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9.1 Introduction: Need for NIR-Based Phototherapy

Photoactivation has garnered tremendous interest in the last decade, with
widespread applications ranging from medicine to energy harvesting and
even wastewater treatment. This increasing interest stems from the fact that
photoactivation allows the use of light—a noninvasive, spatially, and tem-
porally controllable stimulus to achieve specific outcomes. This is particu-
larly useful for therapeutic applications where specificity and safety are a
major concern. With the use of light, therapy can be targeted, reducing side
effects and improving efficacy of treatment. In addition, the ability to control
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parameters such as wavelength, intensity, and duration of exposure, provide
an added degree of control. To this end, phototherapies such as photody-
namic therapy (PDT), photothermal therapy (PTT), photocontrolled release
of drugs/nucleic acids, and combination therapies involving synergistic use
of two or more of the previous techniques have come to the fore.

PDT involves the use of photoresponsive chemicals called photosensitizers
(PSs), which produce reactive oxygen species (ROS) upon irradiation with
light of a particular wavelength (usually in the visible range), subsequently
killing cells in the vicinity. This type of targeted cell kill is being explored
as a cancer-treatment modality. Besides PDT, localized generation of ROS at
lower concentrations is also used to improve cytoplasmic delivery of biomol-
ecules into cells, a technique called photochemical internalization (PCI). In
PCI, the amount of ROS generated is not enough to kill the cell but can rup-
ture endosomes into which the cells take up biomolecules of interest through
endocytosis. This causes the cargo to be released into the cytoplasm. Besides
generation of ROS, there are phototherapies working on different principles
such as light to heat transduction, as is the case with PTT. Localized increase
in temperature can also be used to kill cells in a targeted manner and is
being developed as a cancer therapy. In addition to the phototherapies men-
tioned above, light can also be used for controlled delivery of biomolecules.
This is usually done by either “caging” the molecule of interest or seques-
tering it through the use of photolabile moieties. Upon irradiation with
light of a suitable wavelength (usually ultraviolet [UV] light), the caging or
sequestering photolabile group is cleaved, thereby “uncaging” or releasing
the biomolecule of interest at the desired site. This strategy has been used
for site-specific activation/delivery of chemotherapeutic drugs, nucleic acids
like siRNA, and other small molecules, with greater temporal control and
reduced off target effects.

Although the techniques mentioned above have great therapeutic poten-
tial, their practical applications are hindered by certain constraints. Most
photoresponsive moieties used in the techniques mentioned earlier, respond
either to visible or UV light. These wavelengths have low tissue penetration
and UV in particular is known to be toxic. In the near-infrared (NIR) range,
light absorption and tissue scattering is minimal, allowing for greater tissue
penetration. Thus, phototherapies that allow use of NIR light as opposed to
visible or UV light would be advantageous. Even though efforts have been
made to develop NIR light sensitive moieties for use in phototherapy, the
field still in its infancy. Since most photoresponsive moieties cannot use NIR
light directly, a means of transducing this light to the usable visible or UV
regions is needed. Upconversion nanoparticles (UCNDPs) are such transduc-
ers. They are excited by light in the NIR range (most commonly 980 nm) and
can be tuned to emit in the UV, visible, and infrared ranges, in accordance
with the absorption requirements of the photoresponsive moiety being used.
The details on how UCNPs work and their synthesis can be found in the
previous chapters. This chapter will delve into the applications of UCNDPs
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for phototherapy, the limitations of using UCNPs, and efforts being made to
overcome these limitations.

9.2 Photoinduced ROS Production

Chemicals called PSs produce ROS when irradiated with light of a suitable
wavelength. This ROS production can be used therapeutically in different
ways. It can be used to cause targeted cell kill in a technique called PDT or
when generated in a localized manner at a lower concentration, be used to
aid endosomal escape—a major bottleneck in delivery of biomolecules espe-
cially when using nanoparticles as carriers. This is called PCI (Berg et al.
2006). This section will describe both PDT and PCI in detail and explain how
UCNPs are useful as both carriers and transducers, allowing the use of NIR
instead of UV or visible light for these techniques, thereby improving their
clinical potential.

9.2.1 Photodynamic Therapy

PDT involves dye-sensitized photooxidation of biological matter. When
a photosensitizing agent is irradiated with light of a specific wavelength,
oxygenated products (ROS) harmful to cell function arise, which eventually
result in tissue destruction through a variety of mechanisms (Henderson
and Dougherty 1992). There are three components essential for implement-
ing PDT—a PS, light, and the presence of oxygen. Light of a suitable wave-
length that matches the absorption maximum of the PS excites the electrons
of this PS to a higher energy level, converting it to a short-lived singlet state
and then through intersystem crossing to a relatively long-lived triplet state
(Juzeniene et al. 2007). This excited state can transfer energy to a neighbor-
ing substrate, producing free radical species, which then react with the sur-
rounding oxygen to generate superoxide anion radicals, hydroxyl radicals,
and hydrogen peroxide. This type of ROS generation is classified as type 1.
Another mechanism, involves direct transfer of energy from a triplet-state
PS to surrounding molecular oxygen resulting in the formation of singlet
oxygen (10O,). This type II reaction is the prevailing mechanism of ROS gen-
eration for most PSs (Bonnett 1995; Idris et al. 2015) (Figure 9.1).

Successful application of PDT involves consideration of parameters such as
PS type, its administration and distribution in the body, type of light source
used, mode of light delivery, and finally the immediate and late effects of PDT.
The tumoricidal effect of PDT is multifactorial and results from a variety of
direct and indirect responses of the cells, vasculature, and immune system.
The acute or lethal tumor cell killing effect arises from apoptosis or necrosis
that results from direct damage to proteins, lipids, or nucleic acids in the
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FIGURE 9.1
Schematic showing types I and II reactions for ROS generation. (Reproduced with permission
from Bonnett, R., Chem. Soc. Rev., 24 (1), 19-33, 1995.)

cells due to the ROS produced by the PS taken up by these cells or through
oxygen and nutrient deprivation resulting from destruction of tumor vas-
culature. Secondary tumor Kkilling responses on the other hand are caused
due to activation of the immune system. Nonlethal photooxidative lesions of
membrane lipids activate membranous phospholipidases leading to acceler-
ated phospholipid degradation, release of lipid fragments, and metabolites
of arachidonic acid that are powerful inflammatory mediators. In addition,
even minor photodamage to the vasculature can attract circulating immune
cells such as neutrophils and platelets, resulting in a progressive impairment
of vascular function along with massive release of inflammatory cytokines.
Thus, nonlethal photooxidation can set of a cascade of events leading to a
strong inflammatory response further amplifying PDT-mediated tumori-
cidal response (Castano et al. 2006; Dougherty et al. 1998; Plaetzer et al. 2009).

The irreversible damage caused to the tissue during PDT has been used
successfully for treating a variety of solid tumors such as those involving
the lung, bladder, prostrate, skin, etc. Besides cancer therapy, PDT is also
being explored as an antimicrobial tool with potential applications in treat-
ing infections, cardiovascular, dermatological, and ophthalmic diseases.
Although promising, the widespread acceptance of PDT as a primary ther-
apy faces certain hurdles. The most prominent of these, as mentioned ear-
lier is the low penetration depth of light sources used. Most PSs used for
PDT have an absorption maximum in the visible region of light, where tissue
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absorption and scattering is high and as such light can only penetrate to
a few millimeters (1-3 mm). This limits the application of PDT to superfi-
cial tumors or those accessible by an endoscope. In the 700-1000 nm range,
maximal tissue transparency is attained wherein scattering and absorption
of light by biomolecules is minimal. Thus, to target deeper tumors, a lon-
ger wavelength of light such as NIR is desirable. Although efforts have been
made to develop PSs that respond to this range of light, the field is still in
its infancy and such PSs are rare. UCNPs provide an elegant solution to this
problem, wherein the older tried and tested PSs can be used in conjunction
with NIR excitation. Here, these UCNDPs serve as nanotransducers that con-
vert NIR light into the visible light needed for exciting the PSs. Besides their
role as transducers, these nanoparticles can also serve as carriers of these PSs
and can be targeted to specific tissues through various surface modifications.
The following section will delve into the various PSs used for PDT, types of
UCNPs that can be used in this technique, various surface modifications that
allow loading of different types of PSs on to UCNDPs, targeting moieties for
selective accumulation in tumor regions, and finally how such systems can
be implemented in vitro and in vivo.

