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Abstract

Light is electromagnetic radiation that can convert its energy into different forms (e.g., heat,
chemical energy, and acoustic waves). This property has been exploited in phototherapy (e.g.,
photothermal therapy and photodynamic therapy) and optical imaging (e.g., fluorescence imaging)
for therapeutic and diagnostic purposes. Light-controlled therapies can provide minimally or non-
invasive spatiotemporal control as well as deep tissue penetration. Nanotechnology provides a
numerous advantages, including selective targeting of tissues, prolongation of therapeutic effect,
protection of active payloads, and improved therapeutic indices. This review explores the
advances that nanotechnology can bring to light-based therapies and diagnostics, and vice versa,
including photo-triggered systems, nanoparticles containing photoactive molecules, and
nanoparticles that are themselves photoactive. Limitations of light-based therapies such as photic
injury and phototoxicity will be discussed.

1 Introduction

In this review we will illustrate some general strategies by which light can be applied in
nanomedicine, and problems in phototherapy that can be addressed by nanotechnology. The
mechanisms, principles and progress in technology relating to photochemistry and
nanotechnology will be overviewed in brief. We will discuss various nanoparticles (NPs)
used in phototherapy or light-triggered drug delivery. Some challenges in the design and
fabrication of light-triggered nanomaterials for potential clinical translation will be featured.

1.1 Light

Light is the narrow spectral region of electromagnetic radiation perceived by human vision
(wavelengths 390-750 nm):;1 however that term is often extended to ultraviolet (UV) and
infrared (IR) rays in photochemistry and photobiology (Figure 1a). Light, consisting of
photons, is a form of energy with dual wave-particle properties.2 The energy of light is
inversely proportional to light wavelength (E = hv), i.e. UV light has more energy than the
same number of photons of IR light.

Light has been used as a therapy for more than three thousand years. The ancient Egyptians,
Indians, and Chinese used light to treat various diseases, including psoriasis, rickets, vitiligo,
and skin cancer. However, a systematic understanding of photochemical and photophysical
processes was only established in the last century. Modern phototherapy was developed by
Finsen,2 who used UV light to treat cutaneous tuberculosis and used red light to prevent the
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formation and discharge of smallpox pustules (for which he received the 1903 Nobel Prize).
The direct use of light as a therapeutic agent has been important in the treatment of vitamin
D deficiency, neonatal jaundice, autoimmune diseases, manic depression, and other
conditions.

Light has several useful properties. Absorbed light can induce changes in administered or
endogenous chemicals. (In this review all such compounds are referred to as photoactive
molecules or photoactives.) Subsequently, these compounds can undergo photochemical or
photophysical processes leading to therapeutic or diagnostic uses. These processes include:
photochemical reaction of the agent itself (e.g., photocleavage or photoswitching, see
sections 2.5 and 2.6) or of other endogenous molecules (e.g., generation of cytotoxic singlet
oxygen from O, in photodynamic therapy, see section 2.2), emission of light at different
wavelengths (e.g., fluorescence), or transfer of energy to other forms (e.g., heat for
photothermal therapy, see section 2.1, and acoustic waves for photoacoustic imaging see
section 2.4). The photochemical processes for photodynamic therapy, photothermal therapy
and fluorescence imaging using small-molecule photoactive agents are shown in Figure 1b.

1.2 Access to tissues: the near infrared (NIR) window and novel light sources

Upon interaction with a tissue, light can be reflected, scattered, transmitted, or absorbed
depending on the optical features of the tissue (absorption coefficient etc.). Light
propagation in the tissue is affected by scattering due to tissue heterogeneity, and by
absorbance by water and endogenous dyes such as hemoglobin.> The maximum skin
permeability to light occurs in the range ca. 650-900 nm (the so-called near infrared light
window, Figure 1a).8 NIR light can propagate through tissues with less attenuation
compared to that for visible light: penetration depths greater than 3 cm can be achieved in
muscle and brain, and greater than 10 cm in less-attenuating organs such as the human
breast.>” The use of NIR light therefore has significant advantages for phototherapy and
optical imaging within deep tissues over UV and visible light.

Fiberoptic devices provide another minimally invasive means of conveying light deep within
the body, and have become increasingly versatile with progressive miniaturization; 8 they
are also useful for transmitting images and performing medical procedures.® Flexible optical
fiber-bundle miniature endoscope have been manufactured with ~200-300 pm diameters,
which are well suited for fluorescence imaging deep within tissues, as well as the delivery of
light for phototherapy (e.g., for photodynamic therapy).10

The commercial availability of two novel light sources, light-emitting diodes and
femtosecond solid-state lasers, can be readily adapted for clinical applications (e.g. for
endoscopy) with visible or NIR output.*11 The light-emitting diode is a semiconductor light
source that emits in a narrow light bandwidth (5-10 nm) and high power output (up to
hundreds of mW/cm? over an area of 20 cm?).11 Being inexpensive and compact, light-
emitting diodes can be arranged to cover complex anatomic topographies.11 Femtosecond
solid state lasers that can generate high intensity light with pulse durations around100
femtoseconds are useful for /in vivo two-photon excitationl? (see section 2.3). Both of these
light sources should be applicable via fiberoptics.

1.3 Light toxicity

Light can induce photic injury in a manner dependent on the irradiation power density, spot
size, irradiation time, the manner of exposure (e.g., the frequency of the target being
irradiated), and wavelength. The most significant type of photic injury is photothermal
damage, where tissues are heated by absorbed light energy. On a cellular and molecular
level, increases in temperature cause the denaturation of proteins, loss of molecular tertiary
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structure, and fluidization of membranes. Depending on the extent of damage induced by the
rise in thermal energy, cells may undergo apoptosis (55-58 °C), apoptosis and necrosis (60—
68 °C), and immediate cell death (72 °C or greater).13 This property is useful for surgical
incision and ablation of tissue parts. Light can also cause photochemical injury, where it
generates free radicals by interacting with endogenous chromophores (e.g., photoreceptors
in eyes, heme proteins and flavoproteins etc.).13 The free radicals can oxidize proteins and
cell membrane lipids. Photochemical damage is associated with long durations of exposure
and high energy (or low wavelength, ca. UV) light exposure. As examples of photochemical
injury, prolonged exposure to UV light can result in painful eye injury, premature skin
aging, and/or skin cancer, in addition to skin burning. Furthermore, high-energy light
(megawatts or terawatts / cm?2) can cause photomechanical damage, applying compressive or
tensile forces to tissues, even if tissue is irradiated for as short as a period nanoseconds to
picoseconds.13

American National Standards Institute publishes maximum permissible exposures for
different light sources,# assuming ocular irradiation. However, photic injury can be delayed
in onset, occurring long after treatment is over.1® Consequently, optical imaging and
treatment using light should be mindful of phototoxicity. In considering light-activated
systems, it is also important to bear in mind the ambient state of environmental irradiation
(e.g. daylight) that can lead to non-specific activation of photoactives.

