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Abstract
Over the last three decades, a handful of photochemical mechanisms have been applied to a large
number of nanoscale assemblies that encapsulate a payload to afford spatio-temporal and remote
control over activity of the encapsulated payload. Many of these systems are designed with an eye
towards biomedical applications, as spatio-temporal and remote control of bioactivity would
advance research and clinical practice. This review covers five underlying photochemical
mechanisms that govern the activity of the majority of photoresponsive nanocarriers: 1. photo
driven isomerization and oxidation, 2. surface plasmon absorption and photothermal effects, 3.
photo driven hydrophobicity changes, 4. photo driven polymer backbone fragmentation and 5.
photo driven de-crosslinking. The ways in which these mechanisms have been incorporated into
nanocarriers and how they affect release is detailed, as well as the advantages and disadvantages
of each system.
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1. Introduction
It is well established that nanocarriers in drug delivery offer many advantages over
conventional formulation methods. They can minimize degradation of therapeutic agents
upon administration, enhance their in vivo efficiency by delivering higher concentrations of
drugs to tumor sites, expose the tumors to active drug for longer periods, and prevent
undesirable side effects. In addition, these carriers can protect the therapeutic payload from
the harsh in vivo environment. Furthermore, current studies on synergistic therapeutic
outcomes of combination therapies are better enabled through the use of drug delivery
vehicles.

Organic materials, both natural and synthetic, can be used to tailor nanocarriers to provide
specific characteristics, including triggered release on demand. The goal of triggered drug
delivery is to control the time and place of release of a therapeutic agent to achieve a higher
local concentration, reduce overall injected dose, and reduce systemic toxicity.
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Various internal and external triggers, such as pH, specific enzymes, temperature,
ultrasound, magnetic field and light are being actively explored. Light is especially
attractive, as it can be remotely applied with extremely high spatial and temporal precision.
Additionally, a broad range of parameters (wavelength, light intensity, duration of exposure,
and beam diameter) can be adjusted to modulate release profiles. Radiation in the UV,
visible, and near infrared (NIR) regions can be applied in vivo to induce drug release.
Systems responsive to UV and visible irradiation can be used for topical treatments;
radiation below 650 nm cannot penetrate deeper than 1 cm into tissue due to high scattering
and absorption by hemoglobin, oxy-hemoglobin, and water . NIR light of 650 – 900 nm
(water absorbs wavelengths longer than 900 nm) can penetrate up to 10 cm [1] into living
tissue and causes minimal tissue damage at the site of application.

This review focuses on light-triggered release from nanosystems. In this size regime one can
passively target diseased tissues like tumors by exploiting the enhanced permeation and
retention (EPR) effect while at the same time remotely and actively trigger release via light.
The structure of this review reflects different mechanisms by which therapeutic agents may
be released from nanocarriers upon light exposure. We cover many different nanocarrier
types developed to date, including micelles, polymeric nanoparticles, hollow metal
nanoparticles, and liposomes as examples of different triggering mechanisms using various
photochemical reactions in order to facilitate release of cargo from the nanocarrier. All
reactions lead to a change in the nanocarrier assembly either directly or indirectly, which
leads to release of the encapsulated bioactive agent. While other reviews have focused on
the photo-triggered release of particular nanocarriers (liposomal systems [2-3], micelles
[4-6], etc.) separately, we would like to focus on the mechanism of release rather than the
nanocarrier. It should be noted that while the choice of nanocarrier can vary based on the
application desired, the photochemistry involved could be applied to multiple materials and
the challenges with each mechanism need to be addressed. We have also limited the scope
of our review to systems for which release of cargo from nanocarriers has been
demonstrated.

2. Mechanisms of light-triggered release from nanocarriers
I. Photoisomerization, photocrosslinking, and photosensitization-induced oxidation

Photoisomerization is a process that involves a conformational change about a bond that is
restricted in rotation, usually a double bond. In organic molecules with double bonds, this
predominantly involves isomerization from a trans orientation to a cis form upon irradiation
with light. Azobenzenes, which have -N=N- with phenyl rings on either side, are the most
commonly used molecules for this purpose. The planar trans form of azobenzenes is more
hydrophobic than the nonplanar cis form, so cis azobenzenes form micelles less easily. UV
irradiation-induced conversion of azobenzenes to trans causes disruption of the assemblies.
Azobenzenes are attractive because the isomerization is reversible, which is important in
applications that require drug delivery on demand.

The first report of incorporating azobenzene in a nanocarrier system to effect release was
reported by Kano et al. in 1980 [7]. In their work they incorporated an amphiphilic
azobenzene (C2Azo and C4Azo, Figure 1) moiety along with
dipalmitoylphosphatidylcholine (DPPC) at various molar ratios and were able to modulate
the release profiles of liposomes based on the azo moiety of choice, the composition of
photo-stationary state, and the degree of incorporation in the liposome. They characterized
the photoisomerization process via UV spectroscopy by irradiating the trans azo compound
at 366 nm for 10 seconds. The trans compound formed a photo-stationary state with 80% cis
isomer which reverts back to trans when irradiated at >420 nm. They also measured the
resulting osmotic shrinkage of the vesicles upon incorporation of azo compound (C2Azo &
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C4Azo) by measuring the optical density of the solutions. The authors encapsulated
bromothymol, a blue dye, in the lipid bilayer of liposomes formulated from DPPC and
subsequently showed that the permeation of the dye into water increased with greater
incorporation of the cis azobenzene moiety (formed by irradiation). In these pioneering
studies, percent release and duration of release upon pulsing were not entirely characterized.

Since this seminal study there have been numerous publications utilizing this concept. Many
systems developed since have incorporated azobenzenes in lipid backbones and formulated
liposomes that are photo-responsive [8-13]. The photo-responsiveness of the liposomes
arises from the fact that in the trans orientation the molecules pack tightly in the bilayer.
When irradiated with UV light, they undergo trans-cis isomerization, which leads to
distortions in the packing of the bilayer and causes the liposomes to become “leaky,”
allowing the encapsulated drugs to be released (Figure 2). Irradiation of azobenzene results
in the formation of a photo-stationary state and the composition of this state determines the
release rate of the drug. More recently, Smith et al. have used photo-triggerable liposomes to
trigger gelation of an alginate solution by releasing calcium chloride upon irradiation with
385 nm light for 1min. Such on demand gelation is important in tissue engineering
applications [14].