9.2.1.1 PSs for PDT

PSs are the central component of the light-PS—oxygen system needed for
PDT. Ideally, a PS used for cancer therapy should localize preferentially to
the tumor region and not accumulate in off target organs such as the lungs
or the skin (unless these are desired targets), be amphiphilic so as to allow
blood transport (hydrophilicity) as well as uptake by cells (lipophilicity),
have low dark toxicity such that it only causes cell kill when irradiated with
light, good ROS production efficiency, a high absorption coefficient at longer
wavelength of light so deeper tissues can be targeted, and lastly, be easy to
synthesize. In short, an ideal PS should localize to the site of interest and
kill cells only when excited with light of a suitable wavelength for a targeted
therapy while mitigating unwanted side effects. With these considerations in
mind, several PSs have been designed for PDT. Depending on their chemical
composition, they can be classified as porphyrins, chlorins, 5-aminolevulinic
acid (ALA), and naphthalocyanines. Of these PSs, porphyrins are the oldest
and most widely studied, with many of this family approved for clinical use.
Besides porphyrins, some chlorins and phthalocyanines are also available
clinically. The PSs mentioned here differ from each other in terms of circula-
tion times, localization in specific subcellular compartments, and the wave-
length of light they absorb. Some PSs like Photofrin® (a hematoporphyrin
derivative) have long-circulation times while others accumulate rapidly in
tissues. Rapid accumulation and clearance may be advantageous for a single
application of PS followed by treatment the same day. On the other hand,
long-circulation times and low clearance may allow for multiple PDT ses-
sions with a single infusion of the PS (Allison and Sibata 2010). In addition,



260 Upconverting Nanomaterials

those PSs with high circulation times can also be used to induce vascular
shutdown following illumination and cut down of oxygen supply to the
tumor, another means of bringing about tumor destruction.

A useful way to classify PSs can also be on the basis of the subcellular
compartment to which they localize once the cell takes them up since the
mechanism of cell lethality via PDT depends to some extent on the location
of the PS in the cell. Sensitizers that tend to localize in the mitochondria like
Photofrin or ALA (which produces the active compound protoporphyrin IX
(PPIX) in the mitochondria), kill the cells usually through apoptosis while
those that accumulate in the plasma membrane do so through necrosis in
most cases (Dougherty et al. 1998). An association between mitochondrial
damage due to PDT and apoptosis has been established with the release of
cytochrome ¢ and other mitochondrial factors following photodamage trig-
gering an apoptotic reaction (Liu et al. 1996). However, use of carriers for
delivering PSs can be used to significantly alter the circulation times and
localization site. Details of UCNPs as carriers will be discussed in the next
section.

In terms of the excitation wavelength for these PSs, the absorption maxima
is usually in the visible region of light ranging from blue light around 400 nm
to the red region around 650 nm. Tissue absorption and scattering increases
with decreasing light wavelength, thus, the achievable tissue penetration
across the visible range varies from 1 to 5 mm (approximately). Longer wave-
length excitation is preferred, since it allows treatment of deeper regions in
the body. Photofrin, one of the earliest developed PSs for PDT is an inefficient
producer of singlet oxygen at 630 nm. In addition to 630 nm, it can also absorb
at 408 and 510 nm with better ROS production efficiency (Bernstein et al.
1999). Some of its drawbacks include long-circulation times, low clearance,
and accumulation in the skin, which can result in prolonged undesirable pho-
tosensitivity. However, with dose adjustments, these side effects can be mini-
mized (Allison and Sibata 2008). ALA, a prodrug is enzymatically converted
to the active form PPIX in vivo, which is subsequently converted to heme. This
PS can also be excited using blue (410 nm), green (510 nm), or red (635 nm)
wavelengths, with ROS production efficiency being highest at the shorter
wavelengths (Peng et al. 1997). The phthalocyanine dye family along with its
relative, the naphthalocyanines, are potent PSs for PDT-based applications.
They have a porphyrin-based structure with a central atom usually of alumi-
num, zing, or silicon to increase the production of singlet oxygen. Unlike the
previous PSs, they have a strong absorption band in the 670 nm range and
thus potential for treating relatively deeper seated tissues with lower irradia-
tion power densities (Allen et al. 2001; Ben-Hur and Rosenthal 1985).

Although efforts have been made toward the development of PSs for PDT
applications keeping in mind the ideal requirements of selectivity, amphi-
philicity, long-wavelength excitation, and high ROS production efficiency,
many of them only partially meet these considerations. Several of these PSs
are fraught with one or more of the following undesirable characteristics
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ranging from aggregation in aqueous solutions due to hydrophobic nature,
poor selectivity, low extinction coefficients, absorption at relatively short
wavelengths, to high accumulation rates in the skin leading to normal tis-
sue toxicity from unintentional sunlight exposure (Idris et al. 2015). This
is particularly deleterious for PSs that can persist in the system for weeks.
Prolonged photosensitivity especially in the skin will render treatment pain-
ful and mar acceptance of treatment by the end users, the patients (Allison
and Sibata 2010). Development of nanocarriers for delivering these PSs has
come a long way in overcoming a majority of these issues. UCNPs are par-
ticularly useful in this regard, as they not only serve as carriers, but also
nanotransducers allowing the use of deeper tissue penetrating NIR light for
excitation of PSs. Furthermore, by coating these particles with different moi-
eties, targeted delivery to tumor specific regions can be achieved, providing
a one stop solution to the multiple problems that plague PDT at present. The
following section will describe in detail how different UCNPs can be used in
the delivery of different types of PSs, the various surface coatings that allow
loading of PSs and preparation of aqueous formulations as well as strategies
for targeting these UCNP-PS formulations to desired sites in the body.

9.2.1.2 UCNPs for PDT: Host Matrix, Dopants, and Surface Coatings

A UCNP-based PDT system consists of two main components: the nanopar-
ticles themselves, serving as both carriers and transducers and a conduit for
generating ROS, the PS. To enable the UCNPs to carry these PSs, different
types of surface coatings are required depending on the nature of the PS.
In addition to allowing loading of cargo, these coatings also serve to impart
biofunctionality and aqueous solubility needed for formulations meant for
biological use. Besides the PSs described in the previous section, some sur-
face coatings of the UCNPs (such as titanium oxide) themselves can produce
ROS via upconverted light produced by the UCNPs. In short, when using
UCNPs for PDT (Hou et al. 2015; Idris et al. 2014), either conventional PSs
can be loaded onto UCNPs with appropriate surface coatings or the surface
coating of the UCNPs themselves could be such that it produces the required
ROS required for PDT.

When using UCNPs for PDT, the first step is to choose the right type of
nanoparticle, in terms of the host matrix and dopant types used. This will
determine the luminescence efficiency as well as emission wavelength, both
factors essential for successful implementation of PDT. The emission wave-
length the nanoparticle selects should match as closely as possible to the PS
being used. This will ensure that the ROS production and thus the thera-
peutic effect is optimal. Of the various UCNP host matrix materials, hexago-
nal phase NaYF, is the most popular for use in PDT. This is not surprising
since it is reported to be one of the most efficient upconversion host materials
(Aebischer et al. 2006). Other than NaYF,, materials like NaGdF, (Qiao et al.
2012; Zhao et al. 2012), NaLuF, (Ouyang et al. 2014), and NaYDbF, (S. Jin et al.
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2013), have also been reported but to a lesser extent. In addition to the choice
of the host material, the geometric shape of the synthesized nanoparticles
also affects the luminescence efficiency, with hexagonal phase nanocrystals
displaying a remarkably higher upconversion luminescence than cubic-
phase ones (Liu et al. 2011).

These host matrices are doped with sensitizers and activator ions that
determine the emission wavelength upon excitation with NIR light (usually
980 nm for the host materials mentioned above). The most commonly used
sensitizer is Yb** (absorbs 980 nm), while the activator ions used are usually
Er3* and Tm3*. Yb*/Er** doped particles emit mostly red and green light and
are thus the UCNPs of choice for most PSs (Krdmer et al. 2004). For PSs such
as titanium dioxide (TiO,) and hypocrellin A that do not absorb green or
red light, and have maximal absorption in the UV and/or blue light range,
UCNPs doped with Yb%/Tm3* can be recruited instead (Idris et al. 2014).
Core—shell UCNPs consisting of a NaYF, Yb**/Er® core coated with a NaYF,
Yb3*/Tm?* shell or vice versa can also be synthesized (X. Liu et al. 2013).
These nanoparticles would have multiple emission peaks that can be used
for PS activation in conjunction with other functions such as bioimaging.
Aside from the activator ions mentioned above, ions such as Gd3** and Mn?*
can also be doped in to the host matrix. Such ions improve the luminescence
efficiency while imparting paramagnetic properties to the UCNPs, allow-
ing them to double up as a T;- or T,-weighted magnetic resonance imaging
(MRI) contrast agents (Ni et al. 2014; C. Wang et al. 2014). From the above dis-
cussion on choice of host matrix and dopants, it can be seen that these factors
are paramount toward the eventual functionality of the UCNPs and must be
chosen in accordance with the end requirements of the UCNP-PDT system.