1.4 Photochemical properties of photoactives

The dissipation of photonic energy (light) can proceed by more than one pathway. For
example, a photodynamic sensitizer can be also fluorescent. The selection of photoactives
for specific treatments is therefore important and can be guided by an appreciation of each
agent’s photophysical properties, including the extinction coefficient, photostability,
quantum yield (the probability of a particular photochemical process following the
absorption of a photon) and absorption cross section (the probability of absorption, taking
light scattering into consideration). In general, agents for photodynamic therapy require high
molar extinction coefficients and high-energy and long-lived triplet states (longer than
singlet state), in order to generate singlet oxygen with a high quantum yield. A photoactive
with a high molar extinction coefficient, very low quantum yield of fluorescence, and a
short-lived and low-energy triplet state (pico-second range, no tendency for the
photodynamic route) is best for photothermal therapy, as its absorbed light energy can be
primarily converted to heat. For fluorescence imaging for /n vivo applications, the agent
should have low toxicity, good solubility in aqueous media, a high fluorescence quantum
yield and a longer fluorescence life time than the components of the biological samples
under study (e.g., tryptophan residues in proteins).*

1.5 Nanomedicine and light-triggered drug delivery

Nanomedicine refers to the application of nanotechnology for the diagnosis, monitoring,
prevention and treatment of clinical conditions.16 Nanomedicine can enhance therapeutics
and diagnostics in many ways, as has been reviewed.” This is well demonstrated in the case
of nanoparticulate drug delivery systems. For example, cellular uptake of hydrophobic drugs
in NPs can be considerably enhanced over that of free drug,18 which can be advantageous in
treating resistant infections, developing vaccines, or treating resistant tumors.17219 |n cancer
chemotherapy the nanoscale enables the preferential delivery of drugs to tumors owing to
the enhanced permeability and retention (EPR) effect whereby NPs are preferentially taken
up by the leakier vasculature in tumor beds and are retained because of the tortuous
lymphatics.1420 Several nanoparticulate therapeutics, e.g., Doxil™ (~100 nm PEGylated
liposome loaded with doxorubicin) and Abraxane™ (~130 nm paclitaxel aloumin-stabilized
NPs), have been approved for use by the FDA, and have shown improved pharmacokinetics
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and reduced adverse effects compared to their parent drugs.172 In general, NPs with sizes
below 200 nm are suitable for systemic (usually intravenous) distribution, as larger ones can
cause embolic phenomena.14

One significant drawback of commercially available drug delivery NPs is that drugs are
released at a predetermined rate irrespective of patient needs or changing physiological
circumstances. Light has been investigated as an external active control element to achieve
on-demand triggered drug delivery. Such drug delivery systems would allow repeated on-
demand dosing that would be adaptable to the patients’ regimen, and allow multiple dosages
from a single administration.1* Modulation of the amplitude and duration of irradiation
allows the desired biological effect to be achieved while minimizing tissue damage. Many
NPs loaded with photoactive chromophores (e.g. photocaging groups or photoswitching
groups) have been reported to undergo light-triggerable physicochemical changes (e.g.,
alteration in size, surface, assembly structure, drug release rate) allowing on-demand drug
delivery.14 It bears noting that, although it may not be necessary for clinical purposes,
triggering by light allows sub-nanometer spatial resolution, sub-micrometer visualization,
and sub-millisecond temporal resolution and control; this may be of interest in research
applications.

1.6 Nanoparticulate delivery of photoactive compounds

An important limiting factor in phototherapy is the availability of suitable photoactive
agents. Small-molecule photoactives often have circulation half-life jn vivothat is too brief
to be useful; the concentration of these agents at diseased sites may be insufficient for
therapeutic effect.2! Consequently, the light dosages needed to achieve therapeutic effect in
many clinical studies are close to levels that cause photothermal and photomechanical
damage by lasers.22 These problems have been addressed by incorporating photoactives into
NPs, to take advantage of the enhancements to drug delivery afforded by nanoencapsulation
outlined above.23 Photoactives can be confined within NPs at high concentration and
protected from degradation and photobleaching.2 NPs can prolong the compounds’
circulation times and optimize the distribution of photoactives /n vivo: e.g. by enhancing
their accumulation in leaky vasculatures like those of tumors due to the EPR effect (Figure
2).25 For example, the biodistribution of poly(lactic acid)-PEG NPs containing the
photosensitizer hexadecafluoro zinc phthalocyanine has been studied in tumor-baring mice:
the NPs exhibited tumor accumulation of the photoactive and sensitivity to photodynamic
therapy for 24 hours, while free photoactives dispersed in Cremophor-EL only showed
photosensitization in tumors for 8 hours.26 Similarly, sub-100 nm micelles containing zinc
porphyrin for photodynamic therapy selectively accumulated in choroidal neovasculation
lesions for at least 24 hours, and was effective treatment.2” Free photosensitizer was
completely cleared during that period, and was less effective.

1.7 Nanoparticles as photoactive agents

An important advance in both phototherapy and nanotechnology was the finding that some
NPs can themselves act as photoactives.23

Metallic NPs with surface plasmon resonance (e.g., gold NPs) can efficiently absorb light
and act as photoactives for photothermal therapy.28 Surface plasmon resonance is a
phenomenon whereby light (an electromagnetic wave) induces collective oscillations of
conductive metal electrons at the particle surface, which can give rise to a sharp and intense
absorption band (Figure 1c). The surface electron oscillation decays non-radiatively by
conversion of the absorbed light energy to heat, known as the photothermal effect. The
photophysics of such NPs (e.g., tunability of the absorption band, scattering properties) can
be pre-determined by NP size, shape or geometry.2? The surface plasmon absorption bands
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of NPs can be also changed if their shape is changed by laser irradiation.3? The optical
behavior of NPs can therefore be controlled and tailored for /n7 vivo applications with
appropriate lasers, minimizing phototoxicity towards non-target tissues. One such
formulation is entering clinical trials to ablate tumors (AuroShell™) and other promising
formulations are under investigation.3!

