applications.
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1 Introduction

Quantum Dots (QDs) are a unique class of fluorescent nanoparticles with superior
optical properties when compared to organic dyes [1-3]. Although several different
classes of QDs have emerged over the past couple of decades, by far the most
commonly used QDs are those prepared from semiconductor materials [4]. These
QDs typically consist of a group IIB metal, usually cadmium, combined with a
chalcogenic element, e.g. CdS, CdSe or CdTe, with all three nanocrystal dimen-
sions in the 2—-10 nm range [5]. Although possessing the same crystal structure as
the bulk semiconductor material, QDs consist of only a few hundred to a few
thousand atoms. At such sizes (smaller than the exciton Bohr radius of the bulk
material) these nanoparticles behave differently from the bulk solid because of size
quantization effects [6]. The result of quantum confinement means that the electron
and hole (the exciton) energy levels, and therefore the band gap, is a function of the
QD diameter and composition. As a result, increasing the size of the QD decreases
its band gap and, as a consequence, increases its emission wavelength. The com-
bination of size-tuneable emission with broad absorption spectra means it is
possible to excite several QDs simultaneously, a feature that enables multiplexing
applications [7].

A significant volume of work has been undertaken in the past two decades to
develop new classes of QDs (1) with even better optical properties, (2) that are
prepared from more convenient and greener synthetic methods and (3) that provide
improved biocompatibility when considering biological applications (see www.
invitrogen.com). Although it is not possible to cover the whole body of literature
available on these developments, this review chapter provides representative exam-
ples of how QDs can been used in biomedical imaging or therapeutic applications.
Although the particular focus is on the use of these nanoparticles in cancer diagnosis
and treatment, other areas such as medical microbiology are also discussed.

2 Biomedical Imaging Using QDs

2.1 Passive Targeting of QDs to Tumours for Imaging
Applications

In biology, passive targeting refers to the ability of a molecule or particle to
accumulate in a particular physiological location without the assistance of a targeting
ligand or the application of a stimulus [8]. In essence, the process is an inherent
characteristic of the molecule/particle itself and is not derived through pre-deter-
mined structural modification. In the context of nanoparticles, their size means they
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undergo passive targeting to solid tumours via a phenomenon known as the
“enhanced permeability and retention” (EPR) effect [9]. This process refers to the
observation that nanoparticles, such as QDs, preferentially accumulate at tumour sites
because of the latter’s characteristic abnormal vasculature enabling QDs to leak from
the blood vessel into the tumour [10]. In combination with a compromised lymphatic
system that impedes the removal of these particles, the end result is a greater
concentration of nanoparticles in tumour tissue compared to healthy tissue.

Gao et al. have investigated the potential of NIR-emitting (800 nm) InAs/InP/
ZnSe QDs passivated with mercaptopropionic acid (QD-MPA) to accumulate in
both squamous cell carcinoma (22B) and colorectal cancer (LS174T) tumours via
the EPR effect [11]. These nanoparticles, with a hydrodynamic diameter of 8.2 nm,
were injected intravenously and in vivo NIR images were recorded 4 h later. A high
fluorescent intensity was observed in the tumour region with good contrast com-
pared to other tissue illustrating effective tumour uptake. When the individual
organs were harvested and subsequently imaged ex vivo 4 h post treatment, the
fluorescence observed in the kidneys and bladder was high, illustrating the potential
of these nanoparticles to undergo effective renal clearance. However, significant
fluorescence intensity was also observed in the liver. The uptake of the QD-MPA
were also compared to commercially available 800 nm-emitting carboxyl
functionalised QDs (QD-COOH) with a hydrodynamic diameter of 25 nm. In
contrast to the QD-MPA, the QD-COOH demonstrated poor tumour accumulation
with a higher intensity observed from the liver than for the QD-MPA, with QD
fluorescence also observed in the bone marrow and spleen. The lower tumour
accumulation and high non-specific uptake by the reticuloendothelial system for
the QD-COOH compared to QD-MPA was attributed to the larger size of the QDs.
In an attempt to reduce uptake by the liver, the negatively charged QD-MPA were
further coated with human serum albumin (HSA) via electrostatic interactions to
decrease the probability of engulfment by macrophage cells and reduce the accu-
mulation of the nanoparticles in the mononuclear phagocytic system (MPS) organs
such as the liver and spleen. Although the hydrodynamic diameter of these
nanoparticles increased to 17 nm, they still showed effective tumour uptake, and
their content in the liver and spleen was substantially reduced compared to the
unmodified QD-MPA. These results demonstrate the ability of QDs to accumulate
effectively in tumours as a result of the EPR effect but also emphasises the
importance of physical and chemical properties such as size and surface chemistry
in dictating their effective clearance from the body and potential long term toxicity.

2.2 Active Targeting of QDs to Tumours for Imaging
Applications

In contrast to passive targeting, active tumour targeting involves the conjugation of
a specific ligand to the surface of the QD whose function is to bind to a receptor that
is either unique or significantly overexpressed in target cells compared to normal



206 S. Kamila et al.

Fig. 1 Schematic representation of illustrating how QD-antibody conjugates (green) target
prostate cells (light blue) via binding to the prostate-specific membrane antigen (dark blue) [12]

cells [12]. Many different types of targeting ligands have been combined with QDs
to enhance their uptake by specific cells or cellular compartments. Off course,
decorating the surface of the QD with targeting ligands does not remove the passive
targeting capability of QDs but instead enhances the specificity of the resulting
ensemble. In the following sections we discuss representative examples of how
antibodies, peptides and oligonucleotides have been combined with QDs to
improve targeting to specific cells.

2.2.1 QD-Antibody Conjugates

The specificity of antibodies for target proteins is unrivalled by low molecular mass
ligands with many QD-antibody combinations having been reported in the literature
and some now commercially available [13, 14]. In an early example, Gao et al.
reported the preparation of PEG-coated CdSe/ZnS QDs conjugated with a prostate-
specific membrane antigen (PSMA) antibody [15]. The QD-Ab conjugate demon-
strated effective uptake in C4-2 cells which are known to express PSMA but
displayed poor uptake in PMSA negative PC-3 cells. When administered intrave-
nously to mice bearing C4-2 tumours, rapid accumulation of the QD-Ab conjugate
was observed in the tumour with accumulation also observed in the liver and spleen.
In contrast, control QDs lacking the PSMA specific antibody demonstrated poor
tumour uptake. A similar study by Chen et al. utilised CdSe/ZnS QDs decorated
with an alpha-fetoprotein (AFP) antibody which is a biomarker for hepatocellular
carcinoma [16]. Again, the QD-Ab conjugates showed a substantially higher degree
of tumour accumulation compared to the unmodified QDs (Fig. 1).
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Instead of using antibodies with specificity for a target protein associated with a
single cell type, antibodies with broad applicability to many different cell types are
also available [17]. Epidermal growth factor receptor (EGFR) is involved in a
number of biological processes, such as cell proliferation, angiogenesis and metas-
tasis [18]. Although EGFR is ubiquitously expressed in normal tissues it is
overexpressed in many cancers such as lung, breast and pancreatic cancer [19].
Diagaradjane et al. conjugated human recombinant EGF to 800 nm-emitting
CdSeTe/ZnS QDs to enable selective targeting of human colon carcinoma xeno-
grafts in mice [20]. In vivo imaging demonstrated a rapid uptake of both the
unmodified and EGF-labelled conjugate 60 min after administration. After this
time the fluorescent intensity from tumours in animals treated with the unmodified
QDs reduced significantly although the QD-EGF emission remained intense for up
to 6 h.

2.2.2 QD-Peptide Conjugates

Oligopeptides with amino acid sequences complementary for binding to important
biomolecules such as antibodies or enzymes can also be utilised as targeting entities
for QDs [21]. One advantage of this approach is that oligopeptides are much smaller
than antibodies and their attachment to QDs reduces the overall size of the resulting
conjugate. Integrins are transmembrane receptors involved in communication pro-
cesses between cells and their extracellular matrix [22]. The integrin o, p5 plays an
important role in angiogenesis and binds to arginine-glycine-aspartate acid (RGD)
regions of the interstitial matrix such as vitronectin [23]. It is significantly
upregulated in many different types of cancer and so has emerged as a popular
targeting strategy in drug design [24]. Cai et al. conjugated RGD to 705 nm-
emitting CdSe/ZnS QDs and investigated the QD-RGD conjugates’ ability to
bind to integrin positive (MDA-MB-435 and U§7MG) and negative (MCF-7) cell
lines [25]. Using fluorescent microscopy, both MDA-MB-435 and US7MG cells
were clearly visualised when stained with the QD-RGD conjugates although the
MCF-7cells were not. When the QD-RGD conjugate and unmodified QDs were
administered intravenously to nude mice bearing ectopic U87MG tumours, a
significant difference was observed in the intensity of the tumour fluorescence in
those mice receiving the conjugate relative to non-labelled QDs. Using a similar
approach, Gao et al. used 800 nm-emitting InAs/InP/ZnSe QDs with RGD and
again found improved targeting to o, P;-positive US7MG human tumours when
compared to the unmodified QDs [26].

Peptide neurotoxins have emerged as high affinity ligands with both diagnostic
and therapeutic potential [27]. Because of their high specificity for neuronal
receptors, these peptides can greatly assist in our understanding of complex neuro-
logical processes [28, 29]. In addition, peptide neurotoxins may also play an
important role in the treatment of neurological disease with compounds such as
Ziconotide, commercially available as an N-type voltage-gated calcium channel
blocker [30]. Orndoff et al. utilised chlorotoxin (CTX) and dendrotoxin-1 (DTX-1)
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Fig. 2 Overexpression of the MMP-2 and Kv1.1 proteins in C6 glioma cells can be detected using
QD-CTX and QD-DTX conjugates, respectively. More QDs bind to cells overexpressing these
proteins, leading to a stronger fluorescence signal compared to non-cancerous cells [31]

as targeting ligands to image cancer cells selectively [31]. These peptides were
conjugated to 525 nm- or 655 nm-emitting CdSe/ZnS QDs, respectively, and the
resulting QDs,5-CTX and QDgs5-DTX conjugates used to detect simultaneously
their respective targets in a multiplex manner. CTX is known to target MMP-2 that
is involved in glioma cell proliferation whereas DTX targets potassium ion chan-
nels of the subtype Kv1.1, also present in glioma cells. By incubating living C6
glioma cells with the QD conjugates, the authors were able to label MMP-2 and
Kv1.1 successfully and demonstrated that levels of these receptors were to be four
times higher in cancer cells than non-cancer cells. The combination of high affinity
peptide neurotoxins with QDs offers the possibility of long term detection of
potential disease state markers because of the reduced photobleaching offered by
QDs (Fig. 2).

2.2.3 QD-Oligonucleotide Conjugates

Molecular beacons (MBs) are commonly used in biology to probe for specific
nucleotide sequences. The sequence-driven complementarity of nucleotides
makes them highly selective ligands for target DNA sequences [32, 33]. Conven-
tionally, the MB contains an oligonucleotide sequence complementary to the
sequence being targeted with a fluorophore attached at the 5’ end and a quencher
dye at the 3’ end. In the absence of the target sequence, Forster Resonance Energy
Transfer (FRET) occurs between the fluorophore and quencher so that fluorescence
remains low. However, upon hybridisation with the target sequence, the separation
distance between the fluorophore and the quencher increases so that FRET is no
longer possible and fluorescence is switched on. FRET involves the non-radiative
transfer of excitation energy from an energy donor to the ground state of a nearby
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acceptor molecule through a dipole-dipole interaction. The efficiency of energy
transfer between the two fluorophores is governed by two main factors: (1) the
distance between the donor and acceptor molecules and (2) a good spectral overlap
between the donor’s emission and acceptor’s absorption spectra. In addition to these
criteria, it is essential that the dipoles of both donor and acceptor molecules are
parallel to each other for efficient energy transfer to occur. In spectroscopic terms,
an increase in FRET efficiency manifests itself in a reduction in the donor
fluorophore emission with a concomitant increase in the emission from the acceptor
fluorophore. As there is a sixth power dependence of the FRET efficiency on the
donor-acceptor separation distance, small changes in this separation can manifest
itself in a significant modulation of the acceptor emission. Thus, FRET has earned
the term “‘spectroscopic ruler” as it can be used to probe separation distances
between 10 and 100 A in biomolecules and to provide information on their
conformational arrangement in different environments or upon binding a target
molecule (Fig. 3).

