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Tremendous efforts have been devoted to the development of future nanomedicines that can be specifically
designed to incorporate responsive elements that undergo modification in structural properties upon external
triggers. One potential use of such stimuli-responsive materials is to release encapsulated cargo upon excitation
by an external trigger. Today, such stimuli-responsematerials allow for spatial and temporal tunability,which en-
ables the controlled delivery of compounds in a specific and dose-dependent manner. This potentially is of great
interest formedicine (e.g. allowing for remotely controlled drug delivery to cells, etc.). Among the different exter-
nal exogenous and endogenous stimuli used to control thedesired release, light andmagneticfields offer interest-
ing possibilities, allowing defined, real time control of intracellular releases. In this reviewwe highlight the use of
stimuli-responsive controlled release systems that are able to respond to light andmagneticfield triggers for con-
trolling the release of encapsulated cargo inside cells. We discuss established approaches and technologies and
describe prominent examples. Special attention is devoted towards polymer capsules and polymer vesicles as
containers for encapsulated cargo molecules. The advantages and disadvantages of this methodology in both,
in vitro and in vivomodels are discussed. An overview of challenges associate with the successful translation of
those stimuli-responsive materials towards future applications in the direction of potential clinical use is given.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Controlled delivery of small and macromolecular drugs into cells,
still remains a major challenge concerning future applications of
eliu).
nanoparticle-based delivery systems. There are several approaches
described for delivery of cargo to intracellular regions, including viral
and nonviral chemical methods [1]. However, as most nanoparticle-
based delivery vehicles will enter intracellular endosomes/lysosomes,
cargo release into the cytosol imposes an important experimental
hurdle [2]. Thus, release of encapsulated cargo from a container upon
external triggers typically would release the cargo inside endosomes/
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lysosomes, and subsequent endosomal escape is needed. In fact, a de-
sired delivery strategy would involve both opening of containers and
endosomal release upon the same applied external trigger.

Starting from a general point of view, control of the site and kinetics
of release is important. Today, several biomedical applications, espe-
cially those related to treatment and sensing, rely on the effective lateral
and temporal control of releasing the active cargo/element, e.g. drugs for
treatment and reporter molecules for sensing. Targeted delivery com-
bined with controlled release thus has gained increased attention.
From this perspective, therapeutic delivery systems should aim to de-
liver agents to the site of interest in an efficient, safe, and control man-
ner. In general, controlled release systems are designed i) to prevent the
degradation and elimination of the cargo before it has reached the target
site, ii) to enhance delivery to the desired region by minimizing the ex-
posure to non-targeted sites, and iii) to provide greater control of the
local concentration of delivered cargo over the time [3]. One appealing
approach to control the release of cargo from the delivery vehicle is to
design an external trigger. Upon stimulation, triggering would regulate
the delivery in terms of time, release, and dose at the site of action.

There are several stimuli-responsive vehicles allowing for triggering
release. A variety of stimuli have been investigated to promote the re-
lease of encapsulated cargo including i) chemical cues such as local
redox-conditions, pH, salt-concentrations, presence of certain DNA se-
quences, etc. [4–6] and ii) those using stimuli by physical triggers such
as ultrasound, light, electric fields, magnetic fields, microwaves, heat,
etc. [6–10]. In particular, the opportunities for controlled release using
light and alternatingmagnetic fields as stimuli have attracted consider-
able attention, to which focus in this reviewwill be given. For the use of
the other triggers we refer to the literature [11–15]. For instance, light
can induce local heating of plasmonic nanoparticles (NPs) entrapped
in hybrid matrix, which may trigger thermal degradation of the matrix
leading to controlled release of encapsulated cargo [6,16]. In a similar
manner, heating can also be achieved bymagnetic NPs exposed to alter-
nating magnetic fields, also resulting in controlled release of encapsu-
lated cargo [17]. It needs to be mentioned that the intrinsic
magnetoelectricity of some magnetic NPs also enables remotely con-
trolled delivery without employing heat [18].

As stated, the use of light as external stimulus is an interesting ave-
nue due to its clinical applicability. Light can be manipulated with
high control and precision, and itself has therapeutic applications. The
successful use of light as trigger relies on the light source, in terms of
wavelength, power, pulse length, etc. and on the physicochemical prop-
erties of the carrier NPs and the encapsulated cargo [19]. All together
will determine tissue penetration, efficacy, and potential toxicity of
the system. In general, lightwith shortwavelengths has high energy. Ul-
traviolet (UV) light for example may cleave chemical bonds [20–22].
However, due to poor tissue penetration [23] and photo-damage to
cells [24], applicability of UV light as a trigger for in vivo release is
quite limited. In contrast, light with higher wavelength, such as in the
near infrared (NIR), presents higher tissue penetration and less photo-
damage to cells [23], but in general shows lower ability to disrupt chem-
ical structures [19,25].

On the other hand, carrier vehicles comprisingmagnetic NPs are also
prominent examples of stimulus-controlled containers, which can be
remotely controlled by magnetic fields. Magnetic fields can penetrate
tissue and thus stimulation deep inside tissue is possible. Controlled re-
lease can be achieved using frequencies andmagnetic field settings bio-
compatible with the human body. For instance, magneto-electric NPs,
which could be controlled by both magnetic and electric fields, have
been demonstrated as on-demand release materials with a site-
specific delivery of drugs, such as peptides [26], and other compounds
[18,27,28] into the target site.

In this review we highlight the use of light and magnetic fields to
control release of encapsulated content involving both in vitro and
in vivo systems. We first provide an overview of different triggers
using light stimuli. For that, prominent examples of photo-responsive
hybrid materials which have been applied in that context will be de-
scribed. Second, we present a summary of release upon magnetic stim-
uli. Finally, an overview of major advantages and disadvantages of light
and magnetic fields as triggers for controlled release will be given. Fu-
ture perspectives and challenges needed for the development of those
approaches towards their successful clinical translation will be
discussed.