The photoisomerization concept has also been successfully utilized in preparation of photo-
responsive micelles. These systems take advantage of the change in net dipole moment upon
switching from the trans orientation (no net dipole moment) to the cis orientation. This leads
to disruption in the hydrophobic-hydrophilic balance of the self-assembled micelles and
causes reorganization and subsequent release of encapsulated contents [5].

The first report of utilizing azobenzene to encapsulate a model hydrophobic substance
involved an azobenzene-based surfactant, 4-butylazobenzene-4′-(oxyethyl)
trimethylammonium bromide (AZTMA). In this preliminary study the authors encapsulated
ethylbenzene and showed its release upon irradiation with UV light. They also found the
process to be reversible when irradiating with visible light. The authors quantified release by
measuring the vapor pressure of ethyl benzene in the headspace, which increased upon
irradiation with UV light (260-390nm at 10mW/cm2) for 2 hrs. They found that at an
AZTMA concentration of 5mM, the vapor pressure of ethyl benzene increased to values
equivalent to those for pure ethyl benzene, suggesting complete release [15-16].

In later work Wang et al. [17] developed a cationic azobenzene-based surfactant to form an
ionomer with a doubly hydrophilic block copolymer of polyethylene glycol and poly acrylic
acid (Figure 3A) that self assembled into vesicle like aggregates. They showed that when
pyrene sulfonic acid-containing aggregates were irradiated ( 360 nm) for 300s, the azo
benzene underwent photoisomerization leading to release of the dye, as seen by an increase
in fluorescence of the solution. When irradiated by visible light (440 nm) for 900s, they
observed partial quenching of the solution, leading them to conclude the dye was re-
encapsulated. The authors explain the incomplete re-encapsulation upon visible light
irradiation as irreversible release of the dye (Figure 3B).

Recently, Zhao et al. used this concept in preparing the first macromolecular diblock
copolymer micelles [18]. While there have been numerous such reports of azobenzene-based
block copolymers for photo-responsive micelles, little has been done towards utilizing these
diblock copolymer systems for controlled release applications [5-6, 19-21].

Another area where azobenzenes are used is in making nano-impellers for drug delivery
applications. Patnaik et al. [22] made azodextran-based nanogels in which 5% and 10 % of
linear dextran moieties were functionalized with a hydrophobic derivative of azobenzene
(AD-5 and AD-10, Figure 5). This resulted in the self-assembly of the dextran chains to
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form nanostructures. The self-assembly is driven by stacking of the flat, linear azobenzene
groups. When irradiated at 365 nm, these nanogels undergo photoisomerization, which leads
to disruption of stacking and release of the contents. The authors showed that release of
model dyes and drugs from AD-5 and AD-10 when irradiated with 365nm is directly
proportional to irradiation time (0-300min). They also showed that AD-10 encapsulates and
releases more drug than AD-5 due to increased azobenzene content.

Nano-impellers have also been made to form core-shell mesoporous silica structures.
Angelos et al. [23] incorporated azobenzene moieties into mesoporous silica particles that
function both as impellers and “gatekeepers” to retain the encapsulated drug and release it
on demand (Figure 6). The mechanism of release relies on continuous photoisomerization
reactions within the particles, resulting in “wagging” of the polymer strands that form the
gates of these structures and release. In order to achieve wagging, the particles were
irradiated using 9 mW 457 nm light continuously for 1200s. At this wavelength both cis and
trans isomers absorb and photoisomerize with a quantum yield of 0.64 and 0.36,
respectively. The released dye was monitored at 540 nm by sampling the solution of
particles at one second intervals, which revealed that no dye was released in the absence of
irradiation when AzoG1 was used. In comparison, particles formulated with AzoH were
leaky even without irradiation. Subsequently, Lu et al. [24] showed that these particles can
be used to deliver the anticancer drug camptothecin to cancer cells on demand.

The major advantage of the azobenzene systems is reversibilty, which may be used to turn
the systems on and off and allow dosed release on demand. In spite of their promise,
however, systems that rely predominantly on UV irradiation suffer from a lack of translation
in vivo due to low tissue transparency in the UV region.

Photo-crosslinking or photopolymerization as a means of release might seem
counterintuitive, because photo-induced crosslinking is generally used in the formation of
nanoparticles. However, this photochemical mechanism can also be used for photo-triggered
release. Photo-crosslinking is achieved by irradiating a polymerizable double bond directly
or in the presence of a radical initiator/sensitizer. Photopolymerization of double bonds
incorporated into the hydrophobic domain of a bilayer causes parts of the bilayer to shrink,
disrupting the uniform packaging of the molecules and producing pores in the bilayer, which
allows release.

