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1. Introduction

Nanomedicine is a relatively new field of biomedicine, which aims to
use nanotechnology in order to find innovative systems for diagnosis
and therapy. In recent years, nanomedicine has become a popular re-
search topic, and rapid progress has been made in the quest for new sys-
tems that increase therapeutic molecule efficiency and reduce side
effects. For this purpose, one major challenge is the development of ef-
ficient drug delivery systems (DDS). The efficacy of a treatment relies on
the ability of the active substances to reach their site of action, at the
right tissue or cellular level with the right concentration. When admin-
istrated, drugs are generally distributed throughout the body without
any distinction between healthy and unhealthy organs. Such uncon-
trolled biodistribution is responsible for many side effects [1]. To reduce
such undesired side effects, the dose is often lowered and the drug effi-
ciency is not maximized. The development of strategies to overcome
this problem by using DDS has been a challenging task for many years.
Nanomedicine and nanoparticles for DDS hold promise in treating
many diseases. Particles with nanoscale sizes present many advantages
such as: they can be injected in the blood stream, a different
biodistribution compared to therapeutic molecules, longer circulation
in the blood stream and the possibility to reach organs without being in-
vasive (compared to surgical methods). The ideal drug carrier should be
stable, should not leak and increase the drug circulation time in the
blood stream. Shear stress [2,3] in the blood stream and a plethora of
blood components may readily destabilize drug delivery systems. Also
the drug delivery system should recognize the target, help active sub-
stances reach the target, accumulate next to or inside the target, and
after endogenous or exogenous stimulus, release the drug to the right
target [4]. Structures and composition of natural nanosystems, such as
proteins or viruses, have served to inspire chemists in the design of effi-
cient DDS. However, the possibility offered by natural materials is lim-
ited. Over the past decades huge advances in materials science, in
particular in polymer science, have been made. Polymer properties
and versatility were used in making a broad variety of robust, stimuli-
responsive DDS. Moreover, the polymer can be tuned in order to be sen-
sitive to different stimuli such as light. In this review only drug release
mechanisms under light irradiation are considered, which we believe

represents a promising and versatile class of exogenous trigger that
can be remotely activated on demand. To meet all the requirements
summarized above, active substances should be associated with a light
sensitive carrier. In the first part of this review, advantages and limita-
tions of light as a trigger will be presented then the effect of light at
the molecular level will be discussed, together with the major mecha-
nisms of action and their limitations. Finally, the effect of light activation
when photoactive substances are incorporated into drug delivery sys-
tems will be considered. Scheme 1 summarized the light-driven pro-
cesses considered herein, extending from the molecular level to the
macroscopic level, resulting in drug release.

1.1. Advantages of light as a stimulus

The use of light as a trigger for drug release presents many advan-
tages compared to drug delivery systems based on a response to pH,
temperature, or enzymes [4]. Indeed, such drug delivery triggers are
often poorly controlled as they depend on physiological parameters
that can differ between individuals and are subject to local variations
in the body. For example, temperature, pH or enzyme concentrations
vary between persons, body parts, health and age.

Additionally, light is an attractive trigger, which can be applied with
a high degree of temporal and spatial accuracy, and whose intensity can
be easily controlled. The light spectrum is wide and potentially allows
triggering different systems at the same time.

The variety of light sensitive molecules is tremendous and light exci-
tation can target a precise location in the body during a specific time. For
drug delivery applications, light is non-invasive, easy to produce and
not expensive. More specifically, near infrared light is particularly inter-
esting, as it offers the advantage of being less harmful for cells than UV
[7,8], and can penetrate deeper into the tissue [9] (Fig. 1). Globally, it is
clear that light sensitive systems for drug delivery can be presented as
promising tools with important future development.

1.2. Limitations

While the light spectrum is broad, only a narrow range of wave-
lengths can interact at the molecular level. UV light, typically in the
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Scheme 1. Light-driven molecular processes responsible for drug release from nanocarriers.
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Fig. 1. General scheme of light depth penetration in tissue at several wavelengths for 1%
transmittance (adapted from [5,6]).

range 254-400 nm, is highly energetic that can provoke a variety of
photoreactions with high efficiency. Therefore, most light-sensitive
molecules are UV-sensitive and light-triggered systems that have been
developed for drug delivery applications are also mostly UV-sensitive.
The primary disadvantage with UV light is that it cannot be applied to
human subjects because of adverse physical effects (more specifically
with UVC and UVB). Indeed, it is well established that UV damages the
skin: it induces molecular damage on lipids, nucleic acid and proteins
leading to cellular injury and skin cancer [10]. Also, the UV penetration
depth is small, limiting its effect to the superficial skin layers [11]. As
such, for drug delivery applications, it would be difficult to reach and de-
liver payloads to internal organs. On the other hand, light in the infrared
and near-infrared (IR and NIR) is a very interesting alternative to UV,
since it can go much deeper into the tissues and is less dangerous for
cells. Nevertheless, IR is not as energetic as UV and as such cannot
drive as many reactions. These limitations can be overcome in
two different ways that will be described in details in the following sec-
tions: (i) combining IR-sensitive systems that generate heat with
temperature-sensitive systems [12-16], and (ii) by using upconverting
nanoparticles, which can convert IR to UV [17-20].

2. Molecular mechanisms of light-activated drug delivery system
(DDS)

2.1. Physical effects

Interaction with incident light can effectively induce two major
physical effects: (1) increasing the system temperature and
(2) converting radiation to other wavelengths. In both cases light en-
ergy can be used to promote drug release.

2.1.1. General mechanism for conversion of light energy to heat

It is well known that light can produce heat, especially when
interacting with some nanomaterials, which can be used to directly
kill cells. This principle is referred to as photothermal therapy. In this re-
view, this mechanism for therapy will not be discussed as our main sub-
ject of interest concerns systems that deliver payloads thanks to the
heat generated upon irradiation. In this part, materials able to convert
light energy to heat energy, deemed “nanoheaters”, will be described.

In order to convert light energy into heat energy, several
photothermal agents or nanoheaters can be used such as noble metals,
transition metal dichalcogenides, carbon nanotubes (CNT), graphene
oxide (GO) dye molecules and semiconductors (organic or inorganic).
These photothermal agents absorb light and consequently their elec-
trons become excited. The energy can be dissipated via non-radiative
decay channels and heat the immediate environment. Dye molecules
such as indocyanine green or naphtalocyanine have strong absorption
nevertheless they undergo photobleaching, thereby reducing their effi-
cacy. Noble metals do not undergo photobleaching and can have

absorption cross sections four to five orders of magnitude larger than
dye molecules [21]. Electromagnetic waves interact with electrons on
noble metal surface [22]. Indeed, these materials have free electrons
on their surface that can oscillate with electromagnetic field. This phe-
nomenon is called Surface Plasmon Resonance (SPR) [23]. Materials
with SPR properties are, for instance, noble metals, transition metal
dichalcogenides, carbon nanotubes (CNT), graphene oxide (GO) and
semiconductors (organic or inorganic). At the appropriate electromag-
netic resonance, the energy transfer is maximum [24]. The photon ex-
cites the electron and the energy is absorbed. The electron is then
thermalized, the energy is transferred to the particles, creating heat
that is then transferred to the surrounding medium. For metallic parti-
cles, their size and shape can be easily tuned to modulate and control
the resonant wavelengths [25].

2.1.2. Design of nanoheaters for efficient light to heat energy transformation

There are a wide variety of materials that can transform light energy
to heat energy and that have been developed over the past years. We
will focus here on systems that are sensitive to NIR because they are
the most applicable for clinical development.

The most popular nanoheaters are based on noble metals, namely
gold, silver, platinum or palladium. They have varying optical proper-
ties, they are easy to tune structurally and to functionalize [26]. These
properties make them very interesting for drug delivery systems. In ad-
dition, some organic molecules can also convert light into heat, such as
porphyrin [27] or trisodium salt copper chlorophyllin (488 nm) [28].

Moreover, 2D materials have attracted great interest recently for
drug delivery applications because: they efficiently absorb NIR light
and have a very large specific surface area so they can adsorb therapeu-
tic molecules with aromatic character, such as doxorubicin [29] or
chlorin e6 [30] due to m-m stacking. As an example, graphene oxide
and transition metal dichalcogenide are 2D materials which have been
used as drug delivery systems [29] [30]. A recent review on stimuli re-
sponsive graphene oxide emphasized the interest of this kind of drug
delivery system [31]. 2D transition metal dichalcogenides have also
been recently reviewed [32]. One of them, MoS, possesses lower cyto-
toxicity than graphene oxide, which is better suited for biomedical
applications.