2. Carrier vehicle disintegration and endo/lysosomal escape of re-
leased molecular cargo

Particulate delivery vehicles, including NPs, polyelectrolyte capsules,
liposomes, polyplexes, lipoplexes, etc. are internalized by cells via differ-
ent endocytic pathways [29], whereby most vehicles eventually reach
lysosomes [30–32]. Extensivework has been focused on developingbio-
degradable vehicles [29], with the goal of achieving lysosomal escape
without external stimuli [7,33–35]. As an example, self-quenched DQ-
ovalbumin (DQ-OVA, ~ 45 kDa, Thermofisher) [36], which according
to themanufacturer is a fluorogenic substrate for proteases, was encap-
sulated into non-degradable poly(styrenesulfonate)/poly(allylamine
hydrochloride) (PSS/PAH) or bio-degradable dextran sulfate/poly-L-ar-
ginine (DEXS/PARG)microcapsules [37]. DQ-OVA comprises ovalbumin
heavily labelledwith BODIPY dyes. The greenfluorescence of DQ-OVA is
significantly self-quenched due to saturated conjugation and thus close
proximity of BODIPY molecules, in addition to red fluorescence. Upon
enzymatic degradation of DQ-OVA into peptide fragments the green
fluorescence is restored. Internalized capsules are endocytosed and
thus exposed to proteases inside lysosome. The PSS/PAH capsules
were resistant against enzymatic degradation and thus prevented DQ-
OVA from degradation (Fig. 1a). In contrast, both, DEXS/PARG capsules
and encapsulated DQ-OVA were almost completely degraded after
3–5 days (Fig. 1b). However, most of DQ-OVA fragments were still
trapped inside lysosomes, ultimately leading to exocytosis. Similar re-
sults have also been observed by encapsulating green fluorescent pro-
tein (GFP) [38], indicating that degradation of the carrier vehicle does
not necessarily involve efficient release of encapsulated cargo into the
cytosol. This has been in particular investigated in the context of gene
delivery. Quantitative analysis utilizing time-lapse fluorescencemicros-
copy and electron microscopy data by Gilleron et al. indicated that less
than 2% of siRNA delivered by lipid NPs were able to escape from in a
given narrow window of time [32]. Similarly, live cell imaging showed
that only few polyethylenimine (PEI)/siRNA polyplexes may efficiently
release siRNA into the cytosol and subsequently lead to accumulation
inside the nucleus [39]. These studies indicate that carrier opening and
especially subsequent cargo escape from lysosomes are efficiency-
limiting steps for molecular release to the cytosol. Similarity, Quarta
et al. indicated that the lysosomes can degrade multilayered magnetic
nanobeads loaded with DQ-OVA, leading to the proteolytic digestion
of DQ-OVA. However, in this study, the authors showed that the
digested products of DQ-OVA in the endosomal compartments were
further released intracellularly [36]. Those studies reflected the para-
digm of lysosomal escape and the need of further studies to address
this relevance question.

3. Light-triggered release

In this section, several light-responsive materials and different ap-
proaches towards triggered release are discussed. However, as
endosomal escape is a general problem [2], we start by describing first
this common limitation of drug delivery systems, before discussing
how light-triggered release may circumnavigate it.

3.1. Concepts for light-induced release

Conventional delivery vehicles as discussed have several drawbacks,
including lack of temporal control of the release of encapsulated



Fig. 1. Enzymatic cleavage of protein cargo. Embryonic NIH/3 T3 fibroblasts were incubated with (a) nondegradable PSS/PAH or (b) degradable DEXS/PARG capsules encapsulating DQ-
OVA. Images were taken 0 h and 120 h after capsules exposure. Adapted with permission from Rivera Gil et al. [37].
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molecules, low endo/lysosomal escape efficiency, etc., which limits their
versatility. Hence, inclusion of motives for external stimulation into the
delivery vehicles is desirable. Among different stimuli, light is of out-
standing significance as it allows for spatiotemporal control, and it can
be applied in a tunable manner by selecting wavelengths, polarization
direction, intensities, light spot size, pulsed laser versus continuous irra-
diation, etc. In case the light intensity and duration of the trigger ismuch
lower than that for photodynamic therapy (PDT) and photothermal
therapy (PTT), these strategies would avoid causing direct cell death
[40], deactivation of nucleic acids [40,41] or proteins [38].

Extensive efforts have been devoted to engineer photo-responsive
systems to achieve on-demand release. Generally, at least four strate-
gies have been developed to achieve light-mediated delivery and
opening of carrier vehicles. (i) Photocleavable polymers under UV-
light irradiation have been demonstrated, containing photoliable
groups including o-nitrobenzaldehyde [20,21], thioacetal ortho-
nitrobenzaldehyde [42], amino coumarin derivatives [43,44], or
benzoin-derived diol linkers [45]. For instance, human insulin was
linked to hydrophobic polymer microbeads through nitrobenzyl ester
linkage. After intradermal injection, the insulin was released into the
bloodstream to maintain the blood glucose level upon 2 min transcuta-
neous irradiation at 365 nm [46]. (ii) Photo-switchable size changes
were harnessed. As example, hydrophobic spiopyran can reversibly
switch to hydrophilic zwitterionic merocyanine when exposed by UV
light (365 nm). Based on this unique property, spiropyran and lipid-
polyethylene glycol (PEG) were mixed to fabricate photo-switching
NPs, which shrank from around 100 nm to around 50 nmafter exposure
to UV light [47]. In an in vivo experiment applying a subcutaneous HT-
1080 mouse tumor model, the tumor was irradiated (20 s, 1 W/cm2)
at 30 min post systemic administration of the NPs, and enhanced tissue
penetration and antitumor effect was achieved. (iii) Light-generated
heat, in particular photothermal heating of plasmonic NPs to breakmo-
lecular bonds, such as DNA de-hybridization [48,49] or melting/disrup-
tion of polymer hydrogel [50] has been employed to release
encapsulated cargo. (iv) Loss of membrane integrity by photo-
oxidation [51] or by photothermal heating [38] has been used for re-
lease of cargo from endosomes/lysosomes. The details of strategies
(iii) and (iv) will be further discussed in the sections below.

The different approaches require light excitation at different wave-
lengths. Strategies (i) and (ii) in general utilize UV-light, while visible
and near infrared (NIR) light can be used in strategies (iii) and (iv). Irre-
versible photo-toxicity of UV-light on tissue at high intensities and its
poor tissue penetration has limited in vivo application, and thus it is
best applicable to regions of the body that can be directly illuminated,
such as the eye or the skin [52]. Although two-photon excitation [53]
and upconversionmethods [54] whichmay convert NIR light excitation
to photons in the UV have been utilized to avoid such disadvantage, in
these cases high intensity and long irradiation times are often required
[55]. Besides, lysosome disruption required for endosomal/lysosomal
escape has, to our knowledge, not yet been reported by using UV-
light. The utilization of visible and NIR light combining strategies (iii)
and (iv) on the other hand would enable the release of cargo from
both, the delivery vehicles and endosomes/lysosomes by photo-
oxidative or photothermal strategies. The deep tissue penetration and
reduced photo-damages of NIR light in the 800–1200 nm region make
NIR laser highly attractive for remotely controlled release.