After having selected the right UCNPs matched to the PS, the next step
in the UCNP-mediated PDT system is to coat these particles with a suitable
material that allows the PS to be loaded on to them and confers properties
amenable for biological use such as aqueous solubility, low immunogenicity,
and biofunctionality (for conjugation of targeting moieties, co-therapeutic
molecules, etc.). There are numerous materials used to coat UCNPs ranging
from polymers such as polyethylene glycol (PEG) to ceramics such as silica
(Chatterjee et al. 2010). Of these materials, polymers are by far the most pop-
ular when it comes to UCNP-based PDT. One of their most attractive features
is their ability to confer stability to colloidal UCNPs in aqueous solutions, a
property that is crucial to allow for deliverability in biological systems (Idris
et al. 2012). Although polymers such as polyethyleneimine, PEG, polyacrylic
acid (PAA), and various block copolymers of PEG, polylactic acid, etc. have
been reported as surface coatings for UCNPs, PEG stands out as an attractive
candidate. Besides making UCNPs water dispersible, it is enormously useful
as a linker for conjugating UCNPs to targeting moieties, other drugs, etc. In
addition, it has low toxicity and immunogenicity, making it suitable for in
vivo use. Polymers like polyethyleneimine (PEI) though imparting aqueous
solubility are cationic and have the disadvantage of being toxic, thus limiting
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their practical use. Besides the synthetic polymers outlined above, a natu-
ral polymer-chitosan, has emerged as a viable candidate for coating these
nanoparticles. Aside from its properties of biodegradability, low toxicity,
and immunogenicity, its amphiphilic nature provides the addition benefit
of allowing hydrophobic PSs to be loaded onto the UCNPs while providing
aqueous solubility (Cui et al. 2012a,b; Zhou et al. 2012).

Ceramic coatings such as silica are also popular with one of the first papers
reporting UCNP-based PDT making use of this material (Qian et al. 2009;
Zhang et al. 2007). Silica coating also provides stability in aqueous solutions
and has low toxicity. Usually, the PS is deposited on the UCNP surface along
with the silica such that it is encapsulated in the coating, with the oxygen
and ROS molecules diffusing through its pores. In addition to silica coating,
mesoporous silica can also be used. Here, the pore size can be controlled in
the nanometer range, allowing molecules such as PSs to be loaded onto the
surface of the particles through absorption alone (Idris et al. 2012). Moreover,
multiple types of moieties can be co-loaded making this is an easy yet effec-
tive delivery system.

There are advantages and disadvantages to using either one of the materi-
als described above. Polymer coatings though attractive in terms of safety
and ease of modification, are known to quench upconversion fluorescence
by 50% or more, with a greater quenching seen with increasing polymer con-
centration (Ungun et al. 2009). Silica coatings though less prone to do so are
riddled with their own drawbacks. Even though physical absorption is an
easy means of loading the cargo onto the particles, it reduces the degree of
control one has in terms of the release characteristics of the cargo in a bio-
logical environment.

Before moving on to means of loading of PS onto UCNDs, it is prudent
to first discuss the targeting moieties alluded to in the previous sections.
As mentioned earlier, it is important to be able to deliver the PS to the right
site for effective treatment. Although enhanced permeability and reten-
tion (EPR) effect, is effective in directing systemically delivered agents in a
greater quantity to the tumor site, at times there is not sufficient accumula-
tion for optimal therapeutic efficacy. When using nanoparticles as carriers,
an effective targeting strategy is to coat them with certain groups that spe-
cifically interact with the cell type of interest. One of the most widely used
targeting moieties is folic acid (FA). FA is relatively inexpensive, stable over
a wide range of pH and temperature, and has high affinity for folate recep-
tors often overexpressed in many human cancers. Cell lines such as human
choriocarcinoma (JAR) cells, murine, S180 sarcoma tumors, HeLa human
cervical cancer cells, B16F0 murine melanoma cells, Bel-7402 human hepato-
cellular carcinoma cells, and HT29 human colon cancer cells are reported to
overexpress folate receptor (Idris et al. 2015). Thus, conjugating FA to UCNPs
carrying the PSs, allows for an enhanced uptake by cancer cells (Cui et al.
2012b; Idris et al. 2012; Liu et al. 2012; X. Liu et al. 2013). Another receptor
overexpressed in many cancers is cluster determinant 44. Targeting moieties
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such as hyaluronic acid have been used to target this receptor (Xu Wang
et al. 2014). Besides these ubiquitous approaches, antibodies against proteins
specific to a particular type of cancer can also be deployed. This is an effec-
tive targeting approach, albeit a more expensive one. Aptamers are relatively
young players in this field but advantages such as ease of synthesis, flexibil-
ity in design, and chemical stability make them strong contenders (Tan et al.
2013). Furthermore, they have the natural ability to fold into G-quadruplex
structures that can be stabilized by small-molecule ligands like porphyrin,
providing a convenient means of loading porphyrin-based PSs in addition to
their targeting ability (Shieh et al. 2010).

9.2.1.3 PS Loading Strategies

A key step in the UCNP-based PDT system is the loading of the PS onto
the nanoparticle. Depending on the surface coating deployed, this can be
done either through encapsulation, physical adsorption, or covalent linkage.
Before going into details about these strategies, it is of importance to note
some of the criteria for optimal PS loading. First, the loading strategy should
allow for a high loading capacity so that a sufficient amount of PS is avail-
able for PDT. Second, it should permit good energy transfer between the
UCNP core and PS. If the PS is encapsulated or trapped within a matrix, the
matrix should allow oxygen and ROS to diffuse freely to the surrounding
area. Lastly, there should be minimal leakage or premature release of PS,
especially in case of systemic delivery (Idris et al. 2015).

The first strategy, encapsulation is one of the oldest. In this approach, the
PS is not present on the surface of the particles or covalently linked to it, but
is rather encapsulated in a matrix that coats the UCNPs or trapped between
the UCNP core and surface via coatings such as lipids, polymers, etc. One of
the first reports of UCNP-based PDT used encapsulation as a means of load-
ing the PS on to the particles. The PS was trapped in a dense silica matrix
achieved by mixing the PS in the reaction mixture while carrying out the
silica coating process (Zhang et al. 2007). The amount of PS and thickness
of the silica layer could be adjusted. Although a fast and relatively simple
technique, efficient loading can only be achieved for cationic hydrophilic PSs
owing to the negatively charged and hydrophilic nature of the silica matrix.
This method also faces some challenges in terms of the ease of diffusion of
ROS and oxygen through the matrix, which could impede the efficacy of
this approach. Encapsulation-based loading has also been achieved using
polymers and lipids. As mentioned earlier, chitosan is amphiphilic and
provides dual advantages of loading hydrophobic PSs while presenting a
hydrophilic surface for aqueous solubility. To this end, interactions between
the hydrophobic part of this polymer and hydrophobic PS (such as zinc
phthalocyanine (ZnPc)) have been used to trap the PS between the UCNP
core and the hydrophilic part of chitosan present on the outer surface (Cui
et al. 2012a,b) (Figure 9.2a). In another approach, both UCNPs and the PS
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can be encapsulated within amphiphilic micelles. This method has a tunable
loading capacity depending on concentration of PS (H. J. Wang et al. 2014),
but with the caveat of PS leaking owing to micelle destabilization.

The most common strategy for loading the PS onto the UCNPs is through
physical adsorption, primarily because of the ease and simplicity of this
approach. Physical adsorption usually involves noncovalent attractive inter-
actions such as hydrophobic interactions or electrostatic forces to attach the
PS to the nanoparticle surface. For instance, PSs can be loaded into the pores
of mesoporous silica-coated particles through physical adsorption (Figure
9.2b). The pore size of this layer can be adjusted allowing loading of differ-
ently sized molecules. In addition, the porous nature of this layer provides a
large surface to volume ratio, enabling a greater loading capacity along with
better permeability to oxygen and ROS molecules in comparison to silica
coating alone (Idris et al. 2012; Qian et al. 2009). Physical adsorption through
electrostatic interactions has also been used as a loading strategy. Using this
method, a layer-by-layer self-assembly approach can be used, wherein oppo-
sitely charged layers can be alternately deposited on the nanoparticle surface,
with one of the layers consisting of either the charged PS or a PS conjugated to
a charged moiety. With this strategy multiple layers can be deposited, thereby
affording a convenient means of controlling the amount of PS loaded. In one
such example, a negatively charged Ce6-conjugated polymer was deposited
along with a positively charged PA A—poly(allylamine hydrochloride) layer on
the UCNP and the process repeated to yield up to three layers of the PS conju-
gate resulting in a Ce6 loading capacity of 3.4, 7.7, and 11.0 wt% for one-, two-,
and three-layered structures, respectively (C. Wang et al. 2013).

The third strategy for loading is through covalent linkage of the PS to the
nanoparticle (Figure 9.2¢c). Here, the PSis usually attached to the UCNP surface
through cross-linking agents such as 1-ethyl-3-(3-dimethylaminopropyl)car-
bodiimide or N,N’-dicyclohexylcarbodiimide. Since the release of the PS from
the UCNP surface is not strictly necessary for PDT, this approach provides a
viable means of overcoming the problem of premature leakage or release of
the PS faced by the other loading strategies mentioned above (Liu et al. 2012;
Xu Wang et al. 2014). In fact, covalent linkage has been used for loading PSs
onto silica-coated (Zhao et al. 2012) or mesoporous silica-coated UCNPs (Qiao
etal. 2012) as well. Furthermore, covalent linkage in conjunction with physical
adsorption has also been used to improve loading efficiency (Park et al. 2012).
One of the major concerns of this approach is the fact that it requires chemi-
cal modification of the PS to enable conjugation, which can potentially reduce
the efficacy of the PS. However, most studies have shown that the functional
properties of the PS are retained following covalent linkage.