Although organic dye fluorophores have traditionally been the favourite choice
in the assembly of MBs, QDs are increasingly being used as alternatives because of
their impressive photophysical properties. One early example by Ozkan et al.
attached mercaptoacetic acid-coated CdSe/ZnS QDs to the 5’ end of an MB
whose 3’ end was attached to a organic quencher molecule 4-(4’-dimethylamino-
phenylazo)benzoic acid (DABCYL) [35]. The FRET efficiency of the QD/
DABCYL MBs was investigated and compared with all organic MBs containing
a 6-FAM fluorophore with DABCYL quencher. Three-dimensional molecular
modelling studies using AMBER force field calculations predicted the QD-
quencher centre to centre distances to be slightly greater than the 6-FAM—
quencher pair with a concomitant decrease in FRET efficiency. This translated to
lower fluorescence enhancement for the QD-MB (sixfold) compared to the all
organic MB (tenfold) upon hybridisation with the complementary sequence. How-
ever, a major benefit of the QD-based MBs was their high resistance to
photobleaching with practically no loss in optical performance after 10 min irradi-
ation compared to a 15% drop in intensity for the 6-FAM analogue.

One limitation of conventional molecular beacons is high background fluores-
cence produced by incomplete quenching as a result of a single donor—acceptor
pair. In an attempt to overcome this, Wang and co-workers cleverly designed a
quencher-free FRET system based on emissive QDs and the organic fluorophore
Cy5 [34]. Two single-stranded DNA sequences complementary to the target oligo-
nucleotide were used, one labelled with Cy5 at the 5" end and the second with biotin
at the 3’ end. These two derivatised sequences were incubated with streptavidin-
coated CdSe/ZnS QDs. In the absence of the target DNA strand the biotin-labelled
complementary sequence can bind with the streptavidin-coated QDs which cause
no distortion of the QD fluorescence. However, when the target DNA sequence is
present, the complementary sequences hybridise, producing a hybrid with the biotin
and Cy5 fluorophore at opposite ends. This hybrid can also bind to the QDs through
the biotin—streptavidin interaction, and given that the emission spectrum of the
QDs at 605 nm overlaps well with the Cy5 absorption spectrum, FRET occurs
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Fig. 3 Schematic representation of how a FRET system can be utilised for the detection of
specific nucleotide sequences. Strands with complementary sequences to the target were conju-
gated to Biotin and a fluorophore (Cy5) at opposite ends. If the target sequence was not present
then only the biotin conjugated 3’ end attaches to the QD and does not affect its fluorescence
properties. However, when the target sequence was present, both complementary strands can
hybridise, bringing the Cy5 attached to the 5’ strand into close proximity to the QD, thus allowing
FRET to occur [34]

between the QD and Cy5 with a resulting decrease in QD emission and enhance-
ment of Cy5 emission. The authors compared the effectiveness of their sensor to a
commercially available molecular beacon and found that a 100-fold increase in
sensing responsitivity was observed for the QD probe.

Given the similarity in size between gold nanoparticles (AuNPs) and QDs,
coupled with the quenching properties of the former, it is not surprising that several
groups have utilised the supramolecular association of these two distinct
nanoparticles in a sensing modality. For example, Melvin and co-workers have
conjugated CdSe/ZnS QDs to the 5’ end of single stranded DNA (5'-TGC AGA
TAG ATA GCA G-3) by an amide bond linkage using carbodiimide mediated
coupling. The complementary strand (5'-CTG CTA TCT ATC TGC-3') was
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attached to AuNP, again using an amide bond linkage [36]. When the AuNP-DNA
was hybridised with the QD-DNA, an 85% quenching of the QD fluorescence
intensity was observed, which could be recovered when an excess (10 equiv,) of
the unlabelled strand (i.e. pure 5'-CTG CTA TCT ATC TGC-3’) was added to the
mixture. Although this clearly demonstrates the reversibility of the system, the time
taken (3.5 hin total) limits its use practically. However, the authors were successful
in attaching the QD-DNA complex to a glass surface and observe a quenching
effect similar to that observed in solution upon addition of the Au-labelled com-
plementary sequence.

As mentioned previously, QDs are ideal for use in multiplex experiments
because of their broad absorption spectra and narrow size dependent emission
spectra. Krull and co-workers exploited these advantageous properties when they
used two different sized mercaptoacetic acid-coated CdSe/ZnS QDs emitting in the
green and red regions of the visible spectrum [37]. The green-emitting QDs were
attached to a nucleotide sequence complementary to the sequence diagnostic for
spinal muscular dystrophy using standard EDC coupling techniques. The larger red-
emitting QDs were attached to a nucleotide sequence complementary to the
sequence diagnostic for Escherichia coli. In a slightly different approach to those
outlined above, the target sequences themselves were labelled with organic dyes
whose absorption spectra overlapped with those of the respective QDs (Cy3 and
Alexa 647 for the green and red QDs, respectively). The addition of the labelled
target sequences resulted in a concentration-dependent increase in the acceptor
emission caused by FRET from the QD. This system enabled the detection of both
target sequences simultaneously in the same solution using dual wavelength detec-
tion. However, the sensitivity of the dual nucleotide detection system relative to
single nucleotide detection was significantly less, a feature attributed to non-
specific absorption. Another hurdle that must be overcome when designing multi-
plex systems containing more than one dye is optimizing the ratio of dyes per
nanoparticle produced by different fluorescence quantum yields of each dye (and
possibly QD). Krull and co-workers subsequently demonstrated an improved ver-
sion of their work when they immobilised the two different coloured QD-nucleic
acid probes on optical fibres [38].

2.3 Sentinel Lymph Node Imaging

A sentinel lymph node (SLN) is defined as the first lymph node to which cancer
cells are most likely to spread from a primary tumour [39]. Therefore, SLN biopsy
is an important predictor of metastasis in cancer patients [40—42]. Fluorescent
imaging using near-infrared-emitting dyes such as indocyanine green (ICG) have
proven useful in the real time analysis of SLN [43]. Ballou et al. were the first to
investigate the possibility of using QDs to map SLN in mice [44]. Using two ectopic
tumour models (M21 human melanoma and MH-15 mouse teratocarcinoma) and
CdSe/ZnS QDs with three different surface chemistries (i.e. positive, negative and
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neutral charge) they imaged the lymphatic drainage of the QDs following
intratumoral injection. The tumours were located in the right thigh of the mice so
that they would drain into the inguinal node which is a large and superficial node
which can easily be imaged in vivo. All three types of QDs were found to drain
effectively from the tumour to the inguinal node, illustrating that QD surface charge
was not an important factor in dictating effective drainage.

Pons et al. have investigated the use of NIR-emitting cadmium free CulnS,/ZnS
QDs to image two regional lymph nodes in healthy mice following sub-cutaneous
injection and compared the relative toxicity of these QDs to cadmium-containing
CdTeSe/CdZnS QDs by measuring the inflammatory response following injection
[45]. The two regional lymph nodes could easily be visualised minutes after
injection with a direct correlation between the dose administered and the observed
intensity 24 h post injection. When the degree of inflammation in the right axillary
lymph node and right lateral thoracic lymph node were measured for the both types
of QDs, the onset of inflammation for the cadmium-free QDs occurred at a ten times
higher dose than for the cadmium-containing QDs, indicating the former produced
significantly less acute toxicity. In another study by Kosaka et al., 545 nm- and
645 nm-emitting CdSe/ZnS QDs were used to enable multiplex mapping of lymph
fluid tracking in nude mice following interstitial injection of the QDs into the chin
or ear of the mouse [46]. The different injection sites resulted in accumulation of the
QDs in separate lymph nodes which could be imaged in real time using fluores-
cence microscopy because of the different coloured QDs being excited using the
same excitation wavelength.

2.4 Use of ODs in Medical Microbiology

Many detection methods for bacteria and other micro-organisms employ the use of
immunofluorescent antibodies (IFA) in an ELISA type approach [47]. Not unsur-
prisingly, QDs have also been investigated as an alternative fluorophore to conven-
tional organic dyes for such applications given their advantageous optical
properties [48, 49]. Zhu et al. utilised the non-covalent avidin—biotin interaction
to attach 565 nm- and 605 nm-emitting CdSe/ZnS QDs to antibodies specific for
Cryptosporidium parvum and Giardia lamblia, respectively [50]. Protozoa were
fixed onto slides and incubated with the QD-Ab conjugates for 30 min at 37 °C.
After washing to remove unbound conjugates, the slide was then imaged using
fluorescence microscopy. The results demonstrated the QD-Ab conjugates could
effectively label their respective bacterial cells with signal to noise ratios some 1.5—
9 times greater than commercially available organic dye-based test kits. Further-
more, using dual-colour imaging, it was possible to discriminate between the two
different bacterial cells when present in the same sample.

Following a similar strategy, Hahn and co-workers attached a biotinylated
antibody specific for the pathogenic bacterium E. coli serotype 0157:H and com-
pared its performance against a commercially available fluorescein isothiocyanate
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Fig. 4 Schematic illustration of a multiplexing fluorescence immunoassay using QDs with three
distinct emission colours. Capture antibodies are fixed to the bottom of a well and (i) antigen
mixture added followed with a wash step (ii) reporter antibody-QD conjugates added followed by
wash step (iii) fluorescence intensities analysed of each specific QD

(FITC) E. coli detection kit [51]. The QD-based fluorescence immunoassay was
found to more sensitive by two orders of magnitude compared to the FITC-based
assay. In addition, the QD-Ab conjugate was shown to be highly selective for this
particular serotype and showed little affinity for alternative serotypes (i.e. E. coli
serotype DH5a). Using a combination of magnetic microparticles with three cap-
ture antibodies attached (specific for S. typhimurium, S flexneri and E. coli O157:
H7) and three different sized CdTe QDs (with emission maxima at 520, 560 and
620 nm), each with a reporter antibody corresponding to the capture antibody
present on the magnetic beads, Zhao et al. demonstrated multiplex detection of
the three bacteria in a complex mixture [52]. Using a magnet to fix the micropar-
ticle-capture antibody to the bottom of a micro-centrifuge tube, captured bacteria
were identified when the QD reporter conjugates were added. Indeed, the intensity
of the signals at 525, 570 and 625 nm were observed to increase linearly when each
of the target bacterial strains increased in number from 10 to 10° cfu. Such
multiplexing capability would be difficult if not impossible to achieve using
conventional dyes because of different excitation wavelengths required for three
different dyes, not to mention the potential for overlap of their typically broader
emission spectra (Fig. 4).

As an alternative to the use of antibodies, Edgar et al. attached CdSe/ZnS QDs to
T7 bacteriophage particles, which are specific for E. coli [53]. The phage was
engineered to express a biotinylated capsid protein that would allow the attachment
of streptavidin coated QDs. The method enabled highly sensitive detection of
bacteria (10 bacteria per mL) and displayed a 100-fold amplification in the signal
to background ratio after 1 h, with no evidence of photobleaching. Although not
undertaken in this study, the authors suggest the possibility of detecting multiple
bacterial strains using their specific phage combined with different emitting QDs in
a multiplex arrangement.

3 Therapeutic Applications Involving QDs

3.1 QD-Based Theranostics

We open this section with examples where QDs have been combined with cytotoxic
drugs to produce ensembles with both therapeutic and diagnostic potential. The key
features of QDs that make them appealing for use in such constructs are (1) their



214 S. Kamila et al.

nanoparticle size means they exhibit the aforementioned EPR effect, (2) their high
single- and two-photon extinction coefficient means they can be used to image to
depth in mammalian tissue and (3) their broad absorption and size-tuneable emis-
sion spectra offer a wide selection of possible excitation and emission wavelengths
for improved imaging.