3.2. Photo-oxidation

Photo-oxidation involves either physically trapping or chemically
conjugating a photosensitizer molecule or metal nanoclusters into
the delivery vehicle. Both photosensitizer molecules and metal
nanoclusters produce reactive oxygen species (ROS) (e.g., singlet oxy-
gen (1O2)) upon excitation with light. This can oxidize the matrix of
the delivery vehicles, as well as the lysosome structure, and thus release
the encapsulated cargo upon light irradiation into the cytosol. To prove
the lysosomal disruption ability, Chen et al. efficiently incorporated Al
(III) phthalocyanine chloride disulfonic acid (AlPcS2a), a potent photo-
sensitizer, into polymer vehicles termed “PICsomes” [56]. Acridine or-
ange emitted an intense red and green fluorescence (thus visualized
as yellow) in acid organelles such as endosomes and lysosomes, while
it emitted only green fluorescence in nuclei and cytosol. After endocyto-
sis of AlPcS2a-PICsomes, lysosomal disruption was clearly observed
after light irradiation of cells, as indicated bymuchdecreased intracellu-
lar red fluorescence (Fig. 2). The photo-oxidation method has been ap-
plied in gene, drug, and protein delivery. Some prominent examples are
described in the following.

Concerning gene delivery, several modes of photo-oxidation-based
methods have been used. Two examples of three-layered polyplex mi-
celles, which were prepared from the anionic dendrimer phthalocya-
nine, are shown in Fig. 3a,b. In these two systems, the positive
polyplexes efficiently destabilized the lysosomes and enhanced in vitro
and in vivo transfection efficiency 100-fold upon light (689 nm) irradia-
tion [57,58]. A more sophisticated system is shown in Fig. 3c. In this ap-
proach an aggregation-induced emission (AIE) photosensitizer
(TPECM) was conjugated with oligoethylenimine (800 Da) via a ROS
cleavable aminoacrylate linker (AA). Excitation of the photosensitizer
generated ROS, which then enabled simultaneous release and endo/ly-
sosomal escape of DNA in a single irradiation process [51]. The
ROS-sensitive cationic NPs self-assembled in aqueous solution and com-
plexed DNA to form polyplexes. Upon light irradiation, the generated
ROS disintegrated the high-molecular-weight polyethylenimine into
low-molecular weight oligomer, which had low binding affinity to
DNA, followed by DNA unpacking and release to the cytosol.



Fig. 2.Observation of lysosomal disruption of A549 cells induced by AlPcS2a-PICsomes. The cells were treatedwith (a) Phosphate-buffered saline (PBS) without irradiation, (b) light only,
(c) AlPcS2a-PICsomes containing 0.05 μg/mL AlPcS2a, (d) AlPcS2a-PICsomes containing 0.2 μg/mL AlPcS2a, followed by 10 J/cm2 laser application. The cells were further incubatedwith 6
μM acridine orange for 15 min before analysis with confocal laser scanning microscopy (CLSM). Adapted with permission from Chen et al. [56].
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In respect to drug delivery, Rwei et al. synthesized a photosensi-
tizer and incorporated tetrodotoxin, a ultrapotent local anesthetic
drug into liposomes [59]. Irradiation at 730 nm triggered lipid perox-
idation and uncaged the tetrodotoxin to block the sciatic nerve and
achieve local anesthesia in vivo. Another permeability tunable lipo-
somes doped with porphyrin-phospholipid has been demonstrated
by Carter et al [60]. Light-triggered membrane permeabilization was
enabled with liposomal inclusion of porphyrin-phospholipid, which
was independent of bulk or nanoscale heating. In this work, the au-
thors proved that following intratumoral injection, liposomes showed
controlled release of an aminoglycoside antibiotic (gentamicin) and a
fluorophore (sulforhodamine B). Following systemic administration,
laser irradiation induced release of the anticancer drug doxorubicin
in mouse xenografts suggested to be an excellent single-treatment
antitumor therapy.

As a case of peptide delivery, Vasdekis et al. developed morphology
switchable polymersomes with the photosensitizer ethyl eosin associ-
ated with the polymersome membrane (Fig. 4a) [61]. Light irradiation
oxidatively increased the hydrophilicity of the hydrophobic block,
which induced rapid polymersome rupture and reorganization into
smaller diameter vesicles and micelles, leading to release of the encap-
sulated cargo molecules (Fig. 4b). As a demonstration of application,
bone-marrow-derived murine dendritic cells were incubated with the
polymersomes loadedwith octapeptide ovalbuminmajor histocompat-
ibility complex I (MHC I) epitope SIINFEKL. Antigenpresentationwas vi-
sualized with fluorescently tagged antibody specific for the SIINFEKL
peptide/MHC I complex, and the kinetics were measured at single cell
and even single complex level.
3.3. Photothermal release

Photothermal release of molecular cargo from a delivery vehicle can
be achieved by differentmethods: (i) By embedding plasmonic NPs into
the carrier matrix of delivery vehicles (such as polyelectrolyte shells),
inside which the molecular cargo is embedded. Employed plasmonic
NPs include silver NPs [62,63], gold sulfide NPs [64], spherical gold
NPs [65,66], agglomerated gold NPs [7,41,67], gold nanorods [68,69]
and gold nanostars [70], as also non-plasmonic NPs such as magnetite
NPs [50] (Fig. 5a). Compared with nanorods and nanostars, the agglom-
eration of gold NPs is easy to prepare in the presence of high NaCl con-
centrations, but the huge variation in agglomerate size results in varied
surface plasmon resonance peaks from batch to batch. The presence of
gold NPs enhances the contrast of microcapsules in bright field micros-
copy, leading to darker capsules in thepresence of higher density of gold
NPs [70] and decreases the degradation of capsules [7,71]. (ii) By inte-
grating a layer of graphene [72–74] or its derivatives [75] into carrier ve-
hicles, such as multilayers capsules or liposomes. (iii) By incorporation
of fluorescent probeswith low quantumyield to thematrix of the deliv-
ery vehicles, e.g. IR-806 dye (maximum absorbance λmax = 806 nm) to
polymer capsules [63], DiD dye (λmax = 650 nm) to liposomes [76], or
indocyanine green (λmax = 800 nm) to polymersomes [77]. (iv) By
the formation of a plasmon resonant shell (e.g. gold) by in situ reduction
of ionic metal ions such as gold onto the surface of the delivery vehicle,
such as liposomes [78–80]. Microbubbles generated by photothermal
excitation have been suggested being responsible for the breaking of
the plasmonic shells [81], which leads to release of encapsulated mole-
cules. (v) By conjugating the molecules to be released to host polymers



Fig. 3. Methods for photo-oxidation induced gene delivery. a) Scheme for preparing a three-layered polyplex micelle prepared from anionic dendrimer phthalocyanine and positive
polyplex. Adapted with permission from Nomoto et al. [57]. b) Scheme for preparing a pDNA/CP4/DPc ternary complex. Adapted with permission from Nishiyama et al. [58]. c) NPs
containing a light-triggered ROS generator and a ROS-cleavable linker on cationic polymers. Upon light irradiation, the generated ROS can concurrently destruct the endo/lysosomal
membrane to facilitate the escape of the DNA vector and break the S-NPs to favor DNA unpacking, leading to DNA release for nuclear entry and transcription. Adapted with permission
from Yuan et al. [51].
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such as DNA [82–84] or proteins [82] via thermally labile linkage
directly to the surface of plasmonic NPs.

