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Abstract

for both actively and remotely controlling drug release.

Effective drug delivery systems require controlled drug release at the target cancer cell. While strategies for
targeting tumors have been extensively studied, a better understanding of the necessary technology for controlling
the spatiotemporal release of a drug is still needed. It has been established that the use of light can be a unique tool
for controlling drug release. While UV light can be used for the release of biologically active, caged (deactivated)
compounds, clinical application is restricted because of its limited ability to penetrate tissues as well as its cytotoxicity.
Recently, the use of both tissue-penetrable visible and near IR have shown promise to overcome these limitations. In
this short review, we introduce new smart strategies to convert such low energy light to a tissue-penetrable stimulus
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Introduction

The limited selectivity of anticancer drugs toward cancer cells
makes the occurrence of systemic side effects a major factor that deters
their use. A recent approach to minimize these systemic effects from
chemotherapy has been to develop effective delivery systems that have
the ability to control the location, quantity, and time of the release of the
active drug [1]. This can be achieved by specifically delivering enough
of a drug in its inactive form to the site of the tumor and then use a
stimulus to release the active drug locally in/around the tumor. These
drugs can be chemically modified to be inactive (prodrugs), either
by being physically entrapped in delivery particles (e.g., liposomes,
polymer micelles, dendrimers, or albumin), or a combination of both.
To improve drug delivery, the delivery vehicle can be functionalized
with a targeting vector, such as an antibody, small ligands, or aptamers
(active targeting). They can also be made on a nanoscale (passive
targeting using enhanced permeability and retention (EPR) effects.
Once localized in the tumor, the delivery systems need to be activated
to release free drugs capable of interacting with their targets. The
unique biological signatures of cancer cells or tumor tissues have
been explored as potential activation switches [2], such as acidic pH
(tumor tissue/ lysosomal pH) [3,4], heat [5,6], enzymes [7], and redox
potentials [8]. Recently, a wide range of electromagnetic wavessuch
as light (UV, visible and near IR (NIR) light) [9], microwaves [10,11],
and radios wave [12] have been proposed to control drug release.
While the internal stimuli are dependent on the characteristics of the
biological systems, these electromagenic waves are independent of the
biological systems and can be actively and externally manipulated. The
availability of light sources, light delivery methods (fiber optics), and
light-absorbing materials has focused attention on the use of visible
and NIR light for activating prodrugs.

UV and short visible (<400 nm) light can be used as an external
stimulus for drug release from various delivery vehicles [13]. While
such light has also been extensively used with caged compounds
for spatio-temporal control of biological processes [14], it has been
restricted to thin objects such as cultured monolayer cells and surface
of skin, because of its limited tissue penetration ability [15,16]. The
use of longer visible and NIR (between 650-1000 nm) light becomes
attractive for use with in vivo applications because of its ability to reach
deeper tissues. However, the low energy of this light poses a different
problem; such light cannot directly initiate the cleavage reactions of the

chemical bond (linker) that is often required for releasing the drugs.
Recently, three very interesting approaches have been proposed and
demonstrated to overcome this problem. These approaches involve
using heat-sensitive materials in photothermal release, singlet oxygen
(SO)-cleavable linkers in photodynamic release, or drug release via
frequency upconversion process (Figure 1) [17].

Photothermal Release

NIR light-induced photothermal release has been successfully
applied to drug delivery. To control drug release, it requires two critical
components: a photonic energy converter and a heat-sensitive material.
This mechanism involves two steps: (1) the photonic energy converter
absorbs NIR light and transform it into heat and (2) the heat energy
collapses heat-sensitive hydrogels or expands the volume of particles,
resulting in drug release from the vehicle. The NIR photothermal
release of anticancer drugs can be combined with photothermal therapy
to improve the pharmacological effects [18-23]. Because there is a non-
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Figure 1: Three emerging strategies for visible/near IR-controlled drug release.
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uniform distribution of both heat and the heat generators, the use of
photothermal therapy may result in an incomplete tumor ablation [24].
Thus, the combination of photothermal therapy with photothermal
release to localize chemotherapy could enhance treatment outcomes
while minimizing the adverse side effects of chemotherapy. Sershen
et al. first demonstrated that the temperature-sensitive drug delivery
was possible by using polymer-nanoshell composites [25], and later
significant advances have been made. Three recent examples are
reviewed below:

Example 1

The use of caged compounds: Yavuz et al. [26] exposed a gold
nanocage containing doxorubicin (DOX) and covered with pNIPAAm-
co-pAAm (poly(N-isopropylacrylamide-co-acrylamide) copolymer,
which is a heat-sensitive smart polymer to NIR light (Figure 2). The
nanocage absorbed the light and converted it into heat, which caused
the collapse of the polymer and the released DOX. Once the NIR light
irradiation was stopped, the polymer relaxed back to the original shape
and consequently stopped the release of DOX.