Some NPs can act as photoactives by generating singlet oxygen for photodynamic therapy
(e.g., TiO, NPs, ZnO NPs, and fullerenes).32 Other NPs can achieve unconventional
photophysical phenomena. For example, specific NPs can absorb NIR light and emit UV or
visible light (see section 3.2);33 upon NIR irradiation such “upconversion NPs” can act as
UV or visible light sources to activate photoactive moieties in the immediate (nanoscale)
vicinity of the NPs which cannot be directly excited by NIR light.

2 Strategies in photochemistry and phototherapy

2.1 Photothermal therapy

In photothermal therapy, small-molecule photoactive agents are administered to a patient;
upon irradiation of a target location, the photoactives are excited and then undergo internal
conversion to the ground state (converting photonic energy to heat (Figure 1b).3* For tissues
like tumors, that have an inadequate supply of blood and oxygen, the resulting hyperthermia
can cause irreversible cell damage at 42-46°C over tens of minutes.3® The higher the
temperature the shorter the required treatment time (e.g. the induced cytotoxicity takes 240
min at 43 °C, equivalent to heating for 1 s at 54 °C)3% This approach has been used
successfully to ablate tumors, or enhance drug delivery efficiency by increasing blood flow
and tumor vessel permeability.3”

Photothermal therapies in current clinical practice lack tumor selectivity in that surrounding
healthy tissues can also be damaged.3#38 The lack of selectivity arises in part from the
relative inefficiency of photothermal agents such as naphthalocyanines and metal porphyrins
in absorbing and converting light (photonic energy) into heat,34 which leads to an increase
in the required dosage of light. Furthermore, the small-molecule actives do not have a
natural tropism toward tumor tissue. As noted above, NPs can take advantage of EPR to
accumulate in tumors.3® This characteristic is particularly useful in treating complex tumor
margins or disseminated tumors. NPs can also protect encapsulated photoactives from
photobleaching, so that they can be triggered to reach a target temperature multiple times
following a single administration.? This cannot be readily realized with free photoactives.

Plasmonic NPs (e.g., gold NPs) can absorb light (photonic energy) effectively and convert it
efficiently into heat energy! (efficiency ~ 1 for gold NPs). 390:42 By this means, NIR
irradiation of gold NPs can induce local hyperthermia for thermal ablation /n vivo,390:42
without small molecule photoactives.28 (The application of gold NPs for photothermal
therapy is detailed in section 3.1).

2.2 Photodynamic therapy

Photodynamic therapy (PDT) is a noninvasive photochemistry-based method of treating
tumors or other diseases such as macular degeneration (Table 1).43 PDT generates highly
reactive singlet oxygen (10,, the excited state of molecular oxygen) which results in the
oxidative destruction of cellular targets, the occlusion of blood vessels,** and inflammation
that can activate an immune response against targeted cells*® (e.g., tumor-specific T
cells).#3a46 PDT requires three components to generate singlet oxygen: a photosensitizer
(here defined as a molecule that generates singlet oxygen in response to light)47, light of an
appropriate wavelength and power, and molecular oxygen. A photosensitizer in its ground
singlet state (electrons paired) is first promoted to an excited singlet state when irradiated by
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light of a specific wavelength (usually ~ 600-900 nm in PDT to avoid absorption by
endogenous chromophores). The photosensitizer in the excited singlet state moves to a
lower-energy excited triplet state (electrons unpaired) and generates singlet oxygen in the
presence of molecular oxygen (Figure 1b),*8 instead of undergoing thermal decay or
emitting fluorescence.

There are several barriers to the effectiveness of PDT that can be addressed by NPs. Most
photosensitizers bind to normal cells as well as to cancer cells, leading to unwanted off-
target activation from environmental (ambient) light.2449 NPs have the advantage of
prolonging circulation half-lives and increasing the accumulation of PDT sensitizers in
tumor tissues or other leaky vasculatures via EPR.

The generation of singlet oxygen by many small-molecule PDT sensitizers is limited by self-
inactivation in aqueous media, due to their large hydrophobic aromatic domains forming
ground-state stable aggregates.59 Encapsulation in NPs can prevent this aggregation. For
example, the confinement of the photosensitizer zinc porphyrin at the center of ionized
dendrimers can greatly increase the efficiency of 10, generation for PDT.27:51

NPs loaded with photosensitizers can also act as activatable PDT agents. For example, many
photosensitizers that are completely self-inactivated when assembled in close proximity
inside hydrophobic pockets of NPs can regain phototoxicity upon cell internalization and
subsequent release.242747 Another approach to enhance photodynamic efficacy is to co-
localize (e.g., conjugate) photosensitizers with NPs (e.g. by conjugation); NPs with efficient
light-absorbing properties can transfer the photonic energy to activate the photosensitizer,
generating 10,.52

2.3 Two-photon excitation

Two-photon excitation is a new optical technique wherein two photons of a given
wavelength that encounter a photoactive simultaneously combine their energies to promote
the molecule to its excited state, as if they were a single photon of half the wavelength
(twice the energy; Figure 1b). Thus for example, two-photon excitation allows a photoactive
agent having single-photon absorption in the UV or visible region to be excited with a
stream of strongly focused pulses of NIR laser light. Two-photon excitation is several orders
of magnitude weaker than that of conventional one-photon excitation, and therefore requires
pulsed high-intensity lasers (MW-cm™=2 to GW-cm™2) as light sources.?3 This technique has
broad applications, including /7 vivo fluorescence imaging,>* PDT,12:55 and photocaging 26
(see section 2.5).Two-photon excitation using NIR light is promising for in vivo treatment: it
can activate photosensitizers for PDT at a depth of 2 cm to ablate tumors.>” Of note, due to
the extensive scattering of the light in deep tissues, two-photon excitation for fluorescence
microscopy using NIR laser can only excite specimens up to one millimeter deep within
tissues®* with spatial resolution down to sub-100 nm.%8

Since two-photon excitation applies high-intensity light,%° the NIR lasers should be applied
in short bursts with durations of about 100 femtoseconds at about 100 MHz,4 which will
reduce the average energy over time, minimizing tissue damage. The selection of
photoactive agents for two-photon excitation is also important to prevent tissue damage:
many chromophores in current use have a low efficiency for activation by two-photon
excitation (low two-photon cross-sections) and therefore require undesirably high energy
densities.13:22:60 For use in two-photon excitation in PDT, 60-61 photosensitizers should
have a high two-photon cross-section62 (larger than 100 Goeppert—Mayer units, 1 Goeppert—
Mayer units = 10750 cm#.s per photon), in order to prevent tissue damage.3 Inorganic NPs
with enhanced two-photon excitation processes have been developed: the two-photon cross-
section of 5 nm quantum dot - silicon phthalocyanine conjugates is two orders of magnitude
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better than that of free silicon phthalocyanine.8* Such advances may provide means to
efficiently use light energy and minimize photic injury when applying two-photon excitation
in clinical practice.