As pointed out, apart from releasing cargo from the carrier vehicle,
photothermal heating also needs to allow for endosomal escape for suc-
cessful delivery of cargo to the cytosol. Differentmechanisms have been
suggested in this direction, though this phenomenon is not fully under-
stood so far. Local heatingmay transiently open 100 to 200 nmpores for
minutes [85], through which molecules may diffuse. Also, microbubble
Fig. 4. Concept of optofluidic polymersome rupture. a) Chemical structure and scheme of PEG17

(PPS) the hydrophobic block. b) Localized illumination of single vesicles for 1–2 s, which leads
frame, while insets show the location of optical treatment at power densities of approximately
Illumination was at 500 W/cm2. In subsequent optical treatments, a collimated excitation beam
Vasdekis et al. [61].
formation may be responsible for transient perforation of the mem-
brane of endo/lysosome. As the carrier vehicles may be mechanically
deformed upon photothermal heating (Fig. 5), also suchmechanic effect
may contribute to trigger transient rupture of endo/lysosomal mem-
branes. The details of transient perforation are still subject to further re-
search. Translocation to the cytosol has been demonstrated by the
encapsulation of the pH-sensitive dye SNARF into polyelectrolyte cap-
sules [7,38]. SNARF is a ratiometric pH indicator which has yellowish
-b-PPS30 block copolymers and vesicles. PEG is the hydrophilic and polyphenylene sulfide
to the formation of smaller diameter vesicles. The vesicle diameters are indicated in each
100 W/cm2. c) Rupture of a single polymersome in a series of video microscopy frames.
was employed, giving rise to lower excitation densities. Adapted with permission from



Fig. 5. Laser triggered opening of polyelectrolyte capsules with integrated plasmonic NPs in their shells. a) Typical transmission electron microscopy (TEM) images of spherical Au NPs
(left) and rod-shaped Au NPs (right) as embedded inside the multilayer shell of hollow (PSS/PAH)4 capsules. The insets show the single NP-modified capsules. The scale bars represent
50 nm. b,c) Laser-opening of capsules with rod-shaped Au NPs integrated in the capsule wall and encapsulated fluorescein isothiocyanate (FITC) labelled dextran. b) Schematic
representation of the geometry of a capsule with green dextran as cargo (green stars) encapsulated inside the cavity and rod-shaped Au NPs (yellow rods) embedded in the wall.
Laser irradiation of the Au NPs (left) leads to local heating of the NRs and subsequent rupture of the capsule wall (right). c) Effect of NIR laser irradiation (830 nm) of a single capsule
with rod-shaped Au NPs in its wall and encapsulated FITC-dextran in its cavity. Before laser illumination the capsule retains the green cargo inside the cavity. After laser illumination
the multilayer wall of the capsule is damaged (phase contrast) and partial release of the green cargo throughout the small pores of the wall is observed (green channel). The scale bars
correspond to 5 μm. Adapted with permission from del Mercato et al. [69].

Fig. 6. Capsule opening and subsequent cytosolic release of encapsulated 10 kDa SNARF-
dextran upon light-mediated heating of Au NPs present in the capsule shell. Adapted
with permission from Carregal-Romero et al. [38].
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emission in acidic environments and red emission at alkaline pH. Upon
light-mediated heating, capsules as well as the membrane of the sur-
rounding endo/lysosomes were transiently opened, that SNARFwas re-
leased from the acidic endo/lysosomal environment (yellow
fluorescence of SNARF) to the neutral cytosol (red fluorescence of
SNARF). Perforation of endo/lysosome was transient, as the rest of
SNARF remaining trapped in acidic lysosomes showed yellow fluores-
cence (Fig. 6).

As with all delivery strategies, several processes are involved until
encapsulated cargo is released into the cytosol, includingmembrane as-
sociation of the delivery vehicles, their endocytosis and intracellular
trafficking to endo/lysosomes, followed by release of the molecular
cargo from the carrier vehicle and endo/lysosomal escape [29]. To quan-
titatively monitor all those steps still remains a challenge, in part due to
the heterogeneity of the systems. In the following some applications of
photothermal delivery of encapsulated molecules to the cytosol will be
discussed. Hereby focus is given on polyelectrolyte capsules and lipo-
somes as carrier vehicles. However, the reported concepts are rather
general and would also apply to other carrier vehicles with integrated
elements which can convert light to heat.

As first example live cell imaging based on intracellular immuno-
stainingwith impermeable fluorescence reporters is described. Fluores-
cent labeling of intracellular organelles for live cell imaging is
challenging, as many fluorescent reporters, e.g. fluorescence-labelled
antibodies targeting specific intracellular organelles can not penetrate
the cell membrane. Thus, in general cells need to be fixed and perfo-
rated, which allows for entry of the fluorescent reporters, but exclude
live cell imaging. In addition, single cell staining within a cell culture is
almost impossible. Cells in principle may be transfected with fluores-
cent protein based reporters. Alternatively, the fluorescent reporters
may be encapsulated into delivery vehicles, which then are
endocytosed. Photothermal heating of plasmonic NPs in the delivery ve-
hicles allows for release of the fluorescent reporters from the delivery
vehicles as from endo/lysosomes [70]. In this example membrane-
impermeable ATTO-488 labelled phalloidin, propidium iodide (PI),
and 4,6-diamidino-2-phenylidole (DAPI) were encapsulated in PSS/
PAH polyelectrolyte capsules decorated with gold stars. As shown in
Fig. 7, multiplexed NIR opening of capsules loaded with different
fluorophores enabled dual staining of the nuclei and F-actin within sin-
gle cells in a controlled and specific manner. In a similar way, the
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feasibility of photothermal release of encapsulated TO-PRO-3 iodide
into cells with the purpose of nucleus staining has also been demon-
strated using plasmonic liposomes as carrier vehicles [86]. While tran-
sient endo/lysosome permeation via photothermal heating has been
demonstrated to be tolerated by cells without instantaneous loss in
cell viability [64], there are clear side effects, such as the triggering of
Ca transients [87,88]. While “life” staining thus in principle is possible,
it always has to be analyzed if unwanted side effects upon photothermal
heating may interfere with experiments.