The concept was first realized in liposomes by Regen et al. [25]. Vesicles were formulated
with a photo-triggerable (at 254nm) lipid containing two methacrylated phosphatidyl choline
derivatives. The resulting vesicles were more stable than non-crosslinked counterparts,
which resulted in better circulation. The authors also noted that the leakage rate could be
controlled by co-polymerizing the crosslinkable lipids with the homo-polymerizable lipids.
Subsequent studies reported systems with modulated rates of release. Some later studies also
incorporated sensitizers to absorb at higher wavelengths so that photo-crosslinking could be
achieved in the visible region [2-4]. Some recent advances in this area include designing a
new class of liposomes containing 1,2 bis-(tricosa-10, 12-dinoyl)-sn-glycero-3-
phosphocholine) (DC8,9PC) that have photo-crosslinkable triple bonds [26]. The authors
have shown that these liposomes can be used to deliver doxorubicin (DOX). In addition to
performing its cell killing functions, doxorubicin also served as a photosensitizer, resulting
in photo-crosslinking of the liposomes upon irradiation at 514 nm. The authors showed that
when irradiated with 514 nm (166 mW/cm2/min) light for 0-7 min, up to a 22% higher
release of DOX occurred compared to the non-irradiated samples. This was the first report
of a drug being released photochemically from a liposomal formulation (Figure 7).
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In addition to liposomes, photocrosslinking has also been used as a means for drug delivery
in nanocapsules formulated through layer-by-layer deposition of polymers. Park et al.
formulated microcapsules by depositing alternating layers of benzophenone-modified poly-
(allylamine hydrochloride) and poly-(sodium-4-styrenesulfonate) on polystyrene particles
[27-28]. They subsequently dissolved the polystyrene core in organic solvent to obtain
hollow capsules. The benzophenone modified poly-(allylamine hydrochloride) moieties are
photocrosslinkable and the release rates of encapsulated molecules from the capsules can be
controlled by varying the degree of crosslinking of the poly-(allylamine hydrochloride)
layer. It is important to emphasize that this work does not use complete photodegradation as
a trigger; rather, it uses photocrosslinking as a means to achieve control over release rates.
More recent work on this type of polymers incorporates cinnamic acid derivatives in their
backbone. The idea in these systems is to utilize the [2+2] cycloaddition reaction of trans
cinnamic acids upon photo-irradiation that results in shrinkage of the nanostructures to expel
encapsulated contents (Figure 8). [29-30]

Photosensitization-induced oxidation is another photochemical mechanism to impart a
change in a nanocarrier through light exposure. Photosensitization-induced oxidation
involves generation of a strong oxidizing agent, singlet oxygen, upon illumination of a
sensitizer molecule with an appropriate wavelength of light. Singlet oxygen oxidizes
plasmogenic lipids and thus causes disruption of biomembranes [31-39]. This mechanism is
currently used in photodynamic therapy to disrupt the membrane of cancer cells and induce
cell death. The same chemical process can be used to enable photo-controlled release of
therapeutic agents from nanocarriers composed of photooxidizable lipids.Lipid photo-
oxidation leads to membrane disruption because singlet oxygen formed by irradiation of
ZnPc in air leads to the photo-oxidation of the plasmalogen vinyl ether linkage (Fig. 9). [40]
The formation of a single-chain surfactant induces a lamellar to hexagonal phase transition,
leading to membrane fusion and leakage of the encapsulated content.

The first report of photo-oxidation-controlled release of hydrophilic agents from liposomes
was published by Anderson et al. in 1992 [41]. This study demonstrated visible light-
triggered release of glucose from liposomes composed of semi-synthetic plasmalogen lipids
(1-alk-1′-enyl-2-palmitoyl-sn-glycero-3-phosphocholine (PlasPPC)/ 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC) (8:1)) with the photosensitizer zinc phthalocyanine
(ZnPc) incorporated within the hydrophobic region of the membrane. Irradiation of air-
saturated liposomes with visible light at 37°C for 60 min resulted in release of 62% of
encapsulated glucose, twice the amount released in the corresponding dark control
experiment.

Several studies utilizing photosensitization to promote endosomal escape of nanoparticles
and thus facilitate cargo delivery to the cytosol have appeared in recent years. In this
approach light is applied after the particles are endocytosed. Upon irradiation, the
photosensitizer encapsulated within the delivery vehicles acts on the lipids that constitute the
endosomal membrane, disrupting the lipid bilayer and resulting in the release of particles
into cytosol. Berg and coworkers used photosensitizers to mediate endosomal rupture for
improved cellular delivery of nucleic acids [42]. Harnessing this mechanism, Kataoka and
co-workers reported light-mediated gene delivery to the conjunctival tissue of rats [43].

More recently, Febvay et al. [44] used this approach to achieve cytosolic release of the
model cell-impermeable dye Alexa 546 from mesoporous silica nanoparticles internalized
by cancer cells. Upon exposure to green light (520 – 570 nm, 500 mW/cm2) the dye acts as a
photosensitizer, producing singlet oxygen, which disrupts the endosomal membrane. An
increase in membrane permeability was monitored by increase of the fluorescence of Alexa
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546 in the cytosol. FITC-labeled dextran (3 kDa) co-internalized with Alexa 546-loaded
silica particles was also successfully released into the cytosol upon light exposure for 2 min.

II. Surface plasmon absorption by gold nanoparticles and photothermal effects
NIR (700-950 nm) is preferable to other types of light for triggering release in biological
systems because it can pass through blood and tissue to depths of several inches [1].
However, very few organic chromophores absorb in this region, and even fewer are capable
of converting the absorbed energy into a chemical or thermal response that can be used to
trigger drug release. A few years ago, gold nanostructures (shells [46-48], particles [49-50],
rods [51-52], and cages [53-54]) emerged as useful agents for photothermal therapy after
they were shown to have strong absorption in the NIR region (four to five times higher than
conventional photo-absorbing dyes [55]) and tunable optical resonances. The strong
absorption ensures effective laser therapy at relatively low laser energies, rendering this
therapy method minimally invasive.

Gold nanoparticles absorb light efficiently in the visible region due to coherent oscillations
of metal conduction band electrons in strong resonance with visible frequencies of light.
Photoexcitation of metal nanostructures results in the formation of a heated electron gas that
cools rapidly within 1 ps by exchanging energy with the nanoparticle lattice. The
nanoparticle lattice, in turn, rapidly exchanges energy with the surrounding medium on the
timescale of 100 ps, causing localized heating [56]. This fast energy conversion and
dissipation can be achieved by using light radiation with a frequency strongly overlapping
with the nanoparticle absorption band. The NIR absorption maximum of metal
nanostructures can be modulated by changing their size, shape and aggregation [46, 57-59].
This phenomenon has been widely studied as a stand-alone cancer therapy method since the
early 2000s [60] and more recently was adopted to trigger the release of entrapped payload
from nanocarriers upon exposure to NIR light. Typically, gold nanostructures are
incorporated into polymer capsules along with drug molecules. Energy from NIR light
generated by a laser absorbed by gold nanostructures and converted into thermal energy.
Spontaneous local heating to temperatures well above 600-800°C [57-58] induces
significant thermal and mechanical stress within the system and thus causes rupture of the
carrier and subsequent payload release.