Two-photon excitation technologies using high energy laser sources are not optimal for use
over prolonged periods (e.g., over minutes to hours), as tissue damage and photobleaching
of imaging agents may ensue.8 They are also not ideal for use over large tissue volumes
(e.g., for small-animal whole body imaging) since excitation only happens at the focal point
of the laser. These spatial and/or temporal limitations in imaging may be overcome by use of
other imaging technologies such as second-harmonic generation (whereby two photons are
scattered by the target and combined to produce a new photon with the sum of two photon’s
energy without energy loss),8:5% optical coherence tomography (based on the superposition
of the scattered light, especially useful for ophthalmology)®® or photoacoustic imaging (see
section 2.4; comparison of different imaging techniques in Table 2). These technologies can
be sometimes combined for imaging and are reviewed elsewhere.56¢.67

2.4 Photoacoustic imaging

Photoacoustic (or optoacoustic) imaging is an ultrasonic imaging technique, in which wide-
band ultrasonic waves can be induced by a pulsatile excitation laser (NIR laser) due to
thermo-elastic expansion of tissues. Photoacoustic imaging for biological applications was
first reported in the 1970s 58 but it was only recently that photoacoustic small-molecule
probes have been explored as imaging agents.®® Photoacoustic imaging with NIR light can
stimulate several centimeters of tissue; the loss of signal in photoacoustic imaging is
negligible compared to other optical imaging techniques, since acoustic waves have 2—-3
orders of magnitude less scattering in tissue than light (Figure 4).892 Small-molecule
chromophores for photoacoustic imaging, however, suffer from fast clearance times and
relatively small optical absorption cross sections. Inorganic NPs (e.g., carbon nanotubes and
gold NPs") have recently been shown to be improved contrast agents for photoacoustic
imaging, with better photophysical properties and prolonged circulation times than small-
molecule agents. The combination of photoacoustic tomography imaging techniques with
the potential therapeutic effects from metallic NPs (e.g., photothermal therapy) may provide
a strategy for simultaneous diagnosis and treatment of cancers.”! For example, hollow gold
nanospheres surface-modified with cyclic arginine-glycine-aspartic acid (RGD) peptide
were injected intravenously and targeted murine glioma tumors with overexpressed
integrins. Tumors with accumulated hollow gold nanospheres could be imaged using
photoacoustic technology.’%¢ Accurate and efficient ablation of tumor by photothermal
therapy were achieved by simply switching laser power from a power suitable for
photoacoustic imaging level (50 mW/cm?) to one for photothermal therapy (16 W/cm2, 3
minutes).”0¢

2.5 Photocaging

Photocaging refers to the temporary inactivation of a therapeutically or biologically active
molecule by covalent linking with a photosensitive protection group.’2 Light irradiation of
the photosensitive moiety liberates the caged molecule in its active form at a desired site and
time by a process called ‘photolysis’ or ‘photocleavage’. Several classes of photocaging
groups have been developed’? including o-nitrobenzyl, coumarin-4-yl-methyl, p-
hydroxyphenacyl, and 7-nitroindoline derivatives /4 with ester, amide, carbonate, carbamate,
and phosphate linkages for photolysis (Figure 5). Many molecules including drugs,
neurotransmitters, proteins and DNA, have been photocaged and then released, their dosages
being precisely controlled by the applied light.”> The photocaging strategy has been further
extended to light-triggered drug delivery: NPs loaded with drugs have been decorated with
photocaging moieties. Drugs are released through disruption of particle structure (e.g.,
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change of the particle hydrophilicity or ionic charge) or breaking a linkage between drugs
and particles by photocleavage (Table 3).

Recently we demonstrated a simple proof-of-concept whereby NPs can selectively target
any tissue upon illumination (Figure 6a). NPs were functionalized with targeting peptide
ligands (in this case, a peptide targeting highly prevalent integrins) that were inactivated by
photocaging groups. Upon illumination the caging groups were released by photcleavage,
revealing the targeting peptide ligands and allowing binding to cells. This approach could be
useful for selectively depositing NPs at sites targeted by light.”® It also has the useful
property of allowing nanoparticle targeting in the absence of a specific ligand to a particular
tissue.

Most photocaging groups, however, suffer a serious drawback for /n vivo application: they
require high-energy UV or visible light as the triggering source, but these cannot penetrate
deeply into most tissues compared to NIR light. Two-photon excitation with NIR light may
provide a practical solution to these issues for specific photocaging groups’’, but many
photocaging groups do not have large enough two-photon cross sections to be activated by
NIR light’®. Another solution is to employ NIR-absorbing particles that can emit UV light,
which has sufficient energy to activate the photocaging groups. Upconversion NPs are good
candidates for converting NIR laser light into different wavelengths of UV and visible light
and therefore can drive the liberation of photocaging groups in NPs (see section 3.2 and
Table 3).

2.6 Photoswitching

Photoswitching refers to light-induced reversible structural changes between two isomers
with different properties (molecular geometry, dipole, charge etc.).”® The reversible
conversion between two isomers is usually controlled by UV or visible light,”92 although
recently two-photon technology using NIR light has been used for this purpose instead of
UV light.80 Commonly used photoswitching molecules include azobenzenes, spiropyran,
dithienylethene, and stilbene (Figure 7).

Light-induced molecular structural changes in photoswitching moieties can often be
magnified in polymer networks or nanomaterials, leading to macroscopic shape deformation
(contraction,8 bending,®2 rotation,®3 swimming,8* ciliary motion®), or physical property
changes®0 (such as hydrophilicity, viscosity and permeability etc.). NPs with photoswitching
moieties have been investigated as light-triggerable drug delivery systems8” which can
release drugs repetitively. We recently developed a spiropyran-based drug delivery NP that
exhibited enhanced tissue penetration properties upon light irradiation, presumably because
of a light-induced reversible volume change from 150 to 40 nm (Figure 6b).88 The volume
change of the monodisperse NPs also enabled repetitive drug release.