As second example wewant to highlight the controlled triggering of
cytosolic reactions/processes. The delivery of molecular reactants into
the cytosol of cells typically involved endocytosis, which is a statistical
process, and translocation to the cytosol by endo/lysosomal escape. In
this way it is not clear at which point of time reagents enter the cytosol
and the reaction would start, which complicates recording kinetics. In
case reagent are encapsulated, they are endocytosed together with
their carrier vehicle. Only after a light trigger, instantaneous release of
the reagent to the cytosol would happen, clearly connecting the starting
point of the intracellular reaction with the light trigger. This has been
demonstrated with polyelectrolyte capsule with plasmonic NPs in
their wall, and encapsulated reagents, non-fluorescent substrate
ELF97, and alkalinephosphatase, both indifferent capsules [41]. Sequen-
tially light triggered opening of individual capsules within one cell
brought ELF97 and alkaline phosphatase to be both present in the cyto-
sol. Cleavage of the phosphate group of ELF97 by alkaline phosphatase
enzymes converted ELF97 into green fluorescent ELF97 alcohol. After
the opening of the first capsule, the enzyme or substrate was released
into the cytosol. Opening the second capsule with the complementary
cargo led to the enzymatic reaction, i.e. generation of insoluble ELF97 al-
cohol, which precipitated close to the second opened capsule. The same
platformwas employed to release encapsulated mRNA encoding green
fluorescent protein (GFP) to the cytosol. This allowed to record the
Fig. 7. Multiplexed intracellular opening of capsules with different encapsulated fluorescent r
(DAPI). The sale bars indicate 20 μm. b) Combination of phalloidin-ATTO-565 and DAPI. The
scale indicate 20 μm. Adapted with permission from Kantner et al. [70].
reaction kinetics of GFP production from the time when mRNA has re-
lease into the cytosol, with the light trigger defining the time point
zero [41]. Also complex biological reactions could be triggered, such as
cell surface antigen presentation. Major histocompatibility complex
(MHC) class I molecules are transmembrane receptors which can travel
to the cell surface after binding to specific intracellular peptides of 8–10
amino acids in length [89]. After a virus-derived peptide is complexed
with MHC class I at the cell surface, cytotoxic T lymphocytes can recog-
nize this structure and will kill those antigen presenting cells [90].
Palankar et al. encapsulated a fluorescence-labelled Ser-Ile-Ile-Asn-
Phe-Glu-Lys-Leu peptide, a specific ligand for MHC class molecule H-
2Kb, into (PSS/poly(diallyldimethylammoniumchloride) (PDADMAC))4
capsules decoratedwith goldNPs [66]. After laser exposure, the capsules
opened and thepeptide, efficiently bound to theH-2Kb and elicited their
cell surface transport to present antigen.

Also intercellular signalingwas investigated. In general, when study-
ing cell-cell communications, evaluation of the propagation signal or re-
sponse from a stimulated cell to the surrounding cells needs to be
analyzed. In that context, light-triggered opening of individual carrier
vehicles can generate local release which stimulates individual cells,
allowing to measure signal spread to surrounding cells. Inositol tris-
phosphate (IP3), an endogenous cell signaling second messenger, has
been encapsulated in liposomes modified with plasmonic NPs to allow
for light-triggered intracellular calcium increase in the irradiated cells
[80,92]. Orsinger et al. encapsulated either IP3, or adenophostin A
(AdA), a potent analogue of IP3, into 100 nm plasmonic liposomes.
The release of IP3 or AdA efficiently initiated calcium release from intra-
cellular stores, followed by intercellular calcium wave propagation
(Fig. 8a) [78]. While the previous examples, were releasing encapsu-
lated cargo from internalized delivery vehicleswas used to trigger intra-
cellular reactions, release can also be applied extracellularly, as again
demonstrated for light-triggered intercellular calcium signaling. Raise
eporters. a) Combination of propidium iodide (PI) and (4′,6-diamidino-2-phenylindole)
scale bars correspond to 10 μm. c) Combination of phalloidin-ATTO-488 and DAPI. The
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in intracellular calcium concentration increase can be achieved by ex-
tracellular release of CCK8. CCK8, a hydrophilic peptide derivative ago-
nist of the endogenous cholecystokinin ligand, was encapsulated into
the liposomes modified with plasmonic NPs (Fig. 8b) [91]. After extra-
cellular opening of the liposomes, CCK8 was released in proximity to
cells and activated the membrane-bound CCK2 G-protein-coupled re-
ceptor, which resulted in spikes in intracellular calcium concentration.
These experiments demonstrate that light triggered release via
photothermal heating offers the advantage to record the kinetics of in-
tracellular processes independently from cellular uptake and carrier
systemdegradation. Light activated all-trans retinoic acid (atRA) release
has also been demonstrated to induce the expression of RARE element,
followed by driving transcription of firefly luciferase gene in a NB4-
RARE report cell line [22]. The atRA was conjugated to PEI via a
photocleavable ortho-nitrobenzyl-based linker to form PEI-atTA NPs.
Once inside cells, the UV activation efficiently released the atRA to in-
duce atRA signaling and improved luciferase expression.

Intracellular signaling has been also controlled in vivo [93]. It has
been demonstrated that Wnt signaling in hydra can be turned-on by
light-triggered release of alsterpaullone. Alsterpaullone is an intracellu-
larmodulator of theWnt pathway andwas encapsulated in polyelectro-
lyte microcapsules modified with Au NPs in their walls, which were fed
to hydra [71]. Light-mediated capsule opening released alsterpaulone.
While in the “on” state, the released alsterpaulone inhibits the GSK3β
kinase and stabilized β-cat is translocated into the nucleus to active
Wnt downstream genes. Accordingly, the hydra presented ectopic ten-
tacles through the column (Fig. 9) [71].