The first carrier incorporating gold nanoparticles was reported by Radt et al. [61]. Hollow
polyelecrolyte microparticles were prepared by layer-by-layer deposition, incorporating 6
nm gold nanoparticles and lysozyme as a model therapeutic between polymer layers.
Lysozyme release was observed upon exposure of the microparticle suspension to laser
irradiation for 5 min with short pulses (10 ns) at a frequency of 10 Hz at 1064 nm. The
amount of protein released upon light exposure was similar to the amount released from a
mechanically crushed control sample.

The major challenge in controlled liposomal drug delivery is to create a system that is
sufficiently stable in circulation, yet capable of quickly releasing its contents upon stimulus.
Wu et al. [58] reported a liposomal delivery system capable of burst release upon absorption
of NIR light by hollow gold nanoparticles. In their construct, gold nanoparticles were either
encapsulated within dipalmitoylphosphatidylcholine (DPPC) liposomes or tethered to the
surface via a PEG linker. 6-carboxyfluorescein was used as a model drug. Leakage from the
liposomes was triggered by 130-fs laser pulses at 800 nm, leading to nearly instantaneous
release of payload (71% for encapsulated gold nanoparticles and 93% for nanoparticles
tethered to the surface) at laser powers exceeding 2.2 W/cm2. At this power setting, only a
slight increase of the bulk solution temperature was observed (less then 1°C), while local
heating was sufficient to anneal the hollow gold nanoparticles into solid nanoparticles, as
evident by transmission electron microscopy (TEM). The observed burst release was
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ascribed to the formation and collapse of vapor microbubbles upon NIR-induced heating of
gold nanoparticles. Thus, exposure of gold nanoparticles to femtosecond NIR laser pulses
produces an effect similar to ultrasonication.

Oishi et al. [62] created multi-stimuli responsive PEGylated nanogels composed of a PEG
shell and a cross-linked thermal-responsive poly[2-(N,N-diethylamino)ethyl methacrylate]
core with NIR light-absorbing gold nanoparticles immobilized in the core (Figure 10). The
PEAMA core acted as a nanoreactor to produce gold nanoparticles from tetrachloroaurate
acid (HAuCL4 (III)) without any additional reducing reagents. 1,3,6,8-pyrenetetrasulfonic
acid tetrasodium salt (PSA) was encapsulated into polyion complexes as a fluorescent water-
soluble probe. While inside the particles, fluorescence of PSA was low due to self-
quenching. Release of PSA in PBS solution (pH 7.4) was triggered by irradiation with an
argon laser at 514.5 nm. A gradual increase in PSA fluorescence was observed over 8 min of
laser irradiation, corresponding to 26% release. Release of the fluorescent probe from
nanogels was due to the efficient heat generation by gold nanoparticles, which caused
deprotonation and collapse of the temperature-responsive PEAMA core.

Such polyion complex nanoparticles possess great potential as “smart” carriers for delivery
of proteins, DNA, and small molecule drugs. Although this particular system cannot be
readily translated into in vivo systems because of low tissue transparency at 514 nm, it may
find applications in tissue engineering and microscopy.

Another example of NIR light-triggered release from a temperature-responsive nanocarrier
was published by Wu et al. [63]. Ag/Au bimetallic nanoparticles were coated with a layer of
polystyrene to encapsulate the hydrophobic drug curcumin, followed by an outer layer of
nonlinear PEG to improve dispersion, circulation stability, and thermal sensitivity in the
physiological range. A 70% release of curcumin was achieved upon irradiation with 1.5 W/
cm2 NIR light for 5 min at intervals over 50 hours at 37°C. A similar release profile was
observed when the particles were incubated at 41°C for the same time period without
irradiation, confirming that the stimulated release is due to thermal sensitivity of the
formulated particles triggered by the conversion of NIR energy into thermal energy by the
Ag/Au core. Cytotoxicity tests revealed a 4-fold increase in cell killing efficiency of the
curcumin-loaded Ag/Au particles compared to free curcumin.

The major concern with gold nanoparticle-mediated light-induced release is stability of the
cargo when exposed to the heat generated by the particles upon absorption of NIR energy.
Volodkin et al. [59] proposed a solution to this problem by creating gold nanoparticle-
liposome assemblies in which the cargo is shielded by a lipid membrane (Figure 11). Large
gold nanoparticle aggregates (300 nm) have high cumulative electrostatic charge and attract
a large number of liposomes to compensate for their excess charge. The dimensions of the
assemblies are controlled by the size and charge of nanoparticles and liposomes as well as
their mixing ratio. An additional advantage of this system is higher NIR absorption of
aggregated gold nanoparticles compared to single gold nanoparticles.

Huschka et al. employed the photothermal response of gold nanoshells to NIR irradiation for
light-triggered DNA antisense therapy [64-65]. Strands of DNA molecules were covalently
attached to the surface of gold nanoshells at the 5′ end via a Au-thiol bond. A
complementary non-thiolated DNA sequence was then bound to each strand to form a
double helix. Upon illumination with 800 nm light, the double-stranded DNA was
dehybridized, releasing the non-thiolated strand with 50% efficiency [65]. The same group
later demonstrated that such constructs may be used for release of various guest molecules
that can either intercalate between the adjacent base pairs or bind in the major or minor
groove of the DNA double helix (Figure 12) [64]. 4′,6-diamidino-2-phenylindole (DAPI)
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was used to demonstrate light-induced intracellular release. DAPI fluorescence intensity is
low in solution, but increases drastically upon binding to DNA. The release of DAPI from
the double-stranded DNA inside living H1299 cancer cells upon irradiation with 800 nm for
5 min (1 W/cm2) was evidenced by the decrease in fluorescence of unbound DAPI
compared to DAPI inside the DNA helix. One hour after irradiation, delivery of released
DAPI to the nucleus was evident; fluorescence intensity recovered upon binding to nuclear
DNA. Although no apparent temperature increase was observed in the solution containing
the nanoparticles, heat-induced damage to the DNA directly attached to the surface of gold
nanoparticles remains a possible limitation.