The first example we discuss involves a report by Bagalkot et al., who covalently
attached an amine terminated prostate specific RNA aptamer (A10 PSMA) to
carboxylic acid functionalised 490 nm-emitting CdSe/ZnS QDs using carbodiimide
based chemistry [54]. The potent anthracycline drug Doxorubicin (Dox) is known
to intercalate with a single CG sequence present in this aptamer, forming a
reversible 1:1 complex. Dox is also inherently fluorescent with an absorbance
band overlapping the emission band of the 490 nm-emitting QDs, so incorporation
of Dox within the QD bound aptamers resulted in quenched QD emission through a
FRET process. However, intercalation of Dox within the aptamer also quenches
Dox fluorescence. Therefore, although the excitation energy passed from the QD
excites Dox, the latter’s emission remains quenched when part of the QD-aptamer
complex. The authors tested the complex for Dox release in both PMSA positive
(LNCaP) and negative (Pc3) cell lines and demonstrated a significant difference in
cytotoxicity between the LNCaP and Pc3 cell lines relative to Dox alone. Release of
Dox from the complex was demonstrated by confocal microscopy 90 min after
incubation, monitoring both the CQD and Dox emission, and was attributed to
either physical dissociation of Dox from the conjugates or biodegradation of the
PSMA aptamer by lysosomal enzymes.

Using a poly(methacrylate) comb type copolymer with both amine and PEG
terminated side chains as a capping ligand, Wang et al. have developed a pH
sensitive CdSe/ZnS—Dox conjugate for pH-mediated release of Dox [55]. The
rationale for this approach is the knowledge that cancerous tissue typically has a
lower pH than healthy tissue. Surprisingly, the authors used the lower affinity amine
side chains (compared to higher affinity thiol groups) as a multidentate ligand for
attachment of the polymer to the QD surface and subsequently attached Dox to the
polymer-coated QDs using a pH sensitive imine bond. In contrast to Bagalkot et
al.’s work described above, minimal FRET was observed between the QD and Dox
produced by poor overlap between the absorbance of Dox and the longer emitting
QD (Amax 543 nm) used in this study. The QD-Dox system demonstrated improved
Dox release (65%) after 10 h incubation in buffer at pH 5.0 whereas only 10% was
released when the experiment was repeated at pH 7.4. However, the lack of cell-
based and/or in vivo experiments was a major limitation of this study.

As an alternative to using CdSe/ZnS QDs as the fluorescent reporter, Zheng et al.
used carbon quantum dots (CQDs) in a bid to overcome the perceived toxicity
issues surrounding Cd-based nanoparticles for in vivo applications [56]. CQDs are
more recent addition to the QD family and can be prepared from relatively cheap
and readily available carbon precursors such as graphite, citric acid or glucose [57].
In contrast to their semiconductor counterparts, CQDs display excitation-dependent
emission spectra where the emission maximum red-shifts with increasing excitation
wavelength [58]. Although the explanation for such a phenomenon is not yet fully
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understood, these nanoparticles possess good fluorescence quantum yields, high
two-photon absorption cross section and can be decorated with biocompatible
ligands to make them suitable for biological applications [59]. Zheng et al. prepared
CQDs from citric acid passivated with an amine terminated polymer [56]. Using
carbodiimide-based coupling they attached a carboxylic acid functionalised plati-
num complex (oxaliplatin) to the CQD surface. Oxaliplatin is currently approved
for the treatment of metastatic colorectal cancer but, as with most cancer chemo-
therapeutics, it suffers from significant off-target toxicity. Confocal fluorescence
imaging, using both single- and two-photon excitation, demonstrated that the CQD-
oxaliplatin conjugate crossed the membrane of living HeLa cells and localised in
the cytosol, although the cytotoxicity of the conjugate in liver carcinoma cells
(HepG2) was comparable to free oxaliplatin alone. The conjugate also displayed
good efficacy in vivo when administered by intratumoural injection to ectopic H22
tumours in mice with an 82% reduction in tumour volume 3 days after treatment,
although in vivo imaging confirmed clearance of the conjugates from the tumours
24 h after treatment. Although the authors suggested the CQD-oxaliplatin complex
remains stable in circulation but becomes activated by the reductive environment
present in tumour cells, evidence for such a claim was not provided in this study.
Indeed, although convincing reasons were put forward for using an intra-tumoural
injection, it would have been interesting to determine the conjugates distribution in
other organs following intravenous administration. Nonetheless, this work provides
a nice example of the use of CQDs in combined imaging and therapeutic
applications.

As an alternative to using QDs in conjunction with chemo agents, Fakhroueian
and co-workers reported the use of zinc oxide QDs as chemotherapeutic agents in
their own right [60]. Incubating both cancerous and non-cancerous cell lines with
oleic acid coated ZnO QDs, this study reported an elevated cytotoxic effect in
cancerous cell lines compared to the non-cancerous cell line tested. Using the breast
cancer cell line MCF7 and the colon cancer cell line HT29, LCsq values of 10.66
and 5.75 pg/mL were obtained. However, concentrations of 200 pg/mL in the non-
cancerous cell line MDBK failed to show a cytotoxic effect. The authors failed to
report a definitive reason for these observations, although it was suggested reactive
oxygen species may play a role. In addition to showing anti-cancer effects, these
QDs also demonstrated anti-fungal and anti-bacterial properties.

3.2 OD:s for Use in Photodynamic Therapy

Photodynamic therapy (PDT) is a clinical treatment that uses a combination of
light, photosensitising drugs and molecular oxygen to kill diseased cells. Typically,
a light source is used to excite an electron in the photosensitiser (PS) molecule from
the ground state (Sg) to the first excited singlet state (S;), as shown in Fig. 5.
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Fig. 5 Modified Jablonski diagram illustrating the key photophysical processes involved PDT

At this stage, the excited electron has several options. It can return to the ground
state and emit its excited energy in the form of fluorescence (FLU), or it can engage
in intersystem crossing, where the spin of the excited electron flips, resulting in the
formation of a triplet excited state (T;). Triplet states are much longer lived than
singlet states and commonly lead to phosphorescent emission. However, triplet
excited states may also engage in electron transfer (with biomolecules or water) or
energy transfer (with molecular oxygen) to generate free radicals commonly
referred to as Reactive Oxygen Species (ROS). ROS are potent intracellular
cytotoxins and ultimately lead to cell death [61].

Since 1993, when the first PDT agent (Photofrin™) was approved for clinical use,
there has been a dramatic increase in the use of PDT as a therapeutic treatment.
Although traditionally considered as a treatment for skin cancers, PDT is now
emerging as an option in the treatment of other cancers, such as head and neck,
lung, oesophageal, prostate and bladder. It can also be used to treat certain non-
cancerous conditions such as psoriasis [62]. However, there are several factors that
have limited a more widespread use of PDT in the clinic. For instance, currently
approved photosensitisers absorb in the visible region (below 700 nm), limiting
light penetration to only a few millimetres. This is appropriate treatment for
superficial tumours, but unsuitable for deeper seated tumours. Endogenous com-
pounds, such as melanin or haem pigments, compete with PS for light absorption,
meaning light intended for PS activation may be absorbed by natural pigments first
and may not reach the target molecules in situ [63]. This interference can be
reduced if PS are developed that absorb in the near-infrared (NIR) region where
PS absorbance is much greater—in fact the penetration depth of light through the
skin is four times greater (§ mm) at 800 nm than at 630 nm (2 mm) [64]. In addition,
the PS should ideally possess no dark cytotoxicity, i.e. it should be non-toxic in
ambient light. To date, following treatment with first generation photosensitisers,
patients need to remain in low level lighting for several weeks to avoid excessive
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burning of the skin. Furthermore, the PS should be as selective as possible for
targeted tissues to avoid damage of healthy cells. Otherwise, a lack of selectivity
combined with poor visualisation of affected tissue means healthy tissue is also
irradiated, leading to an increased prevalence of unwanted side effects [65].

In an attempt to improve the targeting of PS drugs for use in PDT, Choi et al.
developed a CQD prepared from an a-cyclodextrin precursor passivated with poly
(ethyleneglycol) diamine covalently attached to folic acid [66]. The overexpression
of the folic acid receptor by certain cancers has been well documented. In addition
to folic acid, the sensitiser zinc phthalocyanine (ZnPc) was loaded onto the folate-
labelled CQDs using m—n stacking interactions between the sp” hybridised CQD
surface and the aromatic sensitiser. The benefit of the targeting group was deter-
mined by incubating the conjugate in folate receptor positive (MDA-MB-31) and
negative (FR-A549) cells and monitoring the fluorescence of both the CQD and
ZnPc using confocal microscopy. Both CQD and ZnPc emission was observed from
MDA-MB-31 cells with minimal emission observed from the FR-A549 cells,
clearly illustrating effective folic acid mediated targeting. PDT experiments,
conducted in HeLa cells which also overexpress the FR, revealed 91.8% and
39.1% reductions in viability for the conjugate and free ZnPc, respectively, follow-
ing light irradiation, with the enhanced cytotoxicity of the conjugate being attrib-
uted to improved uptake resulting from the presence of the folic acid group.
Intravenous administration of the conjugates in BALB/c nude mice bearing ectopic
HeLa tumours showed enhanced ZnPc-mediated tumour fluorescence compared to
conjugates lacking the folic acid group. Unfortunately, the authors failed to mention
whether they attempted to measure the CQD fluorescence in vivo. Nonetheless,
irradiation of the tumours with 660-nm light resulted in a significant inhibition of
tumour growth for those mice treated with the conjugate relative to the controls. It
should be mentioned that these results are for a single treatment and one would
expect additional advantages following multiple treatment cycles as is common
with conventional chemotherapy.

Although the previous examples utilised QDs primarily as fluorescent tracers,
we, and other groups, are also investigating the potential of utilising QDs for use in
two-photon excitation PDT (TPE-PDT) [67—69]. The improved tissue penetration
capability and spatial resolution offered by two-photon excitation has led to it being
investigated as a possible excitation source in PDT [68]. Indeed, it has previously
been demonstrated in breast and lung cancer xenografts that it is possible to activate
sensitisers to a depth of 2 cm using two-photon excitation [70]. However, because
of their inability to absorb two-photon irradiation effectively, currently approved
sensitisers, such as Photofrin, require very high two-photon excitation powers that
are close to the threshold of tissue damage. In fact, Karotki et al. suggested that
sensitisers would require two-photon absorption levels some two to three orders of
magnitude greater than that of Photofrin to be clinically effective [71]. In contrast,
QDs with two-photon absorption cross sections as high as 48,000 Goppert-Mayer
units are easily excited with laser powers as low as 1 mW [72]. Unfortunately, the
majority of available QDs are poor at generating ROS and so are unsuitable as
potential sensitisers in PDT. However, it is possible to combine QDs with
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conventional sensitisers so that, following TPE of the QD, its excitation energy can
be passed to the sensitiser which in turn becomes excited, generating ROS [73]. The
end result is an indirect excitation of the sensitiser using two-photon wavelengths in
the NIR where tissue transparency to light is greatest.

Although Samia et al. first demonstrated the indirect excitation of a ZnPc
sensitiser by FRET from a CdSe QD using single photon excitation in 2003 [74],
it was not until 9 years later that Fowley et al. illustrated that two-photon excitation
could also be used to excite Rose Bengal indirectly following QD excitation [67].
The end-result was ROS generation which proved cytotoxic to HeLa cells. The
same group later combined CQDs with protoporphyrin IX (PPIX) and again
demonstrated it was possible to excite the PPIX indirectly by exciting the CQD
with TPE at 800 nm [75]. HeLa cells incubated with the CQD-PPIX conjugate and
treated with TPE at 800 nm reduced in viability by over 80% whereas cells
maintained in the dark showed only a minor reduction. When these experiments
were repeated using PPIX alone there was no difference in viability between cells
maintained in the dark or those treated with TPE at 800 nm. These results revealed
the importance of the CQD in absorbing the TPE and passing it to the PPIX in order
for cytotoxicity to be observed. When C3H/HeN mice bearing ectopic RIF-1
tumours were treated with the CQD-PPIX conjugate and exposed to TPE at
800 nm for 3 min, they reduced by 60% from their original pre-treatment size
72 h after treatment whereas tumours treated with just the conjugate or just TPE
treatment alone grew by greater than 60% over the same time period.