As third example we discuss drug and gene delivery for anticancer
therapy. In the context of the design of stimuli-controlled vehicles,
drug and gene delivery systems are one of themostwidely investigated
applications. For instance, therapeutics against breast cancer, for which
no effective standard therapy and proprietary drugs have been ap-
proved, have been developed by Su et al. [77]. The authors designed
polymeric carrier vehicles loaded with indocyanine green (ICG), pacli-
taxel (PTX), and survivin siRNA (Fig. 10a). Light-triggered photothermal
heating of ICG increased the temperature above the lower critical solu-
tion temperature (LCST) of the polymer matrix, causing deformation of
Fig. 8. Schematic drawing of the light-induced intracellular increase of Ca2+ after release of
plasmonic liposomes. Adapted with permission from a) Orsinger et at [78] and b) Leung et al.
its core-shell structure and release of PTX and siRNA to the target site.
This system was reported to exert remarkable antitumor efficacy at
low drug dose and low side effects [77]. Also melting of complementary
DNA at temperatures above the melting temperature (Tm) can be used
as a strategy for controlled opening of delivery vehicles. The melting
temperature can be tailored by the type and length of oligonucleotides.
For instance, the theoretical melting temperature of a 12 base-pair se-
quence contains an equal number of 4 different nucleotides, namely
AAATTTCCCGGG, is Tm = 50.0 °C, which can be readily achieved by
photothermal heating. As an example, double-stranded DNA was teth-
ered into mesoporous silica NPs to encapsulate the anticancer drug
doxorubicin (DOX) [48]. Photothermal heating of integrated rod-
shaped Au NPs dehybridized the DNA duplexes and allowed for the re-
lease of DOX and oligonucleotides. The oligonucleotides were further
designed as GFP-interfering siRNA, which provided additional gene de-
livery (Fig. 10b) and showed efficient GFP silencing in HeLa GFP cells
[48]. Another straightforward design was achieved by Xiao et al. who
designed a DNA-based platform with the ability to release therapeutics
(DOX) (Fig. 10c) with antitumor efficacy in KB and HeLa subcutaneous
tumor models (Fig. 10c) [49]. Another mechanism for light-induced
siRNA release from Au NP surfaces is the cleavage of the gold‑sulfur
bond [94]. Besides these NPs, microcapsules functionalized with rod-
shaped Au NPs have also been explored for in vivo antitumor testing
[95]. The capsules were covered with fluidic lipid bilayers to decrease
the wall permeability and retain the encapsulated DOX. After
intratumoral injection, the NIR irradiation of the tumor site rapidly re-
leased the DOX to inhibit tumor growth and metastases.
4. Alternating magnetic field-triggered release

Magnetic NPs have been extensively investigated as heat mediators
for magnetic hyperthermia under an alternating magnetic field (AMF)
[96–99]. In a similar way to photothermal release, heating of magnetic
NPs also might be used for the disintegration of carrier vehicles and re-
lease of encapsulated cargo molecules [17], leading to magnetothermal
release.
encapsulated cargo a) from internalized plasmonic liposomes and b) from extracellular
[91].



Fig. 9. NIR-triggered activation of theWnt signaling pathway. a) Scheme ofWnt signaling pathway activation by released alsterpaullone. Following NIR irradiation of (PSS/PAH)6-Au NP-
alsterpaullone capsules internalized by hydra, the Wnt molecular cascade is switched on and the hydra presented ectopic tentacles through the column. b) Morphologies of hydra after
different treatment. Adapted with permission from Ambrosone et al. [71].
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Magnetic NPs can generate heat under an AMF due to the hysteresis
loss and Néel relaxation [100]. AMF-triggered release can be realized by
different geometries: (i) Magnetic NPs such as iron oxide NPs or Co@Au
NPs can be integrated into delivery vehicles which encapsulate the mo-
lecular cargo (such as calcein [101], phenol red [101], pyranine [101],
doxorubicin [102], dye-labelled dextran [17,102,103]), e.g. to the
walls of polyelectrolyte capsules [17,102,103], liposome/copolymer
hybrids [104], polyelectrolyte capsules coated with lipids [101] and
polymersomes [105]. (ii) Molecular cargo such as dyes (e.g.
tetramethylrhodamine [106]) or anticancer drugs can be conjugated
to magnetic NPs via thermo-sensitive molecules, such as azobis[N-(2-
carboxyethyl)-2-methylpropionamidine] [107] or a reversible retro
Diels-Alder reaction between a furan group and N-methylmaleimide
[106]. (iii) Molecular cargo may be encapsulated by a thermosensitive
hydrogel forming a shell around magnetic NPs [108].

Based on the different geometries different mechanisms have been
applied to the AMF-triggered release payload: (i) Rupture of the shell
of polymeric delivery vehicles. Authors claim that both magneto-
thermal effects and mechanical vibration and motion led to shell struc-
tures to form 50–100 nm nanocavities (Fig. 11a), and their continuous
enlargement resulted in final rupture of the shell (Fig. 11b,c) and
burst release of payload (Fig. 11d) [102]. (ii) Katagiri et al. suggest that
the phase transition of thermosensitive copolymers doped in liposomes
[104] or lipid coats on polyelectrolyte capsules [101] is responsive for
magneto-thermal release, rather than the rupture of the capsules. (iii)
When the antitumor drug e.g. tamoxifenwas loaded to the inner hydro-
phobic cavity of β-cyclodextrin, which was linked to 12 nm ironoxide
NPs, the temperature in response to the AMF generated heat depressed
the hydrophobic interaction and accelerated drug release [109]. (iv) The
thermosensitive polymer poly(N-isopropylacrylamide) (PNIPAAm)
formed a hydrogel shell around the micron-sized iron oxide particles.
The heat generated upon AMF exposure increased the temperature
above the LCST of PNIPAAm, which made the hydrogel shell collapse
and resulted in release of encapsulated drugs [108]. Similarly, yolk/
shell capsules were prepared from magnetic iron oxide NPs as the
core, a thermal sensitive polymer PEO-PP-PEO (Pluronic F68), and silica
shell. Above the critical micelle temperature, the core shrunk and the
size decreased more than 10 times, causing shell destruction and col-
lapse and subsequent release of encapsulated ibuprofen [110]. (v) In
self-assembled polyvinyl alcohol (PVA)‑iron oxide NP/silica core-shell
carrier vehicles, magnetic-induced heating caused dissolution and in-
creased flexibility of PVA, which gave rise to nanocavity formation and
core disintegration [111].

While AFM-mediated heating of magnetic NPs is highly established
for hyperthermia applications, release of encapsulated cargo molecules
uponmagnetothermal heating is less reported in literature, particularly
when compared with various applications of light-triggered carrier ve-
hicle opening. Most reports involving in AMF-responsive carrier vehi-
cles rather remain at the proof of principle level, sometimes even
without further application in cells. Some interesting concepts ofmolec-
ular release upon magnetothermal heating are presented in the
following.

One concern of AMF application is that hyperthermia causes irre-
versible damage in cells and tissues at temperature in the range of
42–45 °C [112]. Hence, it is essential to measure the local and nearby
temperature of magnetic NPs upon magnetothermal heating. To ad-
dress this issue, Riedinger et al. have developed a direct method to
quantify the local temperature profile on the surface of magnetic NPs
exposed to an AMF with a subnanometer resolution [107]. The dye
fluoresceineamine was conjugated to thermolabile azo-linkers at the
surface of magnetic NPs, using PEG-spacers of distinct molecular
weights. An increase in temperature accelerated cleavage of the azo
group thus released the dye from the iron oxide NPs (Fig. 12a). The re-
leased dyewas separated by ultracentrifugation, and its fluorescence in-
tensity reflected changes in temperature. Significant local heating at
distances occurred only within 0.5 nm from the NP surface where the
temperature increased to 45 °C [107], while the increase in temperature
decayed almost to zero at distances longer than 4–5 nm (Fig. 12b).