Carbon nanotubes (CNT) have other advantages compared to 2D
materials. Unlike nanosheets, CNT possess an intra-tube void where
they can encapsulate a wide variety of drugs (Fig. 2) [33]. Their absorp-
tion wavelengths are constant and do not depend on their lengths or
size, contrary to gold nanoclusters [25]. Nevertheless, several problems
should be overcome for biomedical applications, such as residual impu-
rities (metal traces, small fullerenes, amorphous carbon) or their low
solubility in aqueous solvent [34]. Also, even if several drugs have
been encapsulated inside CNTs [34], the only example, to our knowl-
edge of light-promoted drug release from their intra-tube void is de-
scribed in this review.

Another type of nanoheater is based on inorganic and organic semi-
conductors, which are attracting attention for cancer treatment [35]. In-
deed, they show a broad absorption in the NIR region and good
photothermal conversion. They also are stable in vivo, easy to synthe-
size, low cost and insensitive to photobleaching. Huang et al. reported
a system with Cu, 75S coated with a thermosensitive polymer, which
was able to efficiently release doxorubicin under NIR light (808 nm)
[13].

Organic semiconductor polymers were also proposed as a recent class
of nanoheater. These polymers are better known for their application in
organic electronics but some of them can also absorb in the NIR region.
They are easy to synthesize, flexible, tunable, have a better biocompatibil-
ity [36]. Polymeric semiconductor poly(diketopyrrolopyrrole-alt-3,4-
ethylenedioxythiophene) and pluronic 127 formed nanoparticles with a
hydrodynamic diameter of 10 nm, that were successfully integrated in
a poly(N-isopropylacrylamide) (pNIPAAM) gel. This nanoparticle/hydro-
gel system was demonstrated to release doxorubicin on demand to cells
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Fig. 2. Indole release from carbon nanotube after IR irradiation [33] [Reprinted with permission from Z. Su, S. Zhu, A.D. Donkor, C. Tzoganakis, J.F. Honek, Controllable Delivery of Small-
Molecule Compounds to Targeted Cells Utilizing Carbon Nanotubes, J. Am. Chem. Soc. 133 (2011) 6874-6877. Copyright (2011) American Chemical Society.]

in vitro on exposure to NIR light (808 nm) [37]. Another study uses the
second NIR window to penetrate the skin [38]. A polymeric semiconduc-
tor poly(bis(5-oxothieno|3,2-b]pyrrole-6-ylidene)benzodifurandione)-
co-poly(bithiophene), which absorbs NIR light between 1000nm and
1350 nm and converts it to heat, was synthesized [39]. This organic semi-
conductor was self-assembled with an amphiphilic copolymer into mi-
celles (diameter of 45 nm). These NIR sensitive micelles were then used
to kill cancer cells due to the heat generated upon 1064 nm irradiation.

All the aforementioned particles are potentially promising for drug
delivery, but alone they are often insoluble or not biocompatible. The as-
sociation of nanoheaters with functional and biocompatible polymers is
symbiotic as it allows the combination of advantages of both systems:
light sensitivity and thermosensitivity (Fig. 3).

A wealth of polymers can be tuned to be thermoresponsive,
biocompatible and biodegradable [40] making them suitable as
thermosensitive systems for drug delivery [41]. Grafting polymers can
confer thermosensitivity, biocompatibility, and water solubility to the
nanoheater. Polymers combined with nanoheaters can be used as a me-
dium to encapsulate drugs. The wide variety of available polymers and
nanoheaters offer tremendous possibilities to develop innovative new
drug carriers.

As an elegant example of combining IR-sensitive systems that gener-
ate heat with temperature-sensitive systems, N-isopropylacrylamide
(NIPAAm) and gold nanoparticles were combined [12]. In this article
nanoshell gold nanoparticles of around 20 nm were incorporated in
temperature sensitiveco-polymer hydrogel nanoparticles: NIPAAm
and acryl-amide (AAm). Irradiation of the particles by NIR light
(1064 nm) could enhance the release of methylene blue or a model pro-
tein (bovine serum albumin).

2.1.3. Converting radiation: upconverting nanoparticles

Upconversion is a phenomenon that converts low energy radiation
into high energy radiation (e.g. NIR photons into visible and UV pho-
tons). In drug delivery applications these particles offer access to the
use of a wide variety of UV-activated molecules [42]. The upconversion
mechanism involves two ions: one that absorbs the incident light called
a sensitizer ion, and another that emits the energy absorbed called an
activator ion. Several mechanisms with one or several sensitizer ions
and one activator ion can result in the conversion of NIR into visible
and UV light [17]. Here we describe the case where the sensitizer ion
and the activator ion are the same. In this case, ions that can upconvert
radiation can absorb two or more low energy photons (Fig. 4, hv; and

hv,) and subsequently emit one high energy photon (or transfer
the culminated excitation energy hv3). To do so, these ions need to
have excited states, which are optically active and have a long-excited
state lifetime (E;). The energy is accumulated and released in the form
of one high energy photon. Upconverting nanoparticles (UCNPs) are
composed of a crystalline host and a dopant, usually trivalent lantha-
nide ions, such as Lu, La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm. The
most common lanthanides used are Er**, Tm>", and Ho>*. These inor-
ganic ions have a lot of advantages, such as very low background fluo-
rescence, narrow emission bands, high resistance to photobleaching,
and their absorption wavelengths allow deep penetration into the tis-
sues [43].

To illustrate the use of upconverting nanoparticles, a study used poly
(ethylene oxide)-block-poly(4,5-dimethoxy-2-nitrobenzyl methacry-
late) as a UV-sensitive copolymer [18]. The copolymer formed 100 nm
micelles and UCNPs were incorporated inside the self-assemblies dur-
ing their formation. Under NIR irradiation (980 nm) the upconverting
nanoparticles converted the wavelengths into visible and UV light di-
rectly inside the micelles. As a consequence o-nitrobenzyl groups
were cleaved and the particles were destabilized. The disruption of
the micelles induced Nile red release.

As another example, UCNPs composed of NaYFy, Y:25% and Tm:0.5%
were synthesized with diameters of 20-30 nm [19]. A copolymer of
hydrophilic pNIPAAM and hydrophobic poly(acrylate) containing
spiropyran, was self-assembled on the surface of UCNPs (115 nm in di-
ameter). Spiropyran becomes hydrophilic under UV light. These hybrid
nanoparticles were irradiated with NIR (980 nm), UCNPs converted this
radiation into UV and visible light (360 nm and 470 nm), spiropyran
absorbed the UV radiation and became hydrophilic, resulting in particle
destabilization and coumarin 102 release.

Another elegant study used UCNPs and UV sensitive ortho-
nitrobenzene (ONB) as the photocleavable moiety. Jalani et al. used
lanthanide-doped UCNPs that were coated with hydrogel [20]. The inor-
ganic nanoparticles used have a rhombus plate shape, an average
length, width and thickness of 78 nm, 52 nm and 7 nm, respectively.
These UCNPs can convert NIR into UV radiation (347nm and 362 nm).
To form the hydrogel layer, chitosan was grafted on the UCNPs surface
and then crosslinked via a photocleavable ONB-PEG-ONB functional
oligomer. A fluorescent protein FITC-BSA was loaded in the hydrogel
layer. Then the nanoparticles were irradiated with NIR, that was con-
verted into UV radiation. Consequently, the UV radiation cleaved the
ONB moiety, the nanogel disintegrated and released FITC-BSA protein.

o °
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Fig. 3. Representation of gold nanocages coated with thermosensitive polymer chains (pNIPAAM-co-pAAM) which release doxorubicin under NIR radiation [14] [Reprinted by permission
from Springer nature, nature materials M.S. Yavuz, Y. Cheng, J. Chen, C.M. Cobley, Q. Zhang, M. Rycenga, J. Xie, C. Kim, A.G. Schwartz, L.V. Wang, Y. Xia, Gold nanocages covered by smart
polymers for controlled release with near-infrared light, Nat. Mater. 8 (2009) 935-939. Copyright (2009)].
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Fig. 4. Schematic representation of an upconverting energy diagram. Energy state E; is
optically active and has a long-excited state lifetime. E; is the energy state from which
the energy transfer can occur.

2.2. Chemical effects

As previously described, considering drug delivery applications,
photons have to penetrate deeply through the skin, and NIR light is
therefore preferable. The problem is that most light-sensitive molecules
that undergo chemical modification after irradiation are sensitive to UV.
It is thus critical to develop molecules, which absorb visible or NIR light.
An interesting review on molecules that are UV or NIR sensitive high-
lights their diversity [44]. The conundrum of low energy photons versus
higher energy processes can be also overcome, thanks to upconverting
nanoparticles. As these particles convert IR into UV, the use of a wide va-
riety of UV sensitive molecules for drug delivery applications can be en-
abled [20]. Therefore, both NIR and UV sensitive molecules are
presented in the current review. In this part the diversity of available
molecules for drug delivery application will be presented. These mole-
cules react in three different ways as a response to incident light: cleav-
age, isomerization (or rearrangement) and cross-linking.

2.2.1. Photo-induced chemical cleavage

Two main families of cleavable molecules based on coumarin (Fig. 5
A) and ONB (Fig. 5 B) have been developed.