Example 2

The use of nanorod composites: Hribar et al. demonstrated that
NIR light triggered the release of the small molecule DOX from the
polymer/gold nanorod composites [A6/tBA networks including gold
nanorods or microspheres (~ 40 um in diameter) composed of 10:20:70
wt % A6:HEA:tBA with gold nanorods] by the photothermal effect
(Figure 3) [27,28]. *A6: poly (B-aminoester) (PBAE) macromere, tBA:
tert-butyl acrylate; HEA: 2-hydroxyethyl acrylate, and gold nanorod:
31 nm (length), 9.2 nm (width), and 3.6 (aspect ratio). A unique
feature in this system is that the polymer transitioned from a glassy to
a rubbery status at human body temperature; in turn, this enhanced
the release of DOX. Both NIR-triggered and stepwise drug release was
demonstrated.

Example 3

The use of heat to cause the expansion of water bubbles in
microspheres (MSs) or liposomes to release of the drugs: You et al.
used NIR light to modulate the release of the anticancer drug paclitaxel
(PTX) from hollow gold nanospheres (HAuNSs), which was the
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Figure 2: Schematic illustration of the NIR-controlled drug release from the
polymer coated-gold nanocage. Adapted with permission from Macmillan
Publishers Ltd: Nature Materials [26]. Copyright 2009.

Nanorod/Polymer
Composite

NIR-Light Triggered
Drug Release

ON ON ON ON ON

OFF 1 OFFl OFFI OFF I OFFl

N
&
:
1

\

A

Cumulative Release (ug)
n
n
%

o
n

o

0 25 50 75 100 125
Time (hours)

Figure 3: Backscattered micrograph image of microspheres containing gold
nanorods and cumulative doxorubicin release from the microspheres. Reprinted
with permission from the American Chemical Society [28]. Copyright 2011.

photonic energy converter and contained in PLGA [poly(lactide-co-
glycolide)] MSs (Figure 4) [19]. NIR irradiation caused the release of
PTX. When the irradiation was switched off, PTX release was stopped.
The local effect of the released drugs was demonstrated in both an in
vivo model and in cultured cells. Liposome-nanoparticle composites
have also been used for NIR-triggered release of drugs by Wu et al.
[29,30] and Volodkin et al. [31]. It was suggested that the release of
drugs was caused by disruption of liposome membrane by transient
vapor bubbles.

HAuNSs can also be used for cargo delivery and a photonic energy
converter without a smart polymer. You et al. [21] generated DOX-
loaded HAuNSs that were coated with polyethylene glycol (PEG) to
improve physical stability. Treating both the human breast cancer cell
line MDA-MB-231 and the human ovarian cancer cell line A2780 with
the combination of photothermal and chemotherapy treatment using
these DOX-loaded HAuNSs resulted in an enhanced cytotoxic effects
in both cell lines. To enhance the tumor targeting, they also developed
the advanced HAuNSs functionalized with a EphB4 receptor-targeting
peptide [22]. You et al. demonstrated a significant delay in tumor
growth when NIR laser irradiation was combined with targeted
T-DOX@HAuNS but not when NIR laser irradiation was combined
with non-targeted DOX@HAuUNS or with HAuNS. The targeted
nanoparticles of T-DOX@HAuNS showed higher uptake than the non-
targeted nanoparticles DOX@HAuNS in the EphB4-positive cancer
cells (A2780 cells). T-DOX@HAuNs plus irradiation also showed an
improved antitumor effect than DOX-@HAuNS plus irradiation in the
animal model (Hey tumors).

Mesoporous silica supports were also used as a cargo/storage for
NIR-triggered drug release [32]. The release mechanism in this report
was unique since it was the cleavage of boronic ester bond (Figure 5).
Gold nanoparticles blocked the pores of silica supports through the use
of boronic ester bonds that can be cleaved by heat. The boronic ester
bonds could also be hydrolyzed by pH 3.