In a very promising development, Ge et al. have reported the use of graphene
QDs (GQDs) as “stand-alone” sensitisers with extremely high 'O, quantum yields
(greater than unity) and broad absorption spectra which extended into the red [76].
When HeLa cells were incubated with increasing concentrations of the GQDs
(0.036-18 uM), minimal dark toxicity was observed across the entire concentration
range. However, when the experiment was repeated with PPIX alone using the
same concentrations, cell viability reduced to about 40% of its original value at
concentrations of 1.8 pM or above. In addition, when cells treated with the GQDs
were irradiated with a white light source for 10 min, cell viability reduced to 20% of
the original value at a concentration of 0.18 pM, illustrating excellent light induced
toxicity. Furthermore, when BALB/nu mice bearing GFP expressing MDA MB-
231 breast cancer tumours were treated by intra-lesional injection of the GQDs
followed by 10 min white-light treatment at 80 mW cm 2, complete clearance of
tumours was observed 21 days after treatment. In contrast, control mice receiving
GQDs alone or light treatment alone grew significantly (>100%) over the same
time period. These extremely impressive results can be attributed to the exception-
ally high 'O, quantum yield of the GQDs (®'0,=1.33), which is in contrast to
other semiconducting or carbon-based QDs which are typically poor singlet oxygen
generators. Although the authors put forward a multi-state mechanism (MSS)
where 'O, generation was a result of energy transfer from both the T, and S; states
of the GQD to the triplet ground state of molecular oxygen, a full explanation of the
choice and role of the polythiophene carbon precursor was not provided. Nonethe-
less, the potential of such nanoparticles to the PDT field is significant.
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The efficacies of the examples discussed above rely primarily on the availability
of molecular oxygen as a substrate for ROS production and thus are heavily
dependent on oxygen availability to enable effective PDT. However, hypoxia is a
common feature associated with solid tumours and is a result of the atypical
vasculature associated with growing tumours [77]. Essentially, this atypical vascu-
lature results in the development of areas within the tumour where oxygen demand
outstrips oxygen supply. Indeed, hypoxic fractions ranging from 10% to 30% are
present in most solid tumours regardless of size [78]. Therefore, hypoxia also
presents a significant challenge for the effective treatment of solid tumours using
PDT, and several strategies are currently being investigated that (1) improve
tumour oxygenation during PDT [79] or (2) utilise compounds that generate an
oxygen-independent cytotoxic species upon light activation. With reference to the
latter, Sortino’s group have demonstrated the cytotoxic potential of nitric oxide
radical (NO-) in several cancerous cell lines [80]. The production of NO radical is
oxygen independent and has similar advantageous characteristics to that of singlet
oxygen, i.e. it reacts with various biological substrates minimising the likelihood of
resistance and its cytotoxic action is restricted to short distances from the site of its
generation (<200 pm), reducing the likelihood of systemic toxicity [81]. However,
the excitation wavelength required to activate such NO photodonors is in the blue
region of the visible spectrum, where the penetration of light through human tissue
is restricted to only a few millimetres [82]. To overcome this problem, Fowley et al.
have combined an amine functionalised nitroaniline compound with blue-emitting
carboxylic acid-functionalised CQDs in a FRET format similar to that described
previously for the CQD-PPIX conjugate [83]. They demonstrated NO radical
generation upon TPE of the CQD-nitroaniline conjugate at 800 nm in cell free
solution and confirmed the cytotoxic potential of the NO radical generation in HeL.a
cells. To prove the effectiveness of their approach in vivo, human pancreatic BxPC-
3 tumours were induced in Balb/c SCID mice, injected with conjugate and exposed
to two-photon irradiation at 800 nm for 3 min. An 8% reduction in tumour volume
was observed for mice treated with both the conjugate and TPE whereas mice
treated with conjugate alone grew by 52% over the same time period. Although the
magnitude of the tumour reduction observed may appear modest, the BxPC-3
tumours used were considerably hypoxic, exhibiting a pO, of 2 mmHg. Therefore,
the use of such oxygen independent photo-generated radicals may complement
ROS in the treatment of solid tumours using PDT.

4 Conclusions

This purpose of this review chapter was to provide the interested reader with an
overview of how QDs can be used as fluorescent tags for the direct visualisation or
quantification of particular cell types or biomolecules, as well as illustrating how
they can serve as effective energy donors in sensing and therapeutic applications.
These studies demonstrate how QDs provide many advantages in terms optical
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performance when compared to organic dyes. However, certain issues still remain
before these nanoparticles become the first choice fluorophore when undertaking
biomedical research. Batch to batch reproducibility, controlling the valence of
surface functionality and eliminating blinking remain a challenge. The perceived
toxicity of cadmium-based QDs has also limited the use of these nanoparticles for
in vivo applications. In this context, the emergence of new classes of QDs prepared
from non-cadmium sources may help to reinvigorate this area. However, more
research is still required to gain a fuller understanding of the structure—function
relationship of these nanoparticles, i.e. how their physical and chemical properties
influence factors such as uptake and clearance from the body. Nonetheless, QDs
remain an exciting and versatile class of fluorophores with a bright future in the
biomedical diagnostics and therapeutics arena.
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Phototherapeutic Release of Nitric Oxide
with Engineered Nanoconstructs

Aurore Fraix, Nino Marino, and Salvatore Sortino

Abstract The multiple role nitric oxide (NO) plays in a number of physiological
and pathophysiological processes has, over the last few years, stimulated a massive
interest in the development of new strategies and methods for generating NO in a
controlled way, with the exciting prospect of tackling important diseases. Photo-
chemical precursors of NO are particularly suited to this end because light triggering
permits an exquisite control of location and timing of NO delivery. Integration of
NO photodonors within the structure of appropriate materials represents a key step
in the fabrication of functional devices for phototherapeutic applications. It also
offers the advantage of concentrating a large number of chromophores in a restricted
area with the result of significantly increasing the NO reservoir and the light
harvesting properties. We present here an overview of the most significant advances
made in the last 5 years in the fabrication of engineered nanoconstructs able to
delivery NO under the exclusive control of light inputs, highlighting the logical
design and their potential applications in battling cancer and bacterial infections.
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1 Therapeutic Roles of NO: Advantages and Limitations

Nitric oxide (NO) is an ephemeral inorganic free radical which has come into the
limelight in the last two decades because of the fundamental role it plays in the
bioregulation of vital functions, including neurotransmission, hormone secretion,
and vasodilatation [1]. NO is also involved in a number of additional and important
biological processes including platelet aggregation and adhesion [2], immune
response to infections [3], reduction of radical-mediated oxidative pathways [4],
wound repair [5], and cancer biology [6] (Fig. 1).

This multifaceted role and the difficulties to deliver gaseous NO have stimulated
a tremendous interest in compounds able to store and release NO to selected targets
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Fig. 1 Some of the most important bioregulatory and protective properties of NO

with the ambitious prospect of tackling important diseases, especially cancer and
bacterial infections [7-10]. NO radical is able to attack biological substrates of
different nature such as the plasma membrane [11], the mitochondria [12], and the
cell nucleus [13], representing a multitarget cytotoxic agent and avoiding Multiple
Drug Resistance (MDR) problems [14] encountered with target-specific “conven-
tional” anticancer and antibacterial drugs. Furthermore, the short half-life in blood
(<1 s), the lack of charge, the good lipophilicity, and the small size allow NO to
diffuse easily in the cellular environment over short distances (<200 pm) [15],
confining the region of action without inflicting systemic side effects common to
several pharmaceuticals. An additional, peculiar advantage of NO is a low toxicity
towards healthy cells, especially at concentrations toxic to cancer cells [6]. Further-
more, NO delivery to hypoxic regions, which are typical for solid tumors, increases
significantly the local blood flow and enhances the susceptibility to radiotherapy [16].

NO has shown excellent broad-spectrum antibacterial activity towards both
Gram-positive and Gram-negative bacteria, mainly because of its reactive
by-products such as peroxynitrite and dinitrogen trioxide which affect the integrity
of bacteria membrane and cell functions via oxidative and nitrosative stress
[17]. Interestingly, the dose of NO required to kill bacteria is demonstrated to be
non-toxic to human dermal fibroblasts. NO-based antimicrobials therefore repre-
sent good candidates to answer the alarmingly low turnover of new clinically
approved antibiotic drugs [18].
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Although many classes of low molecular weight NO donors have been devel-
oped to benefit a range of applications [19, 20], few have been translated to clinic.
In fact, these NO releasers suffer two important limitations: they are cleared rapidly
in the body and need to be tailored to reach pharmacological targets. Such draw-
backs have inspired the development of NO-releasing macromolecular scaffolds
[21, 22] and nanomaterials [23, 24] as potential therapeutics which better exploit
NO biological roles, avoiding the above limitations. These molecular constructs
represent suitable vehicles characterized by a number of advantages including
enhanced NO storage, sustained NO release kinetics, easy modification with suit-
able targeting ligands, biocompatibility, improved therapeutic output, and reduced
side-effects.

Another key point to be taken into account for developing useful therapeutics is
that the therapeutic outcome of any NO-based drug is strictly dictated by three main
parameters: concentration, delivery site, and dosage. In some cases, this creates a
complex role for the molecule in opposing beneficial and deleterious events. For
instance, it has been shown that, although micromolar concentrations of NO
significantly inhibit tumor growth, picomolar concentrations of NO encourage
tumor cells proliferation [6, 25, 26]. This dichotomy has made the development
of new strategies and methods for generating NO with precise spatiotemporal
control a hot topic in the burgeoning field of nanomedicine.

2 Light-Triggered NO Release: General Background

2.1 NO Photocages

In view of the easy manipulation, in terms of intensity, wavelength, duration, and
localization, light represents a highly orthogonal, minimally invasive and finely
tunable external stimulus to achieve controlled NO delivery with a superb spatio-
temporal accuracy in biological systems. In addition, light triggering is biofriendly,
provides fast reaction rates, and offers the great benefit of not affecting physio-
logical parameters such as temperature, pH, and ionic strength, fundamental requi-
sites for biomedical applications [27].

The working principle of an NO photochemical precursor is based on the
concept of “photocaging”. In general, this term refers to the temporary inactivation
of a biologically active molecule by its covalent incorporation within a photo-
responsive chromogenic center (the photocage) [28]. As illustrated in Fig. 2, the
photosensitive moiety exploits the absorbed excitation energy to break a chemical
bond, releasing the “caged” molecule, i.e., NO, in its active form. This enables the
site of action of NO to be confined to the illuminated area with high spatial
precision and its dosage to be controlled with great accuracy by tuning the light
intensity and/or duration. These unique features make the NO photoreleasing
compounds a powerful therapeutic arsenal much more appealing than those based
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Fig. 2 Top. The photouncaging process: one or two-photon excitation of the photocage triggers
cleavage of the covalent bond with the caged and inactive NO molecule, releasing it in its active
form; alternatively, one or two-photon excitation of an antenna chromophore encourage the NO
uncaging upon intramolecular energy transfer to the photocage. Botfom. Schematic representation
for the SPE, TPE, and ETU processes which can be exploited to populate the excited state of NO
photocages

on either thermal, enzymatic, or pH stimuli [29-33]. It should be noted that NO
photouncaging is accompanied by the formation of a concomitant molecular frag-
ment, which deserves specific attention. Indeed, physiological properties and tox-
icity of this product need to be carefully evaluated for an ideal functioning of the
NO photodonor. Furthermore, such a by-product should not absorb excitation light
in the same region as the NO photoprecursor so as to avoid undesired inner filter
effects and unforeseen photochemical reactions.

Analogous to the photochemical uncaging of other bioactive molecules, effec-
tive use of NO photocages (especially those based on organic compounds) by single
photon excitation (SPE) is limited by poor tissue transmission of UV and shorter
visible wavelengths, the therapeutic window being ~650-1350 nm where penetra-
tion depth in soft tissue is >1 cm [34]. This restricts, in principle, the application of
many NO photoreleasers to topical uses. To overcome this drawback, NO photo-
cages having high two-photon excitation (TPE) cross-section in the near infrared
(NIR) region have been designed. TPE involves the simultaneous absorption of
two less-energetic photons by using femtosecond laser pulses [35]. This process
allows the excited state of the NO photoprecursor to be reached, with the
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additional advantage of a high spatial resolution because TPE excitation occurs
primarily at the focal point of the light source [36]. Alternatively, in the case of NO
photocages having either very low molar absorptivity or low TPE cross-section in
the vis-NIR region, effective photochemical activation can be accomplished by
using antenna chromophores covalently linked to the NO photocage through a
molecular spacer. The antennas are appropriately chosen to act as one- or
two-photon suitable light-harvesting centers, which encourage the NO release
through effective energy transfer to the NO photocage (Fig. 2) [30, 33]. Energy
transfer upconversion (ETU) from the antenna to the NO photocage can also be
exploited to trigger NO release with NIR excitation. In contrast to TPE, where the
antenna simultaneously absorbs the two photons, ETU is obtained by sequential
absorption processes of NIR photons resulting in emission at shorter wavelengths
(Fig. 2) [37]. ETU is achieved by using rare earth elements (i.e., Ln3+) and can be
achieved by simple continuum wave laser sources in contrast to sophisticated
ultrafast-pulsed lasers needed for TPE. Both TPE and ETU are processes that are
non-linear with regard to the intensity of the excitation source.