9.2.1.4 In Vitro and In Vivo PDT Using UCNPs

UCNP-based PDT has been demonstrated in cells and in animals, with the
first successful proof of concept demonstration by Zhang et al. (2007). This
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group used the PS MC540 along with NaYF,: Yb/Er UCNPs and used it to
kill MCE-7/AZ breast cancer cells in vitro. These cells were incubated with
the PS loaded UCNPs and irradiated with NIR light at 974 nm for 36—43 min.
In subsequent years, several other groups have also reported UCNP-based
PDT in cells with better optimization of PS loading, use of PSs with higher
ROS yield, lower UCNP concentrations, and shorter NIR irradiation times at
lower power densities. For instance, Chatterjee et al. used ZnPc as a PS and
showed 50% cytotoxicity of HT29 human colon cancer cells using 0.733 mg/
mL of UCNPs and NIR (980 nm) irradiation time of only 5 min (Chatterjee
and Yong 2008). With most of these early reports, the method used for loading
the PS onto the UCNPs was either through encapsulation or physical adsorp-
tion. In an effort to reduce the leakage of PS as seen with these approaches,
covalent linkage to the nanoparticle surface was explored. By reducing PS
leakage, a greater amount of the chemical could be delivered to the cells of
interest, potentially allowing the use of a lower concentration of PS loaded
UCNPs. For instance, Liu et al. (2012) covalently linked the PS rose bengal to
the surface of PEG-coated UCNPs. With these particles, 50% of cell death of
JAR cells could be achieved using a concentration of only 0.1 mg/mL and NIR
(980 nm) irradiation time of 10 min (at 1.5 W/cm?).

While the initial studies successfully demonstrated the ability of UCNPs
as carriers and nanotransducers for PDT, later studies attempted to elucidate
the mechanisms behind nanoparticle-mediated PDT. Guo et al. found that
cells took up the nanoparticles in a concentration- and time-dependent fash-
ion. When these cells were irradiated with NIR light, the resulting ROS (in
this instance singlet oxygen, '0,) induced oxidative damage caused a change
in the nuclear morphology as well as loss mitochondrial membrane integ-
rity evident from the observed chromatin condensation, DNA fragmenta-
tion, and release of cytochrome c from the mitochondria. All these events are
indicative of apoptosis mediated cell death (Guo et al. 2010).

The efficacy of UCNP-mediated PDT has also been demonstrated in vivo
in mouse models. The earlier studies usually involved intratumoral injection
of PS UCNP-loaded UCNPs. Later, systemic delivery of these particles was
also reported with these particles usually modified with targeting moieties
in addition to the PS. One of the first studies reporting in vivo PDT using
UCNPs was by Wang et al. (2011). They used the PS Ce6 and NaYF,:Yb, Er for
killing 4T, mouse breast cancer cells and in vivo for eradicating a 4T, tumor
grown in synergistic mice. The nanoparticles (43 mg/kg) were injected
directly into the tumor and the site irradiated with a 980 nm laser for 30 min
at 0.5 W/cm?. This retarded tumor growth, a change not seen in untreated
mice. Another report of intratumoral injection was by Cui et al., where they
used ZnPc instead of Ce6 (Cui et al. 2012a). They were able to achieve sig-
nificant retardation of tumor growth at a lower UCNP concentration (33 mg/
kg), irradiation power density (0.4 W/cm?), and NIR irradiation duration
(15 min) though irradiation was carried out twice at different time points
(30 min in total).
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Inmost cases, the PSisloaded onto the UCNPs using one or more of the three
strategies mentioned previously. These strategies have their own advantages
and disadvantages with variability in terms of loading efficiency, leakage of
PS, etc. In 2015, Zhang et al. reported a different approach to UCNP-based
PDT. They uniformly surface coated a photocatalyst titanium dioxide (TiO,)
on a NaYF,:)Yb, Tm UCNP core (TiO,~UCNP) (Lucky et al. 2015). Here, the
titania coating itself was the PS. Using this nanoconstruct, cancer cells could
effectively be destroyed both in vitro and in vivo. This approach allowed both
a means of controlling the amount of the PS loaded and a way of stably load-
ing it onto UCNDPs.

Even though the intratumoral injection studies were beneficial in demon-
strating the ability of UCNPs to act as transducers for PDT in solid tumors,
their ability as carriers and for tumor specific targeting was brought forth
by the subsequent studies reporting systemic injection. When it comes to
systemic delivery, there are several other factors that need to be taken into
consideration. This route involves the circulation of nanoparticles in the
bloodstream before reaching the tumor site. Thus, it becomes necessary
to modify the surface with stabilizers such as PEG to improve circulation
time, avoid immune detection, etc. In addition, targeting moieties are also
used to improve the accumulation of the nanoparticles at the tumor site.
Idris et al. (2012) reported intravenous injection of FA-PEG-modified meso-
porous silica-coated NaYF:Yb, Er UCNPs, co-loaded with PSs, MC540, and
ZnPc (Figure 9.3). They used them for killing B16F0 melanoma in mice and
found that that the UCNPs could activate both PSs (through their multiple
visible emissions) with a single 980 nm laser excitation. Also, the simulta-
neous use of two PSs was more effective in reducing tumor volume than
using a single one. A UCNP dose of 50 mg/kg and a long-exposure time
of 60-120 min of the 980 nm light at 0.415 W/cm? was required for effec-
tive PDT treatment. Park et al. (2012) reported another systemic delivery
system. They used a much lower UCNP dose of 5 mg/kg of the UCNP with
only 5 min of exposure to 0.6 W/cm? of 980 nm light for effective inhibition
of the U87-MG human glioblastoma tumor growth. Here, they used Ce6 as
the PS, which was loaded onto the UCNPs through both physical adsorp-
tion and covalent linkage. This dual loading strategy resulted in high load-
ing efficiency, thereby effectively lowering the dosage of PS loaded UCNPs
needed for PDT.

9.2.2 Photochemical Internalization

A major challenge in the delivery of biomolecules is the poor efficiency of
cytoplasmic delivery (due to poor endosomal escape) especially when using
nanoparticles, since cells clear away the foreign nanoparticles, reducing
the effective concentration of nanoparticles accumulated inside the cells. In
addition, lysosomes are highly acidic (pH ~4.5) and contain nucleases that
can degrade payload such as nucleic acids. Thus, poor endosomal release



Upconversion Nanoparticles for Phototherapy 269

—
)
=
—
o
=

210 = l
b 0 \'\_,SE 100 4
g5
£ 1
% i 0.8j # < 80 4
s 8 < J
S 06 = 60
PE IR 2]
§F gal > voiducN Z w0l
L 3 | = Coloaded UCN + sodium azide 8
: = —A— ZnPc-loaded UCN 1
A § 024 20
2 < —¥— MC540-loaded UCN
<5 1 —@— Coloaded UCN 1
o0
T T T T T T T T T T T T T d 0+
20 30 40 50 60 70 80 Co-  ZnPc- MC540- Void  No
Exposure time to NIR laser (min) loaded loaded loaded UCN UCN
UCN UCN UCN
(c) Top view Side view (d)
—&— Group 1: UCN + laser
—e— Group 2: UCN
1500 - —&— Group 3: laser
"’E 1200 —¥— Group 4: untreated
g 5 o 1000
rou
> — __g 750
g
- 500
£
E 250
0+

Group 4 Group 3

Time after treatment (days)

FIGURE 9.3

(@) Comparison of singlet oxygen production between coloaded, MC540-loaded, ZnPc-loaded,
and void UCNPs under 980-nm NIR irradiation (2.5 W/cm?) as determined by the decay of
9,10-anthracenediyl-bis(methylene)dimalonic acid (ABDA) fluorescence. (b) 3-(4,5-dimethylthi-
azol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium assay for measuring
cell viability to test efficacy of PDT treatment (by exposing cells that have taken up differentially
loaded UCNPs to 2.5 W/cm? of 980-nm NIR laser for 40 min). (c) Representative gross photos of
a mouse showing tumors (highlighted by dashed white circles) at 14 d after treatment with the
conditions described for groups 1-4. Scale bars, 10 mm. (d) Tumor volumes in the four treatment
groups at 6, 8, 10, 12, and 14 days after treatment to determine the effectiveness of the treatment in
terms of tumor cell growth inhibition. Values are means + scanning electron microscopy (SEM)
(n = 6 mice per group). (Reproduced with permission from Idris, N.M., M. K. Gnanasammandhan,
J. Zhang, P. C. Ho, R. Mahendran, and Y. Zhang, Nat. Med., 18 (10), 15801585, 2012. http://www.
nature.com/nm/journal/v18/n10/abs/nm.2933 html#supplementary-information.)

combined with harmful conditions in the late endosomes and lysosomes
constitute a major hurdle in therapy (Berg et al. 2006). Various strategies have
been used to overcome this issue and one such effective solution utilizing
light is PCL

This technology employs specific, preferably amphiphilic, photosensi-
tizing compounds, which accumulate in the membranes of the endocytic
vesicles. When the cells are illuminated with light of a specific wavelength,
these photo sensitizers (PS) become excited and subsequently induce the
formation of ROS, primarily singlet oxygen. The short range of action and
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short lifetime confines the damaging effect of these ROS to the production
site (Oliveira et al. 2007). This localized effect induces the disruption of the
endocytic vesicles, thereby releasing the entrapped therapeutic molecules
into the cytosol before they are transferred to the lysosomes (Dominska and
Dykxhoorn 2010). This technique thus provides an added dimension of spa-
tial and temporal control over biomolecule delivery, making therapy more
specific and effective.