Delivery systems that utilize gold nanostructures provide an opportunity to take advantage
of a combined effect of photothermal ablation and chemotherapy in a single setting. Such
combined treatment has been demonstrated to result in higher cytotoxicity compared with
chemo- or photothermal treatment alone [27, 66-67]. You et al. investigated the effect of
DOX-loaded PEG-coated hollow gold nanoshells (PEG-HAuNS) for anticancer therapy
[67]. Exceptionally high loading of DOX into the outer PEG layer of gold nanoshells (1.7
μg DOX/1μg Au) was achieved. Intracellular release of DOX from PEG-HAuNS was
observed upon irradiation with four 3 min pulses of 800 nm (2 W/cm2 output power) over 2
hours. DOX-loaded PEG-HAuNS enhanced cell killing compared to free DOX at an
equivalent concentration or laser-treated HAuNS alone (86.4% vs. 77% and 40.6%,
respectively). The same research group also demonstrated laser-induced release of paclitaxel
(PAX) from PLGA microspheres incorporating gold nanoshells and enhanced cytotoxicity
compared to non-stimulated PAX-containing microspheres or photothermal treatment alone
[27].

III. Photochemical hydrophobicity switch
The formation and stability of micelles and other vesicles relies on the hydrophilic to
hydrophobic balance within the amphiphilic molecules constituting the aggregates. When
amphiphilic molecules become hydrophilic, the micellar system disintegrates, releasing its
cargo. Light-induced conversion of amphiphilic molecules to more hydrophilic forms allows
remote control over this process.

A large number of organic molecules that undergo structural rearrangements to generate
charged (and therefore more hydrophilic) species upon exposure to light have been
developed; such rearrangements are termed photochemical reactions. The majority of
organic molecules explored for photo-controlled materials applications respond to UV light.
Upon absorption of UV light, these molecules reach an excited state from which they decay
non-irradiatively via a chemical transformation. However, some organic chromophores can
simultaneously absorb two photons of low-energy NIR light and undergo the same chemical
transformation as upon absorption of one photon of high-energy UV light. The phenomenon
of two-photon absorption was first theoretically predicted by Maria Goppert-Mayer in the
1930s [68]. The probability of two-photon absorption is generally low and proportional to
the square of the intensity of the excitation beam [69]. Therefore, two-photon processes
require femtosecond pulsed lasers with high photon density. The first experimental
demonstration of two-photon absorption became possible in 1961 soon after the invention of
the laser [70]. The efficiency of the two-photon induced chemical transformation is referred
to as uncaging action cross-section and is expressed in Goeppert-Mayer units, GM (1 GM =
10−50cm4 s photon−1) [71]. Incorporation of such light-triggering units into delivery vehicles
can be employed for controlled photo-triggered release, eliminating the need for inorganic
NIR light-absorbing dopants.

The first micellar system capable of releasing hydrophobic cargo via an NIR light-induced
chemical transformation was reported by Goodwin et al. in 2005 [72]. An amphiphilic
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molecule was constructed by chemically attaching a hydrophobic light-sensitive 2-
diazonaphthoquinone (DNQ) to a PEG chain (Figure 13A). This polymer was shown to
form micelles above the concentration of 0.15 mg/mL in PBS pH 7.4. Nile Red was
encapsulated into the micelles as a reporter dye. Upon irradiation by UV or NIR light (via
absorption of one or two photons, respectively), DNQ undergoes a Wolff rearrangement to
form a hydrophilic 3-indene carboxylic acid. As a result, the micelles incorporating DNQ
dissolve, releasing Nile Red into the aqueous medium, which is evidenced by quenching of
the fluorescence of the dye. Over 30 min of irradiation at 795 nm resulted in a 75% decrease
in the fluorescence of Nile Red, confirming the dissolution of the micelles. Later, this DNQ-
based system was modified by incorporation of dendritic polyester between the PEG and
DNQ moieties (Figure 13B), which allowed installation of multiple DNQ molecules per
amphiphilic molecule [73]. The new system exhibited lower critical micellar concentration
(12 μg/mL) and low cytotoxicity at concentrations as high as 1 mg/mL. However, this
stability persisted upon irradiation: irradiation with 795 nm light for 30 min resulted in only
a 50% decrease in the fluorescence intensity of encapsulated Nile Red and a decrease in the
size of the micelles from 40 to 20 nm.

Micelles formed from amphiphilic block copolymers are being actively studied for photo-
controlled release. In these constructs, PEG is usually used as the hydrophilic block, while
the hydrophobic block is formed by polymethacrylic acid whose carboxyls are masked by
various protecting groups that can be removed upon exposure to light (Figure 14A).

Yue Zhao’s group has been studying light-dissociable block-copolymer micelles. Their first
system capable of photo-controlled release of hydrophobic small molecules was based on an
amphiphilic block copolymer containing the o-nitrobenzyl protecting group [74]. Micelles
encapsulating Nile Red were formed by first dissolving the polymer and the dye in THF and
adding water. Photo-controlled release was induced by irradiating the solution with UV light
above 365 nm (145 mW/cm). After 420 seconds of irradiation, the fluorescence of Nile Red
decreased by 80%, indicating release of the hydrophobic dye into the aqueous environment.
Much faster release was observed at higher irradiation powers (75 sec at 500 mW/cm). The
same system was also demonstrated to release Nile Red via two-photon uncaging of the
carboxylic groups. The two-photon uncaging cross-section of the o-nitrobenzyl group is
rather low (0.01 GM [75]); therefore, this process is much slower than the one-photon
reaction, requiring irradiation at 700 nm for 210 min to achieve a similar decrease in Nile
Red fluorescence.