The design of efficient cleavable molecules requires the presence of
good leaving groups in their structure. In addition, the product formed
after irradiation should be stable in order to avoid any recombination
and increase the cleavage efficiency. Therefore leaving groups often
used are carboxylic acids, carbamates or carbonates [45].

The ortho-nitrobenzene family is probably the most popular cleav-
able group used in the past years. In particular o-nitrobenzyl (ONB) de-
rivatives have been widely developed for drug delivery applications
despite some major drawbacks. Indeed, their release rates are slower
than those of coumarin derivatives [46]. In addition, after irradiation,
nitrosoaldehyde is formed and can react with amines to form an imine
bound, which can especially be a problem for the surrounding proteins.
Also nitrosoaldehyde can degrade to form brown compounds which act

Ri

Fig. 5. The two main cleavable molecules used for drug delivery, Lg is the leaving group
A) Coumarin and possible substitutions, B) ortho-nitrobenzene and possible substitutions.

as an internal filter, thus decreasing the ONB cleavage efficiency [47]
and can be potentially toxic [48].

A lot of ONB analogues have been synthesized in order to improve
the cleavage efficiency, side product formation, solubility, or to tune
irradiation wavelength [45]. Nevertheless, the substitution nature
and position cannot predict the trend on photoreaction efficiency.
Surprisingly, these analogues have been rarely used for drug delivery
applications and most of these systems use the classic ONB without sub-
stitutions [49] [50] [51] [52] [53] [54]. To improve the ONB properties,
two main chemical substitions were developed on the benzylic carbon
and the aromatic ring. The benzylic position substitution corrects one
drawback: the formation of the aldehyde, which leads to imine forma-
tion with an amine. Several moieties have been tested, especially elec-
tron withdrawing moieties. Trifluoromethyl on the benzyl position
increases the quantum yield from 0.13 to 0.7 [55]. The methyl group
also avoids aldehyde formation and increases the quantum yield to
0.64 (in MeCN) [56] and this derivative has been used in drug delivery
applications [20] [57] [58].

Substitution on the aromatic ring has also been studied. It has been
shown that the presence of one nitro group on the second ortho position
increases the quantum yield significantly. One interesting feature of this
kind of substitution is to change the absorption wavelengths. As such,
the substitution with o-nitro-dibenzofuran increases the absorption
wavelength maxima [58] and the introduction of two methoxy groups
allows release of leaving groups at 405 nm (Fig. 6 A) [59].

Another class of o-nitrobenzene is the o-nitrophenethyl group (Fig. 6
B). These compounds with a methyl on the benzylic position present a
relatively high quantum yield: 0.35. A new class of o-nitrophenethyl
group has been synthesized, which increases the absorptivity and the
release rate (Fig. 6 C and D) [60].

Coumarins constitute another important class of photochemically-
active molecule, which can be used both as a crosslinker and as a cleav-
able group. It has numerous advantages and it is a good substitute to
ONB, especially because of its faster release rate compared to ONB
[46], its efficient release of a wide variety of leaving groups, and because
it has a high molar absorption coefficient with a larger absorption than
ONB (Amax from 310 nm to 490 nm). Depending on their substituent,
coumarin derivatives that are released as a by-product, can be toxic
[61] or can have beneficial effects [62]. Coumarin derivatives can be eas-
ily tuned to adapt their toxicity. A lot of analogues have been synthe-
sized to improve solubility or increase its absorption wavelengths and
facile structural modifications shift the absorption to the red [45]. As
an example, 7-aminocoumarin has a Nax between 350 and 400 nm

A B
Rz Ry
0 Lg Rs Lg
~o NO, R4 NO,
c D
o)
O @S ’
NO, NO,
& Lg 3 Lg S Lg
S S CN S
CN
EtN 0 s EtN 0" N0 EtN oYy
CN

Fig. 6. Light-sensitive compounds that undergo cleavage under irradiation. These
molecules have been designed in order to red shift their absorption. A) ONB with two
methoxy groups B) o-nitrophenethyl and possible substitutions C) and D) o-
nitrophenethyl derivatives with better release rate and absorptivity E) F) and
G) Coumarin derivatives with significant release with blue-cyan light.
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with a relatively good quantum yield: 0.21-0.28. Its relatively efficient
release made this coumarin derivative an interesting candidate for
drug delivery application and it has been used many times for this
purpose [63] [64] [65] [66]. Feringa and his group covalently attached
an antibiotic to the coumarin derivatives and after UV irradiation
(380 nm) the antibiotic was released in order to control the bacterial
population.

Another example used coumarin as the light sensitive moiety in con-
junction with well-defined hollow mesoporous silica particles (HMS)
[65]. The particles (250 nm in diameter) were loaded with doxorubicin.
In order to obstruct pores and avoid undesired doxorubicin release, a
copolymer containing coumarin groups was self-assembled and loaded
with HMS to form a layer that enveloped the particles. This copolymer
was synthesized from 2-hydroxyethylacrylate (HEA), methacrylamide
hydrochloride (APMA) and 7-(didodecylamino) coumarin-4-yl|methyl
methacrylate (DDACMM). A folate group was grafted on APMA, for se-
lective cancer targeting and poly(DDACMM) is a poly(methacrylate)
bearing hydrophobic coumarin derivatives. This polymer is both hydro-
phobic and light sensitive. The coumarin cleavage with UV or NIR light
(365 nm or 800 nm with two photon absorption) made the copolymer
layer hydrophilic, resulting in its solubilization in the medium. The
pores were then open and as a consequence doxorubicin trapped in
the hollow sphere was released.

In order to red shift the absorption wavelength and improve the
compatibility of radiation with cells, new coumarin molecules have
been described. Three molecules with interesting photochemical prop-
erties have been identified: red shifted absorption with maximum
absorption (Amax) Up to 487 nm and significant release rate with blue-
cyan light [67]. Electron-withdrawing groups were introduced at the
coumarin 2- and 3- positions such as sulfur or cyano groups. In Fig. 6,
coumarin derivative E has Njj.x = 472 nm, F has \;,ax = 443 nm and
G has Npax = 487 nm.

One side-reaction was reported as a drawback for the release of a
thiol where the molecule underwent an isomerization instead of a
cleavage [58]. The goal of the study was to protect cysteine on a peptide
with a coumarin photo-removable group. Instead of thiol cleavage after
irradiation, the coumarin isomerized and the thiol group was grafted on
position 2. The final product is not photocleavable and consequently,
the protecting group cannot be removed.

In this part, we mainly reported two main families of photocleavable
molecules based on o-nitrobenzyl and coumarin. They have been widely
studied and their properties were greatly improved to optimize their
development for biological applications, especially in the drug delivery
field. In addition to these important derivatives, other cleavable mole-
cules have been reported. A summary of these different classes of
photocleavable molecular building blocks is presented in Table 1.

2.2.2. Isomerization and rearrangements

2.2.2.1. Azobenzene. Azobenzene is a popular molecular switch that has
been used in drug delivery systems because it can be efficiently and re-
versibly isomerized between trans- and cis- forms. Indeed, upon UV ir-
radiation (365 nm) the thermodynamically stable trans- form
isomerizes into the cis- form. This isomer is metastable and has a
substituent-dependent half-life of up to two days [80]. If irradiated
with visible light (450 nm), azobenzene quickly returns to the trans-
isomer [81] (Fig. 7 A).

This molecular switch is reversible over multiple cycles without de-
terioration. In the drug delivery field this transformation is useful in in-
ducing polymer or peptide property changes [84]. To improve the
release, a range of derivatives has been developed to tune two major
photochemical properties of azobenzene: the absorption wavelengths
required to switch between the cis- and trans- forms and the isomer's
thermal stability. For in vivo applications, light absorption should be
in the near infrared in order to go deeply through the skin. In
addition, thermal stability, characterized by the half-life of the less

thermodynamically stable form, can be tuned depending on the system
needs. A short half-life provides a fast back isomerization in the dark
and an efficient on/off switch, while a long half-life assures longterm
system modifications.

Substitutions on the para- and ortho- positions have also been
widely explored [85]. The para- position is often used to attach mole-
cules of interest such as peptides or polymers [86]. The ortho- position
red-shifts the absorption and tunes the thermal stability of the two iso-
mers. A wide variety of groups have been tested including the amino
[87] and chloro group [88]. Substitutions with four fluorines at the
ortho- positions showed a significant red-shifting and an improvement
in the thermal stability [82]. The irradiation of the trans- form with
green light (>500 nm) showed 90% Z isomerization and a half-life of
circa 2 years (Fig. 7 B).

Substitution with 4 o-methyl groups showed significant red-shifting,
with absorption up to 680 nm [83] (Fig. 7 C). Unfortunately these mol-
ecules are sensitive to reduction by glutathione which can be a problem
for drug delivery applications [84]. The tetra-ortho-methoxy-
substituted azobenzene has been used to release doxorubicin with red
light [89]. These azobenzene derivatives show a great potential for
drug delivery due to their long absorption wavelengths and excellent fa-
tigue resistance.