Fig. 10. Light-induced drug and gene delivery for anticancer therapy. a) Polymersomes containing ICG, PTX, and siRNA for the combination of thermotherapy, chemotherapy, and gene
therapy. b,c) Rod-shaped Au NP based drug delivery system via melting of complementary DNA upon NIR stimuli. b) Delivery of DOX or siRNA through dehybridization of DNA
tethered to mesoporous silica shells with Au NPs as inside core. c) Delivery of DOX through dehybridization of DNA conjugated to the surface of Au NPs. Adapted with permission
from a) Su et al. [77], b) Chang et al [48], and c) Xiao et al [49].
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Furthermore, this system was used for drug delivery through replacing
the dye by doxorubicin for cancer treatment on KB cancer cells
(Fig. 12c). A similar thermometer was also reported by Dias et al. [113].

Also melting of complementary DNA can be achieved in magneto-
thermal systems [114], similar to the one achieved by light-triggering
plasmonic NPs as discussed above. In this case, a single strand DNA of
12, 18 or 24 bases linked to a fluorophore was hybridized to a comple-
mentary 30 bases DNA, which was conjugated to dextran-coated iron
oxide NPs (Fig. 13a). The matrigel plugin containing NPs was subcuta-
neously implanted to mimic a tumor model (Fig. 13b). Application of
AMFs (400 kHz, 1.25 kW) caused fluorophore release and penetration
far into the nearby tissue, while no fluorescence outside implant tissue
was observed in unexposed controls (Fig. 13c,d) [114].

Magnetothermal heating has been also employed for the opening of
molecular gates in mesoporous silica nanoparticles (MSNs). MSNs have
attracted wide-spread interest as functional materials due to their low
toxicity and high drug loading capacity. Additional nanogates may be
applied for capping the surface pores ofMSNs to prevent undesirable re-
lease of encapsulated cargo molecules. To achieve this, magnetic NPs
can be used either as the nanogate on the MSNs' surface or can be en-
capsulated inside the MSNs to trigger the opening of other nanogates
for on-demand drug release. Ruiz-Hernandez et al. [115] designed
DNA/magnetic NPs conjugates as nanogates to cap the pores of MSNs
upon DNA hybridization (Fig. 14a). Local heat generated by an AMF
(100 kHz, 24 kA·m−1) increased the temperature (42–47 °C), enabling
the melting of double-stranded DNA. This gave rise to uncapping of the
MSNs and the subsequent release of an encapsulated model drug.
Thomas et al. [116] developed another magnetic field responsive
nanogate opening system. Zn-doped Fe3O4 NPs were loaded into
MSNs and thermal responsive cucurbit[6]uril was electrostatically
bound to the molecular thread on the surface as nanogate (Fig. 14b).
The nanogate was non-self-opening in biological systems, but it could
be opened at increased temperature. Doxorubicin-loaded MSNs
displayed significant cancer cell killing efficiency after exposure to an
AMF (500 kHz, 37.4 kA·m−1). The surface pores in the MSNs were fur-
ther blocked by a crosslinked PEG shell functionalized with azo bonds
(Fig. 14c) [117] or with a lipid bilayer (Fig. 14d) [118]. Again, exposure
to an AMF induced burst release of the encapsulated drugs.

Last but not least direct encapsulationwas demonstrated [17,119]. A
double emulsion method has been applied for encapsulating FITC-
labelled DNA (2.7 kbasepairs) and magnetic NPs into the cavity of hy-
drophilic capsules [119]. After endocytosed by MCF-7 cells, the cells
were exposed to an AMF (50 kHz, 2.5 kA·m−1) for 2 min. Local heating
increased the permeability of the hydrophobic shell and enhanced the
diffusion rate of DNA. The intracellular fluorescence intensity increased
5–6 fold, whichwas caused by the reduced quenching effects after DNA
escaped from the confined space inside the capsules and increased local
pH after endo/lysosomal escape.

5. Photo- versus magneto-thermal heating for triggered release of
encapsulated molecules

Light and AMFs stimuli are based on the excitation of plasmonic and
magnetic NPs through an electromagnetic field, but at different



Fig. 11. Scanning electronmicroscopy (SEM) and CLSM images of (Fe3O4NP/PAH)4 capsules after anAMF treatment for a) 10min, b) 15min, and c) 30min. After 10min stimulus, a certain
amount of nanocavities, 50–100 nm in size, appeared on the surface of the capsules. Upon further increasing theAMF stimulus to 30min, the capsulewalls were ruptured to a large extent.
d) The drug release behavior and morphologies of (Fe3O4 NP/PAH)4 capsules under continuous AMF irradiation. Adapted with permission from Hu et al. [102].