The [7-(diethylamino)coumarin-4-yl]methyl chromophore (DEACM) has an order of
magnitude higher two-photon uncaging cross-section compared to the o-nitrobenzyl group
and therefore should be more suitable for use in light-activated drug delivery systems. A
block copolymer in which the DEACM caging group masked the carboxylic acid groups
was reported later by the same group [76]. However, despite the more NIR-sensitive caging
group, the observed release of Nile Red from the micelles was slower than in that for the o-
nitrobenzyl-based system (50% decrease in Nile Red fluorescence after 210 min at 500mW/
cm).

Lee et al. described a similar micellar system for light-triggered release via a hydrophobicity
switch [77]. In their system, the hydrophobic block is composed of spiropyran-containing
polymethacrylate (Figure 15). Unlike in the previously described systems, the switch
between the amphiphilic form and the hydrophilic form of the block copolymer is reversible.
Thus, irradiation with UV light converts spiropyran into hydrophilic, zwitterionic
merocyanine, while exposure to visible light converts it back to the hydrophobic spiro form.
The hydrophobic dye coumarin 102 was encapsulated into block copolymer micelles
prepared from spiropyran and its release was induced by irradiating the solution of micelles
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with 365 nm light for 60 min. Similar to Nile Red, coumarin 102 is insoluble in water, so its
fluorescence is quenched when the dye was released into aqueous solution. Complete
disruption of the micelles after UV irradiation was observed by AFM. Subsequent
irradiation of the solution with 620 nm light for 240 min led to reconstitution of the micelles
and partial re-encapsulation of coumarin 102, evidenced by AFM and an increase in the
fluorescence intensity of the dye.

Another example of micelles that can be reversibly disrupted was reported by Jiang et al.
[78]. Their dual-responsive block copolymer incorporated polyethylene oxide (PEO) as a
hydrophilic block and poly(ethoxytriethylene glycol) acrylate-co-poly(o-nitrobenzyl)
acrylate (P(TEGA-co-NBA)) as a thermoresponsive hydrophobic block. Above the lower
critical solution temperature (LCST) of the P(TEGA-co-NBA) block, the copolymer formed
micelles encapsulating Nile Red. Upon continuous UV irradiation for 180 min, the o-
nitrobenzyl groups were cleaved and the LCST of the thermoresponsive block increased by
11°C, causing dissociation of the micelles. Further increasing the temperature above the
LCST of the new thermoresponsive block reconstituted the micelles and re-encapsulated
Nile Red.

A molecule that switches from fully hydrophobic to amphiphilic was also used for light-
triggered release. Malachite green derivative (Figure 16) was incorporated (4.5 mol%) into
the membrane of vesicles composed of phosphatidylcholine [79]. Upon UV exposure, this
molecule undergoes photoionization and becomes amphiphilic. This results in a decrease of
the total free energy of the system, membrane destabilization and eventual solubilization of
the membrane components, leading to release of the encapsulated compounds. 80% of the
encapsulated dye (8-aminonaphthalene-1,3,6-trisulphonic acid) was released from the
vesicles after 15 min of continuous UV irradiation.

Recently, photosensitive polymeric nanoparticles were prepared by self-assembly of
oppositely charged polyelectrolytes [80]. Coulomb interactions between the cationic natural
polymer chitosan and an anionic photosensitive pyrene derivative resulted in the formation
of hydrophobic polymeric particles in aqueous solution, which were loaded with Nile Red.
UV irradiation of the particles for 50 sec (1200 mW cm−2) resulted in an 80% decrease in
the fluorescence intensity of Nile Red. However, DLS analysis of the particles after UV
exposure showed their shrinking in size but neither complete degradation nor dissolution,
which would be expected when the polymer turns hydrophilic (Figure 17). This behavior
was attributed to the crosslinking of chitosan by butanoic acid generated after the removal of
pyrene group. Some Nile Red release was also observed when the particles were exposed to
NIR light (808 nm): a 40% decrease in the fluorescence of Nile Red was achieved after 250
min of exposure, owing to low two-photon absorbance of the pyrene derivative.

Nanoengineering ion channels to allow optical control is an emerging technology; such
channels can be incorporated into liposomes to allow light-triggered release [81]. Channel
proteins are excitable pores embedded in cell membranes that, by opening and closing, allow
the flow of ions across the membrane. One of these proteins, the mechanosensitive channel
of large conductance (MscL) from Escherichia coli, was incorporated into liposomes to
function as a remotely controlled valve [82]. In order to make MscL responsive to
irradiation, a light-sensitive group was installed at the 22nd amino acid. Removal of the
triggering group increases the hydrophilic character of the channel pore and opens the valve,
allowing cargo release from the liposomes (Figure 18). Two triggering groups, o-
nitrobenzene and spiropyran, have been used to open the valve irreversibly and reversibly,
respectively. A 43% release of calcein from the MscL-containing liposomes was observed
after exposure to 366 nm light, while only 10% of calcein diffused from non-irradiated
liposomes.
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Recently, a new way to employ NIR light for triggered release based on lanthanide-doped
upconverting nanoparticles (UCNP) has emerged. UCNPs composed of NaYF4 nanocrystals
doped with Tm3+ and Yb3+ act as light-harvesting antennae, sequentially absorbing multiple
photons of NIR light and converting it into higher energy UV light [83].

The first example of using UCNPs to induce a chemical reaction was demonstrated by the
group of N. Branda, when a 2-phenylbenzofurane photoprotecting group masking acetic acid
was conjugated to the surface of UCNPs [84]. Exposure of the NPs to 980 nm continuous
wave light (4.37 W, 556 W/cm−2) resulted in photocleavage of the 2-phenylbenzofurane
group and release of acetic acid. This process occurred via the conversion of NIR light to
UV light, since the 2-phenylbenzofurane group is not cleavable by 980 nm irradiation.

More recently, this strategy was further adapted to induce triggered release from a micellar
system by the collaborative efforts of N. Branda and Y. Zhao [85]. Micelles composed of an
amphiphilic block copolymer containing o-nitrobenzyl photoprotecting groups encapsulating
Nile Red (Figure 14) and doped with UCNPs were prepared. Upon exposure to 980 nm light
(5 W, 4 hours), Nile Red release was observed, indicating photocleavage of o-nitrobenzyl
photo-protecting groups by UV light emitted by the UCNPs and the subsequent
hydrophobicity switch and disintegration of the micelles.