2.2.2.2. Hydrophobicity/hydrophilicity switch molecules. Certain mole-
cules undergo hydrophobicity/hydrophilicity switching upon irradia-
tion, which can be either reversible or irreversible. Three molecular
derivatives were identified for drug delivery applications: spiropyran
[90], 2-diazo-1,2-naphthoquinone (DNQ) [91] [92] and more recently
donor-acceptor Stenhouse adducts (DASAs) [93]. These molecules can
be incorporated into polymers, for example on the polymer backbone.
After switching they can induce a significant change in the polymer
property such as polymer hydrophobicity. This property is a key factor
for some nanoparticle or gel stability. Changing the property at the mo-
lecular level can change the property at the macromolecular level and
thus destabilize gels or nanoparticles [94] [95] [96] [97].

Under UV light, the closed ring form of spiropyran undergoes a C—0
bond cleavage, resulting in the zwitterionic merocyanine form. The
merocyanine can reversibly lead to the hydrophobic ring-closed form
under blue light (420 nm) (Fig. 8 A). Spiropyran is biocompatible and
can be easily grafted onto any matrix. Even if the response is fast, this
molecular switch presents one major drawback, as after several switch
cycles the molecule undergoes photodegradation [98].

DNQ has attracted a lot of attention because of its ability to act as a
hydrophilicity switch that can be activated by UV or by NIR light in a
two photon process [91] [92] [95] [97] [99]. Under these radiations
DNQ undergoes an irreversible Wolff rearrangement [100] leading to a
carboxylic acid with a pKa of 4.5 [101] (Fig. 8 B) that is charged and
thus hydrophilic in physiological conditions (pH = 7.4). DNQ has
been tested on cells and was interestingly shown to be cytocompatible
[95][97].

DASA is arelatively new class of molecules that have been developed
for hydrophilicity switch that present interesting features for drug de-
livery applications. DASA photoswitches under visible light (Fig. 8 C),
the reaction being reversible and displaying excellent fatigue resistance
[93]. The two forms have important property differences. Without illu-
mination, the molecule is hydrophobic and compact, and becomes zwit-
terionic and extended after irradiation. These differences lead to
efficient particle destabilization for cargo release [94]. This new class
of molecules has not yet been widely exploited for drug delivery. One
example reported the incorporation of DASA in the backbone of an am-
phiphilic copolymer [102]. To this end PEG was used as an initiator
for the copolymerization of pentafluorophenyl methacrylate and
hexyl methacrylate. Then DASA was grafted on the hydrophobic
blocks. The resulting amphiphilic copolymer was self-assembled into
polymersomes (30-100 nm). HRP was loaded in the polymersomes to
form photoresponsive nanoreactors. Thanks to DASA switching,
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Table 1
List of the main important classes of photocleavable molecules that have been developed for biomedical applications in recent years.
Molecules Nirra (NM) Quantum yield Examples
o-Nitrobenzyl 254-365 [45] 0.0013-0.7 [45] [20] [49-54] [57,58]
R, Ry
R
3 Lg
Ry NO,
Coumarin 310-490 [45] 0.005-0.28 [45] [63-98]
L
R. 9
R3 X
Ry 0~ ~0
Ry
Ruthenium (II) polypyridine 473 or 532 0.23 [69-71]

450 to 575 [72] 0.15 in methanol

[72,73] not been used for drug delivery systems.

300-375 [74] 0.22 for phosphate release in MeOH [75] [74]

300-450 [76] 0.072-0.093 in H,O/MeCN for alcohol and carboxylic acid [77] [53]

Azo linker 365 [78] [78]
o H

Amino-1,4-benzoquinone 590 [79] 0.003-0.007 in 30% aq. MeCN [79] [79]

permeability of polymersome membranes were controlled under visi-
ble light irradiation (630 nm and 525 nm) thus enabling the control of
the nanoreactors.

2.2.3. Dimerization and dimer cleavage

In a context of delivery applications, dimerization processes have
been proposed to form gels or stabilize particles before release [52]
[103]. To induce the release of a loaded drug, the gel or particles are ir-
radiated, uncrosslinked and, as a consequence, lose their stiffness or
structural integrity [104] [105] [106] [107]. Three molecules are used
as dimers for such application: coumarin [104] [105], cinnamate [106],
and anthracene [107]. However, such release mechanisms by dimer
cleavage is not really adapted for drug delivery applications in vivo. In-
deed, UV exposure typically leading to hydrogel scission is too long for
cell viability, reactions are not complete and are accompanied by un-
wanted side reactions and the process is not resistant to fatigue.

3. Different drug release mechanisms

In the previous part, the effect of light at the molecular level was
discussed, together with the major mechanisms of action and their lim-
itations. We now shift our focus to the effect of light activation when
photoactive substances are incorporated into drug delivery systems.
One can highlight two major mechanisms to induce and control drug re-
lease profiles: (1) a complete destabilization of the carrier/particle lead-
ing to a complete drug release, or (2) an acceleration of the drug
diffusion through the carrier (membrane permeation or gel shrinkage).

3.1. Light-induced structural changes inducing drug carrier destabilization

Arelevant question at this stage is: how can drug release be induced
through carrier disruption? To answer this question, the underlying
mechanisms responsible for the stabilization of the carrier structure
have to be understood. With this in mind, two different classes of drug
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carrier can be proposed: (1) particles which are stabilized using hydro-
philic/hydrophilic interactions (such as micelles or vesicles) and
(2) gels that have a 3-dimensional structure that is maintained due to
physical [108] [109] or chemical crosslinking [110] [111].

3.1.1. Self-assembled nanoparticles

Polymer nanoparticles such as micelles, worm-like micelles or
polymersomes are thermodynamically or kinetically metastable self-
assemblies as a result of copolymer amphiphilic properties. Indeed, in
order to minimize the interaction of the hydrophobic blocks with
water, block copolymers assemble into well-defined structures. Mi-
celles and worm-like micelles are nanoparticles that are composed of
a hydrophobic core surrounded by a hydrophilic shell. The difference
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Fig. 8. Switch between hydrophobic isomer and hydrophilic isomer A) Spiropyran and
merocyanine forms, B) Irreversible DNQ rearrangement induces hydrophilicity C) DASA
molecular switch inducing hydrophilicity, Y = O,NCH3; X = O,(CHs)5.

between these two structures is the shape: micelles are spherical nano-
particles and worm-like micelles are cylindrical and elongated nanopar-
ticles. Polymersomes are small artificial vesicles enclosing an aqueous
solution separated by a bilayer membrane made of amphiphilic block
copolymers. A key property to obtain and stabilize these structures is
the hydrophobic to hydrophilic ratio of the two blocks [112]. Depending
on this ratio, different structures or no specific structure can be ob-
tained. As an interesting example, a hydrophilic block poly(glycerol
monomethacrylate) (PGMA) was used as a chain transfer agent to poly-
merize 2-hydroxypropylmethacrylate (HPMA), a hydrophilic monomer
[113], in water resulting in the formation of a well-defined amphiphilic
diblock copolymer. During the HPMA polymerization, the hydrophobic
ratio of the diblock increased leading the formation of different struc-
tures over time. The amphiphilic block starts to form micelles then
worms and finally vesicles over time, depending on the ratio. This ex-
ample shows how important the hydrophobic to hydrophilic ratio is in
defining the structures formed. As a consequence, inducing a change
in this equilibrium can destabilize the structure.

There are two ways to change the balance between the two chains of
the amphiphilic polymer, either by modifying the hydrophobic to hy-
drophilic ratio [91] [94] or by separating the two blocks [114]. As far
as we know, only one example of block separation has been reported
for cargo delivery [114]. In this study poly(y-methyl-e-caprolactone)
is used as the hydrophobic block and poly(acrylic acid) (PAA) as the hy-
drophilic block with a photo-cleavable o-nitrobenzyl (ONB) inserted be-
tween the two blocks. The amphiphilic block can self-assemble into
polymersomes and micelles with a hydrodynamic radius of 83 nm and
31 nm, respectively. After UV irradiation (365 nm), the two structures
were disrupted and aggregates were formed.

The second way to disrupt particles is to play with the change in the
hydrophobic balance. The conversion of the hydrophobic blocks into hy-
drophilic blocks is the most popular mechanism found in the literature.
This change is induced at the molecular level by cleavage, switching hy-
drophilic/hydrophobic properties, or azobenzene isomerization. As an
example for cleavage-inducing destabilization, Jiang et al. synthesized
amphiphilic copolymers of poly(ethylene oxide) and poly(methacry-
late) bearing a hydrophobic pyrene moiety in the side group (PEO-b-
PPy) [74]. These diblocks were able to self-assemble into micelles with
an average diameter of 15 nm. Under UV irradiation, the pyrene ester
moiety is cleaved, and the hydrophobic PPy is converted into hydro-
philic poly(methacrylic acid). Thus, after irradiation of the micelle solu-
tion for 15 min with UV (365 nm), the micelles were destabilized and
the Nile red previously loaded was released (Fig. 9).