Photodynamic Release

The use of visible and NIR can also control drug release via
photodynamic release in which low energy lightis used to generate
reactive oxygen species from the combination of light, a photosensitizer
(PS), and oxygen. When used to treat various diseases, this process
is termed photodynamic therapy (PDT) [33]. Berg et al. developed
photochemical internalization (PCI), a novel method to release drugs
in endocytic vesicles to enhance the therapeutic effects (Figure 6) [34].
PCI is now a well-established method and has been applied to enhance
the delivery various therapeutic molecules [35-37].
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Figure 4: Hypothetical structure of PTX/HAUNS-MS and proposed mechanism of NIR-triggered drug release from the microspheres. PTX is dispersed uniformly in the
matrix of PLGA polymer, whereas HAUNS are primarily dispersed in the water phase within the microspheres.Adapted from [19]. Copyright 2010 Wiley-VCH Verlag
GmbH & Co.
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Figure 5: The pH and Laser Light Triggered Release of the Entrapped Guest (the Dye Safranine O).Reprinted with permission from the American Chemical Society
[32]. Copyright 2009.
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Figure 6: Schematic illustration of PCI. [38] A. No PCI: Drugs taken up through endocytosis are transported to lysosomes where they are degraded before they have
exerted their action. B. PCI: PSs are co-administered with drugs and accumulate in endosomes and lysosomes. Light exposure causes rupture of the endo/lysosomal
membrane and releases the drugs into the cytosol where the drugs can interact with their targets. Reprinted with permission from the [34]. Copyright © 2011 Wiley-
Liss, Inc.
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While PClIuses random oxidation of endo/lysosomal membranes
to release the contents from the vesicles, chemically controlled
approachescan also release drugs using photodynamic release. This
reaction involves a novel concept that uses the unique reaction ofsinglet
oxygen (SO).SO can undergo a [2+2] cycloaddition reaction with
alkenes to form unstable dioxetanes that spontaneously decompose to
give two carbonyl products (Scheme 1) [38].

The early work involving SO-mediated release was reported by
Thompson et al. [39-42]. They demonstrated that SO could release
compounds from liposomes via photooxidation of the plasmalogen
vinyl ether linker. The phase transition that occurred by the cleavage
of plasmenylcholine enhanced membrane fusion and leakage of
intraliposomal contents (Scheme 2). However, this vinyl mono ether
might not be a good SO-cleavable linker because the Ene-reaction
of SO with a-proton of the alkene could possibly compete with the

[2+2] cycloaddition reaction. They used zinc phthalocyanine, tin
octabutoxyphthalocyanine and bacteriochlorophyll a in the liposomes
as sensitizers, allowing longer wavelength light to be used for the
activation. They used 800 nm to excite bacteriochlorophylla.

A similar chemistry was applied for site-specific delivery of PSs.
Ruebner et al. applied an SO-mediated mechanism in the release of
phthalocyanine-based PS (Scheme 3a) [43,44]. A Cyclodextrin dimer
was formed by the conjugation of two B-cyclodextrins through a SO-
cleavable vinyl dithioether linker. The cyclodextrin dimer then binds
to the phthalocyanine, and upon irradiation of light generates SO to
cleave the vinyl dithioether bond, results in the release of the PS. Greer
and co-worker also used an SO-cleavable linker for site-specific delivery
of PSs (Scheme 3b) [45-47]. A fiber tip was conjugated to PSs through
an SO-cleavable vinyl diether linker. Triplet oxygen wassupplied
internally through the fiber and converted to SO at the tip of the fiber.
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Scheme 1: Generation of SO by photodynamic effects, [2+2] cycloaddition reaction of SO with a heteroatom-substituted alkene, and subsequent cleavage of dioxetane.
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Scheme 2: Oxidation of plasmenylcholine by SO and its cleavage to the products.

Scheme 3: a) SO-mediated cleavage of vinyl thiodiether linker and b) Release of a PS at the fiber tip supplying oxygen and light.
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The SO then cleaved the vinyl diether bond to release the sensitizers.
It is proposed that this fiber optics-guided delivery of oxygen and PSs
could be applied to hypoxic conditions.

Activation of prodrugs by an SO-cleavable linker was demonstrated
by Jiang et al. [48] and Bio et al. [49]. One of the key requirements of
prodrugs is the release of the parent drug without any modification
to drug structure. Thus, Jiang et al. conjugated a PS to a drug, bearing
a carbonyl group through an SO-labile linker (Scheme 4a) [48].
Irradiation cleaved the SO-labile linkers releasing free drugs. Bio et al.
developed a new type of SO-cleavable linker (aminoacrylate) which
overcame a number of the limitations of the previous SO-cleavable
linkers, such asa limited number of SO-cleavable linkers (e.g., vinyl
dithioether, vinyl diether), the lack of facile synthetic approach for
the cleavable linkers, andthe regeneration of the parent drug [49]. The
amino acrylate linker can be synthesized by a click reaction and can be
cleaved by an SO mechanismupon irradiation with a PS; this reaction is
termed “click and photo-unclick chemistry” (Scheme 4b). In addition,

after cleavage, the parent drug molecule can be released without any
modification.