The upconversion process happens via sequential absorption of multiple photons and
therefore requires 104 – 107 orders of magnitude lower energy densities compared to
simultaneous multi-photon absorption processes [86]. However, the potential toxicity and
tissue accumulation of UCNPs should be thoroughly investigated before this technique can
be developed for in vivo applications.

IV. Polymer backbone photo-degradation
The polymer-based nanocarriers thus far discussed in this review do not degrade into small
molecules upon irradiation to effect release. Degradable hydrophobic polymers present an
attractive choice as delivery vehicles for therapeutic cargo. Although similar to the
hydrophobicity switch mechanism in terms of the chemistry used, the photo-releasing
systems described in this section offer the additional advantage of disassembly on both the
nanoscale (disintegration of nanocarrier) and the molecular scale (polymer fragmentation).
Systems that can degrade into smaller fragments can subsequently be cleared from the body,
eliminating any long-term toxicity concerns. Polymers that degrade completely into small
molecules via various internal physiological cues like pH, reactive oxygen species, and
temperature offer the added advantage of spatio-temporal control. External stimuli, such as
ultrasound, light, and magnetic field can also be used to remotely control the release from
and final degradation of these delivery vehicles, but have been underutilized. In this regard
we have developed the first example of a light degradable polymer that can be formulated
into particles for delivery and release of drugs (Figure 19) [87].

The polymer consisted of a quinone-methide-based backbone with pendant N,N-
dimethylethylene diamine groups protected with o-nitrobenzyl phototriggering groups. A
cascade of diamine cyclization and quinone-methide rearrangement is activated when the
photo-triggering groups are cleaved by one-photon (350 nm) or two-photon (750 nm)
photolysis, resulting in the complete degradation of the polymer backbone into small
molecules (Figure 20).

We have shown subsequently that the polymer can be formulated into nanoparticles via
standard and commercially viable emulsion techniques that result in regular particle shapes
and sizes. Nile Red was encapsulated as a model drug within these particles to allow
measurement of release via fluorescence. While UV irradiation causes an almost immediate
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67% decrease in fluorescence intensity upon 60 seconds of irradiation, NIR wavelengths
result in more gradual decrease (over 250 min) because of the poor two-photon uncaging
cross-section of the o-nitrobenzyl group (0.01 GM). Ongoing studies currently employ much
higher efficiency two-photon uncaging groups [88].

Johnson et al. [89] have adopted a different strategy to release drugs from nanometer sized
hydrophobic polymeric systems using light (Figure 21). They have synthesized brush-like
nanosystems that have drug covalently bound to the backbone via a photo-degradable o-
nitrobenzyl moiety. In their synthesis they utilized a “graft-through” strategy, where a
norbornene-containing macromonomer is polymerized by ring-opening metathesis
polymerization (ROMP) and DOX is then covalently bound to the backbone using “click”
chemistry. The linkage also contains the photo-uncaging o-nitrobenzyl moiety that can be
triggered by UV light to release DOX. Irradiation of these 10 nm nanoassemblies using 365
nm light for up to 10 min resulted in a 70% release of the bound DOX.

V. Photo de-crosslinking
A particle may be induced to release its payload by breaking up the light-sensitive crosslinks
holding it together, making it more porous. The advantage of this approach is that the light-
sensitive moieties remain attached to the polymer after light exposure, thus eliminating the
issue of potential toxicity of the photocleavage byproducts.

Reversible photo-crosslinked nanoparticles were prepared by the Zhao group [90]. A water-
soluble block copolymer containing a block of PEO and a block of poly(2-(2-
methoxyethoxy)ethyl methacrylate-co-4-methyl-(7-(methacryloyl)oxyethyloxy)coumarin),
denoted as PEO-b-P(MEOMA-co-CMA), was prepared by atom transfer radical
polymerization. The polymer solution was heated above its LCST to form block copolymer
micelles, which were then photo-crosslinked by irradiation with light at 320 nm (Figure 22)
to induce photo-dimerization of the pendant coumarin groups. Cooling the solution below
LCST afforded photo-crosslinked nanogel particles. Nanogel swelling by 90% was achieved
by irradiating the nanoparticles with light of higher energy (254 nm), inducing
photocleavage of the coumarin dimers. Repeated crosslinking could be achieved by bringing
the nanogel solution temperature above LCST and irradiating with 320 nm light.

The rate of cargo release could be controlled by the reversible photo crosslinking and de-
crosslinking of the nanogels. Encapsulated dye, dipyridamole, was released slower from the
crosslinked nanogels compared to non-crosslinked micelles, demonstrating the possibility of
tuning the release rate by controlling the degree of crosslinking. Further, irradiation of the
nanogels with 254 nm light for 3 min reduced the crosslinking density, thus significantly
increasing the release rate. The de-crosslinking reaction can also be induced through two-
photon absorption of visible light (532 nm). [91]

Crosslinked block copolymers containing an o-nitrobenzyl group in the crosslinkers were
used to form micelles that could be disrupted by UV light via cleavage of the crosslinks and
generation of hydrophilic carboxylic acid moieties (Figure 23) [92]. Nile Red was released
from the micelles upon irradiation with 365 nm for 15 min. Such a strategy may be readily
adopted for in vivo applications by replacing the o-nitrobenzyl group with a photosensitive
protecting group with a higher two-photon uncaging cross-section.