Equally, an amphiphilic block of poly(benzyl carbamate) for the hy-
drophobic part and poly(N,N-dimethylacrylamide) as the hydrophilic
part (PBC-b-PDMA) was employed. PBC exhibits, after chain-end cleav-
age, head to tail cascade depolymerization, which is also called self-
immolation [53]. The hydrophobic block depolymerization induces a
huge change in the hydrophilic to hydrophobic ratio of the copolymer.
In this example the end chains are photocleavable thanks to the
pyrenyl (visible-light sensitive: 420 nm) and 2-nitrobenzylbenzyl
(UV sensitive: 365 nm) groups. The PBC-b-PDMA can also self-
assemble into vesicles with hydrodynamic diameters of around
250 nm. The combination of all these properties results in light-
sensitive self-immolative polymersomes. As a consequence, after
irradiation at the appropriate wavelength (depending on the light-
sensitive moiety) the chain end is cleaved inducing depolymerization,
polymersome destabilization and Doxorubicin release, which was pre-
viously encapsulated.

The two previous examples illustrate how photo-cleavage can desta-
bilize self-assembled particles.

Switching molecular hydrophobicity is a popular way to destabilize
nanostructures by changing the hydrophilic to hydrophobic ratio. To
this end, molecules presented in 2.2.2.2 have been widely used such
as spiropyran [19] [96] [115] [116], DNQ [91] [92] [95] [99] and DASA
(Fig. 11) [93,94].
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Fig. 9. Release of a hydrophobic group inducing particle destabilization [74] [Reprinted
with permission from J. Jiang, X. Tong, Y. Zhao, A New Design for Light-Breakable
Polymer Micelles, J. Am. Chem. Soc. 127 (2005) 8290-8291. Copyright (2005) American
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As an example with spiropyran, this hydrophobic light-sensitive
molecule was grafted with a hydrophilic, hyperbranched polyglycerol
(SP-hb-PG) resulting in an amphiphilic polymer (Fig. 10) [96]. More-
over, this polymer can self-assemble into well-defined micelles with
an average hydrodynamic diameter of 30 nm. When these nanoparticles
were irradiated with UV light (365 nm), the neutral hydrophobic
spiropyran was isomerized into the hydrophilic zwitterionic
merocyanine changing the hydrophilic ratio. As a consequence, micelles
were destabilized and released pyrene, a hydrophobic test molecule.

Wang et al. used DNQ as a light sensitive moiety to disrupt particles
[92]. In this study, a diblock of poly(ethylene glycol)-block-poly
(dimethylaminoethyl methacrylate). (PEG-b-PDMAEMA) was synthe-
sized by ATRP. In addition, DNQ was grafted on the PDMAEMA block
making it hydrophobic. As a result, an amphiphilic diblock (PEG-b-
PDMAEMA@DNQ) was obtained. This diblock can self-assemble into
micelles with an average diameter of 150 nm. Irradiation by UV or NIR
(365 nm or 808 nm) leads DNQ to undergo a Wolff rearrangement
and conversion of the hydrophobic block into a hydrophilic block. As a
consequence of the hydrophilic ratio change, micelles are disrupted
and 60% of coumarin 102, chosen as a hydrophobic model drug, was re-
leased at pH = 7.

As an example that uses DASA, two hydrophobic n-heptane groups
were grafted on DASA and a PEG at the other molecular extremity
resulting in amphiphilic blocks that can self-assemble into micelles
[94]. Irradiation with visible light (530 nm to 570 nm) leads to the
DASA conversion into its zwitterionic form, changes the copolymer hy-
drophilic ratio and releases Nile red or Paclitaxel, which is used to treat
tumors.

These examples showed three light sensitive hydrophobicity switch
molecules, which change the hydrophobic ratio of amphiphilic copoly-
mers and disrupted self-assembled structures.

A azobenzene isomerization can also induce particle disruption.
Azobenzene isomers (Z and E) have different dipole moments and as
a consequence the cis- isomer is more hydrophilic than trans-isomer
[117]. When azobenzene is integrated in polymer chains this hydropho-
bicity difference is enough to disrupt micelles or vesicles. As an example,
amphiphilic block copolymers were synthesized comprising poly
(methacrylate) containing-azobenzene as the hydrophobic block and
a statistical copolymer of poly(acrylic acid) and poly(tert-butyl acrylate)
(PAzoMA-b-PAA-PtBA)) as the hydrophilic block [118]. Depending on
the block sizes, copolymers self-assembled into micelles (15 nm with
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PAzoMA3,-b-PAA33-PtBA,g) or vesicles (100-300 nm with PAzoMA4-
b-PAA,>-PtBA46). Under UV light (360 nm, 10 min) azobenzene grafted
on the hydrophobic polymer chain isomerized into its cis- form leading
to micelle or vesicle disruption. Azobenzene isomerization is reversible
and the copolymer solution previously irradiated self-assembled again
into micelle or vesicles under visible light (440 nm, 3 min). Having
been reset, this process can be repeated several times.

3.1.2. Giant polymersomes

Mechanisms involved in the release of species from giant
polymersomes (whose size is >1 um) are somewhat different than
nano-polymersomes. Three examples, that may be considered particu-
larly relevant and original, are presented here. Mabrouk et al. produced
light sensitive asymmetric polymersomes that burst under a light stim-
ulus [86]. The property differences between the inner and outer leaflet
under UV irradiation induces membrane frustration and destabilization.
To produce these micrometric asymmetric polymersomes, the
emulsion-centrifugation [119] technique was used. This method con-
sists in stabilizing water emulsion droplets in an organic solvent (in
this case toluene) thanks to an amphiphilic block copolymer. After cen-
trifugation, emulsion droplets crossed the interface of a water/organic
phase, also stabilized by an amphiphilic block copolymer. With this
technique, two different copolymers can be used for the emulsion and

the interface in order to generate an asymmetric membrane. While
the emulsion droplets cross the interface from the organic phase
to the water phase, a second leaflet of copolymer is added around
the droplets, thus forming polymersomes. In this study the two copoly-
mers used were poly(ethylene glycol)-b-polybutadiene (PEG-b-PBD)
and a liquid crystalline copolymer PEG-b-poly(4-butyloxy-2'-(4-
(methacryloyloxy)butoxy)-4’-(4-butoxybenzoyloxy)azobenzene)
(PEG-b-PMAazo444). The hydrophobic part consisted in a poly(methac-
rylate) bearing a modified azobenzene group. Without UV irradiation,
azobenzene is in its thermodynamically stable trans- form and acts as
a well-ordered liquid crystal. Under UV irradiation azobenzene isomer-
izes into its cis- form. The leaflet containing PEG-b-PMAazo444 has a
disordered state, its projected area increases and swells compared to
the other leaflet. This induces a membrane tension increase and, conse-
quently, in order to relax this tension, the membrane collapses and the
polymersome bursts releasing its content.

In another study a ferritin protein, that stores and releases iron in
cells, was encapsulated in PEG-b-PBD polymersomes (around 10 pm)
and adsorbed in the inner leaflet of the membrane [27]. In addition,
bis[ (porphinato)zinc] (PZn,) was embedded in the polymersome mem-
brane. This chromophore absorbs near UV, visible, and NIR light. The
system was irradiated at 488 nm, 543 nm or 633 nm where the PZn;, ab-
sorbs strongly. As a consequence, morphological changes in vesicles
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Fig. 12. Example of a light sensitive physical gel [108] [Reproduced from C. Zhu, CJ. Bettinger, Light-induced remodeling of physically crosslinked hydrogels using near-IR wavelengths, J.

Mater. Chem. B. 2 (2014) 1613-1618 with permission of The Royal Society of Chemistry].
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such as budding of smaller vesicles and vesicle rupture was induced. In-
deed, the synergy of the ferritin and the PZn, converted light energy
into heat energy that generated differential rigidification in the mem-
brane, stressed the membrane and either ruptured or budded vesicles.
To demonstrate photorelease of a small model drug, biocytin was en-
capsulated and 25-50% was released after irradiation.