2.2 Fluorescent NO Photocages

The visualization of a NO photodonor in a cellular environment through fluores-
cence techniques represents an indispensable requisite in view of image-guided
NO-based phototherapies. In such a way, excitation of the fluorophoric unit with
low intensity light generates fluorescence emission, which allows localizing the NO
photodonor in cells. Afterwards, excitation with high intensity light can provide a
highly localized “burst” of NO precisely at the desired sites. Unlike photosensi-
tizers used in photodynamic therapy (PDT) such as porphyrins and phthalocyanines
[38], which are intrinsically fluorescent, the combination of fluorescent imaging
and photosensitizing capacity in a single structure is less common in the case of NO
photodonors. In the case of NO photocages lacking emissive properties, fluorescent
characteristics can be imposed by their covalent or non-covalent combination with
suitable flurogenic centers (Fig. 3a). In both cases, the most critical phase is the
design. Inter-chromophoric interactions (i.e., energy or electron transfer) between
the fluorophoric unit and the NO photocage need to be intentionally avoided with a
careful choice of chromophoric groups by taking into account the energy of the
lowest excited states of the components and their redox potential. Under these
conditions, distinct photoresponsive moieties can be operated in parallel, despite
their close proximity, to impose multifunctional characteristics of the resulting
molecular construct. In particular, the possibility of exploiting the fluorescence of
one component for imaging together with the ability of the other component to
release NO enables diagnosis and therapy in tandem and, therefore, is especially
valuable for phototheranostic applications [39].

As outlined in Sect. 1, the biological effects of NO are strictly dependent on its
concentration. This feature makes the quantification of the NO delivery upon
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photouncaging a very important issue to be faced, especially when one is interested
in reaching a critical molecule concentration to induce a specific effect. It should be
considered that in some cases the knowledge of the quantum yield for the NO
release and the intensity of the light irradiation cannot be sufficient to warrant the
delivery of a precise amount of NO at the target site. In fact, in a living organism,
the efficiency of NO release can dramatically change and the calibration of light
power can be made difficult because of the uncertainties associated with many
unknown medium characteristics regarding volume, viscosity, optical homogene-
ity, etc. A suitable way to address this quantification task is based on the use a
fluorescent reporter. The principle of this simple and elegant strategy, also adopted
for the quantification of other photocaged biologically active molecules [40], is
sketched in Fig. 3b. The photocage is covalently linked to a “latent” fluorophoric
center where fluorescence is temporarily quenched by photoinduced intermolecular
processes (i.e., energy or electron transfer). Photoexcitation of the photocage
triggers the release of the desired caged bioactive species which is accompanied
by the simultaneous release of a co-product (the reporter) whose fluorescence is no
longer quenched. In such a way, the uncaging process can be easily quantified by
monitoring the fluorescence emission of the reporter which acts exactly as an
optical counter for the NO released. Besides, fluorescence techniques allow the
spatial distribution of the released species to be followed in a biological medium in
real time. Photouncaging quantification of NO using fluorescent reporters has only
recently attracted attention. Indeed, in several cases, the caged substrate and the
co-product from the photolabile moiety after uncaging exhibit similar or even less
intense brightness [41, 42].
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2.3 NO and Bimodal Phototherapy

In recent years, the use of NO in conjunction with other therapies has been
suggested to be highly desirable [43]. In this context, the combination of NO release
with PDT [44] and photothermal therapy (PTT) [45] may open new doors in the
emerging field of multimodal therapies for both cancer and infective diseases.
These emerging treatment modalities aim at exploiting additive/synergistic effects
caused by the simultaneous generation of multiple active species in the same region
of space, with the final goal to amplify the therapeutic action and minimizing side
effects [46].

Analogous to NO, singlet oxygen (‘O,) and heat (A), the main cytotoxic agents
involved in PDT and PTT, are transient species and thus offer the advantage of
confining their region of action over short distances inside the cells without
inflicting systemic side effects. Moreover, as with NO and in contrast to many
conventional drugs,'O, and A are multitarget agents capable of attacking biological
substrates of different natures and do not suffer the MDR drawbacks which are
mainly responsible for the failure of diverse therapeutic modalities. Finally, as both
NO and A photorelease is independent of the O, availability, it complements PDT
very well at the onset of hypoxic conditions, typical for some tumors, where PDT
may fail.

Nanoplatforms integrating NO photodelivery properties with either PDT or PTT
effects can be achieved by appropriate assembling of suitable photoactive compo-
nents. In this case, inter-chromophoric interactions also need to be avoided inten-
tionally with a careful choice of the chromogenic groups. As illustrated in several
examples in the following sections, this allows the distinct photoresponsive com-
ponents to be operated in parallel under light inputs within the same nanoconstruct,
associating the photodelivery of NO with the simultaneous photogeneration of
either 'O, or A (Fig. 4). A specific point to be addressed in the fabrication of
such bimodal phototherapeutic systems should be focusing on the relative amounts
of cytotoxic species photogenerated. In fact, although generation of 'O, and A is
based on photophysical processes which, in principle, do not consume the photo-
sensitizer, photogeneration of NO implies a neat photochemical reaction with

PDT Agent —lp %
hv
ES NO Bimodal
Photocage w I::> Phototherapy
PTT Agent —_— “

Fig. 4 NO photocages can be combined with photosensitizers for either PDT or PTT in close
proximity. The parallel activation of the two chromogenic centers allows bimodal photoaction
based on the combination of NO with the simultaneous photogeneration of either 'O, or A
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consequent degradation of the NO photocage. As a result, to achieve effective
bimodal performances, the multichromophoric nanoconstructs should take into
account an appropriate balance between the potential reservoir of the NO available,
the absorption coefficient of the NO photocage, and its photodegradation quantum
yield in comparison with the photophysical features of the PDT and PTT agents.

3 Nanomaterials for NO Photodelivery

The assembling of photoactivable NO donors within appropriate materials is of
fundamental importance for the development of NO delivering devices for thera-
peutic purposes [21-24, 31]. In fact, the assembling process (1) offers the advantage
of concentrating a large number of chromophore in a restricted area/volume,
increasing both the light harvesting properties and the reservoir of NO available,
(2) facilitates the delivery process by means of tailored drug carriers, and (3) allows
an easy integration with optical fiber light guides. Furthermore, materials science
allows the combining in the same nanoplatform of NO photodonors with additional
photoresponsive components performing functions useful for biomedical purposes,
such as fluorescence imaging and photoregulated release of other therapeutic
species. This represents a significant step forward for the achievement of multi-
tasking NO-based nanodrugs with optimal phototheranostic activity. To this end,
either covalent or non-covalent approaches can be used. In all cases, the fabrication
of these multi-photoresponsive systems implies collective cross-disciplinary efforts
because of the need for synthetic, assembling methodologies and physical charac-
terization techniques. However, photochemistry plays a dominant role. In fact, the
challenge in the design of these multifunctional photoactive constructs rests on how
to assemble different units into a single architecture with specific characteristics,
such as size, shape, and coordination environment, and to predict the response of
the final systems to light excitation. It should be noted that, in contrast to the
assembly of non-photoresponsive compounds, this is not a trivial task. In most
cases, the response to light of photoactive centers located in a confined space of a
specific material or close to other photoactive components can be considerably
influenced in nature, efficiency, or both by the occurrence of competitive and
undesired processes which preclude the final goal.

3.1 Inorganic Nanoparticles

Noble metal nanoparticles (NPs) stabilized with appropriate ligands are very suited
for bio-applications. The large number of preparation protocols available allows
different size ranges with narrow size distribution to be obtained. Besides, the easy
chemical modification of their surface by the introduction of tailored functional
units leads to nanohybrids which are evincing widespread interest in drug delivery
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[47]. In the case of photoactive compounds, these three-dimensional nanoarchi-
tectures can offer the advantages of (1) reduced quenching effects on the excited
states of the photoactive units caused by the metal curvature, if compared to the
bidimensional self-assembled monolayers counterparts [48] and (2) enhanced photo-
chemical response produced by plasmonic effects [49].

AuNPs as a core scaffold offer the advantages of good biocompatibility with
cells or tissues, excellent optical properties in the vis-NIR region, and superb
capability to convert the excitation light into heat [50]. NO photoreleasing agents
anchored at the surface of AuNPs generate photoactivable nanohybrids of great
potential in bimodal phototherapy. In principle, such systems may combine the
excellent optical properties of the dense Au core for PTT with a photoactivable
shell for controlled release of NO. AuNPs exhibiting photoregulated NO release
have been achieved based on a supramolecular approach involving the self-
assembly of a host/guest complex between the water insoluble thiol derivative
1 and a-cyclodextrin (a-CD) on the surface of pre-formed AuNPs (Fig. 5A)
[51]. Thiol 1 integrates a nitroaniline derivative in its molecular skeleton as an
NO photocage which satisfies several biological prerequisites for photocages, such
as dark stability, adequate absorption coefficient in the visible region,
photodecaging of NO under the exclusive control of light inputs, and generation
of non-toxic and nonabsorbing photoproducts [52]. The NO photorelease takes
place through a nitro-to-nitrite photorearrangement followed by the rupture of the
O-NO bond with formation of NO and a phenoxy radical as a key intermediate. The
role of the a-CD is manifold. In fact, it conveys the photoactive unit to the metal
surface, allows the solubilization of the resulting modified AuNPs in polar solvents,
and, in view of its use in biocompatible materials, it is also expected to improve the
biocompatibility of the resulting AuNPs. The coated AuNPs demonstrate different
sensitivity to visible light excitation. In fact, irradiation at 400 nm (absorption
maximum of the NO photodonor) leads to the typical bleaching of the nitroaniline
chromophore associated with the light-controlled release of NO. In contrast, no
spectral modifications are observed when the light excitation was centered in the
plasmon absorption band at 532 nm. As a result, the distinct absorption spectral
region of the Au scaffold and the NO photodonor units allows in principle the
selective excitation of the core (triggering photothermia), the shell (triggering NO
release), or both (triggering bimodal effects) by tuning the visible light energy.

Water dispersible NO photoreleasing AuNPs have recently been obtained by
coating of the metal surface with 2-mercapto-5-nitro benzimidazole 2 (Fig. 5B)
[53]. Interestingly, although the NO photorelease is insignificant for the free
chromophore, remarkable NO release is observed after grafting the chromophore
on the Au surface. This behavior was attributed to the inter-chromophoric inter-
actions between the densely packed molecules and chromophore-plasmon electron
interaction. These interactions force the nitro group to adopt a twisted conformation
which is fundamental to observe the photorelease of NO through a mechanism
similar to that observed for the photocage 1 (see Fig. 5A). The nanohybrid exhibited
remarkable tumor mortality against cervical cancer cell lines via the apoptotic
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Fig. 5 (A) The non-hydrosoluble compound 1 can be first encapsulated in a-CD and the
subsequent hydrosoluble host-guest complex can be grafted at the surface of AuNPs leading to
bifunctional hybrids. The inset shows a sketch of the mechanism of NO release from the
nitroaniline-based photocage. (B) Cytotoxic effects of AuNPs coated with 2 at various concen-
tration compared with Cisplatin, free 2, and control sample in the presence and in the absence of
visible light (@). Hoechest 33342 staining of Hela nucleus, white arrows indicate the apoptotic
cells. (b). (Adapted with permission from [51] and [53])
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route, if compared with free 2, clearly confirming the role of NO in killing cancer
cells.