3. Conclusions
The use of light as an external stimulus is a promising approach to targeted drug delivery
that allows precise control over the place, time, and rate of cargo release. Although the first
reports of this concept appeared in the 1980s, significant progress has been made in this area
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over the past decade. A wide range of nanoscale assemblies have employed a handful of
photochemical mechanisms to achieve efficient and reproducible release profiles. Most of
the systems developed to date respond most efficiently to UV or visible light. However,
these systems will most likely be limited to topical applications, where stimulus penetration
is not necessary or undesirable. For such systems, the major concern is the damaging effect
of high energy irradiation to tissues, especially at shorter wavelengths. Systems that are
sensitive to NIR light, such as surface plasmon absorption by gold particles, upconverting
nanoparticles, and NIR chromophores, hold more potential in vivo due to the greater depth
of penetration of this wavelength of light and the minimal absorption of NIR by endogenous
matter. The emerging technology utilizing upconverting nanoparticles is attractive because it
does not require expensive high-energy lasers. However, toxicity of these materials and
tissue accumulation remain to be thoroughly investigated. In the case of gold nanoparticles
used for photothermal effects, thermal stability of the potential cargo must be considered
due to local heat generation. Design and synthesis of more efficient NIR light-absorbing
organic chromophores will eliminate the need for inorganic dopants.

Expanding the toolbox of photochemical mechanisms that allow release from nanocarriers
would increase the likelihood that an efficient system with little biological risk is developed.
Furthermore, there is a need to create systems that degrade into small molecules upon
irradiation or completion of function. These fully degradable systems would be desirable for
a variety of biomedical applications. A recent review focusing in more depth on the drug
delivery aspects of light-sensitive nanocarriers was published in this journal [93]; thus, we
chose to address the chemical side of this topic in more depth.

As this field continues to grow, there will be a need for more standardized reporting on the
photochemical parameters, such as wavelengths, exposure time, laser power per area, and
energies per pulse, that govern these processes. Finally, a systematic method for
categorizing the change resulting from irradiation (i.e. swelling, de-crosslinking, full
degradation, etc.) will have to be implemented so that the literature may be more easily
compared. These efforts will allow the community to make more meaningful conclusions
when selecting an appropriate system for biomedical applications.
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Figure 1.
Structure of amphiphatic azobenzene moiety utilized in the study by Kano et al [7].
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Figure 2.
Schematic representation of a cross-section of lipid bilayer packed with trans-azobenzenes
that photoisomerize upon irradiation into the cis-form and cause distortions in the lipid
packing.
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Figure 3.
A) Schematic representation of the formation of ionomer vesicles from AzoC10 and PEG-
PAA. B) fluorescence emission spectra of pyrene sulfonic acid, a) before, b) after UV, and
c) after visible irradiation [17].
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Figure 4.
Scheme showing the generation of a net dipole moment on photoisomerization.
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Figure 5.
Schematic representation of non-covalently crosslinked azo-dextran nanogels, AD [22].
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Figure 6.
Photoresponsive materials functionalized with azobenzene derivatives. (a) nano-impellers
prepared by the co-condensation ethod derivatized with AzoH; (b) triggered release
materials prepared by the post-synthesis modification method derivatized with AzoG1 [23].

Fomina et al. Page 24

Adv Drug Deliv Rev. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Schematic representation of the proposed mechanism of laser triggered release of entrapped
solutes form liposomes. Light treatment of DOX-loaded DPPC:DC8,9PC liposomes results
in release of DOX. The effective concentration of the free drug is increased in the vicinity of
cells. DOX is subsequently taken up by cells by passive diffusion leading to improved cell
killing. [26]
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Figure 8.
Schematic representation of size change behavior of P(3,4DHCA-co-4HCA) nanoparticles
with UV irradiation. Chemical structure of UV-induced [2+2] cycloaddition formation
(cross-linking) and deformation (cleavage) [29-30].
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Figure 9.
Singlet oxygen mediated photo-oxidation of plasmenylcholine leading to cleavage of vinyl
ether linkages [40-41].
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Figure 10.
Multi-stimuli responsive PEGylated nanogels composed of a PEG shell and PEAMA core
with gold nanoparticles immobilized in the core [62].
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Figure 11.
Formation of gold nanoparticle-liposome assemblies for NIR light-triggered release of
carboxyfluorescein. [58].
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Figure 12.
Gold nanoparticles with DNA bound to the surface for NIR light-triggered release [63-64].
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Figure 13.
A) Diazonaphthoquinone-based molecules undergoing an amphiphilic to hydrophilic switch
upon UV and NIR irradiation. [69] B) DNQ-based system modified by incorporation of
dendritic polyester to install multiple DNQ moieties [73].
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Figure 14.
A) Block copolymer with masked carboxyl groups undergoing amphiphilic to hydrophilic
switch upon light exposure and examples of light-sensitive protecting groups. (B)
Amphiphilic block-copolymer micellar disassembly upon irradiation.
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Figure 15.
Light-induced hydrophobicity switch of spiropyran-containing block copolymer [74].
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Figure 16.
Ionization of Malachite green derivative upon UV light exposure. [76]
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Figure 17.
Polyion complex formed between chitosan and pyrene derivative undergoes a hydrophobic
to hydrophilic switch upon light exposure [77].
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Figure 18.
Schematic of triggered liposomal release through an engineered channel protein [78].
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Figure 19.
Schematic representation of degradation of polymeric particles by light and release of cargo.
Nile Red release from the polymeric particles upon A) UV irradiation at 300-400 nm B) NIR
irradiation at 750nm. [87]
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Figure 20.
Schematic of quinone-methide-based polymer [83] degradation after cleavage of o-
nitrobenzyl triggering group with UV or NIR light.
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Figure 21.
Schematic representation of the “graft-through and “click-to” approach. A) Bivalent
macromonomer on which “graft-through” ROMP with catalyst 1 was performed followed by
in situ chloride-azide exchange. B) The resulting azido-bivalent-brush polymer
functionalized with DOX-alkyne by click chemistry allows controlled release of the
anticancer agent doxorubicin (DOX) in response to 365 nm UV light [89].
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Figure 22.
A) Schematic illustration of the preparation and photo-controlled volume change of nanogel
[90]. B) Designed diblock copolymer bearing coumarin side groups for the reversible photo-
cross-linking reaction.
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Figure 23.
A) Photo-controlled release of encapsulated guest molecules upon light irradiation of
polymer micelles. B) Synthesis of photocleavable cross-linked block copolymers and their
light-triggered dissociation [92].
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