Recently, Peyret et al. loaded three photocleavable molecules in
giant polymersomes, namely calcein, methylene blue and a coumarin
derivative using an emulsion-centrifugation method [120]. These mole-
cules served to rapidly increase the osmotic pressure inside the
polymersome lumen by increasing the number of species after
photocleavage under irradiation. Calcein polymersomes, methylene
blue polymersomes and coumarin derivative polymersomes were, re-
spectively, irradiated at 488 nm, 633 nm and 405 nm in a confocal mi-
croscope, which induced fast polymersome bursting, in the range of
milliseconds to seconds. Indeed, as polymersomes are impermeable to
water, rapid osmotic pressure change cannot be compensated, which
results in membrane stress and consequently polymersome rupture.
Polymersomes encapsulating the different aforementioned dyes, ren-
dering them sensitive to different irradiation wavelengths, were burst
independently with high specificity and temporal precision in the
same medium. These light-sensitive polymersomes were further able
to release nano-polymersomes and nano-liposomes. This approach
can obviously be used to release any kind of loaded cargoes in a very
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Fig. 14. Example of the destabilization of a chemically crosslinked gel [110] [Reprinted
with permission from M.A. Azagarsamy, D.D. McKinnon, D.L. Alge, K.S. Anseth,
Coumarin-Based Photodegradable Hydrogel: Design, Synthesis, Gelation, and
Degradation Kinetics, ACS Macro Lett. 3 (2014) 515-519 Copyright (2014) American
Chemical Society].

3.1.3. Gels

Gels are effective drug delivery systems, having high loading capac-
ity, stability and often good biocompatibility when inert hydrophilic
segments are used. Gels are generally robust, especially in the case of
chemically crosslinked 3D gels, can be formulated into large pieces
(macro gels) that can be implanted or small nanoparticles (nanogels)
that can circulate in the blood stream [121]. Nanogels can also be com-
bined with inorganic nanoparticles to form a shell [20]. Gels are either
chemically [110,111] or physically crosslinked [108,109]. Physical gels
are reversible gels that are crosslinked via molecular interactions or sec-
ondary forces such as van der Waals, ionic or hydrophobic interactions.
As an example of a physical gel, a triblock ABA was prepared with hy-
drophilic PEG as the B block and hydrophobic photolabile poly([6-
bromo-7-hydroxycoumarin-4-yljmethyl methacrylate) (PBHCMM) as
a the A block resulting in PBHCMM-b-PEG-b-PBHCMM [108]. The ABA
triblock was used to prepare a macro hydrogel. As shown in Fig. 12,
the hydrophobic interactions of the A blocks are responsible for the for-
mation of a 3D network. In another example, a polysaccharide, the
polymaltotriose (or pullulan), bearing a hydrophobic cholesteryl
group was used to form nanogel particles with a hydrodynamic diame-
ter of 18 nm [109]. The hydrophobic moiety acts as the physical link to
create the polymer network and the gel. Chemical gels or permanent
gels are held together with covalent bonds. An example of a chemical
gel is presented in Fig. 14: a 4-armed PEG tetra coumarin bearing an
azido group and a 4-armed PEG tetra-alkyne were synthesized [110].
The two 4-armed polymers undergo a Huisgen click reaction in water
using the azido group, the alkyne and copper as a catalyst, creating co-
valent junctions resulting in a macro hydrogel. To induce release of
the drug previously loaded in the hydrogel, the method widely used is

Fig. 15. Logic connector which can destabilize gel with AND and OR stimuli [123]
[Reprinted by permission from Springer Nature: Nature Chemistry, B.A. Badeau, M.P.
Comerford, C.K. Arakawa, J.A. Shadish, C.A. DeForest, Engineered modular biomaterial
logic gates for environmentally triggered therapeutic deliver, copyright (2018)].
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Fig. 16. Cu; 75S nanocrystals encapsulated in a temperature-responsive polymer [13]
[Reprinted by permission from Springer Nature: Nanoresearch, S. Huang, ]. Liu, Q. He, H.
Chen, J. Cui, S. Xu, Y. Zhao, C. Chen, L. Wang, Smart Cu; ;5 nanocapsules with high and
stable photothermal efficiency for NIR photo-triggered drug release, Nano Res. 8 (2015)
4038-4047 copyrights (2015)].

to dissolve and disintegrate hydrogels by rupture of the chemical or
physical junctions responsible for the network.

For physical gels, destabilization can be induced by cleavage of the
hydrophobic moiety responsible for the physical junctions. As an exam-
ple, we cited above the case of the triblock PBHCMM-b-PEG-b-PBHCMM
[108]. Each end-chain of the triblock bears one cleavable hydrophobic
coumarin. Under UV or NIR irradiation (365 nm or 740 nm) the couma-
rin is uncaged and the hydrophobic PBHCMM transforms into hydro-
philic poly(methacrylic acid) (PMMA), thus destabilizing the hydrogel
(Fig. 13). In another interesting example cited above, the hydrophobic
cholesteryl group was covalently-linked to the hydrophilic polysaccha-
ride by a photocleavable ONB [109]. FITC-insulin was encapsulated in
the nanogel. A film was formed with the FITC-insulin nanogel particles
and under UV irradiation (365 nm, 50 min) the cholesteryl group was
cleaved. Consequently, the physical bonds are ruptured, the nanogel
film is disrupted and FITC-insulin is released.

In the case of chemical gels, destabilization occurs via covalent bond
rupture (Fig. 14). These bonds can be cleaved using of coumarin [110]
[122], ONB [20] [111] or a diazo linker [78].

In an aforementioned study, 4-armed PEG bearing photo-cleavable
coumarin moieties were crosslinked [110]. The macro hydrogel was ir-
radiated with UV light (365 nm or 405 nm), inducing coumarin cleavage
and chemical junction rupture, resulting in the hydrogel destabilization
(Fig. 14). Coumarin was further used as a crosslinker to form a
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Fig. 17. Coumarin release induces gel swelling [66] [Reprinted from “ Hang, Y. Zou, Y.
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for CD44-targeted and remotely triggered intracellular doxorubicin delivery, Colloids
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Triggered Tissue Penetration and Drug Delivery, J. Am. Chem. Soc. 134 (2012)
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polystyrene microgel by emulsion polymerization [64]. The final
microgel particles were between 100 nm and 200 nm and under UV
light (365 nm) the coumarin was cleaved, the hydrogel was degraded
and Nile red was released.

In a last recent and very elegant example concerning light-sensitive
degradable hydrogels, Badeau et al. reported gel junctions that behave
according to Boolean logic. Three cleavable molecules which respond
to different stimuli were chosen: one sensitive to light (ONB), one sen-
sitive to reduction (disulfur bond) and one sensitive to an enzyme (me-
talloproteinase). By connecting cleavable groups in series or in parallel
(Fig. 15), they managed to tune the junctions sensitivity with AND/OR
connectors, then crosslinked with the junction 4-armed PEG and
formed a hydrogel with the same sensitivity. For example (Fig. 15),
they synthesized a hydrogel that undergoes degradation after light irra-
diation (A) AND (reduction OR presence of the enzyme) [123].

3.2. Light-induced increase of diffusion speed (Heat generation/permeabil-
ity modification)

In contrast to the previous section, the systems described here can
release their content while maintaining their structure. Drug release is
induced by changing the diffusion properties from the carrier.

A simple way to increase the diffusion rate is based on temperature.
As seen in part 1, nanoheaters increase system temperature due to light
radiation. To have a light sensitive drug release system, nanoheaters can
be combined with thermosensitive carriers. There are a wide variety of
nanoheaters and a wide variety of thermosensitive polymers [124]
[125] and consequently there are tremendous possibilities to combine
them both to design of light sensitive drug delivery systems with appro-
priate properties.

In this review, we will focus on a few demonstrative examples that
we consider the most relevant. Two different approaches are presented
here, based on (1) polymers with a lower critical solution temperature
(LCST) and (2) hydrophobic polymers that undergo phase transition.

3.2.1. Polymer/gel shrinkage (solubility change)

The LCST is the temperature above which the component becomes
insoluble in a given solvent. In water, when the temperature is in-
creased above this critical temperature, the polymer chains pass from
a hydrophilic swollen state to hydrophobic shrunken state [124]. For
drug delivery applications active substances are trapped in the carrier
swollen state. When light is activated the nanoheater increases the tem-
perature above the LCST and the carrier shrinks. As a result of the
resulting volume reduction, the drug is released [41]. To have an effi-
cient delivery system the polymer LCST should be a slightly higher
than the body temperature (37 °C). The LCST can depend on the molar
mass, component concentration or pH [124]. The most important poly-
mers used for thermally sensitive drug delivery systems are poly(N-
isopropylacrylamide) (pNIPAAM), copolymers of poly(ethylene
oxide), poly(propylene oxide) (often referred as pluronics or jeffamine
[126]) and elastin-like polypeptides (ELP [127]). However, mainly
pNIPAAM combined with nanoheaters has been used for light sensitive
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drug delivery systems. pNIPAAM has interesting properties: its LCST
only slightly depends on its molar mass, pH or concentration [128]. Its
LCST, which is around the body temperature (30 °C to 35 °C), has to
be tuned to be higher. With this in mind, interesting gels based on the
copolymerization of NIPAAM with methacrylic acid (MAA) and N,N’-
methylene-bis-acrylamide (MBA) (crosslinker), were obtained with
an appropriate LCST. These gels were polymerized directly around
nanoheaters (Cu; 75S nanocrystals) and when the system was irradiated
with NIR (808 nm) it efficiently released doxorubicin that was previ-
ously trapped in the polymer blend (Fig. 16) [13].