9.2.2.1 Photosensitive Chemicals for PCI

Several different PSs have been reported for PCI with most of them based
on porphyrin structures. The most popular of these is tetraphenylporphine
disulfonate (TPPS2a) developed by Hogset et al. (PCI Biotech), and has been
reported by several groups to improve therapeutic efficacy of drug and gene
delivery systems incorporating this chemical (Boe et al. 2010; Fretz et al. 2007;
Oliveira et al. 2007; Selbo et al. 2006). Recently, another PS TCPS2a (Berstad
et al. 2012), developed by the same group is gaining prominence with several
advantages over TPPS2a such as improved amphiphilicity and red shifted
absorption (Lilletvedt et al. 2011). Some of the other PSs used in PCI include
aluminum disulfonate phthalocyanine (AlPcS2a) (Jin et al. 2011), rhodamine
(Gillmeister et al. 2011), etc. These PSs produce ROS similar to those used in
PDT. However, these PSs accumulate preferentially in the endocytic vesicles,
are used in minute concentrations producing ROS that is sufficient to rup-
ture the endosomes but not kill the cell.

Initial demonstrations of PCI were done in vitro wherein cells were co-
incubated with the PS and the molecule to be delivered. After about 18 h
of incubation, the cells were irradiated with UV or visible light (depend-
ing on the PS used). These studies revealed that efficacy of biomolecule
delivery into the cytoplasm and thus, the resulting therapeutic efficacy
were higher with PCI. An in vivo demonstration of PCI in improving gene
transfection efficiency was done by Nishiyama et al. They used a ternary
complex composed of a core comprising of DNA packaged with cationic
peptides which was enclosed in the anionic dendrimer phtalocyanine.
Phtalocyanine acted as a PS in this study. With PCI, the gene transfection
was enhanced 100 fold. The animal experiments were done in rats where
the complexes were introduced via subconjuctival injection (in the eye)
(Nishiyama et al. 2005). Although these studies demonstrated the utility
of PCI in enhancing cytoplasmic delivery of biomolecules, the fact that
the photosensitizers were sensitive to UV/visible light limited their in vivo
potential.

In 2014, Jayakumar et al. synthesized novel NIR-to-UV/vis UCNPs made up
of a ore—shell architecture, which upon NIR excitation emit across the UV and
visible range. These emissions were used to excite multiple photoactive mole-
cules simultaneously, namely PS (TPPS2a) for PCI (visible emission) and pho-
toresponsive nucleic acid (anti-STAT3 photomorpholino) for gene knockdown
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(@) Schematic showing simultaneous endosomal escape (PCI) and uncaging of nucleic acid
using UCNPs. Distribution of UCNPs before (b) and after (c) NIR irradiation (scale bar: 5 um):
UCNPs, red; 2-(4-amidinophenyl)-1H-indole-6-carboxamidine (DAPI), blue. A more diffuse
pattern shows cytosolic release after endosomal escape. (d) Change in tumor volume as a func-
tion of time to assess the effectiveness of simultaneous activation of TPPS2a (for PCI) and
STAT3 photomorpholino for treating B16F0 melanoma tumor in C57 Bl/6 mice. Values are
means + SEM (1 = 6 mice per group). Group 1, saline control; group 2, UCNPs loaded with pho-
tomorpholinos and irradiated with NIR laser; and group 3, UCNPs co-loaded with photomor-
pholinos and TPPS2a and irradiated with NIR laser. Representative gross photos of a mouse
from each group 1-3 (e—g). Scale bar: 1 cm. (Reproduced with permission from Jayakumar, M.
K. G, A. Bansal, K. Huang, R. Yao, B. N. Li, and Y. Zhang, ACS Nano, 2014.)

(UV emission) (Figure 9.4). These nanoparticles were coated with mesoporous
silica and co-loaded with both the PS and nucleic acid. They were then added
to B16F0 mouse melanoma cells in vitro or injected intratumorally into a B16FO0
melanoma tumor grown in C57bl/6 mice. With PCI, the endosomal release of
the anti-STAT3 photomorpholino was enhanced both in vitro and in vivo. This
resulted in improved gene knockdown and thus reduction in tumor volume
that was several folds higher (Jayakumar et al. 2014).
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9.3 Photocontrolled Release of Molecules

Photocontrolled release of biomolecules can be achieved in several ways.
The molecule itself can be modified using a photolabile group that renders
it “inactive,” in a process called photocaging or it can be attached to the sur-
face of a carrier via a photolinker. Alternately, it can also be encapsulated
within a carrier composed of photosensitive group modified components. In
either case, upon irradiation with light of a suitable wavelength, the photola-
bile group cleaves resulting in either “activation” of the molecule, release of
the biomolecule from the surface of the carrier, or dissociation of the carrier
and subsequent release of cargo contained within, respectively. Photocaging
is a popular technique for using light to achieve site-specific activation of
biomolecules. It involves modifying the molecule to be delivered (plasmid/
siRNA/drug, etc) using a photolabile moiety. This renders the molecule
nonfunctional (Sortino 2012). When the desired delivery site is irradiated
with light of a suitable wavelength (usually UV light), this photolabile group
gets released, thereby rendering the molecule functional or active again.
This process of covalently linking the photolabile group to a biomolecule is
termed “caging” and the biomolecule is said to be “caged” (Yu et al. 2010). In
most biomolecules, certain key functional groups are responsible for bioac-
tivity. Photocaging works by blocking these key functional groups (carboxyl
groups, amino groups, phosphate moieties, hydroxyl groups, etc.) using pho-
tolabile molecules, thereby, hindering their bioactivity.

The process of photocaging allows us to achieve site-specific activation of
biomolecules via irradiation of the region of interest. Besides caging biomol-
ecules directly, photolabile groups that act as linkers have also been used
for controlled release. This involves attaching the desired molecule to a car-
rier via a linker that can be cleaved upon irradiation with light of a suitable
wavelength to which it is sensitive (Yang et al. 2013a). Although the manner
in which the release of the desired molecule is achieved is different for this
technique in comparison to photocaging, the basic premise of using a pho-
tolabile group remains the same with a similar end result. This section will
describe some of the commonly used photolabile groups used in photocon-
trolled delivery systems, UCNP-based strategies for photocontrolled deliv-
ery, and application in cells and in animals.

9.3.1 Photolabile Groups in Photocontrolled Delivery

There are certain criteria that photolabile groups used in photocontrolled
delivery systems intended for biological use need to meet. These include
high quantum yield of the photoreaction, high absorption coefficient of
the group, safe photochemical by-products, and solubility in aqueous sol-
vents (Pelliccioli and Wirz 2002). Several different types of photolabile
molecules have been developed for this purpose and can be divided into
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several categories depending on the mechanism of photolysis. These include:
o-nitrobenzyl (NB) and related groups (e.g., nitrophenyl ethyl (NPE), o-NB,
1-(4,5-dimethoxy-2-nitrophenyl) diazoethane (DMNPE)), coumarin-4-yl-
methyl and related groups (e.g., 7-methoxycoumarin-4-ylmethyl), p-hydroxy-
phenacyl (pHP) group (a promising alternative to the NB-based groups to
cage biomolecules), and other miscellaneous groups such as nitroindolinyl
(NI), 4-methoxyl-7-nitroindolinyl, and benzoin (Pelliccioli and Wirz 2002;
Yu et al. 2010) (Figure 9.5). These groups are modified through the addi-
tion of certain substitution groups in the basic framework of the photolabile
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Mechanism of photolysis of (a) NB (R; = H) or NPE (R; = Me) caged compounds, (b) coumarin-
4-ylmethyl caged compounds, and (c) pHP caged carboxylates, phosphates, and thiolphos-
phates. (Reproduced with permission from Yu, H., J. Li, D. Wu, Z. Qiu, and Y. Zhang, Chem.
Soc. Rev., 39 (2), 464-473, 2010. doi: 10.1039/b901255a.)
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molecule to attain the aforementioned properties desirable for biological use
such as good aqueous solubility, long-wavelength absorption (redshift), and
high absorption coefficient (Yu et al. 2010).

0-NB derivatives are the most common photolabile protecting groups. This
group is synthetically incorporated into the molecule to be caged via linkage
to a heteroatom (usually O, S, or N) as an ether, thioether, ester, amine, or
similar functional group. Although very effective, NB cages have some dis-
tinct disadvantages. These include toxic by-products and slow release rates
following excitation.

A promising alternative to 0-NB derivatives is the pHP group. pHP is used
to cage mostly carboxylates and phosphates and has a fast release rate fol-
lowing excitation. In addition, aqueous solubility, nontoxic by-products, high
stability under physiological conditions, makes this group very attractive.
However, a disadvantage is the relatively low absorption coefficient at wave-
lengths above 320 nm.