Recently, Bio et al. demonstrated the ability of this method to cleave
the aminoacrylate linker and release of the drug in cancer cells [50].
The pharmacological effects of the released drugs (e.g., combretastatin
A-4, CA4) were also demonstrated both in vitro and in vivo (Figure 7)
[51]. A prodrug (CMP-L-CA4) of CA4 was prepared by conjugating
a photosensitizer (CMP, core-modified porphyrin) and CA4 via the
SO-labile linker (aminoacrylate). CMP-L-CA4 itself showed much
lower activity toward tubulin polymerization and cytotoxic activity.
However, once irradiated, it showed potent cytotoxic activity as close
as free CA4. A more significant finding indicated that [CMP-L-CA4 +
irradiation] showed significantly better antitumor effects than [CMP-
L-CA4 + CA4 without irradiation] and [CMP-NCL-CA4 +irradiation]
(data not shown here). CMP-NCL-CA4 was an analog of CMP-L-CA4,
which cannot release CA4 even after the irradiation.
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Scheme 4: a) Oxidation of the SO-labile linker of a prodrug and b) Facile synthesis, cleavage of aminoacrylate, and release of a parent drug after its oxidative cleavage.
Aadapted from the [49] and reproduced with permission from the Royal Society of Chemistry (RSC). Copyright 2012.
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Figure 7: Far-red light-triggered release of CA4 from its prodrug (CMP-L-CA4) and the superior antitumor effect of irradiated prodrug group (G2) than non-irradiated
group (G4). Reprinted with permission from the American Chemical Society [51]. Copyright 2013.
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Figure 8: NIR light-triggered Dox release by the photomechanical method.
Aadapted from the [54] and reproduced with permission from John Wiley &
Sons, Inc. Copyright 2013.

Drug release through the NIR up conversion systems

Most recently, two interesting strategies were proposed by taking
advantage of upconverting nanoparticles (UCNPs). Nanoparticles with
lanthanide ions showed a rare photonic property known as frequency
upconversion. This frequency upconversion moves low energy light
to higher energy light. Yang et al. [52] demonstrated this concept by
using caged D-luciferin [53]. They attached caged D-luciferin on the
surface of the UCNPs (Tm/Tb co-doped NaYF4). The D-luciferin was
caged with 1-(2-nitrophenyl) ethyl group that can then be uncaged by
UV light. They showed that the uncaged D-luciferin on the surface
of UCNPs (NaYF4:TmYb) was uncaged by the irradiation with 980
nm light in cells and living mice. Liu et al. also employed the UPNPs
(a mesoporous silica-coated UCNPs) but used a different releasing
mechanism [54]. They installed “photomechanical” functional groups
by using azobenzene groups that can be isomerized (cis/trans) by
UV and visible light (Figure 8). Doxorubicins (DOXs) loaded in
the mesoporous nanoparticles were mechanically released by NIR
irradiation (980 nm) in solution and cells.

Conclusions and Perspective

Photothermal, photodynamic, and frequency upconversion
processes represent three new strategies for releasing drugsat targets
by using visible and near IR light in a spatiotemporally controlled way.
Photothermal and photodynamic strategies have been successfully
demonstrated both in cultured cells and in mice. On the other hand,
the application of frequency upconversion is a newer concept and
drug release via this method has not yet been demonstrated in animal
models. It may not be necessary to directly compare their values at
this point; they are at very early development stages and each method
has its own pros and cons. Instead, it is both prudent and wise to find
potential disease conditions effectively treated by each method.

The following points need to be considered in the development
of these strategies as they aim toward clinical translation. First,
materials utilized in the systems should be biocompatible: both non-
toxic and biodegradable. In this aspect, the inorganic upconversion
materials need to be tested for their safety. Second, the availability
of light source should also be considered. At present, diode lasers

seema reasonable first choice due to its affordable price and high light
quality. However, available wavelengths and power levels from the
diode lasers are limited, which is definitelya major factor in choosing
the light absorbing materials.It is preferred to build modular delivery
systems since light-absorbing material can be readily substituted to
other materials absorbingavailable light sources. The photodynamic
strategy is advantageous because a number of photosensitizers are
available that cover a wide range in the spectral window and it can also
be easily incorporated to the delivery systems. Third, the applicability
and deliverability of light should be considered. Obviously, applicable
disease sites for all these strategies should be organs we can externally
deliver the lightsuch as skin, gastrointestinal tracts, bladder, ovary,
peritoneal cavity, lung, etc. Too high intensity and dose of light used
in animal studies may not be practically achievable in certain clinical
settings. In general, higher intensity light was used in photo thermal
and upconversion processes than in photodynamic process. Last, but
perhaps the most important, these new strategies should prove to be
superior than (or at lease complementary with) current methods such
as surgery, radiotherapy, photodynamic and photothermal therapy.

There have been notably significant advances in the concept of
visible/near IR light-controlled drug release in the past five years. This
concept is no longer just in our imagination but it was provedthat
we could control the drug release in tissues by using visible/near
IR light. In conjunction with advances in other disciplines such as
nano-technology and optical technology (light delivery and imaging
systems), these smart strategies will provide important tools for both
their theranostic and drug delivery applications.
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