Fig. 20. Agarose gel releases protein under light stimulus [16]. [Reprinted from “Photo-
Modulated Therapeutic Protein Release from a Hydrogel Depot Using Visible Light -
Basuki - 2016 - Angewandte Chemie ” with permission of John Wiley and sons].

In another study, NIPAAM and acrylamide (AAM) were
copolymerized to tune the LCST. The obtained copolymers were cova-
lently anchored on gold nanocages (Fig. 3). These cages have pores
that are obstructed when the polymer is in its swollen state (below
LCST). After irradiation in the NIR, the gold nanocages locally heated
the polymer chains that collapsed and shrank. The pores were no longer
obstructed leading to doxorubicin release [14].

Temperature change is not the only way to induce polymer or gel
shrinkage. Hydrophobic transition, due to cleavage or the introduction
of hydrophobicity switched molecules, can also provoke a volume tran-
sition in materials. In this context, a hydrophobic coumarin moiety was
grafted on a hyaluronic acid (HA) hydrogel (Fig. 17). This gel formed
well-defined nanoparticles that could efficiently load doxorubicin due
to the hydrophobic interactions with coumarin. After UV irradiation
(315-400 nm) the hydrophobic coumarin derivatives were cleaved,
making the HA nanogels more hydrophilic, thus allowing its swelling
and the release of doxorubicin [66].

The transition from the hydrophobic spiropyran form to the hydro-
philic zwitterionic merocyanine form was also shown to shrink micelle
particles (Fig. 18). This shrinkage allows a faster release of drugs and a
deeper tissue penetration [90]. Spiropyran (SP) linked to a lipidic
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Fig. 21. Light induced azobenzene isomerization and pore opening [88] [Reprinted from
“A. Rullo, A. Reiner, A. Reiter, D. Trauner, E.Y. Isacoff, G.A. Woolley, Long wavelength
optical control of glutamate receptor ion channels using a tetra-ortho-substituted
azobenzene derivative, Chem. Commun. 50 (2014) 14613-14615" Creative Commons
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chain (thus fully hydrophobic) (SP-C9) and 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-poly(ethylene glycol) (DSPE- PEG) were
nanoprecipitated together resulting in hybrid micelle formation. These
nanoparticles had a very low dispersity (PDI = 0.03) with a hydrody-
namic diameter of 150 nm. Moreover, they were irradiated under UV
light (365 nm) and the hydrophobic chain of SP-C9 became amphi-
philic. Consequently, the micelles shrank to a size of 47 nm (PDI =
0.05). Different drugs were successfully loaded in these micelles: rhoda-
mine B, coumarin 6, cyanine 5 (Cy5), paclitaxel, docetaxel,
proparacaine, and doxorubicin, up to 10 wt%. Particle shrinkage induced
the release of encapsulated drugs. Another major advantage of such par-
ticle shrinkage was demonstrated in this study: after UV irradiation, dif-
fusion of the nanoparticles into collagen tissues increased due to their
reduced size. Finally, the authors used the micelles to successfully de-
liver Cy5 into porcine cornea thanks to their reduced sizes after
irradiation.

3.2.2. Glass transition and melting induced release

Two intrinsic polymer properties primarily control the drug diffu-
sion rate in a self-assembled polymer system: their glass transition
(Tg) and melting (Tm) temperatures. The glass transition temperature
is the temperature at which the polymer goes from an amorphous
state (hard and brittle) to a rubbery or liquid viscous one. The melting
temperature is the temperature at which the crystalline part of a poly-
mer becomes liquid. Polymers with a melting or glass transition tem-
perature just above 37 °C are particularly interesting for drug delivery
applications. These polymers can be associated with nanoheaters and
the heat generated during the irradiation can increase the diffusion rate.

Poly(lactic-co-glycolic acid) (PLGA) is an amorphous polymer with a
Tg above 37 °C [129]. Above its Tg the polymer is softened and more
permeable to drugs. Moreover, this FDA-approved polymer degrades
by hydrolysis and the organism is not adversely affected by the decom-
position products [130]. An interesting example took advantage of the
low Tg of PLGA. PLGA nanoparticles containing doxorubicin were
formed via a nanoemulsion technique [15]. Gold nanospheres were
fixed around the PLGA nanoparticles, an additional gold layer was
added, resulting in PLGA loaded particles surrounded by a gold nano-
shell with diameter of 80 nm (Fig. 19). Anti-EGFR (epithermal growth
factor receptor) antibody (Cetuximab) was grafted on the gold nano-
shell in order to target epithelial cancer cells. Irradiation with NIR
laser (820 nm) increased the gold nanoshell temperature. The heat

produced was transferred to the polymer matrix and rose its tempera-
ture above its Tg. As a consequence, the polymer matrix was softened
and doxorubicin diffusion was accelerated compared to non-irradiated
nanoparticles. These PLGA loaded doxorubicin nanoparticles with a
gold nanoshell and antibody were then tested on cells. Nanoparticles
showed a significantly greater affinity with cells expressing a high
level of EGFR. In addition, irradiated cells with nanoparticles presented
a 69.8% lower cell viability compared to non-irradiated cells with nano-
particles, showing the system efficacy. Another study used the same
principle using PLGA loaded doxorubicin nanoparticles with a gold
nanoshell and antibody [131]. In addition, these nanoparticles were
tested on mice showing an active targeting of the tumor. As a result,
the tumor was completely destroyed due to both heat and delivered
doxorubicin.

Agarose gel was also used to release protein with visible light due to
heating from gold nanospheres incorporated inside the gel (Fig. 20)
[16]. In this example, gold nanospheres, with a diameter of 70 nm,
were incorporated in a macroscopic agarose hydrogel loaded with
bevacizumab, a protein used for its anti-angiogenic properties. Under
visible light (400-500 nm) the gold nanospheres convert light energy
into heat energy and transfer it to the hydrogel. The temperature in-
crease induced a softening effect of the agarose gel and, as a conse-
quence, increased the diffusion rate of the therapeutic protein. The
softening effect is reversible, thus the system can be turned on and off
for several cycles. This system was injected in bovine eyes and after vis-
ible light irradiation protein release was detected.

Melting temperature is the second intrinsic parameter that can be
used to increase the diffusion rate. In this case, two polymers are partic-
ularly well-adapted due to their low melting temperature and biocom-
patibility: PTMC and PCL, with melting temperatures of 37 °Cand 52 °C,
respectively [124]. To the best of our knowledge these polymers have
not been used for light sensitive systems, even if a similar concept
consisting in a local heating induced by magnetic hyperthermia has
shown selective release of doxorubicin and specific toxicity induction
in PTMC based polymersomes [132].

3.3. Pore blocking/unblocking
One way to trigger release from nano-carriers is through pores,

which offers a way for cells to release species [133]. This can be highly
selective [134] and triggered with different stimuli, like light [88].
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Forming or unblocking pores can be achieved via cleavage, isomeriza-
tion, hydrophobicity switched molecules or nanoheaters.

In an example using isomerization for pore unblocking, azobenzene
was used to open pore proteins in a cell membrane (Fig. 21). In this case
the final study purpose was not for drug delivery application but rather
to control cellular chemistry. This example represents an interesting
proof-of-concept. An amino acid-sensitive membrane channel that
opens in the presence of glutamate was used. The goal of this study is
to be able to open the channel on demand using light and to have a pre-
cise control of cellular chemistry in space and time. To do so, tetra-ortho
substituted azobenzene was used because of its stability, red-light
switching and its cis- to trans- thermal relaxation presented a relative
long half-life at 37 °C: 3.5 h. This azobenzene derivative was modified
to bear one glutamate molecule on one extremity. The other extremity
was used to graft the azobenzene derivative on the protein channel
and two azobenzene derivatives were grafted on the protein channel.
Without light, the azobenzene is in its trans- isomer form, glutamate
is too far from the receptor to be activated and the channel remains
closed. After UV or red-light irradiation the trans- isomer switched to
the cis- isomer the glutamate gets closer to the receptor and activates
it, resulting in its opening. Several wavelengths have been tested from
340 nm to 640 nm, and the systems shows responses up to 640 nm.
The switching was reversible with blue light (440 nm) [88].

In another example using azobenzene isomerization, mesoporous
silica nanoparticles (MSNs) with length and width of 200 nm and
150 nm, whose pores were blocked with azobenzene and cyclodextrin,
were used. The azobenzene has 4-methoxy substitutions to shift the
isomerization wavelength to the red. Due to the azobenzene trans-
form geometry, 3-cyclodextrin can envelop this isomer and form a com-
plex. The azobenzene was linked to pores, as a consequence, due to the
presence of (3-cyclodextrin and the resulting complex, pores were
obstructed. An interesting property of this complex is that the cis- iso-
mer of azobenzene can no longer form a complex with 3-cyclodextrin,
therefore under visible light (625 nm) the 3-cyclodextrin is released
from azobenzene cis- form and pores were unblocked. This mechanism
allowed to release doxorubicin stuck inside the pores [89].