A relatively new player in this field is the Coumarin-4-ylmethyl group and
its derivatives. It can be used to cage carboxylic acids, phosphates, amino
group as well as the hydroxyl group. It has a high absorption coefficient and
fast release rate making it suitable for a host of applications (Yu et al. 2010).

9.3.2 UCNP-Based Phototriggered Release In Vitro and In Vivo

Most of the photolabile groups described in the previous section respond to
UV light. Not only is UV light toxic, it also has low tissue penetration, which
makes it unsuitable for use in a clinical setting. Thus, the use of UCNDPs as
NIR to UV transducers is advantageous particularly for in vivo delivery and
site-specific activation of bioactive molecules such as drugs, nucleic acids,
etc. There are several strategies for employing UCNPs in photocontrolled
delivery systems. They can be deployed as transducers for and carriers of
photocaged biomolecules. When the region of interest is irradiated with NIR
light, the upconverted light from the UCNPs uncages the biomolecules, ren-
dering them functional. UCNPs can also be co-encapsulated with caged bio-
molecules within a larger particle (with a porous surface) in a “yolk-shell”
approach, such that irradiation with NIR light uncages the biomolecule
which then diffuses out of the pores of the larger particle in its active from.
Lastly, UCNPs have also been co-encapsulated with the cargo to be deliv-
ered in hydrogels and micelles made of components that contain photolabile
groups. Upon irradiation with NIR light, the photolabile group is cleaved
due to the upconverted light produced by the UCNPs, resulting in disrup-
tion of the hydrogel or micelle and releasing the contents confined within.
One of the earliest reports of using UCNPs for NIR triggered uncaging
was by Carling et al. (2010). They used a benzoin cage to modify a model
molecule, which upon uncaging released carboxylic acid. Although not of
therapeutic use, this study showed that UCNPs could be used as transducers
for NIR-based uncaging of molecules. This generated a lot of interest in this
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field with subsequent reports of NIR mediated uncaging of small molecules
and bioactive moieties for therapeutic use. For instance, Garcia and group
reported photoactivation of caged nitric oxide with potential applications in
cancer treatment (Garcia et al. 2012). Caged chemotherapeutic drugs can also
be uncaged in a site-specific manner using UCNPs upon irradiation with
NIR light. Dai et al. used NaYFE,: Yb/Tm @ NaGdF, UCNPs for photocon-
trolled delivery of the light-activated prodrug dipeptidyl-peptidase (DPP)
(trans,trans,trans-[Pt(N,),-(NH;)(py)(O,CCH,CH,-COOH),]) and multi-
modal imaging (Dai et al. 2013). The upconverted UV light from the UCNDPs
activated the prodrug to its active form. They used these prodrugs loaded
particles in vitro in HeLa cells. Significant reduction in cell viability was seen
when cells were incubated with drug-loaded UCNPs and irradiated with
NIR. Irradiation with NIR light alone did not cause such a toxic effect. These
prodrug loaded particles were also tested in vivo in a mouse model with H22
xenografts. NIR irradiation upon treatment with these prodrug-loaded par-
ticles caused excellent inhibition of tumor growth. In addition, the Gd dop-
ing allowed these particles to be used for MRI and the presence of Yb and
Gd ions for computed tomography imaging. Thus, this platform allowed for
both targeted delivery of a chemotherapeutic drug and multimodal imag-
ing. Zhao et al. demonstrated an interesting approach for using UCNPs for
photocontrolled drug delivery. They synthesized yolk-shell particles, each
consisting of a single UCNP yolk and mesoporous silica shell. The couma-
rin-caged chemotherapeutic drug chlorambucil was adsorbed in the space
between the UCNP yolk and mesoporous silica shell. Upon irradiation with
NIR light, the upconverted UV light produced by the UCNPs uncaged the
drug, which diffused out of the pores of the shell in its active form. This
system was tested both in vitro and in vivo (Zhao et al. 2013) (Figure 9.6a—
g). Instead of modifying the drug directly, photocontrolled delivery using
mesoporous silica-coated UCNP can also be achieved by loading the drug
of interest into the pores and then covering or “capping” the pore with a
photolabile group (J. Liu et al. 2013; Yang et al. 2013b). Upon irradiation
with NIR light, the upconverted light from the UCNPs cleaves the capping
group, leaving the cargo free to diffuse out of the pores. Besides drugs and
small molecules, UCNPs have also been used for photocontrolled delivery
of nucleic acids such as plasmids, siRNA, photomorpholinos, etc. Jayakumar
et al. demonstrated the use of NIR to UV UCNDPs in achieving spatially and
temporally controlled gene expression/knockdown with the use of caged
siRNA and plasmid (Jayakumar et al. 2012). Green fluorescent protein (GFP)
plasmid was caged using DMNPE [1-(4,5-DMNPE] and loaded onto meso-
porous silica-coated UCNPs. When cells were incubated with these particles
and irradiated with NIR light, strong GFP expression was observed which
was absent in cells not irradiated with NIR light (Figure 9.6h—j). GFP expres-
sion in cells expressing this protein could also be knocked down using caged
anti-GFP plasmid upon irradiation with NIR light. In addition, the toxicity
of the mesoporous silica-coated UCNPs was minimal at the concentration
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(@) Schematic illustration of the NIR-regulated upconversion-based drug delivery and (b) the
photolysis of the prodrug under upconversion emission from the yolk-shell UCNPs (YSUCNPs).
Transmission electron microscopy (TEM) images of the (c) NaYF:Yb,Tm, (d) NaYF:YbITm@
NaLuF, and (e, f) YSUCNP nanoparticles. (g) The photoregulated release of chlorambucil (drug)
from YSUCNP-ACCh controlled by a 980 nm laser. “ON” and “OFF” indicate the initiation and
termination of laser irradiation, respectively. The working power density of the 980 nm laser
was 570 mW/cm?. (h) Schematic showing loading of caged plasmid DNA/siRNA into the meso-
pores of UCNPs. (i) Schematic of setup showing the stencil and the position of the laser for
patterning of cells transfected with caged pGFP. Inset shows the pattern (National University of
Singapore [NUS]) on the stencil. (j) Composite image showing the GFP fluorescence from three
different wells (one letter in each well of a 96-well plate) (scale bar, 200 pm) and live-cell DAPI
staining of the same to show the cell confluence. (Reproduced with permission from Zhao, L.,
J. Peng, Q. Huang, C. Li, M. Chen, Y. Sun, Q. Lin, L. Zhu, and F. Li, Adv. Funct. Mater., 2013. doi:
10.1002/adfm.201302133; Jayakumar, M. K., N. M. Idris, and Y. Zhang, Proc. Natl. Acad. Sci. USA,
109 (22), 84838488, 2012. doi: 10.1073/pnas.1114551109, respectively.)

used in the experiments (0.5 mg/mL). Thus, this method was able to achieve
very efficient photo uncaging of nucleic acids using deep penetrating and
nontoxic NIR light, thereby overcoming the limitations associated with tra-
ditional methods for photocontrolled gene delivery. Yang et al. also used
NIR to UV UCNPs to demonstrate photocontrolled gene expression/knock-
down. However, instead of loading photocaged nucleic acids, they function-
alized the surface of their silica-coated UCNPs with a photoresponsive o-NB
linker terminating with a positively charged alkyl amine group and used
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electrostatic interactions with negatively charged siRNA to achieve loading.
Upon irradiation with NIR, the photolinker was cleaved resulting in siRNA
release. This system was demonstrated in vitro by knocking down GFP using
a Si-UCNP-photolinker-anti-Enhanced green fluorescent protein (EGFP)
siRNA complex upon irradiation at 980 nm (Yang et al. 2013a).

In 2014, Jayakumar et al. also showed simultaneous photoactivation of two
different molecules. They synthesized core—shell NaYF,: Yb, Tm@NaYF,: Yb,
Er UCNPs that could emit across the UV and visible range upon irradia-
tion with NIR light at 980 nm. These particles were coated with mesoporous
silica and co-loaded with photomorpholino (anti-STAT3) and TPPS2a, a PS
used for PCIL. B16F0 murine melanoma cells (overexpressing STAT3) were
incubated with these particles and irradiated with NIR light. The visible
emission of the UCNPs activated TPPS2a resulting in improved endosomal
escape (and release of cargo into the cytoplasm) and the UV emission acti-
vated the photomorphoino. This resulted a significant reduction in STAT3
levels and cell death as compared to delivery of photomorpholino alone.
Similar results were seen in vivo in a mouse melanoma model.