3 Photo-excited NPs
3.1 Gold NPs

Gold NPs can strongly absorb light in the visible and NIR range with absorption coefficients
orders of magnitude larger than those of most small molecule dyes that are used as sensors
and contrast agents. (Gold NPs extinction coefficients are ~ 10°~10° M~1.cm™1; many small
molecule photoactives have coefficients ~ 10°-10°> M~1.cm™1). This advantageous optical
property is derived from the localized surface plasmon resonance of gold NPs, which differs
from the light-absorbing mechanism of organic dyes.8% Due to this strong absorption, gold
NPs and their bioconjugates have been found to be excellent sensors? for applications
including genomics,?! immunoassays,?2 detection of microorganisms,?3 and clinical
chemistry®* etc. In addition gold NPs are also been applied as novel contrast agents for
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biomedical diagnosis in various technologies, e.g., polarized resonance scattering,% optical
coherence tomography,2 two-photon luminescence,’ surface enhanced Raman scattering
imaging?® and photoacoustic techniques.59:70d Furthermore, since the light absorbed by
gold NPs can be efficiently converted into heat on a picosecond time scale,2 gold NPs can
be used as photoactive agents in photothermal therapy for cancer treatment.%°

The optical properties of gold NPs change dramatically depending on their size, shape and
geometry5P. Consequently, various gold nanostructures with absorption peaks in the NIR
range have been developed for photothermal therapy, including nanoshells, 199 nanorods, 101
nanocages,102 etc.193 Spherical gold NPs with absorption peaks in the visible region of the
spectrum have also been studied for cancer research.#22 Gold NPs can be also used as the
heat source for thermal-responsive drug delivery systems. In those cases thermoresponsive
polymers were coated on gold nanostructure surfaces, 194 and loaded drugs were released in
response to light-induced changes in the structure of the polymer/gold assemblies. The use
of light to trigger drug release from NPs has been extensively reviewed.14

Low intensity laser irradiation of gold NPs for 20-30 min can generate sufficient reactive
oxygen species to induce cytotoxicity. Importantly, this can be achieved without
photothermal effects.105 At high laser intensity, it is likely that both non-thermal mechanism
and photothermal mechanism contribute to cell death.

The photothermal properties of gold NPs are also useful in rendering conventional drug
delivery nanocarriers (e.g., liposomes) light-triggerable. Upon irradiation, gold NPs increase
the temperature in their immediate environment and induce micro-bubble formation, leading
to the disruption of liposomes and drug release. The method by which gold NPs are coupled
to the nanocarriers affects the drug release rate. For example, tethering of gold nanoshells to
liposomes via a lipid-PEG-thiol linker enhanced release in response to a photic stimulus
compared to that for gold NPs free outside of liposomes or encapsulated inside
liposomes. 106

The photothermal properties of gold NPs have been utilized to enhance the accumulation of
subsequently administered conventional nanocarriers in tumors. Systemically administered
gold NPs were triggered by NIR light to photothermally disrupt tumor vessels. Tumor
heating by the same NPs initiated extravascular coagulation leading to local overexpression
of fibrin. A second group of NPs, which were surface-modified with fibrin-binding peptide,
were administered 72 hours later to target the induced over-expression of fibrin. The
accumulation of the second NPs in tumor was thereby enhanced tenfold over only dosing
with second NPs.107 This enhanced accumulation in tumor led to improved efficacy in a
mouse xenograft tumor: treatment with NIR-triggered gold nanorods followed by liposomes
containing doxorubicin, was more effective than treatment with the individual NPs,107-108

Gold NPs for photothermal therapy can be integrated with other treatments (see Table 4).
For example, gold NPs complexed with photosensitizers for PDT can be used for combined
PDT and photothermal therapy.1%9 Gold NPs surfaces can be also modified with
photocaging moieties for light-triggered drug or gene delivery (see Table 3).110

The biocompatibility and biodistribution of gold NPs remain incompletely understood; they
have been extensively investigated with contradictory conclusions.11 This heterogeneity in
reporting occurs partly because gold NPs with different sizes, shapes, and surface
chemistries have different biological effects i vitroand in vivo.180.111
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3.2 Upconversion NPs

Most fluorophores emit light at a longer wavelength (lower energy) than that of their
excitation wavelength (so-called ‘downconverting photoluminescence’, or Stokes emission).
In contrast, upconverting NPs can be excited with continuous-wave (power is constant over
the time, in contrast to pulsed lasers) NIR light (900-1000 nm) to emit at shorter
wavelengths such as visible and UV light.332112 The detailed physical mechanism of the
upconversion process (anti-Stokes emission) was discovered in the 1960s and has been
reviewed elsewhere.332

Upconverting NPs are usually NaYF, NPs doped with trivalent rare-earth ions (Yb3*,
Tm3">3+ Er3* Ho3* etc.). Such upconversion NPs have attracted considerable attention in
bioimaging applications due to their large anti-Stokes shifts (> 400 nm), sharp emission
bandwidths, high resistance to photobleaching, stable emission, ability to be detected deep
within tissue (using NIR light), and ability to undergo surface modification with
biomolecules.33P Importantly, relative low power density NIR lasers (~500 mW-cm™2) can
be used for small animal whole-body upconverting imaging, which is much less than the
energy required in two-photon excitation imaging (~108-10% W.cm~2).113 Tissue
overheating (and associated phototoxicity) can occur when using upconverting NPs because
980 nm light is strongly absorbed by water. Such potential photic injury can be minimized
by reducing the wavelength from 980 nm to 915 nm, using NaYbF, upconversion NPs co-
doped with Yb3* and other lanthanide ions.114 Upconverting luminescence imaging systems
are laboratory-based techniques at this time; 11> none are yet commercially available.
Preliminary studies using NaYF4 upconversion NPs coated with PEG or polyacrylic acid
have begn found to have no apparent toxicity or adverse effects in vitroand in vivoin
mice.11

Upconverting photoluminescence can be coupled with photocaging to create photocaged
upconverting NPs: the upconversion of NIR light to UV light can trigger the uncaging
process and liberate the encapsulated payload. This can be especially useful since most
photocaging groups require the higher energy of UV light to activate (Figure 3).
Representative studies of this type are listed in Table 3, including upconverting NPs using
nitrobenzyl and benzoin-type caging groups.11?

Upconverting NPs have been coated with other inorganic nanocomposites (e.g., mesoporous
silica)118 or polymeric materials (e.g., PEG or polylactide-PEG)11? containing
photosensitizers for PDT. The NPs are irradiated with NIR then emit light at a wavelength
equal to that of the excitation band of the photosensitizers incorporated in the polymer or
silica nanocomposites. Upconverting NPs have been coated with Ag nanocomposites so that
NIR “upconverted” to shorter wavelengths will trigger heating from the silver shell, which
has surface plasmonic resonance absorption in the visible spectrum region (500-600 nm).120

3.3 Silica NPs

Mesoporous silica nanoparticles (MSNPs) 121 have a honeycomb-like porous structure with
hexagonal channels (diameters vary ~ 2-30 nm) which enables physical absorption or
encapsulation of therapeutic agents. As a result of this desirable property, MSNPs have been
explored as nanocarriers for drug delivery. MSNPs are also optically transparent, which is
advantageous for photic control and spectroscopic monitoring of encapsulated chromogenic
species.