Besides isomerization, cleavage have been used to unblock pores for
drug delivery applications. Ruthenium complexes ([Ru(bpy).(PPh3)Cl]
Cl) were covalently linked to the MSN walls and obstructed the pores
[70]. In this study, MSNs had diameters of 100-200 nm and their
pores sizes were 2.2 nm. In addition, the ruthenium complex measured
about 1.5 nm and was able to obstruct the MSNs pores. Under visible
light (455 nm) the ruthenium complex was cleaved, released, the
pores were opened and sulforhodamine 101 dye was released.

Additionally, polymer LCST have been used to unblock pores. As an
example, stimuli-responsive pNIPAAM-co-pAAM was used to obstruct
pores of gold nanocage [14] (Fig. 3). Gold nanocage sizes were around
50 nm and their pores on the edges measured between 5 nm and
10 nm. The pores were closed due to swollen pNIPAAM-co-pAAM cova-
lently linked to the cage and the layer of copolymer at its swollen state
had a thickness of 5 nm that was sufficient to obstruct the pores. As
mentioned previously, pNIPAAM has a LCST around the body tempera-
ture. A Ti:sapphire laser was used to irradiate NIR on the gold nanocage-
copolymer system. As a result, the gold nanocage increased the copoly-
mer temperature, which consequently shrunk. The copolymer thickness
was reduced, the pores were no longer obstructed and previously
loaded doxorubicin was released. This system was shown to kill breast
cancer cells.

An alternative to pore unblocking is to directly create pores in the
drug carrier. To this end isomerization hydrophobicity/hydrophilicity
switch molecules and nanoheaters have been used. As an example,
azobenzene isomerization was used to induce pore formation. A cat-
ionic azobenzene derivative: 4-cholesterocarbonyl- 4’-(N,N,N-
triethylamine butyloxyl bromide) azobenzene and surfactant sodium
dodecyl sulfate were self-assembled into unilamellar and multilamellar
vesicles with an average hydrodynamic diameter of 250 nm. The UV

irradiation (365 nm) triggered azobenzene isomerization and increased
the inter-lamellar spacing. This nano-structural changes in the mem-
brane induced pores formation and doxorubicin release [135]. This sys-
tem was tested on rat retinas and could efficiently release drug and
maintain high level of drug concentration for 8 h.

Equally, spiropyran was used to create pores in the DDS. For self-
assembled particles such as polymersomes, hydrophobic blocks prevent
the drug from leaving the drug carriers. A slight change in the hydro-
philic balance of the block can induce a permeability increase without
disturbing the drug carriers. This permeability change can be induced
by a molecular hydrophobicity switch like spiropyran. In one article,
spiropyran was grafted on an amphiphilic block copolymer PEG-b-
PMMA using a carbamate linkage: PEG-b-PSPA (Fig. 22). This copolymer
was self-assembled into well-defined vesicles (70 nm or 450 nm de-
pending on the block lengths and PDI < 0.1). Irradiation with UV light
(365 nm) induces switching of spiropyran incorporated in the vesicle
membranes and conversion of the spiropyran into the hydrophilic
merocyanine. This switch increased the membrane permeability with-
out destabilizing it. The carbamate hydrogen bonding helped to main-
tain the structure, which was destabilized by a significant
hydrophilicity change in the membrane. After irradiation, the vesicles
released small hydrophilic molecules 2’-deoxy-5-fluorouridine an anti-
cancer drugs [136]. Permeability change of the vesicle membrane was
reversible under visible light (530 nm).

Another group of particles made of gold sphere crosslinked together
were used as a drug delivery systems [137]. Gold nanospheres (10 nm)
were self-assembled and formed hollow spheres with an average hy-
drodynamic diameter of 65 nm. Then the gold nanospheres were
crosslinked with a dithiol-PEG in order to increase the stability in
water. Visible or NIR light (532 nm and 790 nm) irradiation induces a
temperature increase of the gold nanospheres. As a consequence, the
size of the nanogaps between the gold nanosphere increased from
2.5 nm to 4 nm while maintaining the hollow sphere structure thanks
to the crosslinking. The difference of sizes with or without irradiation
is enough to induce cargo leakage. The Rhodamine B dye and doxorubi-
cin were loaded in the hollow spheres and under visible or NIR light,
were released.

Besides spiropyran, DASA was used as a hydrophobicity switch mol-
ecule to increase permeability in polymersome membranes under visi-
ble light irradiation. In a very recent example PEG was used as a macro
chain transfer with RAFT radical polymerization to extend the chain
with the hydrophobic monomers pentafluorophenyl methacrylate
(PFPMA) and hexyl methacrylate (HMA) both randomly distributed
[102]. The backbone was then modified to graft on the PFPMA two dif-
ferent DASA moiety: Meldrum's acid based furan adduct (MELD) and a
novel five-membered ring pyrazolone-based furan adduct. As a result
two different amphiphilic block copolymer were synthesized and can
self-assemble into vesicles between 30 nm and 200 nm depending on
the copolymer used. MELD and PYRA polymersomes showed fast hy-
drophilic switching kinetics, membrane permeability increase and dye
release under irradiation with respectively green light (Aeyy =
525 nm) and red light (Ney, = 630 nm). GOx and HRP enzymes were en-
capsulated separately in these polymersomes which are sensitive to two
different wavelengths. On mixing together the nanoreactors, cascade
reactions activated by red and green light at the same time could be
performed.

4. Conclusion

The development of innovative drug delivery systems, able to con-
trol the appropriate therapeutic dose both spatially and temporally, is
still very challenging and critical for treatment of many diseases. Long
lasting delivery of molecular drugs and even biomacromolecules is
rather well controlled, especially using biocompatible and biodegrad-
able polymers. Indeed, many polymers and biopolymers have been de-
signed over the past decades and are now widely used as biomaterials.
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In most cases, delivery is controlled by endogenous factors, such as the
pH or the presence of specific enzymes or oxidant species, with a pro-
cess of particle (mostly micro) degradation or erosion. However, when
considering the use of very toxic drugs, for example in the treatment
of cancer, or the need to delivery an active compound in a very selective
area of the body, at the organ or cellular level, more specific triggers may
be used. Among them, exogenous triggers are of particular interest as
they can be activated directly by clinicians, on demand. Many different
external stimuli have been developed, the most popular being temper-
ature, magnetic/electric fields, hyperthermia, or ultrasound. In addition,
light is presenting increasing attention and presents many advantages
as a trigger for drug delivery systems. Its application is instantaneous,
easy to control spatially and temporally, cheap to produce and non-
invasive. This review focused on light-sensitive drug delivery systems
at the molecular and macromolecular level, with the aim of understand-
ing the underlying mechanisms involved in the release. Our goal was
also to provide a wide overview of the recent advances performed in
the field in order to be able to choose the best molecules and systems
for future experiments. The different molecular and physical mecha-
nisms induced by light irradiation have been reviewed, that is, which
molecules and systems are involved in light-sensitive DDS and what is
the effect of light on them. Thus, the different physical mechanisms
are light energy converted into heat thanks to nanoheaters,
upconversion, and the different molecular mechanisms involved are
cleavage, isomerization and hydrophobicity/hydrophilicity switch. The
property changes at the molecular level induced macromolecular effects
on DDS structure such as destabilization, shrinkage, permeabilization
and pore opening. This review demonstrated the potential of light-
sensitive DDS, and promising results in vitro and in vivo for drug delivery
are presented. The most promising candidates from our point of view
are NIR sensitive systems such as those combining upconverting nano-
particles with UV sensitive molecules such as ONB or photocleavable
coumarin groups. Several drug delivery applications have been success-
fully developed and therapeutic drug or protein release in vitro has been
shown. Equally, nanoheaters such as gold nanoparticles combined with
temperature responsive polymers such as pNIPAAM are an interesting
and advanced approach, which has already been used in vivo. Before
use for clinical trials, light sensitive DDS have to face several challenges
that are common to all DDS, such as the demonstration of the non-toxic
character of novel compounds used, the improved targeting and re-
duced unwanted drug leakage. More specifically for light sensitive
DDS, light depth penetration should be large enough to reach some or-
gans. However, it is still difficult to reach internal organs even with IR.
This field is still emerging and some challenges still need to be ad-
dressed, the most important being the design of efficient systems that
can be activated in the NIR region, allowing for a deeper tissue penetra-
tion. This implies finding functional molecules with enhanced light ab-
sorption and quantum yield/efficiency of photoconversion and/or
seeking different and less energy-demanding mechanisms to effect
switching and consequently perturb the drug carrier.
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