Fig. 12. Subnanometer local temperature probing and drug delivery. a) A sketch of iron oxide nanoparticles bearing fluoresceinamine connected through VA057 azomolecules to the tails
of PEG spacers of differentmolecular weights. Increase in temperature resulted in accelerated cleavage of the azo group and release of the dye from the NPs. b) Experimental temperature
gradients for all field amplitudes: significant local-to-global temperature differences were found at distances shorter than 3 nm. c) A sketch of iron oxide NPs bearing DOX which was
covalently linked through VA057 azo to PEG spacers of two different molecular weights (500 and 8000 Da). The release profile of DOX from samples exposed for 1 h at room
temperature to AMF irradiation (334.5 kHz, 17 mT) is shown. Adapted with permission from Riedinger et al.. [107].
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Fig. 13.Melting of complementary DNA by AMF-generated heat on the surface of magnetic NPs. a) A 30 base-pair “parent” strandwas covalently linked to dextran-coated iron oxide NPs,
allowing a fluorescence-labelled DNA complement (of 12, 18, or 24 bases) to hybridize. b) Remotely triggered release from NPs in vivo. The NPs were mixed with a matrigel and injected
subcutaneously near the posteriormammary fat pad ofmice, formingmodel tumors. c) Application of AMFs to the implants resulted in release ofmodel drugs and penetration into nearby
tissue. Adapted with permission from Derfus et al [114].
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frequencies (note that AMFs are also a special form of electromagnetic
fields). The frequency of light for photo-oxidation or photothermal
heating is in the visible and NIR range, while the frequency of AMFs is
in the radiofrequency range. AMFs are much less absorbed by tissue
than light, and thus penetrate much deeper. For instance, 99% of mag-
netic fields at 400 kHz can penetrate 15 cmof tissue [120]. Furthermore,
ultraviolet-visible light (less than 600 nm) has poor penetration ability
(~2mm in depth) due to strong scattering in soft tissue.Wavelengths in
the NIR window permit deeper penetration, however, the intensity of
light (800–860 nm) after penetrating 8 mm through rat skin still is re-
duced to 5% of its original level [23]. In general, light-triggered vehicle
opening usually occurs within few seconds, while in the case of AMF
to achieve similar effects the desired time may be higher from minutes
and hours. In general, it is very easy to generate high temperatures upon
photothermal heating of plasmonic NPs, which for example routinely
allows forwater evaporation [67]. “Overheating” thus becomes a poten-
tial problem. In contrast, typically lower increase in temperature is
achieved by magnetothermal heating of magnetic NPs when applied
with excitation parameters compatible with requirements of organ-
isms. Light can be readily focused to as small as few microns, enabling
the manipulation on a single-capsule level [38], which so far has not
been demonstrated for AMFs. Light irradiation of plasmonic NPs can
de-stabilize surrounding endo/lysosomal membrane via photo-
oxidation or photothermal effects, whereas to our knowledge there is
still no direct evidence in this direction in the case of AMF application.
Beside the promising use of photo- and magneto-thermal heating as
external triggers for biomedical application, additional studies are
needed to address their potential benefits, efficiency and safety. Major
improvements would be needed to considered issues regarding
tissue-penetration depthwith higher specificity, while avoiding any un-
desirable damage to the surrounded healthy tissues. A summary of the
different characteristics of both methodologies is given in Table 1.

As discussed above, light- and AMF-triggered release have advan-
tages and disadvantages and the better choice will depend on the par-
ticular application. In this direction we want to mention one
additional example, which is not based on the release of drugs, but on
direct killing of bacteria by light- [121] or AMF-induced [122] heat.
Hyperthermia can be caused by photothermal [123] and by
magnetothermal heating [124]. Magnetothermal heating has been
used to destroy bacterial films on implants [121]. Here the advantage
is, that the AMF may penetrate into tissue and this methodology could
be applied in vivo. On the other hand, as implantsmay includemagnetic
impurities, limits in focusing might results in unwanted heating of the
whole implant. Photothermal heating on the other hand can be better
focused, but application would be limited to implants close to the skin
due to limited penetration depth. Having both options at hand will
allow for finding the better methodology for each respective
application.



Fig. 14. AFM triggered nanogates opening and cargo release in mesoporous silica nanoparticles (MSNs) containing magnetic NPs. a) DNA/magnetic NP conjugates as the nanogate.
b) Cucurbit[6]uril based nanogate. c) Crosslinked poly(ethylene glycol) (PEG) shell functionalized with azo bonds as the nanogate. d) Lipid layer coating as the nanogate. Adapted with
permission from a) Ruiz-Hernandez et al. [115], b) Thomas et al. [116], c) Saint-Cricq et al. [117], and d) Bringas et al. [118].
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6. Outlook

Today a variety of hybrid nanocomposite delivery vehicles are de-
signed with distinctive physicochemical characteristics including size,
surface functionalization, low toxicity, etc. Specific delivery of a com-
pound to the desired site is crucial for improving the efficacy of treat-
ment, while minimizing possible toxic effects. Materials allowing for
drug release on demand would be helpful towards temporal control of
the local concentration of the pharmaceutical compound. Stimuli re-
sponsive systems benefit from the possibility of switching the release
of the compound in a controlled manner, representing an attractive
concept for advanced drug delivery systems. There are a variety of
Table 1
Overview summarizing the main advantages and disadvantages of photo- and magnetotherma

Property Photo-trigger

UV-Light NIR

Characteristics Chara

Ability to disrupt chemical structures High Mode
Tissue penetration ability Poor Good
Possible toxicity High Low
Lateral damage to intracellular compartments High: surrounding endo/lysosomal mem

destabilized via photo-oxidation or pho
Heat generation Very fast

Overheating is a drawback
Focus Focusing micrometer size areas is easily
stimuli that could be applied to trigger cargo release from delivery vehi-
cles. The design of remotely controlled vehicles by light and AMFs rep-
resents an interesting platform in this direction, as light and AFMs are
triggers which can be externally controlled [18], in contrast endogenous
triggers such as redox potential or pH. Light-triggered release has also
been demonstrated to offer solutions for the general problem of endo/
lysosomal escape.

While in general stimulus response therapies may offer superior
specificity and reduce toxicity in comparison to traditional or standard
therapies (e.g. chemotherapy for cancer), only a limited number of stud-
ies have shown positive in vivo outcomes so far, and even fewer have
been translated to clinical trials. Several shortcomings and challenges
l heating for triggered release of encapsulated molecules.

Magnetic-Trigger Reference

Radiofrequencies

cteristics Characteristics

rate Low [19–22,25,42–45]
Very good [23,52,54,55,114]
Very low [24,54,55]

branes can be
tothermal effects

Very low [23,24]

Slow process.
No danger of overheating

[38,48–50,108,115]

possible Focusing to smaller areas is difficult [38]
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are still needed to be addressed for a potential successful development
of those therapies towards clinical applications [125]. Somemajor con-
cerns are highlighted in the following. In general, for the suitable devel-
opment of stimulus-controlled release materials, it is essential to
understand and illustrate the mechanisms involved in the release
procedure. This has been shown to large parts for the release of encap-
sulated molecules from delivery vehicles upon photo- or
magnetothermal heating. However, accompanying endo/lysosomal re-
lease has not yet been fully understood and optimization in respect to
efficiency is needed. Avoiding side effects, as toxicity of the delivery ve-
hicles or damage due to the actual release process is crucial. Therefore,
biocompatibility studies of the carriers itself as well as concerning the
source of the stimulus should be carefully carried out [126]. In this direc-
tion the biodegradation and fate of the delivery vehicles and their en-
capsulated cargo are important factors to consider [127]. It is essential
to ensure that the physicochemical properties of the carrier remain in-
tegral before its delivery to the target site. Ideally, upon external stimu-
lus the drug to be delivered would be released and the matrix of the
carrier vehiclewould be degraded in amanner that it can be easily elim-
inate through the metabolism in a safe manner, deprived of immuno-
logical and toxic response [128,129].

Overall, stimuli-controlled release materials present potential bene-
fits over conventional drug delivery approaches given by their great po-
tential for improved delivery and treatment in a control and timely
manner [130]. However, it still remains a challenge to describe which
of themany approaches described in this reviewmight be the next gen-
eration of stimulus response material to be able to translate to clinics.
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