Light has been used to modulate drug release from MSNPs by opening and closing the
pores. This has been achieved by grafting the pores with molecules that can be
photoactivated such as photoswitching azobenzene groups 122, and reversible
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photodimerization coumarin derivatives (Table 3). Photocaging o-nitrobenzyl derivatives
have been also used as photo-removable ‘caps’ to regulate pore opening in MSNPs.123

Two-photon NIR light excitation has been used to modulate release of an anticancer drug
from MSNPs. The walls of MSNPs were functionalized with 7-amino-coumarin, which
capped the pores of MSNPs to prevent the release of the anticancer drug chlorambucil. The
coumarin derivative had a sufficiently high two-photon absorption cross section to allow
efficient and precisely regulated release of the drug upon NIR two-photon excitation with
800 nm light. Light-dependent cytotoxicity was observed in cancer cells, indicating light-
triggered release of the anticancer drug.124

MSNPs may cause toxicity when administered in large doses,12° perhaps because
intravascular coagulation. A comprehensive investigation of the safety of practical dosages
is necessary for future clinical application of these particles.126

3.4 Other inorganic NPs

Potential toxicity is a major concern for many inorganic NPs, due to the toxicity of heavy
metal or rare earth metal in NPs. Toxicity can be mitigated by modifying their composition
or by optimizing NPs clearance from the body. There are two primary routes of clearance of
NPs from the body: renal filtration with excretion into urine, and hepatobiliary (liver,
bladder and bile duct) processing with excretion into bile. Inorganic NPs larger than the
renal excretion limit (< ~8-10 nm in diameter) have a tropism for hepatobiliary processing,
which is slower and increases the risk of toxicity of heavy metals.127 Potentially toxic
inorganic NPs should be made especially small128 so that they can be excreted via the
kidney.129 Therefore, a major challenge with such inorganic NPs-based molecular probes is
synthesizing agents that exhibit the unique photophysical features of NPs (e.g., brightness)
but can be also excreted via the urinary tract to minimize potential toxicity.

CusS NPs are a new class of photoactives for photothermal therapy that have absorption
peaks in the NIR region (900-1100 nm). These NPs have a surface plasmon absorption band
in the NIR region similar to that of gold nanostructures, but the NPs are much smaller (<15
nm), which makes them more likely to reach their targets and more readily cleared by the
renal system. 54Cu-labeled CuS NPs can be used for photothermal therapy and also permit
PET imaging and radiotherapy (Table 4).130

Quantum dots, containing heavy metals such as cadmium and selenium, were initially
proposed as imaging agents.31 The major concern limiting their use is the toxicity of
cadmium. Efforts to make non-heavy metal quantum dots for biological application are
ongoing.127.128b

3.5 Organic NPs

Optically active inorganic NPs have not yet achieved broad clinical implementation,
possibly stemming from (i) drug loading typically being limited to the NP surface and (ii)
concerns regarding long-term safety and biocompatibility. In contrast, organic NPs such as
liposomes, polymeric micelles, polymersomes, and dendrimers have already found many
human therapeutic applications because of their favorable biocompatibility and excellent
drug-loading capacity, by encapsulation or conjugation.132 Drugs inside such NPs can be
protected from degradation until they reach the targeted disease sites.17217¢

One disadvantage in using organic NPs for phototherapy is that the majority of current
organic NPs do not intrinsically absorb light. One strategy to remedy this shortcoming is to
impart photoactive moieties to organic NPs. For example, the incorporation of
photocleavable or photoswitching groups can either disrupt or deform the assembly structure
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of NPs, so that light can be used to precisely control the release of loaded drugs or
genes.”’:86:133 |n many cases, photocaging and photoswitching moieties can only be
activated by UV or visible light; the use of two-photon excited photocaging groups in
organic NPs may allow the use of NIR for this purpose.

In a recent example of triggering organic NPs with two-photon NIR light, particles were
made of a quinone-methide self-immolative polymeric backbone modified with two-photon
excited photocaging groups. Upon NIR irradiation, the caging groups were cleaved and the
polymer degraded automatically to release loaded dyes.134 The use of organic NPs to
combine photothermal therapy with chemotherapy has recently garnered interest.
Photothermal therapy may potentially improve the chemotherapy efficacy of organic NPs
containing drugs.13% For example, nanoliposomes composed of lipid conjugates of
pyropheophorbide (a chlorin analogue) can efficiently absorb and transfer light energy into
heat for photothermal therapy, with an extinction coefficient of ~10° M~1.cm=1.136 The
liposomal nanocarrier with pyropheophorbide can also deliver a large amount of
doxorubicin. The effectiveness of laser ablation of tumors is improved over that of NPs
without laser treatment. In this example, both systemic drug delivery and light-triggered
phototherapy were combined a rationally designed organic NP having a photothermal
efficiency comparable to that of gold NPs. The photothermal efficiency of these liposomal
NPs is attributable to the fact that the pyropheophorbide inside liposomal bilayers dissipated
the absorbed photonic energy as heat rather than as fluorescence emission or photo-
generation of singlet oxygen, as occurs with free pyropheophorbide. As the above example
suggests, the photochemistry of photoactives may differ whether they are in the free
molecule state or encapsulated within NPs. Therefore the selection and/or design of the
photoactive agents and their organic NPs are important.34.137

4. Conclusion and outlook

Nanomedicine is one of the most rapidly growing fields of translational medicine,1’€ and
can have marked impacts on the toxicity and efficacy of therapies. The convergence of
phototherapy and nanomedicine may allow the development of patient-individualized
treatments (e.g. on demand drug delivery) and provide new therapeutic modalities (e.g. new
nano-photosensitizer formulations) that are easy to apply throughout the body in a targeted
manner. Progress in the field will depend on a fundamental understanding of photophysics,
chemistry, materials science, electronics, biology and clinical practice to allow rational
design of optimized formulations, tools for delivering them and/or light, and measure
outcomes (e.g. by imaging). Advances in nanoscience will also obviously play a key role in
advances at the interface between nanotechnology and phototherapy, and will impact many
aspects of therapy, including targeting, biodistribution (pharmacokinetics)138 and NP
penetration into diseased tissues.13° Biocompatibility and phototoxicity will remain
important issues for new nano-photosensitizers. 25140
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(a) Schematic of the electromagnetic spectrum of UV, visible and IR light, and of the NIR
window for /n vivoimaging. (b) Energy diagram for conventional organic photoactives,
molecular oxygen and related photophysical and photochemical processes. Abbreviation: Av,
one-photon absorption; 2/v, two-photon absorption; Sp, ground state; Sq, singlet state; T,
triplet state. Fluorescence, photothermal therapy, and photodynamic therapy are related to
different transformation processes of the absorbed energy. (c) Schematic illustration of
surface plasmon resonance of a metallic NP, which can absorb visible or NIR light by
surface plasmonic resonance, and dissipate the absorbed light energy as heat (photothermal
effect).
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Figure 2.