UCNPs have also been used for disrupting photosensitive hydrogels and
micelles containing the molecules to be delivered encapsulated within. Yan
et al. (2011) synthesized micelles using block copolymers [poly(ethylene
oxide)-block-poly(4,5-dimethoxy-2-NB  methacrylate)] and encapsulated
NaYF:Yb, Tm UCNP in them. Upon irradiation with an NIR laser, the UCNPs
produced UV light which caused the photocleavage of o-NB groups in the
micelle, micelle dissociation, and release of a dye molecule contained within.
Although this study used a dye molecule to demonstrate the concept, this
system can be applied for delivery of therapeutic cargo. The same group also
used UCNPs (NaYF,: Yb/Tm) to achieve temporally controlled release of bio-
molecules entrapped in a hydrogel (Yan et al. 2012). They prepared a hydro-
gel, with a cross-linked hybrid polyacrylamide-PEG structure held together
by photoresponsive o-NB groups. The UCNPs and desired biomolecules were
entrapped in this hydrogel. Upon irradiation with NIR at 980 nm, the UCNPs
emitted UV light, which resulted in the cleavage of the UV sensitive o-NB
groups, releasing the entrapped biomolecules in the process. The release of
the biomolecules was dependent on the laser power, allowing for a stepwise
(not continuous) release. It is important to note that these experiments made
use of very high laser power (3-5 W) and for prolonged time periods (30 min
and above). This is a potential limiting factor for the use of this method in vivo.

9.4 Photothermal Therapy

PDT though promising, has certain limitations in that it is dependent on
the oxygen levels in the tumor. Consequently, it is potentially less effective
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in hypoxic conditions where the oxygen partial pressure can fall below
40 mmHg (common in large tumors) (Henderson and Fingar 1987, Mitchell
et al. 1985; See et al. 1984). Thus, a therapy that is independent of oxygen
levels is beneficial in this regard. PTT is one such modality. It is similar to
PDT in that it uses a medium, which upon irradiation with light of a suitable
wavelength results in cell death, with the major difference being the mecha-
nism of cell kill. In case of PDT, the PS upon irradiation produces ROS but in
PTT, the light absorbed is converted to heat. This raises the temperature of
the local environment to more than 41°C (hyperthermia) and causes irrevers-
ible cell damage (Boulnois 1986; Nikfarjam et al. 2005)

The nonspecific damage to the surrounding healthy tissue had made it
impractical to use hyperthermia as a mode of cancer therapy earlier but PTT
has allowed researchers to use a noninvasive stimulus such as light to induce
hyperthermia in a controlled and localized manner, thereby making it a via-
ble and effective option that can be used to treat tumors even under hypoxic
conditions (Boulnois 1986; C. Jin et al. 2013; Nikfarjam et al. 2005).

The key consideration for a PS or any light to heat transducer suitable for
this technique is the efficacy of this conversion. Although naphthalocyanines
and metal porphyrins have been used frequently, they are prone to photo-
bleaching under laser irradiation, which greatly reduces their therapeutic
potential (Camerin et al. 2005). Recently, gold nanoparticles have become
increasingly popular as they offer excellent light to heat conversion due to
the surface plasmon resonance (SPR) oscillation, high absorption cross sec-
tion of NIR light, and good photostability. Thus, they can be used to achieve
PTT in deeper tissues and for a prolonged duration of time (Hu et al. 2006;
Huang et al. 2008; Nakamura et al. 2010; O’Connell et al. 2002). Other plas-
monic metals like silver have also been used for the same.

9.4.1 UCNP-Based PTT

Besides the use of gold and silver nanoparticles, UCNPs coated with these
materials have also been used for PTT. Use of UCNPs provides the added
advantage of simultaneous imaging owing to their multiple visible and/or
NIR emissions. Dong et al. demonstrated the use of silver-coated UCNDPs
for image guided PTT. They synthesized UCNPs with a NaYF, core doped
with ytterbium, that is, Yb%* (absorber/donor ion) and erbium, Er** (emitter/
acceptor ion). These UCNPs are excited at NIR 980 nm and emit in the vis-
ible range (green and red regions). They were then coated with silver (Ag),
resulting in a core—shell structure with a UCNP core and Ag shell. Ag, a plas-
monic metal was chosen owing to its good photothermal properties and the
thickness of the shell was tuned so that the SPR absorption was at 980 nm.
These particles could be used for imaging (due to the visible emissions of the
UCNPs) and PTT (due to the SPR of the Ag shell) simultaneously upon exci-
tation with NIR at 980 nm. These particles were tested out in vitro but not in
vivo. The toxicity of these particles, though lower than that of the UCNP core
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alone, was significant and increased with increasing particle concentration.
In fact, the concentration used for in vitro therapy (1 mg/mL) caused about
50% cell death even without NIR irradiation, a serious drawback that might
limit their in vivo potential (Dong et al. 2011).

UCNPs coated with gold have also been used for PTT. Qian et al. (2011) syn-
thesized NaYF,Yb, Er/NaYF,/silica (core/shell/shell) UCNPs (~70-80 nm)
and deposited gold nanoparticles (~6 nm) on the surface of the silica shell of
these nanoparticles. The UCNPs were excited by NIR and the upconverted
green light was coupled with the surface plasmon of Au leading to rapid heat
conversion, resulting in the destruction of BE (2)-C (neuroblastoma) cancer
cells. Cheng et al. prepared multifunctional particles in which UCNPs were
coated in a layer-by-layer manner first with iron oxide nanoparticles and
then with a gold shell, followed by PEG coating to impart aqueous stabil-
ity. The gold coating was utilized for NIR-mediated PTT while the UCNP
luminescence and iron oxide allowed for dual-modal luminescence and
MRI (Cheng et al. 2011). These particles were used for killing cancer cells
in vitro and their potential for tumor imaging was analyzed in vivo. PTT in
vivo was not demonstrated. The same group later demonstrated the use of
these particles for in vivo PIT and multimodal imaging. In this study, the
multifunctional UCNPs were intravenously injected and then magnetically
targeted to the tumor site though the application of an external magnetic
field, followed by irradiation of the tumor site with NIR light (Figure 9.7).
This approach resulted in 8-fold higher tumor uptake of UCNPs and subse-
quently an enhanced tumor ablation effect (Cheng et al. 2012).

9.5 UCNPs in Combination Therapy

UCNPs can have multiple emission peaks and can be modified to carry
multiple molecules simultaneously. This has led to an advent of UCNP-
based combination therapies, wherein these particles are used as carriers
and/or transducers for delivery and activation of multiple photoresponsive
molecules for a synergistic therapeutic effect. For instance, there have been
reports of UCNP-based therapies combining PDT and PTT, PDT and drug/
gene delivery, as well as trimodal PDT, chemo- and radiotherapy. Y. Wang
et al. (2013) used UCNPs covalently grafted with nanographene oxide (NGO)
via bifunctional PEG for combined PDT and PTT along with tumor imag-
ing . The NGO coating has a strong absorption coefficient in the NIR range
and can be used for PTT. Next, the PS ZnPc was loaded onto the NGO coat-
ing. Upon irradiation with light at 808 nm, the NGO coating caused a local-
ized heating effect resulting in cancer cell kill through PTT. Irradiation with
630 nm light-activated ZnPc and caused cell kill via PDT. Irradiating HeLa
cells incubated with these nanocomposites with both 808 and 630 nm light
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FIGURE 9.7

(@) Schematic illustration showing the composition of multifunctional nanoparticles (MFNP)
and the concept of in vivo imaging-guided magnetically targeted PTT. The magnetic field around
the tumor region induces local tumor accumulation of MENPs. (b) An SEM image of MFNP-
PEG. (¢) Treatment of tumor in vivo using UCNP-mediated PTT. The growth of 4T, tumors in
different groups of mice after treatment. The tumor volumes were normalized to their initial
sizes. For the treatment group, eight mice injected with MFNP-PEG were placed under the
tumor-targeted magnetic field for 2 h and then exposed to an 808-nm laser at a power density
of 1 W/cm? for 5 min. Other four groups of mice (seven mice per group) were used as controls:
(1) no MENP injection and no laser (untreated); (2) laser only without MENP injection (laser);
(3) injected with MFNP under the magnetic field but without no laser irradiation (MFNP + MF);
and (4) injected with MFNP and exposed to the laser but without the magnetic targeting. Error
bars were based on standard deviation (SD). (Reproduced with permission from Cheng, L., K.
Yang, Y. Li, X. Zeng, M. Shao, S--T. Lee, and Z. Liu, Biomaterials, 33 (7), 2215-2222, 2012.)

resulted in a synergistic cell kill effect, which was greater than that seen with
either of the therapies individually. Interestingly, this study did not use the
upconversion property of UCNPs for PTT or PDT; rather UCNPs were used
as carriers and their upconverted light used for imaging alone.

Yuan and group reported combined chemotherapy and PDT triggered
via upconverted light produced by UCNPs (Yuan et al. 2014). They cova-
lently attached a chemotherapeutic drug doxorubicin (DOX) to a PEGylated
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conjugated polyelectrolyte (CPE) PS through a UV-cleavable o-NB linker.
This CPE-DOX was used to encapsulate hydrophobic UCNPs in aqueous
media. When irradiated with NIR light, the UV linker cleaved due to the
upconverted UV light produced by the UCNPs. In addition, the upconverted
visible light activated the photosensitzer, resulting in ROS production. Thus, by
utilizing the multiple emission peaks of UCNPs, both photocontrolled deliv-
ery of a chemotherapeutic drug and PDT could be achieved. This system was
demonstrated in vitro using U87-MG glioblastoma cells. A similar approach
was used by Xin Wang et al (2014) for combined PDT and gene therapy.