The small reservoir of NO actually available in monolayer-protected noble metal
NPs remains a main limitation for those applications where large amounts of NO
are required. The possibility of obtaining AuNPs with tunable payloads of NO
photocages has been explored by using a layer-by-layer (LbL) approach. The LbL
deposition of oppositely charged polyelectrolytes is an established method for the
fabrication of thin films on flat solid surfaces, microparticles, and only years later
on NPs [54-57]. This is because of problems associated with the wrapping of
polyelectrolytes around NPs with high curvature such as aggregation caused by
cross-linking of the particles by the polyelectrolyte chains and the separation of the
unbound polyelectrolyte from the coated NPs [58]. Ideally, when the layer mate-
rials have been appropriately selected and the layer order carefully designed, LbL
NPs can be rapidly fabricated in a build-to-order fashion [59], making these systems
an extremely attractive option for the scale-up of industrial applications. LbL
assembly has been used to obtain nanocapsules even from single NPs [60] and
several studies have highlighted the viability of obtaining NPs for drug delivery
[61]. In this framework, water soluble, colloidal platforms for NO release have been
obtained by alternate coating of the citrate stabilized AuNPs template with the
cationic polyelectrolyte 3 and the tailored anionic, photoactivable polyelectrolyte
4 which incorporates the nitroaniline-based photocage (Fig. 6) [62]. The LbL
strategy was found to be very suitable for regulating the payload of the NO
precursor around the Au core through the adjustment of the number of layers.
The layered AuNPs preserve their nanodimensional character well and combine
several advantages of an ideal NO-releasing vehicle such as (1) water solubility,
(2) regulated payload of the NO precursor, (3) absence of significant clustering
under physiological conditions, and (4) remote-controlled release of NO by visible
light inputs.

Changing the nature of the metal core from Au to Ag generates photoactivable
nanohybrids of particular interest in bimodal antibacterial therapy. In this case, the
well-known antibacterial properties of AgNPs [63] can be coupled with bactericidal
action of the NO photoreleased from the shell. The assembling of these hybrids onto
solid surfaces in the form of molecular thin films is of particular relevance in view,
for example, of topical applications and the achievement of bifunctional bioactive
coatings for medical devices. The Langmuir—Schaefer (LS) technique is one of the
most elegant methods to fabricate multilayers on almost any kind of substrate with
precise control of thickness, packing, and molecular orientation, exploiting the
properties of amphiphilic compounds to orientate at the air-water interface
[64]. Hybrid multilayer films incorporating an NO photodonor and AgNPs were
easily fabricated by the LS approach [65]. The strategy used was to dissolve naked
and water soluble AgNPs, prepared with a green procedure [66], in the water
subphase, and to spread the amphiphilic, tailored NO photodonor 6 having an
amino-termination on the water surface (Fig. 7) [65].

The floating monolayers at the water—air interface are able to interact with the
AgNPs through the amino functionality, encouraging their transfer onto quartz
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Fig. 6 Schematic for the NO photoreleasing AuNPs prepared by alternate LbL strategy. Repre-
sentative transmission electron microscopy image of AuNPs coated with two layers of the
photoactive polymer 4 (a) and NO release profiles observed upon light irradiation coated with
one (b) and two (c) layers of the photoactive polymer 4 at pH 7.4 and T=25 °C (Adapted with
permission from [62])

slides by LS deposition, leading to hybrid multilayer films containing two potential
antibacterial agents, AgNPs, and the NO photodispenser. The approach used allows
the preservation of the nanodimensional character of the AgNPs, an indispensable
requisite for the antibacterial action. The NO photodonor also retains its photo-
chemical properties within the hybrid nanostructure, as confirmed by its ability to
photorelease NO and effectively transfer this antibacterial species to a protein such
as Myoglobin under visible light. The reservoir of AgNPs and NO available in the
films can, of course, be adjusted by changing the number of layers, making these
multilayers promising bifunctional model systems to be tested in biomedical
research studies.

Semiconductor quantum dots (QDs) [67] and carbon quantum dots (CQDs) [68]
are another fascinating class of inorganic NPs, the latter being superior in terms of
ultralow toxicity and excellent biocompatibility. The huge one- and two-photon
absorption cross section, the tunable emission bands, the superb photostability, and
the simplicity of modification of their surface make QDs and CQDs very intriguing
scaffolds for applications in bioimaging and drug delivery [67, 68]. NO photocages
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their transfer on a quartz substrate by LS deposition. Representative transmission microscopy
image of a 15-layer hybrid 5/AgNPs LS film. The inset reports the electron diffraction of the
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can be assembled at the surface of these inorganic nanoscaffolds to obtain
nanohybrids in which (1) the core communicates with the shell through either
energy or electron transfer mechanism and (2) the core and the shell do not interact
with each other, working in parallel under light stimulation. Some of the most
recent examples are illustrated in the following.

Ford and coworkers have developed an elegant approach to fabricate water
soluble CdSe/ZnS core/shell QDs which enable the delivery of NO with high
quantum efficiency from the Cr-complex 6, having low molar absorptivity in the
visible region (Fig. 8a) [69]. QDs surface was at first modified with dihydrolipoic
acid to give aqueous solubility. Afterwards, the NO photocage was easily assem-
bled at the QDs exterior by electrostatic interactions with the oppositely charged
QDs surface. In this case the QDs core acts as effective light harvesting antenna and
transfers the absorbed photons to the peripheral NO photocage, encouraging the NO
release via the Forster Resonance Energy Transfer (FRET) mechanism. A detailed
investigation carried out with Cr-complexes having slightly different absorption
spectra demonstrated the importance of the spectral overlap between the emission
of the QDs and the absorption of the complexes as a guideline essential to
developing nanostructures that effectively utilize QDs as NO photosensitizers
[70]. An inorganic NO photoprecursor electrostatically bound to Mn(II)-doped
ZnS QDs has recently been reported by Tan et al. [71]. In this case, an ETU
mechanism enables one to collect energy in the second NIR window at 1160 nm
and convert it into a visible emission that triggers the NO release from the inorganic
precursor-bound QDs surface. Robust CQD nanohybrids were recently prepared by
covalent grafting of a nitroaniline-based NO photodonor [72]. In this case, this
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Fig. 8 Schematic for QDs and CQDs acting as antenna and triggering NO release from NO
photocages electrostatically or covalently bound at their surface by energy transfer (A, B) or
electron transfer (C). Both mechanisms operating in parallel allow enhanced 'O, generation
mediated by NO (D). (Adapted with permission from [69, 72, 73] and [74])

nanoconstruct was able to photogenerate the NO radical via FRET mechanism
activated by TPE with NIR light (Fig. 8b), allowing one to overcome the limitation
of this organic photocage because of its absorption below 500 nm. The nanohybrid
proved toxic to cancer cells in vitro and significantly reduced the size of human
pancreatic BxPc-3 mice xenograft, which is relatively hypoxic, upon the highly
biocompatible 800-nm light, demonstrating the potential of NO as a therapeutic
alternative to PDT under hypoxic conditions.

An alternative to photoinduced energy transfer mechanism, the low energy
absorbed by the QDs light-harvesting centers, can be exploited to trigger NO
release from photocages via photoinduced electron transfer. This operating princi-
ple has been clearly demonstrated for CdTe QDs electrostatically coated with an
Ru-complex NO photocage (Fig. 8c) [73]. The inorganic complex is photoreduced
by the QDs, leading to the detachment of the NO radical under green light
excitation. The cooperation of both energy and electron transfer processes was at
the basis of the ingenious QDs-nanomaterial developed by Balkus and coworkers
addressed to the enhanced generation of 'O, via NO photoproduction (Fig. 8d)
[74]. The rationale behind this work was that NO is known to react with reactive
oxygen species (ROS) to generate 'O, [75]. Photoactivable hybrid QDs were
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achieved by assembling the S-nitroso-cysteine (Cys-NO) at the surface of TiO,
nanotubes doped with PbS QDs. Excitation of the QDs with 760-nm light, which
falls in the therapeutic window, promotes NO release by energy transfer from
cysteine-NO and simultaneously generates ROS by an electron transfer mechanism.
The intermolecular reaction between NO and ROS was demonstrated to be respon-
sible for the generation of 'O, with high efficiency. This nanomaterial is envisioned
to have potential as a next generation photodynamic therapy agent. In this regard,
the synthesis of less toxic quantum dots for this system such as CuS, FeS,, and Ag,S
is a route which deserves attention in the near future.

Photoinduced energy/electron transfer processes from the core to the surface of
QDs-based constructs, reflect on the luminescence of the QDs, limiting their
performances as imaging agents. In contrast to the above systems, QDs coated
with NO photocages can be designed in such a way as to avoid any energy/electron
transfer process. This permits the core and the shell to be operated in parallel under
light excitation without any light-driven communication. In this context, an inter-
esting class of NO photoreleasing QDs for in vivo imaging is those able to display
photoluminescence in the NIR region. These QDs display superior properties over
those emitting in the visible region because of reduced auto-fluorescence, negli-
gible tissue scattering, and great tissue-penetration depth. Ag,S QDs proved very
suited at this regard because of a perfect combination of excellent optical properties
and good biocompatibility [76]. Intriguing bifunctional assemblies can be easily
obtained by exploiting non-covalent interactions of Ag,S scaffolds with both
organic and inorganic NO photoreleasers [77, 78]. For example, carboxy-
terminated Ag,S QDs were entangled within a network of a chitosane-based
S-nitrosothiol whereas amino-terminated Ag,S were coated with F;S3(NO);™
Roussin’s black salt anion. The resulting hybrid NPs can be imaged thanks to
their easily detectable NIR emission and are able to release NO rapidly upon
excitation with visible light [77, 78]. Alternatively, S-nitrosothiol 7 (Fig. 9) can
be covalently attached at the surface of the Ag,S QDs, leading to more robust,
biocompatible, and water dispersible nanohybrids [79]. The NIR signals from these
modified QDs were clearly detected in the liver, stomach, and spleen of mice after
intravenous injection. In all the Ag,S-based systems developed, the two functions
can be performed without interference from each other, because excitation light for
NO photorelease and NIR imaging occurs in different wavelength regions, opening
new prospects for the application of these nanoconstructs as phototheranostics.

NO releasing QDs with good selectivity towards cancer cells have been achieved
by incorporation of specific ligands able to bind specific receptors overexpressed by
tumor cells. Gui et al. have developed an intriguing nanoconstruct by the self-
assembling of three independent components designed for targeting, imaging, and
controlled NO release [80]. Carboxymethyl chitosan (CMC), a biocompatible
hydrophilic polymer, was functionalized with folic acid (FA), a high affinity ligand
for folate receptor overexpressed by several tumor cell lines, via carboxy-amine
coupling reaction between the -COOH of FA and -NH, of CMC to give a CMC-
FA conjugate. This polymeric scaffold was suitable for the facile introduction of
F4S3(NO); ™ salt as NO precursor and polyethyleneimine-stabilized ZnS-Mn QDs
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from [79])

as effective green photoemitters via electrostatic adsorption interactions. The
hybrid nanospheres enable effective light-triggered release of NO and targeted
fluorescence imaging in tumor cells with over-expression of folate receptors.

A significant step forward in this field has been achieved by Liu and coworkers
who fabricated a multifunctional nanoplatform in which a folate targeting ligand
and the Ru-complex 8 were covalently grafted at the surface of TiO, QDs (Fig. 10)
[81]. The Ru-complex is fluorescent and acts simultaneously as NO photocage and
as 'O, photosensitizer, being very suited for bimodal phototherapy. The nano-
construct exhibits an excellent selectivity towards cancer cells overexpressing the
folate-receptor, can be tracked because of its inherent fluorescence, and induces
synergistic cytotoxic effects in cancer cells under the control of visible light.

An intriguing nanoconstruct based on all inorganic materials has been developed
by Ford and coworkers. This systems is based on core-shell upconverting NPs
coated with a silica layer surface modified with cationic amino groups to bind
electrostatically the F4S;(NO),; salt as NO photoreleaser. Excitation of the NPs
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Fig. 10 Schematic of the TiO,-based nanoplatform for the targeted delivery of NO and 'O, to
specific cancer cells. (Adapted with permission from [81])

with 980-nm NIR light generates an emission centered at 550 nm which overlaps
the absorption spectrum of the NO photocage, encouraging the NO release by ETU
mechanism [82].

3.2 Polymer Nanoparticles

Polymer NPs are promising vehicles for the delivery of drugs to target different
locations in living organisms [83]. They can represent versatile nanocontainers to
reduce toxicity of photoresponsive molecules [84] as well as to enhance their
photoreactivity [85]. For example, Gomes et al. have recently demonstrated that
NPs of poly(p,L-lactic-co-glycolic acid), prepared by the double emulsification
process, are able to entrap effectively Ru-complexes as NO photoprecursors.
These NPs reduced significantly the intrinsic toxicity of the inorganic complexes
and allowed diffusion of NO photogenerated out of the matrix, reaching the cell
membranes and killing the tumor cell [84]. The photochemical performances, in
terms of efficiency of NO photorelease, from an NO photodonor based on the same
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nitroaniline-based photocage integrated in compound 1 (see Fig. 5SA) [85] were
significantly improved after its encapsulation within the interior of core-shell
micelles of Pluronic F127. This was caused by the presence of abstractable hydro-
gen from the polymer which is consistent with the photodecomposition route
associated with the nitro-to-nitrite photorearrangement of this NO photocage.