Advantages of using NPs in phototherapy. (a) Administered free photoactives have low
accumulation in tumor and distribute to the whole body. Photoactives in healthy tissue may
be activated by ambient visible light and cause off-target toxicity. (b) NPs can enhance
accumulation of photoactives in disease sites (e.g., tumors) by EPR effect to improve
phototherapy efficacy.
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Figure 3.

Sample inorganic NPs used in phototherapy: gold NPs with various shapes and sizes,
upconversion NPs, which can be excited by NIR light to emit UV or visible light, and
mesoporous silica NPs, which contains porous nanostructure to encapsulate drugs inside.
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Figure4.

(a) Conventional optical imaging methods suffer from scattering in biological tissues. (b)
Propagation of ultrasound in tissue. Using laser pulses to generate elastic pressure waves
(ultrasound) allows high-resolution optical information to be obtained since ultrasonic
scattering is two to three orders of magnitude lesser than optical scattering.
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General photocaging strategy and commonly used photocaging protection groups.
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Three commonly used photoswitching reactions in light-triggered drug delivery system.
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(a) Schematic of photo-targeted polymeric NPs. Peptide targeting ligands (grey triangle) are
inactivated by photocaging with o-nitrobenzyl groups (pink circle). lllumination leads to
cleavage of the photocaged group and reveals the active targeting ligand (green triangle),
with subsequent binding of the targeted NPs to the irradiated tissue sites. (b)
Photoswitchable NPs (150 nm, orange spheres) can shrink to 40 nm (purple spheres) upon
light illumination. The smaller NPs will have enhanced tissue penetration. Release of drugs
(bright yellow spheres) loaded in the NPs is simultaneously triggered by light.
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Table 1

Clinical application of photodynamic therapy for various diseases.

Disease

Photosensitizers

Disease

Photosensitizers

Cervical cancer
Basal-cell carcinoma
Brain tumor

Actinic keratosis

Gastrointestinal tract cancer

Head and neck cancer

Bladder cancer

Prostate cancer

Skin and mucosa tumors
Age-related macular degeneration
Cutaneous T-cell lymphoma
Acne vulgaris

Penile cancer

Photofrin

Levulan, Metvix, Photochlor ™

Photofrin *, BOPP ™

Levulan, Metvix

P
Benzvix

Foscan

Photofin*, Hexvix*, Levulan™

Foscan, Lutex, Tookad*, Purlytin *

Photolon

Visudyne, Photolon, Photosens ™
Pca™
Photofrin ™

Photofrin *

Cutaneous skin cell lesions
Barrett’s esophagus
Myopic maculopathy
Gastric cancer

Coronary artery disease

Early lung cancer

Advanced lung cancer
Metastatic breast cancer
Kaposi's sarcoma
Sterilization of blood
Atherosclerosis
Hepatocellular carcinoma

Gliomas

pca’™

Photofrin, Photochlor ™

Photolon

Photofrin

Lutex ™

Talaporfub, Photofrin
Photofrin

Purlytin *

Purlytin *

Pca™

Antrin

Talaporfin *

Photofrin *

Page 27

Photosensitizers with * indications are in clinical trials; the photosensitizers without * are approved.43"3‘141141

List of photosensitizers’ chemical composition and corresponding treating light wavelength: Photofrin (630nm): mixture of oligomers formed by
ether and ester linkages of up to eight porphyrin units. Levulan (635nm): &-aminolevulinic acid (inducing synthesis of protoporphyrin 1X). Metvix
(635nm): methyl aminolevulinate (inducing synthesis of protoporphyrin 1X). Photochlor (665nm): 2-(1-Hexyloxyethyl)-2-devinyl
pyropheophorbide-a. BOPP (630nm): boronated porphyrin. Benzvix (635nm): 5-benzyl aminolevulinate (inducing synthesis of protoporphyrin IX).
Hexvix (375-400nm): 5-hexyl aminolevulinate (inducing synthesis of protoporphyrin 1X). Foscan (or Temoporfin, 652nm): m-
tetrahydroxyphenylchlorin (mTHPC). Lutex (732nm): lutetium texaphyrin. Tookad (763nm): Pd-bacteriopheophorbide. Purlytin (664 nm): tin
ethyl etiopurpurin. Photolon (or Fotolon, 660-670 nm): trisodium salt Chlorin €6 and polyvinylpyrrolidone. Visudyne (693nm): a liposomal
formulation of Verteporfin (a benzoporphyrin derivative). Pc4 (670 nm): phthalocyanine-4. Talapofin (664nm): mono-L-aspartyl chlorine. Antrin
(732nm): motexafin lutetium.
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Table 3

Page 29

Representative studies using photocaging and photoswitching groups for light-triggered drug delivery.