A trimodal synergistic therapy using UCNPs was demonstrated by Fan
et al. (2014). They synthesized Gd-doped UCNPs with a mesoporous silica
core, with a cavity between the core and the shell. Hematoporphyrin (a PS
that doubles up as a radiosensitizer) was encapsulated in the space between
the UCNP core and mesoporous silica shell. A radiosensitizer/chemodrug
docetaxel (Dtxl) was covalently grafted onto the shell. This nanocomposite
was used for theranostics, that is, both diagnostics and therapy. Gd doping
allowed for MRI, which in combination with upconversion luminescence was
used for locating the tumor. NIR excitation and X-ray irradiation resulted
in combined radio—chemo therapy and PDT. This nanotheranostic platform
was tested both in vitro using HeLa cells and in vivo in 4T, tumor bearing
mice. Maximum reduction in tumor volume was seen in mice exposed to
both NIR light and X-ray radiation (trimodal therapy) and was significantly
higher than that observed for individual modalities (Figure 9.8).

9.6 Limitations of UCNPs

UCNPs have provided a simple yet effective means of using NIR light for pho-
toactivation applications that had long relied on UV or visible light. Although
this has brought these techniques closer to clinical use, UCNPs are not with-
out their limitations. The quantum yield of these particles is very low, usually
less than 1% (Cheng et al. 2013). As a result, a relatively high intensity of NIR
is required to obtain emission levels sufficient for photoactivation and imag-
ing. In addition, most UCNPs are excited by NIR at 980 nm, a wavelength
close to the absorption peak of water molecules. This combined with the high
laser power required for excitation can result in significant tissue heating.
These problems pose a barrier to the widespread use of UCNPs in therapy.
As a result, tremendous efforts are being made toward improving quantum
yield and developing UCNPs with alternate excitation wavelengths.
Quantum yield of UCNPs has been improved through optimization of
dopant ratios and dopant types use of different host materials and through
coating with an undoped shell such as NaYF, or CaF,. The addition of an
undoped layer around the particles reduces nonradiative excitation losses



282 Upconverting Nanomaterials

(@
Dense SiO, Mesoporous ' Hot water
coating SiO, coating etching
W/O reverse CTAC as PVP (Mw = 40,000)
microemulsion method pore-forming agents as protecting agents
Gd-UCNPs Gd-UCNPs@SiO, Gd-UCNPs@SiO,@mSiO, UCMSNSs
(b) ()

UCMSNs—HP-Dtxl + RT + NIR
Dix] @
—.

— UCMSNs—HP-Dtxl + RT
Encapsulation

UCMSNs UCMSNs—Dixl |~ UCMSNs-HP-Dtd + NIR
—~ RT

X-ray

Synergetic Chemo-/Radiotherapy
NIR

HP @ Control
—_—

T T T
0 20 40 60 80 100 120
Cell viability (%)

[
Grafting

UCMSNs UCMSNs—HP (f)
NIR light 9
Xora 3 _' —a—Control
Y ]|—e—NIR
Synergetic Radio-/Photodynamic therapy >O 7 4|—A—UCMSNs-HP-Dixl
; 6 _ —w—UCMSNs—HP-Dtxl + RT
(d) ~ J|—<«—UCMSNs—-HP-Dtxl + RT + NIR
2 5]
HP@/Dtxl@ = 4]
> J
co-delivery ‘g 34
2 ]
UCMSNs UCMSNs-HP-Dtxl = 2 ]
NIR light &1
X-ray 0 ]
T T T T T T T

Synergetic Chemo-/Radio-/Photodynamic therapy

Days

FIGURE 9.8

(a) Schematic illustration of the synthetic procedure of UCNPs core/mesoporous silica shell
nanotheranostics (UCMSNSs). Gd-UCNPs were prepared by epitaxial growth NaGdF, layer
on NaYF,:Yb/Er/Tm through a typical thermal decomposition process. Then, a dense silica
layer was coated on Gd-UCNPs by a reverse microemulsion method producing Gd-UCNPs@
SiO,. Subsequently, a mesoporous silica shell was deposited on Gd-UCNPs@SiO, via the
template of cetyltrimethylammonium chloride (CTAC) resulting in Gd-UCNPs@SiO,@
mSiO,. Finally, UCMSNs were successfully fabricated based on a “surface-protected hot
water etching” strategy. (b) Schematic diagram of synergetic chemo-/radiotherapy effects
of free Dtx]/UCMSNs-Dtx], (c) Synergetic radio-/PDT effects of UCMSNs-HP and (d)
schematic diagram, and (e) In vitro evaluation of synergetic chemo-/radio-/PDT effects on
HeLa cells after co-incubated with 5 mg/mL UCMSNs-HP-Dtxl. (f) In vivo evaluation of
synergetic chemo-/radio-/PDT on 4T, tumor bearing mice after intravenous injection of
UCMSNs-HP-Dtxl. Tumor growth curves of 4T, tumor bearing mice over a period of half
a month after the corresponding treatments. Control groups received phosphate buffered
saline (PBS). (Reproduced with permission from Fan, W., B. Shen, W. Bu, F. Chen, Q. He, K.
Zhao, S. Zhang, L. Zhou, W. Peng, and Q. Xiao, Biomaterials, 35 (32), 8992-9002, 2014.)
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at the particle surface thereby improving upconversion emission (Heer et al.
2004). Development of UCNPs with alternative excitation wavelengths dif-
ferent from the conventional 980 nm has been achieved through the use of
novel dopants like neodymium (Nd*") and different lattice structures. UCNDPs
doped with neodymium ions (Nd?*') can absorb at 800 nm, a wavelength at
which water has a low absorption coefficient. In these particles, Nd** is used
as a sensitizer. It absorbs maximally at 800 nm, transferring energy to Yb%*
which subsequently transfers it to the activator ions (Tm?*, Er**, etc.), result-
ing in UV or visible upconversion emission. These particles usually have a
core—shell, or core with multiple shells structure to physically separate the
sensitizer and activator ions such that deleterious energy transfer between
the dopants does not quench the upconversion emission efficiency (Shen
et al. 2013; Y.-F. Wang et al. 2013; Wen et al. 2013; Xie et al. 2013). These Nd3*-
doped UCNPs are relatively new and have not gone through extensive in
vitro and in vivo testing. It remains to be seen whether their photoactivation
capabilities are comparable to the UCNPs that have been used thus far.

Using host matrices different from the conventionally used NaYF, also
produces UCNPs with excitation wavelengths different from 980 nm. For
instance, when BaSr,Y,O,, is used as the host matrix, the resulting nanopar-
ticles can be excited at 1540 nm. Using LiYF, as a host matrix results in
UCNPs with excitation at 1490 nm. Furthermore, these LiYF, UCNPs have
a relatively high quantum yield (1.2% for 85 nm particles at 10-150 W cm?).

Another hurdle that curbs the clinical potential of UCNPs is the uncer-
tainty in terms of systemic toxicity, their clearance, and long-term effects
on the body. Though their safety in vitro and in short-term in vivo studies
has been extensively reported, their long-term toxicity effects and potential
bioaccumulation are largely unexplored. Such studies exploring long-term
effects need to be undertaken for these particles to enter into clinical prac-
tice. Besides these roadblocks, the lack of standardization owing to the exis-
tence of numerous synthesis methods makes it difficult to draw comparisons
between resulting UCNDPs. Quality control in terms of uniformity in par-
ticle size, optical properties, etc. also serves as an impediment in the scaling
up of UCNP synthesis. These problems can be addressed to a large extent
through standardization of synthesis techniques and increased automation.
This would allow for greater consistency in the quality of the particles syn-
thesized besides also enabling easy scaling up of the synthesis procedure, all
of which are important for bringing these particles to commercial use.

9.7 Conclusion and Outlook

Technologies like upconversion overcome a major limitation associ-
ated with traditional photoactivation techniques, namely the use of low
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penetrating or toxic UV/visible light for excitation by allowing the use of
deeper penetrating and biologically friendly NIR light instead. This has
made UCNPs nanotranducers of choice for phototherapeutic applica-
tions. These particles are excited by long-wavelength radiation (such as
NIR) and can emit across a range of UV and visible light that can be tuned
(depending on dopants and their ratios) in keeping with the absorption
characteristics of the photoresponsive molecule in question. In the context
of medicine, their unique properties like low autofluorescence, negligible
photobleaching, tunability of emission peaks also enable simultaneous real
time imaging, allowing one to track the delivery and distribution of thera-
peutic molecules that they carry.

Although promising, UCNPs do face certain limitations at present. Their
quantum yield is low (<1%), thus a relatively high intensity of NIR is needed
for activation, which may lead to potentially harmful heating effects owing
to the high absorption of water at 970 nm, which is very close to the 980 nm
light used to excite UCNPs. Efforts have been made to overcome some of
these hurdles with innovations like the addition of an undoped shell such
as NaYF, around the UCNPs to improve quantum yield, development of
nanoparticles doped with neodymium ions that can be excited by 800 nm
where the absorption coefficient of water is low, etc. Despite these efforts,
UCNPs still have a long way to go before they can be put to clinical use.
Batch-to-batch variability, uncertain systemic toxicity and clearance need to
be addressed for their clinical and commercial potential to be realized.
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