Interestingly, polymer NPs can also represent fascinating scaffolds for the
achievement of photoactivable nanoconstructs with distinct photofunctionalities
[86]. Multiple photoresponsive character in a confined region of space can be easily
imposed on polymer NPs by the non-covalent co-encapsulation of distinct and
non-interacting photoresponsive species. The non-covalent approach requires min-
imal, if any, synthetic efforts, permitting the relative amounts of the
co-encapsulated guests to be easily regulated with adjustments in the composition
of the mixture of self-assembling components. In most instances, the photo-
responsive species in their native form are sufficiently hydrophobic to enter sponta-
neously the interior of the host and can be encapsulated within the same nanosized
container even in a single step. Alternatively, hydrophilic photoresponsive guests
can be entangled at the surface of the polymer NPs by Coulombic interactions.

Cationic core-shell polymeric NPs composed of a hydrophobic inner core of
polyacrylate surrounded by a hydrophilic shell of quaternary ammonium salts have
been used as a suitable scaffold to obtain bichromophoric NPs for imaging and
simultaneous photodelivery of NO and 'O, [87]. This nanoconstruct was achieved
by the electrostatic entangling of two anionic components, the porphyrin 9 and NO
photocage 10, within the cationic shell of the NPs (Fig. 11). As demonstrated in
pioneering work using the same photoactive components [88], the two chromo-
phores preserve their photochemical behavior quite well despite the fact that they
are located in close proximity. Accordingly, they can be activated independently
exclusively by light control, as demonstrated by their capability to photogenerate
the cytotoxic 'O, and NO effectively and exhibit remarkable red fluorescence from
the porphyrin moiety, supporting the validity of the logical design. The co-loaded
NPs transport their cargo within melanoma cancer cells without suffering displace-
ment despite the non-covalent binding, representing one of the first examples in this
regard. The NPs were well tolerated by cancer cells in the dark and exhibited
strongly amplified cell mortality under visible light excitation, most likely because
of the combined action of 102 and NO.

Focusing on solubility and aggregation issues in aqueous medium, cyclodextrin
(CD) polymers offer the possibility of guest interactions with diverse binding sites,
i.e., within the 3D macromolecular network and the CD cavities, thereby enhancing
the apparent solubility and regulating the self-association tendency of guests
[89]. Polymer 11 (Fig. 12) consists of B-CD units interconnected by epichloro-
hydrin spacers to form glyceryl cross-linked f-CD polymer. This polymer is well
tolerated in vivo [90] and highly soluble in water where it exists under the form of
neutral NPs of ca. 25 nm diameter [91]. Because of the presence of different
hydrophobic nanodomains, these NPs are able to entrap a variety of guests [92—
94] with enhanced stability constants and payloads as compared with the
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Fig. 11 Cationic core-shell NPs co-entangle the anionic components 9 and 10, leading to
bichromophoric NPs able to release simultaneously NO and 'O, under visible light excitation.
Confocal spectra (Aex. = 640 nm) for different region of interest of cells incubated with NPs loaded
with 9 + 10 (lines + symbols) and fluorescence emission spectra of 9 unloaded (solid) and loaded
(dotted) on the NPs in water (a). Cell viability of B78H1 murine melanoma cells incubated for 1 h
with polymeric NPs and either kept in the dark or irradiated for 5 min with white light
(100 mW cmfz) (b). The inset shows a zoom of the irradiated samples. (Adapted with permission
from [87])

unmodified f-CD. A number of nanoassemblies for NO photodelivery with multi-
ple photofunctionalities based on these polymer NPs have been obtained by the
appropriate self-assembling of the ad hoc chosen molecular components reported in
Fig. 12.

The photochemical independence of the porphyrin center and the nitroaniline
derivative inspired the design of the molecular hybrid 12 in which a pyridyl
porphyrin and the NO photodonor are covalently connected through an alkyl spacer
[95]. This molecular conjugate would offer in principle the great advantage of a
much more precise control of timing, location, and dosage of the cytotoxic species
because its covalent nature ensures that the photodelivery events occur exactly in
the “very same region of space” of the cell component. The molecular hybrid is
sparingly soluble in water medium where it forms aggregates which are
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Fig. 12 Schematic of the NPs formed by polymer 11 and molecular structures of the photoactive
guests that can be encapsulated therein

non-responsive to light whereas it can be effectively encapsulated within NPs of
polymer 11. The host-guest system photogenerates 'O, and NO simultaneously
under visible light stimuli, exhibits satisfactory red fluorescence allowing the
visualization of its localization in melanoma cancer cells, and induces amplified
cell mortality by bimodal photoaction.

Bichromophoric NPs have been obtained by the non-covalent co-encapsulation
of the NO photodonor 13 and the zinc phthalocyanine 14 [96]. The phthalocyanine
chromophore is an excellent 'O, photosensitizer and offers the advantage to exploit
TPE fluorescence for imaging because of the high two-photon cross section
[97]. However, it is completely aggregated and non-photoresponsive in water
medium. In this case, the polymer NPs disrupt significantly the aggregation of 14,
entrapping this chromophore mainly under its photoactive monomeric form.
Besides, the CD cavities tightly accommodate the tailored NO photodonor 13
because of its adamantane appendage, a perfect guest for the f-CD host. The
co-entrapment of the two guests in the very same host generate photoresponsive
NPs very suited for TPE fluorescence imaging and NO photorelease. The macro-
molecular host delivers its photoresponsive cargo of active molecules not only
within the cytoplasm but also in human skin as exemplified in ex vivo
experiments [96].

A major limitation of the above system is represented by the fact that the NO
photodonor used is not fluorescent and cannot be imaged in cells. A step forward in
this direction has been made with the supramolecular engineered nanoplatform
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photoprecursors. Confocal images of melanoma cells incubated for 4 h with the NPs and obtained
with excitation at 640 and 457 nm collecting fluorescence in the range 660-730 (a) and 500-550
(b). The insets show the actual images of the NPs dispersed in water solution at the same excitation
wavelength. (Adapted with permission from [98])

obtained by the co-encapsulation of the zinc phthalocyanine 14 with the NO
photodonor 15 within NPs of 11 [98]. Compound 15 contains an aminonitro
benzofurazane appendage which emits strongly in the green region without pre-
cluding the NO photoreleasing properties of the NO photocage. The whole con-
struct has been designed in such a way that the excited states responsible for the
emission and the photogeneration of the cytotoxic species of each compound
cannot be quenched by the other and vice versa. Appropriate tuning of the relative
concentration of the two chromophores in the NPs allows comparable absorption in
the visible region to be reached. This nanoplatform shows the convergence of four-
in-one photoresponsive functionalities (Fig. 13). In fact, illumination with visible
light generates both green and red fluorescence as well as NO and 'O,. Remarkably,
this nanoconstruct (1) effectively internalizes compounds 14 and 15 in cancer cells,
where they can be easily mapped because of their dual-color fluorescence and
(2) induces amplified level of cell mortality because of the concomitant
photoproduction of two cytotoxic agents in the same region of space.

As outlined in Sect. 2.2, the design of NO photocages with a fluorescent
reporting function is an elegant strategy for the quantification of the concentration
of NO in a biological environment. A multifunctional biocompatible nanoconstruct
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Fig. 14 TPE of 16 encourages the NO release by FRET, leading to the concomitant generation of
the fluorescent reporter 17. Evolution of the TPE fluorescence emission spectra of aqueous
dispersions of polymer NPs loaded with 16 upon irradiation from 0 to 1500 s (a). Representative
TPE fluorescence microscopy images observed before (b) and after (¢) TPE of the same NPs
incubated with A431 cancer cells. (Adapted with permission from [99])

able to photorelease NO with a fluorescent reporter has recently been achieved,
based on polymeric NPs of 11 encapsulating the ad hoc designed molecular
conjugate 16 (Fig. 14) [99]. The conjugate integrates two chromogenic centers
within the same covalent skeleton, an anthracene moiety and the nitroaniline-based
NO photodonor. The typical emission of the anthracene fluorophore is completely
suppressed by FRET mechanism because of the considerable overlap between the
emission of the anthracene with the absorption of the NO photocage, making the
conjugate 16 intrinsically nonfluorescent. However, photouncaging of NO leads to
the formation of the strongly fluorescent co-product 17 (in which FRET can no
longer occur) which can be used as a fluorescent reporter for the delivery in living
cells [100]. This guest is poorly soluble in water but can be encapsulated in NPs of
1, leading to latent-fluorescent NPs [99]. TPE using NIR 700-nm laser light can be
used for monitoring and triggering the photorelease of NO, wherein the uncaging of
a strongly fluorescent co-product acts as TPE fluorescent reporter for the concomi-
tant NO release from the nanoassembly (Fig. 14a). This system is then capable of
the near instantaneous quantification of such an important bioactive agent by
two-photon fluorescence in living cells (Fig. 14b, c) [99].

Although fluorescence imaging represents a powerful tool for the mapping of
therapeutic agents in cells, the diffraction barrier limits the spatial resolution of
biological samples to hundreds of nanometers [101]. These physical dimensions are
much greater than the sizes of most molecules and cellular components. It follows
that conventional fluorescence microscopes cannot provide spatial information at



248 A. Fraix et al.

the molecular level. The ability to photoactivate fluorescence, however, offers the
opportunity to overcome diffraction and acquire images with resolution at the
nanometer level [102]. Specifically, fluorophores co-localized within the same
subdiffraction volume can be resolved in time, if their fluorescence is designed to
switch independently at different intervals of time. Therefore, the ability to activate
fluorescence under optical control offers the opportunity to monitor dynamic
processes in real time and reconstruct fluorescence images with nanoscaled preci-
sion [103]. On these bases, the assembling of photoactivable fluorophores with NO
photoreleasers in very close proximity can permit the activation of the fluorescence
and release of NO in parallel under optical control. In such a way, one can, in
principle, track the NO photocage in the intracellular environment and follow the
biological effects induced therein by NO, with subdiffraction resolution. Raymo’s
group has recently developed the photoswitchable fluorophore 18 (Fig. 15)
[104]. Under ultraviolet illumination, the oxazine ring of 18 opens and brings the
coumarin appendage in conjugation with the 3H-indolium cation of 19. This
structural transformation shifts the main absorption band of the coumarin fluoro-
phore towards the red region. Irradiation at a wavelength positioned within the
photogenerated absorption band can, therefore, be exploited to excite selectively 19
with concomitant fluorescence. This species, however, reverts spontaneously back
to 18 on a microsecond timescale. As a result, the fluorescence of this system can be
switched reversibly on the basis of the photoinduced opening and thermal closing of
the oxazine ring. It was shown that these molecular switches can be encapsulated
within the hydrophobic interior of polymer micelles [105] and the resulting supra-
molecular assemblies can be dispersed in aqueous media and imaged with
subdiffraction resolution [106]. The photoactivable fluorophore 18 can be
co-encapsulated with the NO photodonor 13 within the same NPs of the polymer
11 (Fig. 15) [107]. The two guests can be operated together under optical control
without interference. Indeed, NO bursts (Fig. 15a) can be produced on the basis of
the irreversible transformation of 13, although the emission intensity (Fig. 15b) can
be switched on and off, relying on the reversible interconversion of 18 and 19.
Furthermore, these polymer nanocarriers can cross the membrane of A375 mela-
noma cells and transport their photoresponsive and multifunctional cargo to the
cytosol [107]. Under these conditions, the fluorescence of one component allows
the visualization of the labeled cells, and its switchable character could, in princi-
ple, be used to acquire superresolution images, and the release of NO from the other
can be exploited to photoinduce cell mortality. These results open intriguing
prospects in this direction. In fact, the combination of NO photocages, photo-
switchable fluorophores, and specific targeting ligands in a single nanoarchitecture
may evolve into the realization of valuable multifunctional photoresponsive assem-
blies for a variety of NO-based biomedical applications.
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Fig. 15 Nanoparticles of 11 co-encapsulate 13 and 18 in their hydrophobic interior and permit the
photoinduced control of both guests in parallel. The photoinduced and irreversible transformation
of 13 produces NO revealed by an amperometric signal under illumination (@) although the
photochemical and reversible interconversion of 18 and 19 translates into the modulation of the
red emission intensity (b). (Adapted with permission from [107])

3.3 Gels and Matrices

Assembling NO photodonors into biocompatible polymeric gel and optically trans-
parent matrices is promising, especially in view of applications such as devices
coating. The resulting materials give the possibility of high loading capacity and
provide controlled NO flux at device/target interface because of their high
NO-permeability. A simple approach involves the spontaneous, non-covalent
incorporation of the photoactive units into a suitable scaffold which can then be
shaped and cut as needed. Alternatively, NO functionalities can be covalently
introduced in the scaffold molecular skeleton.