NPs Light Photocaging group Study goal References
NaYF4:TmYb upconversion NPs 980 nm o-Nitrobenzyl group Disrupt micelles to 117c
release payload
NaYF4:TmYb upconversion NPs 980 nm 1-(2-Nitrophenyl)ethyl group Phototriggered 117a
release of D-
luciferin
NaYF4:TmYb upconversion NPs 980 nm 3’, 5”-Di(carboxymethoxy)benzoin group Phototriggered 117b
release of acetic
acid
Gold NPs 365 nm o-Nitrobenzyl group Phototriggered 110a
release of 5-
fluorouracil
Gold NPs 350 nm o-Nitrobenzyl group Phototriggrered 110b
release DNA by
disrupting gold/
DNA ionic complex
MSNPs 413 nm Azobenzene photoswitching linker Phototriggered 122,142
release by light-
driven 'valve'
MSNPs with gold NPs 365 nm o-Nitrobenzyl group Change gold NPs 123c
surface
hydrophilicity to
uncap Si NPs and
released entrapped
drugs
MSNPs capped with 350 nm o-Nitrobenzyl group Phototriggered 123b
cyclodextrin uncap of the
moieties blocking
NP pores to release
drugs
MSNPs capped with 400 nmor 800 nm  7-Amino-courmarin group Phototriggered 124
cyclodextrin release of
chlorambucil
MSNPs UV light >310 nm 7-[(3-Triethoxysilyl)propoxy] coumarin group  Photocontrolled 123a
storage and release
PAMAM dendrimer 360 nm o-Nitrobenzyl group Release doxorubicin ~ 133f
Photoresponsive cationic vesicles 365 nm Azobenzene photoswitching Phototriggered 143
release of DNA
NPs comprising amphiphilic 365nm, 405 nmor  Diazonaphthoquinone group Disrupt NPs by 77a,133d,e
polymers 795 nm change hydrophobic
polymer to
hydrophilic
NPs comprising amphiphilic 313/>500 nm Dithienylethene photoswitching group Disrupt NPs by 133c,133g
polymers change hydrophobic
polymer to
hydrophilic
NPs comprising amphiphilic 365nm / 620 nm Spiropyran photoswitching group Disrupt NPs by 133b
polymers change hydrophobic
polymer to
hydrophilic
NPs comprising amphiphilic 360nm / 440 nm Azobenzene photoswitching group Disrupt NPs by 1333,133m,1330
polymers change hydrophobic
polymer to
hydrophilic
NPs comprising amphiphilic 375 nm Pyrene group Disrupt NPs by 133h
polymers change hydrophobic
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NPs Light Photocaging group Study goal References
polymer to
hydrophilic
NPs comprising amphiphilic 794 nmor 365 nm  Coumarin group Disrupt NPs by 77b
polymers change hydrophobic
polymer to
hydrophilic
NPs comprising amphiphilic 365 nm or 700 nm o-Nitrobenzyl group Disrupt NPs by 133i,133m,n
polymers change hydrophobic
polymer to
hydrophilic
NPs comprising amphiphilic 365 nm Dialkoxycyanostilbene photoswitching group ~ Disrupt NPs by 133j
polymers change hydrophobic
polymer to
hydrophilic
NPs with coumarin crosslinker 260/310 nm Reversible photocrosslinking coumarin Light induced 133k
crosslinking/
degradation
NPs with cinnamic acid >260 nm / < 260 Reversible photocrosslinking cinnamic acid Light induced 86,1331
crosslinker nm or 254 nm/ 280 crosslinking/
nm degradation
Polyester NP containing a 750 nm o-Nitrobenzyl group Photocleave the 134
quinone—methide self- cage group to
immolative moiety trigger the self-
immolative group to
degrade polymer by
two-photon
excitation
Polystyrene carboxylate NPs 365 nm o-Nitrobenzyl group Photocleave the 76
with caged peptide ligand cage group to
activate NPs with
targeting ligand for
cell binding
Spiropyran/lipid-PEG NPs 365nm/500-600nm  Reversible photoswitching spiropyran Photoswitchable 88

NPs size change for
on-demand drug
delivery and
enhanced tissue
penetration

Abbreviations: NP, nanoparticle. MSNP, mesoporous silica NPs. PEG, polyethylene glycol. PAMAM, poly(amido amine).
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Representative studies of NPs used in phototherapy

Table 4

Page 31

NPs Light M odality examined Notes References
Surface enhanced Raman scattering 810 nm Photothermal therapy and ~ Raman scattering-active 98
gold nanorod multimodal imaging molecules coated onto PEG-
NRs
Gold nanoshell 754 nm Photothermal therapy Monocytes containing NS 144
infiltrate the tumor
spheroids
Gold NPs with liposome 830 nm Photoinduced heating to Disrupt liposome to release 145
form transient vapor payload
bubbles
Gold nanoshells with liposome 800 nm Photoinduced heating to Disrupt liposome to release 106
form transient vapor payload
bubbles
Gold nano-popcorn 785 nm Photothermal therapy Surfaced coated with 146
Raman scattering-active
molecule for targeted
sensing
Gold nanocages with thermal- NIR Ti:sapphire laser Photothermal therapy to PNIPAM collapsed once 104
sensitive PNIPAM trigger drug release heated to released payload
Gold nanorod with photosensitizer 810 nm Photothermal therapy, Photosensitizers is 109
PDT and imaging quenched on gold nanorod
surface until they are
released
Magnetic Fe304 with gold nanoshell 800 nm MRI and photothermal 147
therapy
Gold nanorod 800 nm and 1100nm Selective melting of Selective delivery and 148
nanorods by different release multiple DNAs
wavelength laser
irradiation
FeCo graphitic-shell nanocrystal 808nm Photothermal therapy 149
Gold nanorod 810nm Photothermal therapy Reduce xenograft tumor 39b,150
Gold nanoshell 808nm Photoacoustic imaging Reduce xenograft tumor 70c,151
and phothermal therapy
Gold nanorods + targeted NPs loaded ~ 810nm Photothermal heating Reduce xenograft tumor 107b,108
with drugs tumor to induce
coagulation, which second
NPs with peptide ligand
will target
Silica NPs entrapping photosensitizer 650 nm Imaging and PDT Kill cancer cells 152
CuS NPs 808 nm Photothermal therapy and Reduce xenograft tumor 130
PET/CT imaging
Photosensitizer-core dendrimer with 689nm Selective photodamage of ~ Gene delivery 27,514,153
DNA/cationic peptide complex the endosome
Dendrimer encapsulating 400-700nm xenon lamp PDT Kill cancer cells 51b
photosensitizer, complex with
cationic polymer
PLGA NPs encapsulating 650nm PDT Reduce tumor 24
photosensitizer
Porphyrin lipsome conjugates 673 nm PDT and imaging Reduced tumor 136
F3 peptide functionalized, 630 nm PDT Reduced tumor 154
polyacrylamide NP loaded with
photofrin and iron oxide
Polyallyamine NPs loaded with 808 nm Photothermal therapy 40

indocyanine green
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NPs Light M odality examined Notes References
porous Si NPs Halogen lamp with IR PDT, generation of singlet  Kill cancer cells 155
filter oxygen

Abbreviation: NP, nanoparticle. PDT, photodynamic therapy. NIR, near-infrared. PNIPAM, poly(N-isopropylacrylamide). PLGA, poly(lactic-co-
glycolic acid). PET, positron emission tomography. CT, X-ray computed tomography. MRI, magnetic resonance imaging.
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