A very simple “green” procedure has been developed to obtain supramolecular
hydrogels in the absence of any toxic solvents or reagents by the self-assembling of
two hydrosoluble polymers: the poly-f-CD polymer 11 and a dextran modified with
alkyl side chains 20 (Fig. 16) [108]. The gel formation is based on a “lock-and-key”



250 A. Fraix et al.

% o

e
14 G

0
A A
15 \

16
\ q\y Irradiation time (min)

Fig. 16 Photoactive hydrogels can be formed at room temperature by adding aqueous solutions of
20 to aqueous polymer NPs of 11 encapsulating guests 13—16. Bactericidal action of hydrogel of
13 against E. coli in the dark (open symbols) and upon visible light irradiation ( filled symbols) (a).
Actual fluorescence of the hydrogel of 16 before (b) and after (c¢) 45 min of visible light irradiation.
Pictures taken before (d) and after (e) adding the aqueous solution of 20 to the polymer NPs
co-encapsulating 14 and 15 and removing the supernatant, and actual fluorescence images of the
bichromophoric gel observed upon excitation at 470 (f) and 650 nm (g). (Adapted with permission
from [109, 110] and [111])

2000+

/ @\OM . NHQ O o \ 3000

15004

10004

N

O 5001 n

Average number of colonies
[

mechanism in which practically all the dextran alkyl side chains are included into
some P-CD cavities of polymer 11, leaving most of them still available for further
complexation with additional guests. Hydrogel with different photofunctionalities
can be obtained by using as a common strategy the pre-encapsulation of the desired
photoactive guests within polymer NPs of 11 and then by adding aqueous solutions
of the modified dextran 20, observing the instantaneous formation of the gel at room
temperature. A hydrogel embedding the adamantane-terminated NO photocage 13
has been prepared [108] and shown to be stable in the dark towards NO release. In
contrast, NO delivery can be conveniently remote-controlled with exposure to
visible light stimuli. Once photogenerated, the NO radical can promptly diffuse
out of the gel matrix to reach biological targets as demonstrated by the NO binding
to a supernatant solution of myoglobin. This NO-delivery gel platform shows
excellent and strictly light-dependent bactericidal activity against the Gram-
negative antibiotic resistant Escherichia coli DH5a bacterial strains (Fig. 16a)
[109]. NO photoreleasing gel with a fluorescence reporting function was obtained
by encapsulating within the gel network the molecular hybrid 16 discussed above.
The preservation of the photochemical properties of this photoactive guests once
embedded in the polymeric matrix enables one to photoactivate the blue
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fluorescence of the reporter concomitantly to the photorelease of NO, and allows in
principle an easy optical quantification of its dosage (Fig. 16b, c) [110].

This gel matrix also proved to be suitable for the co-entrapping of multiple
guests with excellent preservation of their photochemical properties. The polymer
NPs entrapping the green emitting NO photodonor 15 and the red emitter 'O,
photogenerator 14 illustrated in the previous section can be instantaneously turned
into gel exhibiting similar response to light excitation [111]. The unchanged color
of the polymer NPs before and after the gel formation (Fig. 16d, e) unequivocally
demonstrates the successful encapsulation of the photoactive guest components in
the gel matrix. Moreover, the very similar absorption spectra of the two chromo-
phores before and after the gel formation account for the absence of any significant
molecular rearrangement (i.e., displacement/aggregation) caused by the absence of
relevant inter-chromophoric interactions in the ground state, even in the gel matrix.
The multi-photoresponsive character of the hydrogel is demonstrated by the combi-
nation of fluorescence and photochemical experiments. The two fluorogenic guests
retain their luminescence behavior when entangled in the hydrogel, making it dual-
color fluorescent. In fact, the selective excitation at 680 and 480 nm results in the
characteristic red and green fluorescence arising from 14 and 15 (Fig. 16f, g). The
capability of the hydrogel to release simultaneously NO and 'O, under visible light
stimuli is demonstrated by the direct and real-time monitoring of these transient
species. In this view, it represents an intriguing model system for potential image-
guided phototherapeutic applications. In principle, irradiation with appropriate light
sources allows the precise localization of the hydrogel implanted in a
bioenvironment by means of its double emission and to activate controlled release
of '0,, NO, or both these active species. All these findings indicate that the role of
the modified dextran 20 is exclusively to “freeze” the photophysical behavior
observed in solution and to translate it into the gel phase, without altering the
photochemical and photophysical features of the individual guests.

An important point to be stressed is related to the stability of these hydrogels
under physiological conditions. The multivalent character of the interactions
between all the components ensures the stability of the hydrogel and the negligible
leaching of the photoactive components from the gel network under physiological
conditions.

NO photoreleasing gel containing organic NO photocages can also be prepared
by a covalent approach. Schoenfisch’s group has recently reported on xerogels with
enhanced NO storage stability at physiological temperature based on the conden-
sation of a novel a tertiary thiol-bearing silane precursor with alkylsilanes or
alkylalkoxysilanes [112]. The resulting xerogels were finally nitrosated to obtain
RSNO photofunctionalities. The sterical hindrance near the nitroso moieties signifi-
cantly enhances their usually low stability at room temperature, making light
strictly necessary to release the NO radical. Biomedical utility of these materials
was demonstrated by their capability to reduce Pseudomonas aeruginosa adhesion
under light excitation. These xerogels offer great potential for commercialization
because of the inexpensive reagents, mild synthetic conditions, ease of application
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to a large number of substrates, and the straightforward extension to scaled-up
preparation.

NO photocages based on inorganic complexes of transition metals have been
extensively used as photoactive agents in gels and matrices. In these cases, incorpo-
ration of the NO-releasing complex into the scaffold is also intended to avoid
toxicity associated with the heavy metal ion. Mascharak’s group has carried out
extensive work in this regard by using the Mn-complex 21 as NO photoprecursors
under visible light (Fig. 17). An engineered NO-delivery platform has been fabri-
cated by LbL assembling [113]. The Mn-complex was embedded in a pluronic F127
gel which, in turn, was sandwiched between two layers of polydimethylsiloxane
and polydimethoxysiloxane, respectively. The polymeric layers ensure complete
sealing of the NO photocage and its photoproducts while allowing NO diffusion
(Fig. 17A). This device leads to a drastic reduction of microbial loads of
Acinetobacter baumannii and P. aeruginosa via NO released in 1 h of illumination,
making this flexible patch of potential interest as a bandage material for chronic
infections of antibiotic resistant strains of bacteria. The same group has developed a
prototype fiber-optic NO delivery system based on the same inorganic photo-
precursor [114]. This functional construct was made from a polymethyl-
methacrylate optical fiber where the cone-tipped end was equipped with the NO
photoprecursor 21 embedded in a sol-gel (Fig. 17B). Following unmolding, the

A) B)

+

nght Guide|

Led nght Source |
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Fig. 17 (A) Illumination scheme to test NO delivery from a patch to an agar plate that contains the
Griss reagent, which generates a pink dye when reacted with NO, , the reaction product of
NO. Photograph of agar after 1 h illumination and removing the polymeric patches. The quadrants
C1 and C2 are regions containing the gel empty and loaded with 21 pre-irradiated so all NO has
been released, respectively. HD and LD quadrants are regions containing the gel loaded with high
and low dose of 21. (B) Schematic setup for the antibiotic experiments using the fiber-optic-based
NO delivery systems containing the photoprecursor 21 in a sol-gel material. P. aeruginosa
incubated with the fiber-optic system in the dark (a) and after 10 min illumination (). (Adapted
with permission from [113] and [114])
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modified fiber tip was coated with a polyurethane wall to prevent leaching. In this
case, much lower doses of NO delivered via light triggering resulted in the drastic
reduction of various bacterial loads, making this prototype endoscopic delivery
system worthy of consideration for future applications. Finally, the complex 21 has
also been loaded into the columnar pores of silicate-based porous host scaffolds
[115]. In the case of an aluminosilicate-based host, strong electrostatic interactions
between the negatively charged host and the cationic photoprecursor ensured an
enhanced loading capacity compared with the neutral Si-based host. In any case,
leaching of the nitrosyl inorganic complex from the two different hosts was
minimal under physiological conditions. Interestingly, light exposure resulted in
the rapid release of NO from the entrapped precursors whereas the photoproducts
are retained within the structure of the biocompatible host. Experiments carried out
with the typical light flux value for a sunny day (100 mW/cm?) revealed the
capability of the material to reduce the A. baumannii load. Consequently, powders
of this kind could be employed as a first line of treatment for infections in battlefield
wounds

As described in Sect. 2.1, ETU is a very well suited strategy to obtain NO
photorelease by NIR excitation. Ford and coworkers have recently fabricated a
novel implantable solid material encapsulating separate components in a biocom-
patible matrix [116]. This material consists of polymethoxysiloxane composite with
NIR upconverting NPs which are cast into a biocompatible disk impregnated with
the Roussin’s salt as NO photoprecursor. The encapsulating strategy also isolates
the components from the external medium, thereby reducing toxicity. Irradiation
with 980-nm light results in the release of physiologically relevant NO concen-
tration from the material which, in principle, can be implanted in a desired location
and triggered on demand using tissue-penetrating light (Fig. 18). A similar
approach based on the same polymeric composite has been adopted to trigger NO
release from the Cr-complex 6 (see Fig. 8) [117], which typically shows very little
photochemistry in the solid state. The polymeric composites obtained show long-
term and controlled release of NO after direct visible light excitation of the complex
or indirect 980-nm NIR excitation by means of upconverting NPs. The NO release
from the polymer composites was largely dependent on gas permeability of the
polymer which is critical to maintaining high flux of NO release during irradiation.
A remarkable point of interest in this study was the demonstration that it is the
polymer composition that ultimately affects release of NO from the material the
most and not the inclusion of more NO photoprecursor. Careful choice of polymer
is therefore needed when identifying potential polymers to serve as platforms for
optimal controlled NO release. These findings provided useful guidelines for the
preparation of composite materials for light-controlled NO release and basic
research necessary to move toward testing of the materials on actual disease
models.
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Fig. 18 Schematic of the optical train for the photolysis of the biocompatible disk based on the
ETU principle. NIR irradiation of the upconverting NPs generates visible emission, which triggers
NO release from the Roussin’s salt co-encapsulated in the disk. (Adapted with permission from
[116])

4 Conclusions and Outlook

A number of nanomaterials releasing NO under the exclusive control of vis-NIR
light for potential and minimally invasive therapeutic applications in cancer and
bacterial infection can be obtained by both covalent and non-covalent approaches,
paying specific attention to the choice of the photoactive components. NO
photoreleasing nanoconstructs with multiple photofunctionalities are achieved by
combining ad hoc chosen chromophoric units that can be designed to interact upon
light excitation and exchange either energy or electrons. Such photoinduced pro-
cesses permit the engineering of properties into the final constructs which would be
impossible to replicate with the separate components. As an alternative,
non-interacting guests with distinct functions can be entrapped in the same host
scaffold to ensure multifunctional character in a confined region of space. In
contrast to PDT, which has already found clinical application, therapies based on
light-triggered NO release are still confined to the research environment because of
the lack of converging research activity from different backgrounds, even though
they have very promising features. However, the massive progress in nanomaterial
science, the impressive technological advances in lasers and fiber-optic tools, and
the ability to exploit TPE and ETU with high tissue-penetrating NIR light strongly
drive progress in NO-based therapeutics and are expected to facilitate an entirely
new category of clinical solutions.
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